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Before discussing oscilla~o)Y,she~r in grea~er detail, we consider the 

~nematicsJpf simple shear, Simple shear is the flow and deformation 
, . 

1nduced when material i5 confined between parallel ~lates movi~g laterally 

with constant separation, h. This'is ill~strated in Figure 4~ , 

The equation of mOtlon ln rectangular 

gives: 
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• 

for simple shear 

(39) 

where 1> lS the fluid density, g lS the acceleration due to gravlty ahd Q is 

the anglébetween the plates and the horizontal " By lnspection, we see 

that for horizontal plates, where there 1s no pressure drop in the xl 

directlon, 012 is everywhere constant at steady state 

, 
The equation of energy for simple shear gives: 
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UlÙikè the stress tensor which 15 un1quely ~efined",we hav( seen that· .. 

tpere is more than one way to de scribe deformaFion', , The Finge,r strain 

Cauchy strai~provi~e different ways of looking ~t'simpl~ shear . 
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ABSTRACT 

ln currently used shear rheometers, shear stress is inferred from a 

measurement of either total force or total torque. These methods are 

subject to experimental errors due to uncQntrolled flow at the sample 

boundaries. Such errors can be avoided by measuring the shear stress 

l~caIly. in the region of eontrollable flow. using a shear stress 

transducer. A new sliding plate rheometer for ~olten ~astrcs has béfh 

developed to incorporate a recently developed shear stress transducer , . The 

rheometer opera~es at tempe ratures up to 250°C. Statie and dynasie , 
calibrations showed that the shear stress transducer sensitivity is stable 

and that its frequency response is suitable for the study of molten 

plastics This rheometer wa~ equipped with a computer controlled servo-

hydraulic linear actuator. which provided wide flexibility in shear history 

selection D\gital data acquisition and signal processing enabled the use 

of the discrete Fourier transform for nonlinear viscoelastic property 

determination. Important differences,were observed between the locally 
. 

measured shear stress and values inferred from total force in both large 

ampli tude oscilla tory shear _~ -1n reciprocating exponential shear tests. 

For these.proper~·measurements. free boundary errors can dominate the 

dynamles of total force measurements . 
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RESUME 

Le principe d'opération selon fonctionnent les rhéomètres. comprend 

générallement l'inférence de la contrainte ~e cisaillement d'une mèsure 
, 

totale soit du torque en instrument employant les écoulement rotationels. 

ou bien de la force en ceux utilisant les écoulement rectilinéaires. Ces 

méthodes sont sujets aux erreurs expérimentales provenant deà éoeulements 

non-controllables aux frontières des échantillons. On peut circomvenir de 

'" teis erreurs en mesurant la contrainte de cis,!illement localement dans la 

rég,ion d'ecoulement controllable avec un capteur de contrainte de 

cisaillement. Un nouveau rhéomètre, type plaque-glissante pour les 

plast.iques à l'état fondù, était' d~veloppé incorporant un nouveau capteur 

de contralnte de cisaillement tolèrant les températures élevées, dit 250°C. 

Les étallonnages statiques et dynamiques ont démontré q~ la sensitivitée 

du capteur est stable et sa réponse dynamique p~et la charactérisation 

rhéologique des plastiques à l'état fondu. L'obtention des données et 

leurs conditionnement par méthodes numériques a permis l'utilization des 

transformes-discrètes de Fourier pour la détermination des propriétées 

viscoélastiques nonl1néaires. ,En cisarll4lment oscillatoire et en 
, . . 

cisaillement exponentielle alternative, aes différences importantes furent 

observer en~e la contrainte de cisaillement me~rée avec le nouveau 
• 

capteur et la valeu~ correspondante déduit de l~ force tOtale. Pour la 

mesures de tels propriétés viscoelastiques, les erreurs de bout ~t ;e bord 

peuvent gouverner la force totale . . , 
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NOMENClATURE 

: 
The S~ciety of Rheology has established a convenient standard 

nomenclature for viscoelastic properties of liquids and the present 
document conforus to this standard. 1 ,2,3,* 

Q 

p 

" 
"ij 
"n 
"0 

!' 
7 
70 
8 
83dB 
S 
S/H 

-Se 
Sn 

• 1> 
a 
A 
AT 

Aeff 
Cp 
Cv 
D 
De 
E 
f 
F 

phase angle of nth fiarmonic of Ni 
fractional error 
second order damping factor 
elastic component of complex viscosity 
viscous component of complex viscosity 
complex viscosity 
limiting low-shear viscosity 
surface tension 
radian angle of shear 
shear stress 
extra stress tensor • 
amplitude of nth harmonic of shear stress 
overall.amplitude of ~hear 
viscosity 
shear strain 
shear strain amplitude 
relaxation time variable 
first order tlme cons~ant 
lateral beam deflection 
Jaumann derivative 
phase error 

stress 

phase angle of nth harmonie of shear stress 
density 
thermal diffusivity 
attenuation 
transpose of matrix A 
effective area of piston 
heat capaeity at constant pressure 
heat eapaeity at constant volume 
actuator di~lacement 
dieleceric constant 
Young' s modulus 
frequèncy, Hz' 
force 

fm actuator resonant frequency 
f n nth mode resonant frequency 
fo fundamental frequency 
G modulus in shear 

*The ASTH 04065-82 standard does ex~st for properties of sol id 
plastics, but it pertains only to oscillatory properties_ 
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• accele~_ion due to 
loss mod~~ __ 
storage mo~61us 
djhamic'or complex 
32.17 lb-ft/lbm-s' 
sample thickness . 
moment of inertia 

gravit y 

• 

modulus 

imaginary part of complex numb~r x 
instrument h~at-up' constant 
flûl" ~rmal conductivity 
roI v. ring longevity 
samp' .gth 
mass 0 'ving assembly 
any fntêger" 
flrst nôrmal stress difference 
second normal stress 4 dlfference 
hydraulic fluid pressure drop 
average power of V1SCOUS dissipation evaluated n cycles 
transducer input signal 
heat flu,_ irl ah direction 
transducer output signal 
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length to thickness ratio 
Reynolds number 
real part of complex number ,_ 
t-t' 
current cime 
absolute tempe rature 
time from current tlme 
velocity 
amplitude of plate velocity 
volume _ 
plate velocity 
shear wave velocity 
angular frequency, rad/sec 

, 

work done with respect to reference t~me 
work donc in one full cycle 
cantilever lateral-mode resonant frequencies 
stored energy ~ 
unaccomplished temperature difference 
Fourier transform of x(t) 
coordinate for axis in shear direction 

.. 

coordinate for axis normal to shear plane 
coordinate for axis in shear plane orthogonal to xl 
ith axis coordinate 

shear rate 
positl-on vector 
rate ~f deformatlon 
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tensor 
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INTRODUCTION 

\ -.' •• 
" . -, 

Viscoela,ticltV of Molten Plastics' , .. 
.. 

/ 

• -

Viscoelastlc behavlor is usua.lly classifled as enher lim-ar or 

4 

nonilnear. For Itolten plastlcs. nonllnear bchavlor usually arl')"., wheu the 

melt LS railldly subJected to large .deformatlons 

stralI~n; 1I1'posed ln a .... ell-defined. time unsteady flo ..... ttw corrpoutnU. of 

the deforrrlhg stress descrlbe I),onllnear vlsco{Iastlc functions 

stralns or strain rates are kept ~mall. thes(' corrpOo('ots d('~(.rih(, 110(<1r 
( 

viscoelastic propertles# Sinee the cost e~tlve mass production of 
• \or l ~ 

plasne products mevitably 'mvolves Ume un~t(-ady' flo,"" M hl~h .traln _ • 

. , 
rates, ont c/p(.cts.that· tht propcrtl('s govcrnlnf,. proc('<)c;. ..... lbllitv ... ill (h'p('ud . , 
on the nonlinear vlsco.lastlc pro~erties of th. mpll 
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The indices of the scalar components specify the directions of the stress 

components and the face of a fluid element on which they act. The 
1 

;omponents o~ this tensor having liKe indices are called normal stresses. 

Those having unlike indices are called shear stresses. For incompressible 

flUïds any nonzero shear stress can caus~ deformation, but only a 

diffèrence in the normal stress components can cause deformation, 

" " A 
Hence, the extra stress tensor is the différence between the total 

stress, Tij' and an unspecified isotropie str~ss, n6ij Thus, 0ij • Tij 

~6ij, where 6ij Is the unit tensor4 and the extra stress is the anisotropie 

contribution to the total stress, 

• 
, 

Melt c~mpressibility 
1 ',lI 

can.affect r~eological properties, especially when , 

hlgh pressure$ are encountered in procéssing. But the experimental 

rheologist using simple shear takes his semples to be incompressible sinèe 
• 

simple shear .~s isochoric by definition. This me ans that there is no 
• . 

rheological cause for volume changes in semples. lt has recently been 

confirmed experimentally that molten plastics in simple shear do indeed 

,r/!!!'"'. ,~" .. , volume. 5 • 
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The stress at a point is given by the tensor with compo~ents <7i j, 

' .. ~ ,~ 
represe ng :tne force per :m1t area acting in tne~ f-dIrectlon on the fluid 

• '>~ 

, surface of constant i by the fluid in the region greater than i,* 

Since there are three normal stresses, there are but two independent .. 
no~l stress differences, "11'''22 and "22'''33' 

The cause of the extra stress is the deformatlon, whieh 15 itself a 

tensor·valued quantity Howe"Jer, unI ike che extra stress tensor whil:h is 

uniquely defined, there is more than one way to defin~ a deformation 

tensor. The different ways of defining the deformation are eonsidered in . , 
the separate section on no~inear viseoelastie theory. For the purposes ~f 

introduction, suffiee it to say that the strain ean also be completely 
, 

deserlbed.in terms çf ,tensors 

Ta know what rheologieal properties are, one must first understand what~ 

a property is A material property 18 a relation betwe~h two causally 

related variables. For instance, for a simple rubbery material ln statle 

slmple.shear. the sbear stress i8 proportionsl to the shear strain. 

"U - C; "Ill . (2) 

, 
The rheologieal property of the rubber is'given ln tcras of the affect of 

• 
the sheàr strain on the shear stress. lt ia incidontal that tho .. 

*The phras~ "by the fluld in the rpgion of grpater i" establlshes a 
81gn convention for stress 
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• mathematical equation f?r this relation is known, and that it is summarized 

by a simple proportionallty wlth ~onstant, G. By definitlon, the ~terial 

property ls the relationship between 012 and 112, it is not to be confused 

with the modulus in shear, G, which is simply a constant in an equation 

proposed to summarize the latter relationship. 
/1 • \ 

When there is no equation 

known to describe such'relations, the material properties can only be 

presented as plots of experim~ntal data, such as 012 versus 112. The 

inde pende At variable for reporting such properties is, by convention, taken 

to be the variable that was controlled experimentally. , 
Henee, rheologieal properties describe the effect that a preseribed 

deformation history has on the shear stresses and the normal stress 

differences Alternatively, a rheologieal property may be expressed as the 

effect on deformation of a preseribed stress history. 

Rheologieal properties are often reported as dimensional ratios. 

Viscôsity, for instance, ls the ratio of shear stress to shear rate ln 

steady shear. Additlonally, the stress growth coefficlent ls a 
• 

viseoelastic property deflned as the ratio of shear st~ess to shear rate 

under suddenly applied'steady shear. The use of sueh ratios originates ln 

Newtonian fluid mechanics where the viscosity ls part of a unified theory. 

Despite their common u~age in the literature, these ratios make it 

difficult ,0 see what effect strain has on stress since they confound the 

two lnstead of confounding dependent variables with independent ones, the , 
writer has chosen to simply use shear stress and normal stress differenpes 

for reporting viscoelastic properties . 

. ' 
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2. HhY 18 Jel~ Vlscoelastlclty Important? 

) 

Plastics are an Industrially important subclass of polymers, whlch are 

long chain molecul~s. Plastics are widely used beca~se they are easily 

formed and have useful solid state properties such as strength and 

toughness. Where an efficient vay of converting them ean be devised, the 

mass production of plastic products can be lucrative indeed. The ease vith 

vhich a particular plastic can be processed into a specifie premium quality . . 
product i5 called proces5ability. Since the eost effective mass production 

i>of plastic products usually requires processing in the molten state. , 
plastics proce5sability depends, in large part, on melt flov properties 

An important and difficult problem facing plastics engineers 15 the 

systematic, quantitative prediction of processability irom rheological 

properties The present section alms to Lntroduce (l, vhat rheological 

properties are, (2) vhich ones are expected to govern plastics 

• 

processability, (3, hov they Can be measured and (4) how the new rheometer 

perm! ts the! r measurement , 

, Rheology i5 ~he study of the flov and deformation of matter. To induee 

flov and deformation in polymerie liquids one must .ubject them to a 

deforming stress. If the flov i5 time steady, it i. called vi.eometric. 

Hence, the shear stress and normal stress differenees for .teady simple 

shear are ealled the viscometric funct1on.. Viscoelastic properties are, 

. . 



.. 

( 

[ 

-; 

9 

by definition, time dependent quantlties 

viscometric functions.* 

which distinguishes 
.. 

them froll the 

Host plastics processing operations involve time unsteady flow fields. 

50, the deforming stress to which a molten plastic fs subjecte~ in a 

processing operation varies with time. Entering the mold in an injection 

molding operatton~ for exemple, the fluid element is suddenly subject~d to 
, 

a high shear rate for a short period of time as it ls forced through a 

narrow gate Here the fluid elements will experience a transient sequence 

of deformations until solidification. Film blowing, blow molding and 

extrusion are also exemples of plastics processes which involve fast, 

transient deformation histories. Clearly, the rheological properties"'-

associated with time unstead~flows, the nonlinear viscoelastic properties, 

are likely to govern plastics processabllity 

, 
3. How are Viscoelastic Properties Used? 

Firstly, those developing new plastics materials need to be able to 

distinguish resins that process weIl from those that do not. The 

rheological characterization of novel plastics produced in the laboratory 

or on a pilot plant scale is currently limited to viscometric and linear or 

slightly nonlinear viscoelastic property measureme~ts. Where the 

processabilities of the resins under development are governed by their 

* -Parenthetically, somé authors refer to normal stress differences in 
steady shear as viscoelastic properties since fluids which exhibit normal 
stress differences usually exhibit viscoelastlcity. 

. . 
t 
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noniirièrr vlscoelastlc properties one must currently test the resins under 

proces~condltlons on Industrial scale equipment. Sinee indus trial aeale 

tests generally require large 4uantities of resin, resin selection for 

scale-up must necessarlly be made with little information about the 

processabilities of the chosen resins. 6 As a result, good resins ean be 
1 

passed over and resins that are less than adequate can end up in the 

marketplace. 

A hlstory of the advent of linear low density polyethylenes ~~ good 

example of such a problem. Yben films were first blown at commercial 

rates, Îrom linear low denslty polyethylene, differences in procassability 

b~tween the linear lows and their long-chain branched competitive 

counterparts came as a surprise. These differences in processabillty 

included a surface roughness limitation that did not emerge until the new 

film resins were processed at comm~rcial rates 7 Furthermore. the power 

required to process linear lows was much higher than was expected from past 
, 

experience wlth long-chaIn branched resins. One can specula te that a 

comparison of the nonlinear viscoelastlc properties of the linear lows with 

their long-chain branched predecessors might have signaled these 
• 

differences in processah.llity before scale·up 

Furtherœore, it i8 not uncommon for reains manufactured to meet given 

conventional rheological specifications. auch as viacoaity, to .xhibit 

distinctly different processabilities in the field. Hence. ineentivea for 

the de 'elopmene of experimental techniquea for aealuring nonlin.ar , 
vlscoelastic propertiea exist vherever one must control produet 

/ 

• 
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processabillty. Horror stories about particular lots of resin, 

manufactured according to a strict set of established specifications, yet 

intermittently rejected by converters as impossible to process are weIl 

known to resin manufacturers. 8 Since certain aspects of processability are , 
the want of practicable me ans 

on certain nonlinear viscoelastic properties, 

of monitoring sach properties represents'" 

expected to depend critically 

significant problem for plastics manufacturers'and processors plike. 9 

Analytical chemists use viscoelastic properties as a sensitive probe of 

molecular structure. For instance, linear viscoelastic properties of 

molten plastics have been correlated with molecular weight 

distribution lO,ll,l2,13,14,l5,l6,lr Furthermore, effects of long-chain 
. 

branching and molecular weight distribution on nonlinear viscoelastic 

properties of polybutadiene solutions have been measured. 18 ,19 Hence, once 

necessary correlations are established, some features of molecular 

structure can be inferred from viscoelastic properties. This is helpful, 

because viscoelastic properties are easier to obtain than ~esults fro~ some 

chemical analyses such as size ~clusion chromatography. Furthermore, 

rheological properties are sometimes better able to detect slight 

differences in the high molecular weight fractions of polydisperse 

samples. 20 

Nonlinear viscoelastic property measureœents on molten plastics are also 

used to test theories of flow behavior. The developœent of constitutive 

equations has long suffered from a paucity of experiœental data to test 

predictions. It will be seen that, in principle, such equations can 

-
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provide the framework for a fundamental understanding of the flow behavior 

of polymeric liquids. Despite an ocean of such theoretical work, witness 
i. 

the many books and technical journa1s dedicated, to theoretlcal rheo1ogy, 

the successful applicatiQn of such sophisticated approac?es t~practical 

engineering problems has been limited. To the writer's kn~wledge, few 

~seful quantitative predictions of molten plastic processability have been 

achieved. This vant of good quantitative predictive models for plastics 

processability is partly because model constants are estimateq from 

experimental flows.that do not approach the flows encountered ln the 

commercial process. Be thi~ as it may, recent work has shown considerable 

promise in qualitatively predicting processability in, for instance! 

injection molding processes, from such equatlons 21 

Flnally, it has not escaped the author's attention that the Incen~lves 

for measuring nonlinear viscoelastic properties extend weIl beyond the 

already vast field of plastics engineering. The need for nonlinear 

viscoelastic information has been docuœented for many other materials 

including food,22,23,24,25 pharmaceutica\s,26 bioflyids such as blood and 

synovial fluids,21.28.29 and filled eiastomers30 to name a few, lt will be 

seen that such previous work has suggested several interesting methods of 

representing nonlinear vlscoelastic data. 

, 

4. Hbat i5 Rbeometry? 

The art of measurlng rheologlcal propertles la called r~eometry, From 

our deflnitlon of a rheological property it followa that rheo.etry la the , 
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experimental study of relations between deforming'stresses and 

deformations. Theoretical rheology is confined to th~ study of 

mathematical equations proposed to s~r1ze, expla!n and predict the 

effects observed in experimental rheology. 

The art of measûring visCQsity is called viscometry. !he term 

rheometry, on the other hand, includes the arts of measuring both 

viscometric and viscoelastic propertles . 

• 

l3 

To understand the role that the shear stress transducer plays amongst 

established experimental techniques, consider the following outline of the , 

state of the art in rheometry. A comprehensive revfew 'of this state of the 
1 

art has been provided by Dealy.3l,32 

To determine the viscometric' functions it is necessary to measure the . . 
shear stress and the two normal stress differences in a time steady shear , . 

flow. For the measurement of the shear stress over ~ wide range of shear 

rates, several commercial instruments are available. These instruments 
- . 

permit the ~easurement of shear stress in weIl defined visco .. etric flows 

over a wide range of shear rates. The capillary viscometer is one 8xample 

of such an instrument. In contrast, the ~tate of the art in normal stress 
• 

difference measurement ls not so weIl developed. For example, the 
, 

technique of normal thrust measurement in the cone-plate geometry, although 

popular, restricts accurate normal stress dlfference measurement t~ a low 

range of shear rates. Slmilarly, birefrlngenca techJ1jques employing the 

stress optical relation are limited to low shear rates, because this 
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relation ~an only be validated with normal stress difference measurements 

made on the cone-plate rheometer.* For molten plastics, this range of 

shear rates lies weIl below those ~ommonly asso~iated with most aspects of 

melt processing. More r~cent efforts to eXtend the range of shear rates 

for measurlng normal st.ess differen~es in vis~om6tri~ flows remain highly 

contro~ersial.33 Lodge's pressure hole error technique and Man's exit and 

" entran~e pressure loss technique ~re two examples of such controversial 

methods. 34 

( 
In the broader field of rheometry, the use of homogeneous flow fields 

simplifies enormously the determination of viscoelastic properties, 

especially the measurement of nonlinear ones. In nonhomogeneous flows such 

nonlinear properties must either be inferred from the rates of change of 

the observables of nonhomogeneous flows or deduced from observables after 

dubious assumptions are made about the nature of the fluid under study. It 

ls instructive to review work done with rheometers using homogeneous flow 

field~, s~ch as those in cone-plate and sliding plate designs~ 

Additlonally, sliding cylinder and concentric cylinder geometrles can 
l' • 

approach flow-field homogeneity. 

Though the!r detailed review ls left for a later sectlon, a common theme 

in these conventionsl approaches is that they depend on the Inference of 

shear stress f!om either total force or totsl torque measurements. 

However, free boundary effects can jeopardize the homogeneity of the flow 

*Obvlously, thls method can only be spplled to materials that exhlbit 
birefringence at the shear rates under study. • 

. --
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• 
field and introduce e~per1mental error in such measurements. Additionally, 

torsional flows are subject to the destabilizing influence of centripetal 

acceleratton, which can also disturb flow-field homo~eneity. To circumvent 

these causes of flow-field inhomotmeity, 'a shear stress transducer, 

incorporated in a sliding plate rheometer, can be used for measuring the 

nonlinear viscoelastic properties of molten plastics. This method has the~ 
unique advanta~e of measuring shear stress locally in the retion of 

controllable flow 

B. Experimental Methods in Nonlinear Viscoelasticity 

• 
Previous work on the measurement of nonlinear viscoelastic properties of 

molten plastics can be subdivided into six categories according to 

rheometer gaoœetry. Though these techniques have previously been 

reviewed,35 their merits for the study of nonlinear viscoelasticity are 

compared below The eccentric rotating disk geom~try has a,l~o been used to 

measure limits of linear viscoelasticity but not for nonlinear viscoelasttc 

property m~asurements per se. 36 ,37,38,39 

• 

The advantages of using homogeneous flow fields are recurring themes in 

the literature on previous measurements of nonlinear viscoelastic 

properties. ;. 

l, Need for flow-Field Homogeneitv 

, 
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A fle1d of flow Is homogeneous ~en the deformatlon of the fluld 18 the~ 

same at every point in the flow field. Hence both strain, however it is . . 
defined, and strain history are the same at aIl points ln the fluld. Now 

viscoelastic properties are, by definition, time dependent ones. Otherwise . . 
stated, the stress state of each fluid element depends,intimately on. the 

strain history of that fluid element, So when a flow field is 

nonhomogeneous, as is true for torsional flow between parallel disks,: the 

strain history and the stress state vary from point to point, Hence, 

viscoelastic properties, and particularly the nonlinear viscoelastic 

properties, cannot be obtained from rheometer~ that use.nonhomogeneous flow 

fields wlthout using tedious Iterative techniques. 40 ,4l,42,43,44· Hence, 

where a broad spectrum of nonlinear viscoelastic properties are under 

study, rheometers must make use of homogeneous flow·fields. 

Parenthetically. such an emphasis on homogeneous flow fields, or flows 

with constant strain history, is not generally found in conventional texts 

on rheometry.45,46 Moreover, this emphasis on homogeneous flow fields has 

recently been crlticized,47,48 while others extol the speciel~irtue8 of , . 
flow-field homogeneity for nonlinear viscoelastlc property 

measurement. 49 ,50,5l,52,53 The reason for this controversY,is that 

conventional texts focus on viscometric functions and linear viscoelastic 

properties, for which flow-field homogeneity is not essentiel. ln 

c~ntrast, texts emphasizin~nonllnear propertles focu; on homogeneous flow 

fields. 

" 

, 
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Fina.lry, nonhomogeneous flow f~el4s can cause a polydisPflr~~ polymer,to '. ' partially fractionàte 'by causing Iow molecular weight materiai m~gration / 
• 

~ towàrd high shear rate rêgions, For instance, this has been observed for 
_ '" J .. 

• 

• 

polymer sol~tions' in paral!el d!sk fIow.~4 

. ' "\ ... .... 
• 

2, Cone·Plate Èlow' • , 
• ~ 

• !. 
• ~, 

.. 
, 

Cone-plate flpw is the'most widély use'cl xlow geometry for the study of 

~onlinear viscoelasticity in poJymeric liqutds, MacSPQrlôan and 
• 

Spiers,S5,56 for instance, recently reported ~he u:e of a~issenb~ 
, , 

rheogoniometer for the characterization of polymer~olutions under large 

amplitude ·oscillatory shear with thê cone-pl,ate geometry, 
, 

.such torsloohal 
. 

flows are known to be subject to the destabilizing influence of c,entrip~tal .' 
accelerations 

, . 
In low viscosity fluids, these effects cause secondary , , 

" 

flows that cause sample outflow, This limits the shear rates and shear 
t-

.. 4 , -
strain amplitudes that can be studied using cone·plate flov. The , 

.., l' 57 t importance of these inertial effects has been reviewed by Dealy, and , . 
, - , ,~ 

~a~ers 58,SQ S~ih secondary'~lows, by de'finitaon, destroy the homogeneity 
~ 'l <' 

of th~ flow field, which pre~ents the measurement of.rheological 
,.. ;fjf-

propert!es, • 
/' • • 

• • 
For higher viscosity liqu\ds an add1tionàl l~mitat1on results from the ., -

n01-"ll1a1 stress 
. , 

differences,that~se when,viscoelastic fluids 
w' 

are sheared, 

, This effect resul:=s. in an uncontrolled distortion of 'the free surface at 

b~en shown\ the outer edge ,of the sample,60,61 This limiting effect has 
• .. 

• 
, 1 .. .. . 1 

• 
.;1 . • ,'1 • 
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• 

fOI: exatDple. to bec:ome acute 'Ohen,. concennated polY111er s~lutions and melts , \ 
undergo large amplitu4e oscillat9ry shoar dcformatlon.62 •63 

For solids another lnteresting phenomenon. called edg\? fractur". arises 

'Ohere the shear stress to which the sample is subjçcted 15 rai~.'d to such •• . . ~ 
level that hlghly localized defor;;nat"ion leading to fractur .. is fdV<>ur<d 

~er homogéneou~ deformatlon 

fr.acture lS dlstinguished by the creation of topologlcdJlv d ... ! !!\C! 

surfaces 64 Furtherœ~re. \rwhen fractur( occurs dt thp ~lH'<U IHf ..... },OUlld,<U, it 

• is called adhesive fallure 

'làstîcs ln slidlng plate rheoITeter~ 6, , 
3, . ' , • • , , 

Al thouf,h th(· bOUrC( s of ('rror for l.U( h "~pf'r lrrf ut~ •• n-

, 
'the effects of Inertla and normal tlu' f 1o,"" 

t 
between parall"l rotat~ng.dl~ks 18 "'-l'ch 'r(,duced 

bc(:~ used. or: OCè4SiQn~ .as a Œ<"ans ?f studying nonllnP/H vl~ro,:LMt h 1ty ')IJ 

Ilo'Oever. the flo" field for thls &"om<:t':y 1. h1f,bly nonho .. or, ... wou •. '0 the 

.' 
ir;terpretat Ion of~ue ln ter ... of weil d~fln.d rhoolor,lcal 

,r ............ ' f 
pr0l'(·rt I.~ I~ 

diffic.ult '.: _~l"'+ • . . 
• ,---
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TVo recent attempts h~e been made to infer nonlinear viscoelastic 

properties from parallel d~sk experiments for the special case of 
• 

oscillatory shear, The amplitudes of these experiments are called larg6 

but the strain for the parai lei disk geometry really varies from zero at 

the center to a maximum at the edge. The mathematics required to extrac.~ 

stress responses, be they harmonie or anharmonic,* to large amplitude 
> 

oscillatory shear, from the observed torque in such tests, has recently 

been worked ~ut 67,68 The results have been corroborated by cone and plate 

data for a polymer solution. Howe;;::er the mathe~atics 
tedious, and the nee<r-to eorroborate he parallel disk , 

for the method are 

resul t with the 

homogeneous flow re~lt seems unavoidable, 

A less general seheme for extracting w;ll defined nonlin'ear .. 
viscoelastic oscillatory shear properties from the tor~ue output for 

• 
work{~g equations have been provided parallel disk flow has been reported. 

for the superposed flows of large amplitude oscillatory shear and steady 

1 shear, both when the stress is harmonie and when it is not. 69 ,70 The 

calculatlons pssume a specifie constitutive relation, froa which equations 

are de~ived relating ~he time dependent observables, torque and thrust, to 
} . ' \ '4 , 

the time dependent properties" shear stress and first normal stress 

• " tL difference This method was re~ntly'extende~ to ~Ie. Inference of stress 
• 

'growth at start-up and of stress relaxation after cessation of steady 

shear 71,72 On1y the shear stress was determined with these techniq~es and 
1 

, 

• '*The term harmonie méans shaped 1ike a sinusoid. Strictly speaking, • 
the ters anharmonic means not shaped l1ke 'a' s~n\!Soid.1' which would include 
noise, ~ubharmonics and higher harmonies. In the present context, we are . " . referrlng to stress responses containing nigher harmonics only,-

• .. , 
'" 

" 
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it was successfuily corroborated by cone and plate flow data for two 

polym~r solutions. Be this as it may, such calculatlons are tedious and, 

should the particular constitutive equation not what might ba dona ls 

unclear. Furthermore: the assumption of a pa titutive equation 

seems unnecessary in the light of the general method 

Addltionally, the need for corroboration by cone and flow exper1ments 
, 

limits the usefulness of such a technique. 

, . 

Finally. a rheometer using parallel disk flo" and incorporating ft ~he,~ 

stress transdueer to minimize probïems of flow field inhomog~neity1has 

recentl~ been developed 73.74,75 A shear stress transducer has been 

specially designed for in·line rheometry pf œolten plastics . 

• 

The parallel disk approaeh to stud~ing~onl~near viscoelastieity ,ith 

oseillatory shear has not been atteœpted for molten plastics These 

parallel-disk flow examples do, however. illustrate Just how mueh trouble 

one must go to in order to extraet a single meaningful nonlinear 

• vi~coelastic property from the observables 
~ 

as soc iated w1 th nonhomogcne,ous , 
flo" fie Ids . 

t 
4, ConceDtric Cylinder Rbeometry 

Some of the most successful atteapts to study nonlinear vi.coela.ticity . 
in ~lten plastics employed concentr!c cyllnder rheoaeter •. * Such a 

*Not to be confused with sllding cylinder rheometer. di.cu •• ed ln th. 
next section, • 

, 

v .' , 
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rheometer was developed by Petersen, Tee and Dealy for the study of the 
, 

response of œ~lten-plastics to large amplitude oseillatory shear. 76 ,77,78 

Although several plastics were studied, a tedious sample insertion , 
technique requiring the premolding of sampI es was needcd. Additionally, 

rnaintaining concentricity proved diffieult, Sinee gaps as small as .25 ~ 

w~re required, and long term dimensional instabillty of the steel cylinders 

at elevated teeperatures caused-unaccep~able eeeentrieity. Melt outflow 
, 

from the gap was a serious p~obleQ This phenomenon. termed the 

~ "Uelssenberg effect", is a result of the influence of noreal stress 

dlfferences at the free boundary Flnally, the rheoœeter made use of an 

elecdtorreohanical drive system limitlng its use to steady shear and steady 

oscillatory shear DeSplte'these-limitations, this work provlded a 

benchrrark for future .ork in the area 

used a concentric cylinder rheometer to study the 11qUld-liquid 

transition in nonllnear viscoelastie properties for molten 

polystyrene 79,80 A ço~ercial version of this instr~ent has also been 
• 

developed 81 Others have used concentric eylinder rheo~eters at room 

• tetrperature to rreasure nonlinear viscoelastic properties of,polytrer 

solutions, rrelts and suspensions in large amplitude oscillatory shear io 

both haruonie and anhar~oni9 ~eglmes.82.83,~ 

2. $11d10g Cy1ioder Flow, 

'51id10& cylinder rheometers have been used for the study of noolioear 

vlseoe1as~ic1ty in polymerie 11quids_ Strictly speak1ng, suéh f10ws are • 

• 



--
; , 

• 

nonhomogeneous. but they can be made nearly homogeneous. 
1 

'8S~ KeCarthy 

reports a succesJful series of characterizations of molten plastics in 

22 

large amplitude pseillatory shear coœprising both harmonie and anharmonic 

regimes. TPis method is distln~ished by lts special saœple loading 

tec~nique. in which the sample Is extruded Into the annular gap. Yithout 

such a technique. sliding eylinder rheoœeters are hard to load. sinee 

annular gaps are hard to get at Special precautions must J>e taken "hen 

filling the annular gap. sinee polymerie liquids. and espeeially polymer 

melts. are notorious for their propensity to entrain air bubbles "tten 

poured. MeCarthy employed an MTS servohydraullc drive system to obtain a 

sinusoidal displaeement of the inner eylinder. The technique aehieved 

• satisfactory tempe rature control. but the sample loading technique 

subjected the sample to the extrusion loading shear history "hieh. one 

• might speeulate. eould be a source of error for melts. "hieh take their , 
time relaxing. Furthermore. flow·field Inhomogenelty is not diseussed by 

McCarthy 

Sliding cylinder rheometers have also been used to study nonlinear 

viscoelastlcity ln bread dough uslng osclllatory shear. 86 ,87 Flow·field 

homogenelty "as a serious problem "lth such measureœents. and a clever 

experlment'll method hai' been proposed to elrcumvent thla 

problem.88.89.90.91.92 The œethod has been validated for harmonie 

responses' only and entalls the plotting of the logarithms of apparent . -~~ . --storage and lOS5 moduli versus gap size. For bread dough. the logarithm of 

sue~ apparent modu~l was 11near vith gap size for .asll gap •. 

Extrapolation to zero gap vas used to obtain aoduli vhlch are taken aa ... 
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nonlinear viscoelastic properties. Such modul1 are both strain amplitude 

and frequency dependent and that, ln principle, this ~ethod could be 

extended to include hlgher harmonies, which are usually observed for molten 

plastics The method proved highly successful for the study of bread 

doughs Slnce, unlH,e polyrrer rrelts, no anhamonie repme was observed for 
• 

the systems studied 93 Hibberd et al recently chose to use the slldlng 
. 

plate instead of the slidlng cyllnder geometry for their studies of 

nonline.r vlscoelast,clty 94,95 

ln contrast. lr, .an opgolng effort at the COlversity of Californla at 

Berkt~€.:y r(::s(.archlsts opted for thE:: slldlOg cylinder OVE:r the slldlng 

plf:l:te approach ln .a stud) o~ nOnllf'E::ar vlscoelastlcity ln pol~er '. ... , .. 9 
solutions, and the t.o ~athods ~era co~pared. 6,97,93 Flrs~ly, a bubble , 
fraa sa~ple load,ng techn'que was daveloped for the sllding eylinder 

rheor:et~r, ~hich had pravio'Jsly baen used to load a slldlOg plate 

rheol!eter 99 Secondl.', s,[~al notse in the load cell output was lower for 
; 

the sliding cy'linder rheo~eter t~an for the slldlng plate rheoœeter, Th,s 

noise in the sliding plate rheo~eter output signal is due to friction ln 

the precision guide rods used to ,aintaln parallelism. Thlrdly, the 

sliding cylinder rheor:eter, by vlrtue of lts geo~etry, is subject to end 

effects only, ~hereas the slidlng ~late rheo~eter is subject,t~ both edge 

and end effects However, 'the definitive test for end effeets in the 

sllding cyl~nder rheo~eter. the sample size sensitivity experiment, has not 

been carried out further~re, Some theoretical predictions ha~ been made 

for the errors caused by end effeets in slidlng plate fixtures. Until'~ 

sample size sensitivity studies are carried out, the relative meries of 
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sliding cylinder rheometry and sliding plate rheometry concerning free 

boundary effects will remain an open question. Flnally, a broad spectrum 

of nonlinear vlscoelastlc properties w~re measured for the polymer 

solutions studied in this work, including large amplitude osclliatory shear 

tests, stress grovth experiments and stress relaxation after steady shear. 

The instrument was equipped with a programmable HIS servohydraulic drive 

system permitting great flexibllity in flov pattern selection . 

• 
• 

Maxwell used a sliding cylinder rheometer for characterizing molten 

plastics using nonlinear stress relaxation following imposition of a sudden 

strain, and subsequent strain recovery.100,10l,l02 Liquid-liquid 

transitlons were documented for such nonlinear viscoelastic properties for 

both polystyrene and poly(methy1 methacry1ate). 

Neither Tsai and Soong, nor Maxwell (1984) report gap sensitivity 

studies such as those reported by Hibberd et al 103,104,105,106,107 Flow 
, 

-'fie1ds are tacit1y assumed to be nearly homogeneous . 

. A concentrie cy1inder rheometer was recent1y deve10ped in which the 

inner c~linder can both translate and rotate so that shesr in two 

orthogonal directions can be studied. 108 

6. C1assica1 Uses of Slidlng PI~e Flow 

• 

Sli~lng plate rheo.etets ean be categorized into two subclas ••••• ingle 
.J 

sample sheating flxtures and .andwich ~pe .hesring flxture.. The .ingle 

• • 

/ 

. , . 
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sample shearing fixture requires that the moving plate be connected to the 
--,-
stationary plate through precision linear bearings. This allows 

parallelisœ to be maintained to the close tolerance of the linear bearings. 

Yhere the shear stress under study is inferred froœ a total force 

measurement. friction in the bearings causes error. Yhere frictional 

forces are erratic. stress response signaIs are noisy. Sandwich type 

sliding plate rheometers. on the other hand. usually make use of two 

stationary plates and one moving plate. between which two identiéal samples 

are inserted The requirement that the sample thicknesses be the same 

arises because there are no bearings guiding the plates. Such a ?esign 

cir~umvents bearing friction in sin~le sample devices, but adequate 

parallelism requires that both samples be positioned exactly opposite one 

another and that the y have identical dimensions. 

Classical sliding plate rheometers are either strain·controlled or 

stress-controlled. Host use a controlled deforœation with a load cell to 

measure the total sheating force on the stationary plate. The shear stress 

Is then inferred from the total 'force by dividing it by the apparent 

contact area. Conversely, some control the stress using weights and 
../ 

pulleys and m&asure the resulting total strain . 
.. 

Sliding plate rheometers are soœetimes used to study nonlinear 

viscoelasticity but errors arise from edge and end effects since, in 

classical instruments, the shear stress i8 inferred from the total force • 
"j 

End effects do not arise in concentric cylinder rotational rheometers since 

annular samples, being continuous in the plane of shear, have no ends . 
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Nonetheless, the destabllizing influence of centripetal acceleration and 

the Weissenberg effect do dis tort the sample edges anq limit the use of 

rotational rheometers such as the concentric cylinder devlces to shear , 

rates weIl below the shear rates incurred in most plastics manufacturing 

processes. Hence, there has been a recent renewal of interest in slidlng 

plate rheo~etry.I09,110 

Stress controlled sliding plate rheometers have been used to measure the 

nonlinear properties of molten plastics. III Recently, for instance, a 

sophisticated creepmeter was used to study nonlinea~ creep and stress 

relaxation following cessation of steady shear in molten plastics. 112 This .. 
creepmeter is of the sandwich type Another sandwich rheometer has been 

used where the middle plate is fixed and the outer plates are rigidly 

connected to a moving cage 113,114 This creepmeter was specifica11y 

designed to study molten plastics at shear stresses approaching those 

occurring in actuel processing operations. Although errors due to -. - -
instrument vibration existed, high and lo~ density polyethylenes were 

characterized in highly nonlinear creep and relaxa~ion following steady 
• 

shear at 100 s'l. Despite the limitations invo1ved in inferring shear. 

stress from total force, these results remain a benchmark for the 

characterization of molten plastics 'in the nonlinear viscoelastic regime. 

, 

Recently, Meissner and coworkers extended the u~e of slldin$ plates to 
;, 

incluoe shearing in two dLrectlons.115.116,117 This was done vith tvo 

linear lctuetors mounted orthogonally on the moving plate. Components of 
~ ~ 

vere ~asured separately using tvo load cella vhleh the .hear stress 



< , 
~stricts the use of the instrument to low shear rates. Although this 

rheometer permits the directional dependence of nonlinear vlscoelastlc 

• 
properties to be aeasured, ~t has only been used at room.temp~rature. 
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By measur~ng the optical transmit tance in the x3 direction in a sliding 

plate rheometer, the 1,2 component of the birefringence tensor can be 

measured. 118 ,119,120,ltl,122,123,124 Wher~ the stress optlcal law is val id 

this a110ws one to measure shear stress in dynamic tests. The advantage of 

the method ls its superb dynamic response since data acquisition is 

entlre1y optical and eleetronie However, sinee birefringence ls multi-

valued wlth transmlttance, the Inference of shear stress from transmittance 

i5 compl1cated lt ls restrleted to transparent mater laIs whlch are hlghly 

birefrlngent, and end effects restrict its use to small strain experlments. 

Slidlng glass plat~s can be used to measure birefringence and shear 

stress slmultaneously ln molten piasticsI2S ,l26 and in polymer 

solutions. 127 lnformâtion about the first and second normal stress 

differences can be gleaned from such mèasurements wlth some degree of 

approximation. 12S 

At room temperature, sllding plate rheometers have been used for 

studying nonlinear vlscoelasticity in polymer melts,l29,l30,l3l,l32 

soaps,l33 filfe~ pOlymers,l34 filled elastomers13S ,l36 and rubber. 137 

• 

• 
, 
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Although some workers have tried to correct for free boundary 

errors,138,139 mast have decided 'to live with them.* 

28 

Sliding plate rheometers of the sandwich type have also been used for 

measuring the nonlinear viscoelastic properties of foods. 140 ,141, 142 After 

much experi~nce with s1iding cylinder rheometry, Hibberd and Parkér 

143,144,145 recent1y opted for a s1iding plate rheometer of the single 

sample variety to measure nonlinear creep and stress relaxation following 

cessation of steady shear in bread doughs. 

Fina11y, workers at the university of California at 

BerkeleyI46.147,148,149 recently used a sandwich type sliding plate 

rheometer for the study of nonlinear viscoelasticity in polymer solutions 

Propertie~ measured incl~ded stress growth, stress relaxation after 

cessation of steady shear.' interrupted shear and large amplitude 

oscillatory shear in start-up and in harmonie and anharmonic regimes, 

stress relaxation following large amplitude oscillatory shear, stress 

growth s~perposed on stress relaxation after large a~plitude oscilla tory 

shear, small amplitude oscillatory shear superposed on stress growt~, and 

exponential shearing. This flexlbi1ity in the choice of flow8 was 

permitted by the programmable MTS servohydraullc drlve system. Although 

thls unit was of the sandwich variety~ It requlred the use,of p'reciaion 

guide rods to malntaln parallelism. Frictlon in the bearing resulted ln a 

nolsy stress signal which limited the wor~ to flows having .hear rates lea8 

*See section on free boundary errors for further detail. 
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than 5 5.1 . The work remalns a ben_hmark for future work in nonlinear 

vlscoelasticity because of lts great flexlbility in choice of flows. 

Z. Free·Boun4ary Errors 

Developing a sliding plate rheometer of the single saœple variety, 

Philippoffl50 observed: 

29 

"that simple shear cannot be realized in the shearing of a cube by 
moving two paraI leI sides in opposite directions '" this is caused by the 
boundary conditions ~f the e~periment which require freedom from stress at 
the geometrical limits of the sample" 

• 
Yet few have tried to measure the free boundary effects in classical 

sliding plate rheometers. 

Uncontrolled flow can occur near free boundaries simply bec~se the 

shape of the free boundaries is not controlled. ln theoretical predictions 

for deviations from simple shear near the free boundary, the periphery is 

usually assumed to be at ambient conditions and stress-free. 'However, 

other boundary conditions have bee~ posited for the periphery of a 

viscoelasric liquid in simple shear. 151 ,152,l53 
.'=--

- . - ~ 

• 
Although the pre*ent discussion limits itself to sliding plate flow, -free boundary errors occur in other rheometrical flows too. Sucp efrors 

--;. .... 
can be important since the stress acting near the rim,contributes moS1::~,' 

the total torque which is measured. For example, uslng local pressure 

, 

.. ------

• 

--



..... 

~ .. -

• • 

transducers for viscoelastic fluids in steady cone-plate flow, gauge 

pressure was shown to decrease with radial position.l54 ,l55,156.l57 

" 
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We distinguish ~o kinds of free-boundary error. Firstly, there are 

uncontrollable flows inducéd by the stress-free condition at the l;ading 
• 

and trailing ends of the sample in simple shear. Secondly, edge effects 
, 

are uncontrollable flow induced by the stress-free condition on the sides 

of the sample. For circular samples these effects are not separable. 

Moreover, the bulging which occurs st the edges of rectangular samples has 

been attributed to the interaction between edge and end effects. 158 ,l59 

a. End Effects 

Neglecting edge effects, Read:60 calculated the free boundary errors for 

rectangular rubber samples subjected to small shear strain ln a sllding 

plate rheometer. The analysis pertalns to 11near elastic and'viscoelastic , 
solids. The upper and lower bounds for the strain energy of the -. 
aeformatlon, distorted from true sl~ple sheàr, were approximated 

n~erically. This thermodynamlc analysis applies to large apparent shear 

strains under static or dynamic conditions and indicates that the apparent 

shear stress, 0a' will be lower than the true shear stress, o. The 

fractionsl error, ( • 0a/o . l, incurrèd when shear stress 1. interred from 

total force, is negative and proportional to the sample'. lengtH to 

thickness ratio, R, and ( decreases with increasing Poisson tatio. Read's 

results, replotted in Figure ~hOW that for R-IO and a Poi.aon ratio of 
1 

}f, the free boundary error envelepe rangea irom -1.6. tô -2.7'. , 

-... "'. , . --. 

• 
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'" • f' 31 . ,. , '. ~ P&renthe~ca11y. this wo~k summârizes a 1arger S~y161 which i8 

•• 

l 
unfortunately no 

reported to ~e 

lo~ier on .record,162,163_164'*~e large: st.ur'~' .... 
lncluded estima,es of free boundary errors·~n.D6cillatory 

• 
shear, show~ng that the flow field inhomogeneity lnduces additional damplng 

• 

> to a~pear for viseoe~asti~ solids, 

1f . .. 

4 

.. i.. • 
A theory for statie deformatlon hls also Deen proposedl65 and 

usedl6~,167 which e6tlm~~66~' for linear el~stlc mat~la!s by supe~OSing'~ f 

- . ..-' ..... .. '" , 
the nonideal bentlin~ deformatipn permltt/e __ ~ the fr e boundary wlth ehe 

i 

ideal simple shearing defOrmation. '. concludes that: is simple 
'/' 
.~ 

. \ . . . ... ' 

, - (3) .. .. , . ... .. • 1 , " ~ 
and appl~es to small 1 .. Figures ~ and ~ show the cqmpar!son of Read's 

\ 
~ 

thermodynamic the ory ~ith this elastie.theory. Figure ~ shows that for R ~ , 
~ 

2, ~he s lll)~e . - elastie theory pr~ueh lower' errorS than 'the 
• • • . , 

env~lope. Despite th~ iscrepanel~ we eonclude ~at , 

boundary erfor i~predlct~~ory for simple 

the~dynamic 

( • .. '\ 
elastlc s'lHds. '" ~ .. • 

• 

i • 
'" Î .... '. '. > • • t) 

_ :M0:e. r.!lClln.t1y, .GeI}t161i ohserved that t~e' shear stress distribution 
• , • . 

across a square rubber sample wl~ a diamfter to thlcknes~ ratio of 8.6 and 

.~'t 
: , 

und~r shear Is nonhomogeneous due to fr~ ioundary effects, even for small 
~ 

st~lns, 
. .... 

shear This ~observatl~n,' replotted .... !lgure 2, was made by , 

. ' .. ; . . , 
Note t'hat.Réad' s"analysis concerns end effects, not edge . . 

.despite its tltle which ref,rs ~o end effept~ as edge effects. . . 
effects, 

.. 
" 

. ' . /7< • "'-Il 
~ 

, 
• .. .~ , . , , 
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• measûrlng t,he inter facial shear stress locally at different positions in a 
\ ' 

sample und~r~~ s~atic she~r strain,~~gUre 2 shows, for a sample wjth half ... 
length .112 m and R .. 8,6, the shear stress is nearly homogeneoull' in 'the 

" .. ' . 
m1<\dle of the', samplè .. ', ThO; local shear stress measured close to the 

• 1 

ends at 'the rubber-plat~ Interfaée, i5 well above zero. 

• • 
Significantly, Roscoe and coworkers at Cambridge University incorporated 

an array of local shear stress tra~ducers into a simple shear fixturé 

designed for so11s. 169 ,170 Marked stress inhoœogeneltles were observed at 

the ends of the so11 samples Additionally, sophistlcated radiogtaphy' 

revea.1ed the correspondlng strain lnhomoge!,eltles. 171 , 17:"-Eurthermore,,· 
l , 

severa1 attempts have been ma~e to model end effects 'ln 

• 01ls,173,174,175,176 • Stress and strain inhomogeneities caused by end 

.effects can be pronounced for solls in si~ple shear, Indeed, some workers 
, . • 

have designed mechanical constraints for sample boundaries in an attempt to 

,minimize free bounda~y e~fec~s. These curious devices mOYe with the free 

boundary, confining it to t~e desired deformation . , 
both rec~angular177,178 and circular samples.~79 

.' , 

They have been used for. ., 

,-
Andradel80 obsèrved spectacular'end end edge effects in large samples of 

~ gelat.~ne.'glyceriné jeUy in a sl1ding plate fixture, Large tille d~pendeDt , 

de~tl~ns from t~e desired simple shearing deformation were found. 
• 

Simtlar observatioqs have also been ~ade on plasticene.in simple shear,18l 

, 
, , 

, Researchers at the University, of Tennessee182.18! found that end effects 
. . 

in a sliding plate rheometer posed a serious problem, and dr •• tl~ measures 

• t 

.;. .. . . 

\ 

.' 
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, were 'taken to correct for thell. 
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Nonli~ea~ viscoelastlc pr?per~ies of 
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.. 

elasto~ers in'creep, stress growth and stress rel~a~ion af~er cessation of ~ , - , . , 
steady shear were meas~~ed. The ~rr'ec:tio'n.:~~~ the arbirr.ary ~ubt;a~~fon 

ol the e~posed area of,the shearing plates ~tô~ ~he origi~l sample area. -- .-
This practice.cannot be used to get fundamental~ntities. 

~ the same group us~d a sandwich shea~ fi~~~~ fO~ ~he study of 

nonlinear.visccelas;ic~ty in elastome~~ ~belr compo{nds,18 

t hiS 

J 

case the subtraction of exposè,d a~ea was not made ... 

-
• Some have argued that ~nd 'ffects are ,ne$ligible for polymer solutions . 

FO: .instance, the group at ie~k~l~y succe';;sively Krrie4 out stress growth 
, ~ 

and reraxa~ion experiments with di~erent starting plate positions on the 
\ ~>, 

same sample 186 ~eproduc~bllity of lhe stress t~aces for these tests 

Indlcated that free boundary effects'~re indeed negligible for stress 
1 

&rowth experlments done with total shear strains of 48 and shear rates of , 

This ftnding contrast'~ sharply with what has been sa'id about .iree 

boun~ry effects. lt is surprising sinee,at this strain, for the'sample . -
thickness of 1.32 mm and length of.34 cm, the area of expçsed plate is 32% 

'" of. the sample's ini~ial contact are" . . 
were not carried'out for the polymer 

~~le size sens~tivity experilents 

'" solut~ons studied, Although free 
, 

boundary effects were smal1 in low shear rate tests an polymer solutions, 
• • 

the importance of sueh effects for m01ten plastics Temsins an open 

question' 
• 

1 • 

Tanner has noted that simple shear is the.flow which ideally governs the 

performanée of straight slider bearings. 187 Howeve., end effects in slider • 

.. 
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• ~~;1~~/An ;ffect'~î~~~l\~II. ~~dr:,~'~~ln~, ~.biuM.ry .lellent 

,,~omp~~àtion. Tanner eomp~a.. tl\'l ,sh,àj>; -of .thlt i'raÙing /ldge ;for a lIodel 

vis;Qelasl:l~ i~quid ;~ -;t~~~i;.pi~ . !ihe~r .1~8. ~~., i t was ooncludod that 
, ' ~ ,'....., "1 " .-.... 

• an ac:ou~:te COnd}~Q~ .~he boun~ar.?' a: the free ends. 15 ~~ - ~ + ~ Nl 

for si=ple s~r~ w~r~AP ~the gauge pressure sensed in th~gion of 
........ '"\ 

controll~ble flo~ and.b~f!~ ~alsed by the flows ~ear ti! free-

end. Th&rboundary element ~oœpu~atton pr~cts-that b - 3/2. 
- , '" ," ,," '" ... 

• for a polystyrene 

• 
Intere,stingry. the f.âuge p~essur~ was _lIsured 

• solution in steady shear;.' using t"o flush-mounted 

of con:rollable flow.t~O·, th: gauge pres~ "as 

tra~ducers in ~he region~ 

indeed linear vith ~ Nl. , 
However. a signifleant A~tference 1n offset "as discovered for steady shesr 

te~ done in forwa~nd backw~rd di~ions wh~re, b - 1,2 and b - 0.8 

res~eetlvely. This discrepancy ln b Wâs partially expiained as a 
~ 

hydro~amic effeet pIJuncontrolled devlations from~lœple shear at 

free ends. This Is one reason that gaug; pr~ssure'ih alidin; p14tP 

th~ 

. ~ 
rheometers cannot be used to measure first normal stress . . 

Finally, Laun ~d Meissner have coœputed the e(fect of sarface tension 

at the leading and trailing bounds of ft rectangular .ample in .i.plo sh.ar 

where new surface must be generated during .i~le .hoar .194 Froll thi. . . 
t~rœodynamJc analysis. the additional total force due to lurf.ce ten.ion 

• , 

'effects i5 the following sillple function of .hear .train: 
• 

• 
J 

à F - 2 Q \1 ., / )0 + .,i) .... 
(4) 

-" 

• 
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-4 , , 
For instance, FlguAe 5 shows that the effect of surface tension for 

rectangular molten HDPE samples at T - l500C whlch are 5 and 10 cm wlde. 

Thus A Frises sharply with shear strain, levelling off near 7 - 3 at: 

• 
'. 

(5) , 

. 
Figure 6 shows the A Fmax for the 5 cm HJE 

dependent, so 

sample as a function of sample 

width. This error is not time A F persists until 7 ls 

returned to zero This analysis assumes that the boundary behaves Ideal~y .. 

Slnce the stress free condition at the boundary peoœit6 nonideal flow, (4) 

and (5) cannot be used ;or a~urate correction of tota~asurements , 
for surface tension errors. This error obviously becomes important when 

the ratio of A F to the total measured force ls significant. 

b, Edge Effects 

•• ., 
Joseph has shown that the edges of a rectangular sample~n osclilatory 

shear are subject to a distortion which is analogous to the ~eissenberg 
. fil 

affect observed on edges of samples in oscilla tory shear in concentric 

cylinder rheometers. l95 ,196 Edge distortion, caused by the first noraal 

,stress difference, is composed of average and oscillatlng components of 

deviation from the desired straight boun~·~J The magnitude 
, ~ 

• of the overall , 
" 

edge distortion can be deduced from C'(~). G'(~) and N2(~)' In principie, 

a desi~estimate for the required sample width for a particular gap can be 
< 

obtained However, the solution 15 a complicated one, and ~n getteral, the 

. -/ 
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first normal stress coefficient 1s not known in oscil1atory shear. , 

Remarkably, predl~ted distortions are not symmctric about the sample 

Qidp~ane. Hence, just as the ~eissenberg effect depends on which cylinder 

1s rotated, the shape of edge distortion depends on which plate 1s 

oscillated Also, for model viscoelastic fluids, no edge distortion is 

predicted ln steady sleple sheat However. Josçph assumes no variation in 

the xl directlon restrictlng his analysls Co a sample of infini te length 

This precludes lntuactlor" bH10Hn end and "dg< (ffects whlch ar<' ('xp"cted 

c 

another. ç.bs(:'rvabl~ qu[~r,t ... tJ 

The physlc:d quantlty i< calli·d th, 

reasurand or input. and th€ obslrvable (J'.nntity 15 c.alled the tr,fjn~duccr 

response or output Most "uthors further n'strict tl4,d"finitlon of 

transducer to include only those \oInh the .. "",urand Hnearl)' r<-lated to the 

Fe- local she .• r sU"" trans<!.ucer5 haw· becn dev(·1op .. d 199,200 Sine ... 
}I 

local sllear stress transducers h""e n"ver bHn sold co .... erc1ally, textbooks 

on mechanical measureœ<nt. do not usually Œ~ntlon such sensors. Prevlous 
/ 

*A further distinction 15 usually œad~ between active and passive 
transducers. Active transducers use an external source of power, and 
passive tLansdu~rs do not Ho~t of the shcar stress transducers revievcd 
here are active transducers 

• 
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work on shear stress transducers 18 scant, aimed at statlc not dynamlc 
• 

measurement and vas not done at high temperature. 

There are two types of mechanism used to measure local shear stress. 

37 

Firstly, one can measure the stress on a moving wall element,.called the 

active face, by connecting it directly to a force transducer. 

Alternately, one can measure the d~flection of a beam, usually a 

~?ntilever, that itself supports the active face. The second approach 

requires a proximeter which distinguishes it from the first approach 

~mploying load cells which normally 1ncorporate strain gauges or 

piezoelectric sens1ng elements. Moving wall element methods are popular 

for study1ng gases and Newtonian l1quids,201 whereas beam deflection 

methods are popular for studying solids.* 

Furthermore, there are two ways of 1mplementing these mechanisms. 

E1ther the deflection 1s measured directly or, in sophisticated designs, 

the restoring force required to keep the active face stationary is applied 

and measured. These are called the positive deflection and null balance 

methods, "respectively. Positive deflectlon i8 a simpler gethod than null 

balance since no mator is needed for restoring a null active face position. 

Using identical proximeters, transducers based on null balances generally 

give better resolution and sensitivity than those based on positive 

*Hoving wall element methods are sometiaes called floating head 
'methods, espec~ally when wall element Dotion ia conflned to translation 
without rotation. •• 
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deflection. Hovever, unless deflection itself causes daDping,* def1e~ion 

methods give better dynaœic response than null methods. Specifically, if a 

, servo system is used, the phase lag of the motor is added to that of the 
\ 

deflection meter. 202 

1, Iransducers for Nevtonian Liquids and Cases • 

The earliest transducers. developed by Froude and Kempf,203 vere used to 
1 

measure shear stress locally on objects in flowing water,204,20S Here 

moving wall elements were used with null balances uslng strong 

electromagnets to apply and measure the restoring force Hagnetic field 

strength vas adjusted manually to null the balance, hence, only time stead~ 

measurements were possible Simllar devlces vere used on surfaces ln 

steady alr flows,206,207,208,209,210 ln the la te fiftles, acceleratlon 

Insensitive versions~f such transducers were mounted on Vlking rocket 

ships to measure local shesr stress during ascendlng flight,211,212 

Recently, a linear servo motor vas used to null a110cal skin frlction .. 
balance automatically,213,214 The null positIon in the balance can easlly 

be changed to center the ~ctlve face or to check its sensltivity to 

eccentrIc1ty 

Electromagnetic coils have also been used in local shear stre •• 

transducers for aeasuring the stresses actlng on the hull of a ship as lt , 
passes through ice,2lS Elther stiff aetal springs or ha rd rubber bars aro 

*Yith transducers for molten plastic., moveaont of the active face 
causes ci4mplng. 
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used to join the active face to the housing, and these can be sealed 

henaetically. 

The positive deflection method, using a linear variable differential 

transformer, has also been used with moving wall elements on fIat surfaces 

in air flows. These sophisticated designs ensured absolute flushness by 

using four flexing leaf spring SUpports permitting the moving wall element 

to translate without rotating. 216 ,2l7 Others have used baIl thrust 

bearings for the same purpose in a shear stress transducer with biaxia1 

capabilities for studying hot gas flows. 218 

Finally, housings for these sensors often incorporate viscous dampers 

such as air bearings219 or silicone oi1 dashpots220 ,221 to e1iminate errors 

due to equipœent vibration 

2. Transducers for So11s and Rubbers 

) 

Previous work in shear stress transduction focusses on shear and normal 

stress measureœents in soils. Longstanding, ongoing research at the 

University of Cambridge has led to the development of several shear stress 

transducers for the sta~ic measurement of shear and normal stress in soils. 

Bransby222 has provided a deta~led review of this research before 1973. 

The first of these transducers used foil-typé electric resistance strain 

gauges mounted on four steel columns which support the transducer's square 

active face. 223 ,224 
. 

These strain gauges were configured in a three bridge 

circuit, and shear and nonaal stresses were measured. A rigid design vas 



.. .. 

1 

J 

40 

used 50 that at full load of 2~psi shéar stress, lateral def!ection of the 

active face reached only .001 inches. 

Later designS at Cambridge were ba5ed on the bending of beams rather 

than by the compression of columns. 225 These transducers were us~d for 

monitoring shear stresses in granular sOlids. 226 ,221 Rugged version-. of 

these transducers have also been used to study soi18 in the 

field. 228 ,229,230 The Cambridge transducers have only been used at room 

temperature. 231 Waterproof232 versions of these tra~~rs were 

incorporated into simple shear fixtures to measure the mechanical 

properties of sand233 ,234,23S and soft clays 236 Finally. an array of such 

transducers incorporated in a simple shear fixture has been used to study 

the importance of end and edge effects in soils. 237 

Shear and normal stress transducers employing single cantilever beams 

have also been used for studying soils. Here the active face of the 

transducer is secured to the end of, and perpendicular to, the thin 

deflecting beam. For inst~nce, two force transducers, incorporating 

unbonded strain gauges, were used to Œeasure normal and shear stress by 

attaching them directly, respectively, to the fixed end and side of the 

cantilever. 238 ,239 Also, a QWo-beam design with two full strain gauge 

bridges which permit acceleration compensation with biaxial shoar 

capabil!ty has also been used to Reasure local shear stresses dynaœically 

in so11s. 240 

. / 
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A shear and normal stress transducer using strain gauges fixed direct1y -to a single stiff cantilever was incorporated in a shearing fixture2~1 and 

used for the determination of stress distributions in coœpressed rubber 

samples in shear.* Similarly, strain gauges mounted directly on a stiff 

beam have been used in a transducer for soils at high earth 

pressures. 242 ,243 A rubber gasket was inserted between the sensi~g face 

and beam housing to eliminate solI influx to the gap which would pr~vent 

beam deflection The flexibility of the rubber minimized Impedance of beam 

deflection. A similar approach has been used to eliminate polymer influx 

into the gap for ~shear stress transducer.t~be used in an in-line 
~ 

rheometer for molten plastics. 244 ,245 

Broersma reviewed a patented transducer design which supports the 

cantilever with four perpendicular flexible members. 246 ,247 Strain gauges 

sense deflection in these cross-~ams to transduce pressure and shear 

stress siœultaneously. 

A different a~roach has been used extensively for shear stress 

measurements in soils at the Czechoslovak Academy of Science. 248 ,249 Here, 

the active face was secured to a steel ring with strain gauges on the 

ring's inner and outer sides. 250 ,25l,252,253,254 Several transducers Were 
• 

used by this group including one with a curved active face for neasuring ---
time ~teady stresses of granular materials flowing in cylindrical bins. 

, 

*Results of this work are discussed in the section on free boundary error. 
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Others were used to measu~tatic shear and normal stresses acting on the 

floor beneath piles of granular sol id. 

3. Tactile Senslng and Shear Stress Iransducers 

Human skin, especially' atthe fingertips, has the well developed 

capability of sensing shear stress. For years, experts in robotics have 
. ~ 

tried to emulate this capability with miniature sensors, but they are still 

a long way from approaching the quality of shear stress transduction 

provided in human. hands 255 

Hands transduce shear stress using a sensitive array of nerve endings in 

the fingertips which convert both shear and normal stress simultaneously to 

electrical impulses. Theses impulses quickly relay the stress measurements 

to the brain. The transduction is fast enougb to forro part of a 

sophisticated closed loop control system that can sense and react to sligbt 

changes in shear stress. Consider the man who falls asleep in bed when 

holding a cigarette. As the grip Is inadvertently loosened, the cigarette 

will start to slip across the surfaces of the fingera. The sli~t 

fluctuations in shear and normal stresses caused by the sliding cigarotte 

are sensed, messages are dispatched to, interpreted and processed by the ~ 

brain, the hand is caused to tigbten, and ideally, the man Is awakened. 

Human tactile sensing can transduce shear stress quickly so the measurand 

• 
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--' can be controllèèt. ~Observe that the man exerts Just enough force on the 
~~ 

cigarette* to keep it from 'dropp!n$, but not enough to crush it. 
/ 

Shear stress transducers using strain gauges have recently been 

incorporated into robotic hands used in general purpose manufacturing 

robots. 256 

~ 
4. Shear Stress Transducers for Polymer Helts 

\ 

From the review on sliding plate rheometers it can be seen that the use 

of simple shear simplifies the relation between force and shear stress. 

However, it can also be seen to be limited to use at small strains by end 

and edge effects. 

Now with molten plastics, it was argued that rheological properties .~ 

inc~~ting fast transient deformations are the ones most likely to 

corr~làte with processability. ln the stU?~ of fast transient responses it 

is important that the observable quantity be simply related to the primary 

physical quantity, here the shear stress. Where such simple relations 

cannot be established, Iterative calculations and many experiments are 
< 

required to extract a single nonlinear viscoelastic property. This was 

se en to be true where large amplitude~cillatory shear properties are 
• 

extracted from paraI leI disk flow data for e.~ even 

where the tedium of such approaches can be tolerate of the 

* . The shear stress exerted by 1 cœ2 of skin surface required to support 
a 1 gram cigarette i8 98 Pa or .014 psi. 

, 
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results with those of less complicated experiments Is deslred. If the ~~ 
errois associated with end or edge effec~s could be circumv~nted~~dlng 

plate rheometer could be constructed wher~in nonlinear visco~tic 
• • J /' 

properties of molten plastics could be determined reliablf,and 
/ 

conveniently. 
' .. 

None ~f the shear stress transducers reviewed above have been used for 

dynamie measurement. ln a rheometer, It is critical that the transducer 

track the shear stress accurately as a funetion of time, since 

viscoelasticity .implies time dependence Recent progress at HeCill 

University included the development of a prototype shear stress transduce~ 

for molten pOlymers. 257 ,258,259,260,261 

/' 

AlI sliding plate rheometers reviewed above require that the shear 

stress be inferred from a measurecent of total force. ~qong and Dealy . 
proposed tha~ the shea;'~tress be measured locally in the region of 

controllable flow, away trom the free boundary of the sampIe under study, 

so that the free bo~ndaries errors might be circumvented. 262 ,263 They 

incorporated a shear stress t~ansducer into a single-sample,~sliding plate 

rheometer which the y used to measure nonlinear vlscoelastic propertiea of 
, '. 

folyisobutylene at room temperature. 264 Stress growth, stress relaxation 

following cessation of ateady shear and interrupted aheat experimen~a were 

performed. An electromeehanical drive system was used which limited • 

, 
flexibility in property selection. This rheometer ia the precursor to the , 

• . 
devlce developed for the present work, whlch 1. a .liding plate rheometer 

, , 
for molten plastics incorporating a .hear atreaa tran.ducar. 

" 

• 

: 
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, 
Initiai dest~s for a ~ransducer included the ,use of thin fie~ble , . , , . 

cantilever'beams of rèct~lar cross. section with a square active'face 

.~:~tened to the ~eam' .a~e_'end. -"Fon-type pieiore,sistive strain gauges 

were mounted dirél:d~ on ~îie flexing be8IJ.~·· ~ ~é ~ al}.ow~ the m~lt -
". . . . . .. 

under.stuay to penetrate the gap betieen the active ce and housin~ The 
• ,." .q - ... ,.., .' .. 

" t..~' transduc&r could be uS'ed to _i1sut'". melt viscosity. However '. it .had l' •. 

t"Ian~ient r:esponse in stress relaxàtilè!l ~ol.iowirig steady shejlr .",; • 
• • • l 

compared wlth ~easurements made on,r mechad1cal spe~trometer.using a cone-

,. \Plat~ f~ture. '. , ~. :' . 

'. 

• To improve the transient res~onse, a second design used a stiffer 
, 

canti;ever whose diameter was ~nly sllghtly smaller than that ~f the,~ctlve . . 
face 

~ 
Unfortunately, strain ga~ges were insensitive to the diminished . ... . , . 

~ 
• s~rains in the thicker beam, and a new approach was sought. . , 

'1 W 
The insertion of a piezoelectric crystal In'~e ;leX~ng.memb~r was 

~ ,. ~ f. . ." 
, 

considered, so that with suitable cparge amplific~tion, the desired linear 
. 4 .. '. . voltage ~tput cocld be o~ta1ned.26S126b Although'sucp an approaéh remàins 

. ."'-

• 

, 

attra,tive, !'nother equally ~ttract~,:,e techniq';é was pursuèd 9~ecause 'i't. 
• ,< ... .,. ,. , . ~ 

• invGlved a sim~le.change to the pr9totype .• 
-'1'( ~ 

$;> ".. • . • 10 
"~_ .... ' 1> 

J."''':,"'-::;~,-' • ~. 
t~ ..... "- • • , "-> 

~ ~:. 1 sensitive opttcal method was chosen ta 
'" ~ • ,ri 

displacemént in the stiff\beam trà~duceY mentloned ab~Ye,267' This, . .' ..... ~" ,. ,'," . . . ." " /, ~ 

combination perml~eed the ~easurement ijf non11near Btress.gt~th, stress 
• "'w' ,~_. ( ,..-

-- ".. . , -.~-'!~ 

.... • rel:,xat}on ~olIowing ~~~dy shear .~md i~t;errupted ,,shear t>~p ... rt1e~ ~f;, __ 

~ .. , :. .. \" ~ 
" ., 

t 

• 
• f . .. 

measu~e ~~ntilever 

1 

•• • 
• j' , • 
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• 
polyiso~utylene melts. Attempts to.measJt' shear stress 

os~~l}at~'shearing:were al~o aa~e but an error was made 

l~~~ge amplitude 
• 

in recording the 
, . 
data, The proxime:er employed f!ber optics to meùsure the di~placement of 

the cantIlever at a point several centimeters from the active face. The 
• 

method provides sufficient sensitivity, although drift in.sensltivity, 
/ ". , 

noise, baseline drift and tn Inconvenient caltbration,method compromised 
• 

• • 
the quality of the data. Since f}ber optic displacement probes are not , 
readily &vailable for high tempe rature servi~e,268 a new displacement 

measurement techn\qùe 

" 'for molten plastics, 

• was sought by the writer 
,:1: .. 

in desl.grltng 
t 

a tran5ducer 

ot , 
v. ~ 

D, General Objectives 1 

, 
Jo . ~ 

, 
~ . 

The single most important obJective of ~he present ~esearch was th~ 

'development of a shear stress transducer foi the rheological , , 1 

'charactexization of mol~n plastics. The transdueer is incorporated in a 

sliding p~te rheometer designed for use at tempe ratures up to 250°C.' 
• 

• • # 
sliding plate design wa~ chose~t9 take ad~an~ge o~ the simplicity of 

planar ~ouette.flow and to avoid errors due to centripet~l accele~tion and 
f' 

edge.failure incurred with rotationsl flow geometri~s • 
• . ' • 

The s~ond principal ob~!Vè df the prese~t research was' to ~valuate 
'" .. \ il' - . the rheometer's suitability for the,measurement of nonlinear viscoelastic . ,. '.', . 

propert!!s o~olten plastics. Â br~ad'sele~~on of shearing~atterns are 

, permitted by using ~ seTVohydraultc actuatpr to drive the rheometer. 
." ~ . -, 

Quantitative evaluation of .pe rheometer for, such measurements is difficult , 
" . , 

.. ... , . , . . 
, 

. ' 
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since most of these properties cannot be measured by any other means. . .' "JI! .1"" 
Furthermore. those n~nlinear viscoelastic properties that~can be measured - . . 
by other means can be obtained only with great ~iffic~lty. A new dynamic 

caiibration method has been designed to permit an evaluation of the new
r 

• • 
instrument for a wide range of property measurements. 
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\ II. TIlEORY OF- VISCOElASTlCITY 

., 
A. How is Iheory Use fuI for Development? -

.' 

~rpose of thi~ reseàrch was to develop a new rheometer. Several 

theorists *e tried to predict the sorts of properties that the new 

rheometerks designed to measure. S~~ of their thèories suggest ways of 
:;... 

analyzing nonlinear viseoelastic properties which is helpful for rheometer 

development. This is important in the present context sinee the properties 

méasured on the new rheometer cannot be measured any other way. ~ereas . , 

dynamic, cal~bration, described in a la ter section, helps us to pinpoint 

present review of theory tells us what errors Ln the ne~measurements, the 
J I!I-. 

resules are physically admissible. • 
J" • 

There are, of course, several other use,s for nonlinear viscoelastic 

- theory. Firstly, such ~dels can be ~sed to siœu!ate polymer ma~ufact~ring 

processes.' For the Leonov model, based on nonequilibriumt ~ . 
sed to model the injection molding process.2~1 

, j 

~ 

thermod)'lUllllics, 

;'l,astic ..m0dels, if su~l.c1ently gener~: /rovHle a • Secondly, nonlinear ., 
~nified ba~is for s~~ zing and comparing nonlinear viscoelastic 

properties. Thirdly, m eeular models can help explain which asp~ces of 
, ' 

moleeular structure determine nonlinear viseoelastLcity a~ therefore . ,-
proéessability for some materials. Ho~el patameters can then ba eorrelated 

~ J • 
with ?rocessability and molec~r s~cture, The scope of the'present 

~' 
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• 
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• 

review of viscoelastic theory is strictly deliaited to what.is us~ful 

) 
for 

/ 

rheoDeter development. 

\ 
•• 

B, Ebat 18 f Theory of Viscoelasticity? , 
Alltscoelasticity Is the relatlonship of tbe extra stress tensor to the 

strain tensor •. ~v.s~oelastiG theory is ~ly a mathematical expression 

which approximates sucn a relationship. The quest for such theories . . 
• presumes that s~h equations exlst. These ~quations ire caLled 

r' ' '" . c~nstitutlve eq.atlons, and in mate rial science there are no existence 

theorems. The most generai form for a viscoelastic theory is: 

• 

c(t) - f (r(t) l " (6) 

, , 

where f i5 any function. r represents anr matefiai frame Indifferent 

deformation tensor. and where the stress and deformation tensors are time ., '. . . 
dependent. 

For prescribed trans~ent deformation patterns, the defo~in~ess is 

also time dep.l3ndent. Henco .. visGoelastic properties are defined as thé 
.\ 

time dependent stress Gaused by a prescribed. time dependent, defo~tion. 
~ . 

Thus. (6) gives a gen~~al m~the~tlcai desc~t1on for vlscoelastic . , 
properties.* Howpver, t~re 15 no~ifylng theory that alloys the extra 

'-:-* _lit • 

Inversely. one candefine viscpelasticiçy as the relatlonship of th~ 
strain tensor to a prescri~~d transient deforaing stress. Ihose ~orking 
wIth controlle~ stress instrument$ prefer this point of view. 'p.. 

• 

• • 
. \ .. .. . 

.. 

, ". 
. . 
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, 
stress tensor to be exp1icitly written 'as a function. 1. of an indifferent , , 
strain tensor. This i~ why non1inea~ rheo~0~ca1 properties are defined ~ 

a prescribed transient deformation and its time dependent stress response. 
~ 

C, Syœmetry of the Stress Tensor 
• 

A torque balance on a dif(erential rectangular fluid element subject to 
, 

neither internal moments nor couple stresseS proves that "ij - "j i., and so 

the extra stress tenso~ is symmet,ic, The premises of (1) no internaI 

moments and (2) ~ couple stresses are important constitutive 

assumptions.*.270,27l 

'. , 
. . 

Angutar acc~leration of the dtfferential fluid element makes no 
. 

con.tributIon 'tQ the force or t.orque sln;e differential elements have no 

mess. A torque balance on a fini te fluld element mu,t, however: Include 

terma for its angular·acceleration.· , 
. , 

. . ~ 
llow the asstulIpti?n of no, internal moments is a reasonable one since . 

internal moments. or body couples, requtre action at a distance on th~ 
• 1 

fluid .. lemènt ' Body couples ~re important when a cagnetfc fluid encounters • 
,Jo • 

a magne\ic field. S9 the.a8s~ption of no body couples se~ms reasonab1e 
j "'. _ .. 

: ~ , 
for molt~ç plastics wh1ch sre. in genersl, either nonma~etic or not , 

.' subjected Co magnet!c fields. • 

. ~ 
~T,bis ?air of assumptions'is variously ca11ed Cauchy's second law, the 

• Cauchy stxes~ principle, the coaplimentary snear stress condition, the 
.~rinciple of 10:a1 action or the principle of local equ~lbriua. 

.. 
• , 

• • 
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The assumption -of no stress couples, on the oth~ hand, _y or 114y not 

be correct. 272 Furthermore,.Tanner recently pointed out that the , 
important consequence of the constitutive uSllIIption, the syraetry of the 

stress tensor, has not as yet been verified experimentally.273 

The potential significance of stress couples and angular Acceleration in 
• • 

sliding plate rheometry is treated in the next chapter. 

Dr Hbv Use Tensors? 

In the Introductory chapter we notieed that sinee the stress tensor is 

sycœetrie, and since only shear stresses and normal stress differences are 

--deforming stresses, the stress state.at a point in a f~uid i5 deseribed by 

the five inde pendent quantities. shear stresses G12. G13: G23 and normal 

stress differences Gll'G22 and q22·G~3 . 

The un1nitiated wil~ wonder why he must still write constitutive, 

components are required. 

ealled rational mechanics. 

éonsequences were studled. 

,-
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the single m~st important contribution of rational aechanics to 

viscoelastic theory, the principle of asterial fr~e indifference.* 

This principle simply states that the stress and strain tensors should 

be unchanged by a change of reference frame. This assertion has'obvious 

meaning but far reaching consequences. The principle is simply saying that 

one's prediction about fluid flow should not be changed by one's polot ~f 

view ... the fluid ought to be, after aIl, Indifferent to the observer's 

reference frame 

• • 
A change of reference frame may be time dependent an~ may involve any 

coœbination of translation, rotation or time shift. Mathematically, a 

ch~nge o! the referen~e frame is described by an orthogonal tensor.** This 

tenso~ is,éalled the rate of rotation tensor and 'S defined by. 

Pz) (7) 

, . 
'where fi represen( position vectors of œaterial points rn dif/erent 

reference ff8llles,. Tensors can be Indifferent, which 1s why we l1ke to use 
• , . , 

tensors ~o,desçribe ~he states of '. . stress and strain.. F1n~lly, the result 
• . 

mechanics is that for A to be Indifferent it must -
have tbe folio~lng property: 

,', 

.,*''A:$Q ~alled\ the princ1ple of material ~bject1vity. 

**Rècàll that an orthogonal tensor i5 one whose inverse i5 equal to 
~r.w,.sp9Se • 

" , 
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* T 
A - Q(t) • A • Q (t) (8) 

, 

For constitutive equations we require both the extra str~ss and the strain 

to be frame Indifferent. This is why tensors are used to formulate 

constitutive equations. 

Finally, soœe Indifferent nonilnear viscoelastic models can be written 

using 5xl matrices for the extra stress and deformation rate. 274 

E. DefOrmation Tensors 

a 
We are now ready to tackle the important probleœ of defining frame 

indifferent tensors to describe deforœation. Our special interest here is .. 
to formulate the generai tensors for simple shear in the upcoœing section. 

Consider Figure 9 illustrating two material points at differeftt tiœes in 

a homogeneous flow field with position vectors fi(t), f2(t), fl(to) and 

f2(to), where to i8 a reierence tiœe. Ye now construct a deformation 

gradient tensor by considering, one by one, the effect that a differential 
• -change in one component of the reference position vector has on the 

,,'-
positions of tne material points at time t: 

(9) 



1 
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This tensor ls not Indifferent, but it is used to construct Indifferent 

deformation tensors. 

For instance, the Cauchy deforœation.tensor* i5 the following siaple 

function of Fij: 

(10) 

, 

and it can be shown that this tensor is aaterial frame indifferent and that 

it becomes the unit tensor** when the material is ln its reference state. 

C(to) • 1 (11) 

Since the Cauchy tensor explicitly involves the distances between material 

i i i 1 Il d f hi This does not '~ly' po nts t s coœmon y ca e a measure 0 stretc ng. ~y 

• 
however, that it does not describe shearing deformation, for (10) 

completely des~ribes Any deformation. 

Another way of looking at.deformation is provided by the inverse of the 

Cauchy tensor, ca11ed the Finger strain tensor which ls a1so material frame 

Indifferent. lt càn be shown that the area of a surface of a f1uid 

element, da, at time t Is the followi~g simple function of the Flnger 

tensor and the area of the same sur(ace at the téference time to: 

• 
*Sometimes called the rlght Cauchy-Green tensor. 

**'llj • l for 1-j, lij .0 for irj. 

• 
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• 

{da(t)J2 • {da(to)] col • [da(t») (12) 

... 
The Finger tensor relates mater1al surface areas of a flu1d èlement at time 

t to those of the same elemént at time Co. 
; 

Beeause it 15 sometimes convenient to use a measure of deformation which 

~s zero when the mate rial 1s in its referenc~configuration, two more 

material frace indifferent deformation tensors can be defined: 

J ~ C l (13) 

, 

and 

H - ç-I l (14) 

These are called the ~:Y"'st,r'!.!E._:!!,<!..~~_":._!}n~_':E_.!~rain r~~.p..:2_;J,vely. * 

The upcoming discussion on simple shear will focus on these two tensors . 

Additionally, the fractional change in volume 15: 275 

A v • 
Jldet J(t») • Jldet J(to} 

Jldet J(to) -
and for a~ incoJllp~sslble fluld /; v-O. 

" 

* . . - Beware of confusion between 
separa te and distinct Finger and 
strains are tensors too. 

Finger and Cauchy strains, and the 
Cauchy tensors. The Flnger and Cauchy 

(15) 

" 
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, .. 
A rate of <le formation tensor can be defbled as the time derivative of 

the Cauchy tenso~ but such a tensor is not Indifferent. To obtain an 

Indifferent rate of deformation tensor we require a time coordinate 
JI' 

transformation. 
. ., 
Specifically, the reference time must be taken as the 

, 
current time t. Henc&, the material objective rate of deformation tensor 

is the time derivative of the Cauchy tensor if and only if the reference 

time ~o is tpken to be the current time t. This is written as: 

• 

!J. • [ C ] 
f' 

(16) 
". _ dt 

" 

Time derivatlves of Indifferent tensors are not necessarily Indifferent. 

Specifieally, the time ~ivatives of the rate of deformation tensor are 

;Dot Indifferent. However, when special types of derivative operate on an , ~ 

indifferent,tensor, the~esult can be made to be Indifferent . 

. , 

" For instance, the Jaumann derivative is defined as: 

Sp Da 
• 6 _ ... Y.a 4- a.Y 

St Dt 

-.' • 
\ 

(17) 

" 
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where the. vorticity tensor, ~lj. 1i(V,y - V;t.T), and D/Dt, ls the substanti"l 
• 

derivative which is: 

DfDt • d/dt + (~.V) 

Another i~ortant ~teria1 Indifferent derivative," ca11ed the 
~T "'-

contravariant convected derivative, ls: 

Sa Da 

'. -. -
St I?t 

Vv·a 
T 

c·Vv 
-"'---_i,. .... 

(18) 

(19) 

Many viscoe1astic theorie~ for 1iquids sre written in terms of the rate 

of deformation tensor and its Indifferent derivatives rather than 

deformatlon tensors. In contrast to deformation, which can be described by 

severa1 indifferent tensors, the deformation rate is unlquely defined by 
• 

(16) For, instance, the Jaumann derivatives o~he è~chy and Finger .. 
strains both give the tensor in (16) when the reference time rs taken to be 

the current time t. Constitutive equations for 1iquids can use uniquely 

defined tensors which is not true for solids. 

The relation between the rate of deformation tensor and the deformation 

gradient tensor i8: 

, . 
T 

+ F' F (20) 

- 1. • 

• 



; 

..... .. , 

1 

" 

l , 

• 

• 

, - . .. . • .' . 

1 
i 

where the reference time used to construct the rate of defomtion , 

must be taken as the current Cime. 

G. Hbat Distingulshes Llguids From Sollds? 

The, need for the time coordlnate transformation underscores a. 
A 
• • 
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tensor 

fundamental difference b~tween solids and liqulds. ,The r&ason liquids can 

be effectivély modelled without reference to a fixed reference time is 

because, unlike solids, the stress state of liquids depends prominently on 
." jo,I< • .!""" -.-s: ........ _ . 

the recent past, nominally on the distant past and negligibly on the very , 
\ distant pasto Otherwise stated, stress in liquids depe~ds on its 

deformation rate hiscory racher than the deformation hlstory as is true for 

sollds. Thi~underscores the more'basic difference which is the existence 

of a unique ~ference configuration for solids, and the absence of same for 

liqulds. 

'- . 

Experlm~ntally, we distinguish 11quids from solids hy observing the 

stress after a long time in the absence of deformation, Without changing 

shape, liquids cannot support a deforming stress indefinitely. For liquids 

at rest: 

Hm u(t) 
, t--

o 
• 

(21) 

... 
, 

• 



• 

" 

" 

. ' 
....... .. ' 
... 

. ' • • • 

• 

, 

• 

, 

r ~ 

• 

" 

.. 

.. ;,. , " 

" 

. . 
" . .. . , , ..... -, 

, ',,: ' . 
• 

" ,.~ 

, . • 
, . 

" 

. ' 
• • 
~ ." • 

, . 

-. ' .... ,. .-
•• 

-' • •• • • " 

S9 

: 
, "" oP. • 

"the' deformiçg stresses vAnish whereas for soli,.ds tlle,extra stress depends 
, • __ " ~ ,) '. L_ ,; .:,;.. ~." 't.. " • 

~ on t~e $train rel«tive to a unique Teference ,configucation,- " ~ .. <~ -
.. -.. i~ 

• .. 
" • • 

, , 

J 
Fqr 'example. a simpl,e coost~tutive rubber is, 

-. • • . . , i 

• 
l, 

(22) •• , 

~, ,-.. f " 
• 0 ~ 

.wh~ ~ ~Re ~ear mod~lu5 and whe~h~ 

fixid refe~ence ci~è caken when the material is,unstre~sed, Gomparing this 
.. -. . ' 

with ':tL.ell kno";" co!'stitutive eq'-ion 'for a: Newtonian 'fluid: ..., ..... ,,~/> 

$J, 

" -...., 
Cauchy strain i5 relae&ve t~ 

. 

" 
• • " - ~ li 1 .,. 

-.f)' 
'~ , 

" . 
. ~,.':'~ , 

S', • 

wh!re ~ i5 th~ famil!ar N~wt~ni~n vlscosi~y. and the rate o~eformation 

'. 

'. 

, 
, . 

• tensor l't ~elafo~e to tne ..curre~t time t, For bottl-the sim~le, rubber and 

th: Ne_wtonia,,~ fluid.--tHe rh.e"OlôgiJ:;a; :proped\ts are Compl,:tel~ desc~ibea by : ,;. 
... ' J l' " •• •• # 

equations cont~in1ng single c6nstants,4I and ~ respectiv~y. The.limit in 
~, r ..... fi-

" (21)' ~';5. t'o th; zero tensor for the Ne.wtonian liq~d. Fer, the ,siml?l'e Il 
, • ' ...);* ~. 

~ ~ oi l • • .. ~ 

rubber; ,the same limit give~ a str~ 'tensor proportional to the &auchy ., ... . , . . . .. '" . . ..' .. .. . 
• s~a!n. This ilrJUstratos the fundamental difference bet~een a liqu~ and a . . .. " .. " . ' 

'SoUd 
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1 • • • • (\ 

• • 
• 

fl~ally. vis~o~lasti~ theory dé~cFib~~.materials that can be caused to 

Sèhave in a mtnneT ~nter~ediate to the Newtonian ~na simele rubber 
4 ~ .. '" 

•• 

, ' 
extremes. We calI thè constitutive eq~tion$ fô, Newto~i;n liquids ind 

, '....' ,,' "., ~. ,1 
sim2~ rubbers unifying th~oties fOr two reasons. rlrstly, ~eeause' they , ~ 

• , _4 • , 

accura~ely approh~mate a wide range of ieal·m~erlals. Secondly, these " r--
.. , , '''' 1>-

theories can be used to predict the strês.s response to 'any deformation. We 

sr;:rll see that. \n this s<}nse. no ~nify~~y has as yet been propo!éd : 

for viscoeia:t;c,media. 'The linei~elastLÇ the~ry does. however.~ 
approximate a broad range of real materials over a narrow r~nge of 

• 
deformations 

. . . ' 
" ... , 

H Linear Vi~éDPlastic Behavior .. , <" . ' 
: l ,~ 

.... , • , ' 

. ' 
, .Llnear vlscoelastlcity lé ~h. klnd of behavior cO~DQnly exhlbited by 
14 JA '" .. .-. ... ... :... 
visco~asvic materlals when stral~S or strain rates are,small. The ""eory " ~,.. ~ .. . , ' .. 
that explai~ the phenomenon of linear vl~c~el~sticity ~s a iowerPUlPone. ' 

, , 
ln th~s section. th1s'impo~tant theorf 1s rov1ewed. 

For :~stance: ln c~aS~iC~l S~ie'~S 'r~ il/n. "here strain amPli't:de is 
" • t '")' ~ • ,'la~. • • ,'1' 

slOal~. ~thh~e shear stres'slrat cime.~ los linJlar ~itl\ strain aml'litude;- '/lnd for 
-~ ry '1 I\, IV' • • 

, . 

, 

, 

'.' li~rq~. is'pToportional to the strain amplit~e, The shear modulus.,G • 
~ ... _ l '" • • 
,litt, ,""'" ... t .. ~ 

: ,<1'/"10 ' ls indepeiÎdent bf 'strain ,ampliC;\1de a)'ld for solids 15: 
../ J.:::" • • ..' • Il' 

/) • • 
~ ... -# .";'",. • ." 

... •• 
~ 

• " • • - (24) , .. • • 
• .' 

G(t) ,- ,,~t')./'l'o + G., -; 

'" ~ 
,.-

• 
• . ' 

• .... . • '11 

~ -~ 
• ',' ... ~ '. 

" " il <0 , , 

. '. ,~ 

'" \ . 
, 

• , 
• '0 

• 
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( 
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and 
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• , 
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.. 

• 

• 
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, . ./ 

}I, 

" - ~ 
"10 sin wt 

• 

• 

,. 

• 

•• 

,"" ... • 
~ 

He~e, where strain or strain rate amplitu~e is small, the shear stress is 
• , , 

also harmon\c, and its amp~tude lS proportional. to stra~n amplitude, 

gives,the' àbsolute 

.. " magnitude of the comptex modulus: 
1 • , "' • -•• • , • 

" II> _ ,.. <1' 

.;: ,,- -.. 
p 

... 
l (29) , . , , 1 IG~(r;» 1. :-. "o(w)h~ " 

• 
• . ' . .... .. 

.. . ~ , ... 
Conslder the.o~cil!ato~ shear test results 

. , ' . \. 
for œo!ten polYPropyl~e· st 

250°C reported by Hutel and Kamal,~76 

• , '. • 
• , t . ' • • 

These data, replotted ln Figures 7a 
! . 

• • , 
.~ ~ 
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, 
and 7b, p~esent 

plastic which is 

.' '. • 

'-
, 

/ . 
a good example of I1near viscoelastic behavior 

-\ .. . 
9bserved with currently available rotat~onal , 

•• " ' 

, r 

, . ... 
",. 
.'-

.6~ . 

of 
,~ 

a lI01.ten ~ .. 
rheolleters . 

. ngure 1.8. shows the l1near proportionality observed betweén thoa stress and . ~ ~ 

the.s~in amplitudes iri~cillatory ~hear, whereas Figure 7b shows that 
• , 1 # " 

the ph~se apgle is essentially independe~t o~sheàr strain amplitu~e. " ' . These are th, defining eriter(s for linear vhebelastie behavior ~n • • ,. 
oseillato.y shear, There a~e, 0' course, many other ~xperime~eal 

manifestations of linear viseoelastieity. - -
, 

!, Tbeory of Linear 

• 
1.1 

.' 
• 

Visc~sticity 
• 11 ' 

/ 

..-
1 

...J 

, 

• 
• 

1 \Je ,ca~l. l1n~r vi~coelasticity a phenomenon becalotse it is KnPwn throu'kh-, 
• • 

observati9n.· It,is not a logical nec~ssity that liqui~s behave this way at 

sma~l strains The Boltzmann superposition principle was 

this behavior into one simple put powerful trtory, 277 : 
, ~ \ 

• • 
, ( • \ 

devised to unify 

" . 

This princi~le ~tates that when the stress or the strain histories of 

l1n~ VisCOe~a~tic ~<;~peri",ents ar'sJtPerpos,e.d', the resultlng s~rain or, 

stress response is the ilne~,sUlll of, resp~c~ively, the stress or strain 
1!1'. _ - ~ "'i ,--" / • '10 

responses for the eomponent tests, This prineiple ean be written; '" ". . 
• 

oCt) L G(t-tn ) l; 1n', (30) 
" n 

,/. ~ . . 
\/hen a strain or stress history can be -represented-' as an infini te SUIl of .. • superposed linear viscoelastic tests, applying the principle permits one to 

• 
• 

, . / 

" ~I • . -
·c 

• . :, • 1 • \ , 
1 { • .. . , ., 
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• 
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Integraté .~er p~t tae to obtain re,spe,clelvely the stress or strail! 

response. 
/ 

For instance, for the shear stress:278 
..1 { • 

. J'" ,,(t)' -
, Cl 

C(s) ')'(t·s) ds G + 
'" • 

. 
which is simply,a corollary of the Boltzmann superposition principle. 

63 

(31) 

For 

liquids, G",-o, The linear viscoelastic lheory for a liquid 15 ob~alned , ' 

when this corollary is wrltten for the extra stress and rate of deformatlon 

tensors. 

, - " Jo> ~(t) - ~ 

, 

G(s) Mt-s) ds . 

. ' 
" 

Hence, linear'vlscoelastlc theory hypotbeslzes th~t for any v~coelastic 
-" ~ -- " 

. , . ..... ..... ~ .' 

" 

• 
, . ' 

• " 
" 

'.-
• < .•. 

, " 

, 

(33) 
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, " .. , ., 
This vlsccslty 

, . 1s equa]. to the liDiting.low shea'r, visccsléy exhlblted by .. .. .. ~ .. 

many fluids in ste.a~y saple shear. ~e co~~~,.~,1sco~ls ,~1so related 
. ,r-

to the materlal functlon, .G'(w), ior.oscl11atory shear by: 

• 
• " • 

'10 - 1 1<0 ~ 
" w-

° • 

r 
(34) 

• .Relations for the materlal functions cf linea~ yiscoelastiçitY-,in~olve 

inte&tals,ov~r infini te intervals of time or frequency. 

n;. catry out these inte,s;-ations, the œaterial functions of l1near 

V1scoelastlc~ty are commonly rewrltten in terms of the linear relaxation 

spe~t~. H(6). This spectrum is defined by: . 
, .. ~. ." ~ . 

( " 

~«() • 'f"':· 
, .<0 '. : 

• 
~t9) &Xp{·tfDj f(l;V0) 

.' \ 
, ,. ,,' / ;/ . . 

," . ~,,~ , 
..... ~ .~.:;- .' 

w~~ '~ .a~~ 0 have ul1i~ ,of stress aflld t!lI(!" 
, .' . . ' . . 

çoblpating the _,esults of tests whlch us.ed different strain ~tor~~!,;" , . 

• 
ibis provldëli one ,jay ~ 

, ~" , .', , 
AIEèrnat~ly, any two l!near vlscoelastlc prcperties cao,be wrltten"~$ 

• 1 ~', • ,. 

. '. ~~~icit functl~ns of cne ~nother, These , 
· . '. , . . 

bases Îo •• ~~h coœpa~1sons sin~e the,apptoxiaation~ . .. . ~ .... 
Ëe<iuir~d tc evaluate the Lnte/lul in ,35; ~ntroduce 

, 
., , .. 

.' - .) _ Jn data œ;niwlat1ons . 
, . ~. . . • , .' .::;0;- . . ' .. 
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.problem with 
. ,0;\., .. - . # ~ 

this approach ls that the value.of the upper 11mit will depend 
1 

. . .. ' .... 
on the precision of the instrument and the number of replicates taken to 

• ~~-...> ........ 

• -,,-<Stabl1sh the 1lmit. * , 

" . :.,\ >:: "f~ "., 
~ 

, 
'. ...... ... 

. , '.: ... ", 

- . . , 
.. .... .... 

, .' 

• l ' 
, , 

, 
" .' , \. 

:.. ... ... i .... 

• " ,- > 

-l' -
::-;.~ ." .-

>,1, , 

, 

1. 

.: 

_ OSstllatory shear test results obtained using a sliding cylinder 

rhaoœeter for bread dough a~ rOOQ temperature have been reported280 !nd are ...... ..... ~ ~ -... 
.. 7 _ 

, 

r:eplotte4 in -FiguRs l'a through 80r F4gv ... .aa shows t.he-.. ffect of shear 

Figure Sb shows that when the 

ab~_t'S-sa 1<; expa~d th~re 15 nonlineari ~y for bread dough at mlnute shear 

strains. Figures 7a and 8a show opposite extremes. The polypropylene melt 
._,0 

of Figure 7a ts shown Co be linear for shear strains up to 9~_ For the 
t -. 

b!~~ dough, nonitn~arity weIl above experimental imprecision is observed 

even for the lowest of shear strains. One can still define the limits.of ,. ,.. ... ,' :.. . .. 
G*(w) and 6Ew) as ~ but these can ~nly be measured by extrapolation to .. '" , ~ 

- • zero. st'rain amplitude for the .. bread dough. 

. " 

; ·rO ref~r t~ thèse lÔmits as linear viscoelastic properties when no 

Iinearity ls ob$erved ieplies aJfàIlacy. For materiais like the bread 

dou~.these limIts,should properly be called simply the low strain limits 
;:,<" • , , 

-, :pf vis'codAstidty. 
" . 

• 

'/ 

~-' '," .\ 

"* Converse1y, the percentage deviatlon 
eval. ..... tI'.'g .limit.s to Unear viscoeiastlcity 

, .s~nee_ ..luoh pred!1:tIons conta in no seatter. . . 

" , 

'. 

definltlon wotks weil for 
predicted by nonlinear .theorlés 

l' ' 

• 

.. ... 
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-....... " , . 
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lluids such ~s Dolten plas~lcs vIth broad molecula; vèight 

.' dlstrItiu~lons do not exhibit the predicted constant vlscosity at the lovest 

shear rates attainable experimentally. It has b~en argued that this ls due 

.to experiFental Inadequacies and that aIl viscoelastic flulds will behave 

linearly, in this regard, if only a low ftnough shear ~ate test could be . 
devised for them. 281 This hypothesis.is net testable. 

Linear viscoelastic theory predicts ker~ normal stress differences, 

.... hkh-i ... not-ttœ-=- for many fluLds. For instance, f<!.r a simple rubber 

• the first normal stcess d1fference is proportional to the square of shear 

straln: 28Z .): 

t 
(36) 

• 

TI,)s eff~ct 15 a second <:>rder one and the ratio of the !irsl;. nomal stress 
, - ~ . - ., 

difference to the shear stress for a simple rubber equals the shear strain. 

• . 

, ' 

(37) 

, , 
Simparly', . f9r polymer solutions in small am,pl1tude oscillatory shesr ,th,e, • 

~lit~~ of the seco~ h~raonic of flrst no~l stre~s 6rfference i~ " 
, ... . . \ 

proportionsl to ,.,2 for,! fixed frequency.283 lndeed for:, c.8,:u,ln 
• , f ~ 

polyethylene ~lts, the first normal stre~s difference repartediy exceeds 

the shear stress by several times i~ stress gro~ ~~'in steady" . . 
shesr 284.285 Ha,erial indiffe~ent nonlinear theories for viscoelastic 

• • 
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Q 

fluids under~oing small amplItude oséillatory shear ususlly predlçt a 

significant flrst nQrmal stress dlfference. 286 ,287 

Furthermore, for molten plastIcs such as polyethylene and polystyrene 

the blrefrlnge~ce, An13, usually take~ to be proportional to Nl+NZ,* Is 

llnearly related to the shear stress. 288 Menee, although linear 

vlscoelasticity is a eommonly observed phenomenon, the theory of linear 

viscoelasticity norœally used to expIa in the phenomenoq, can only 

approximate it. 
1 

lt has also been argued that linear viscoelastic theory is only meant to 
f 

apply to infinitesimal strains or strain rates. 289 This hypothesis ls not 

testa~le sinee Infinitesimal strains cannot be studied in anything,but 

" thought exper(œents. A variant of this hypothesis, is that the linear 

theory only unifies the limits of viscoelasticity at small strain. 

• 
• Hm q(t) -J"o G(s) l>(t-s) ds· . (38) 

".,.0 - - -
" 

This ;easonable hypothesls is used as a basis for most theorles of . 
nonlinear vlscoelasticity but the strength of the theory 15 that It do es 

c 

• 
4 ;t".'lltls ass.\UlIPt10:t, caUed the st:~ss 9,Ptlcal 

exo:ptions, F?r instance, ~oœe.Newtonlan fluids 
in' simple shes:r were NI - Nl. - O. 

'.-, . , 

lav, bas its ovn 
exhiblt 1,3 blrefxlngence 

" 

, 

, 

• 

\ 
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expIa in behayior in flows of finite, albeit low, strain amplitude for many 

fluids. 

Still others argue that as strain approaches zero, viscoelastic behavior 

muSt approach linearity, but this assertion i5 difficult to test. 

Koreover, the theory of 1inear viscoe1asticity, even in its weakest form of 

(38) i5 but a hypothesis after aIl, it i5 not a 10gical necessity. 
'f 

1 i 

K. Hhat are NonIinear Viscoelastic Properties? 

i 
Viscoelastic non1inearity ls deflned by ~efau1t, behavlor not 6escrlbed 

, 
by (32) is non1inear. There are an Infinite number of time dependent 

shearing patterns that can be defined. The strain patterns prescribed for 

linear properties can also define non1inear vlscoe1astic properties. To 

,define a viscoelastic property is, after aIl, simply to prescribe a 

shearing pattern and to define the variables to be used in presenting the 

results In sharp contrast to the case of linear viscoelastic properties, , ' . 
there is no unifying theory for non1inear viscoelastic properties. The 

non11;;a-; viscoelastic properties oi a fluid are those that the Unear 

theory cannot unify. Consequently, a nonlinear viscoelastic property is , " 

not deduciole from other viscoelastic propertie5. Each viscoe18s~o 
, , 

property taken outside the linear regime, provides a separa te awJ distioct .. . ~ 
piece of rheologica1 infot?ation about the fluid. , , 

. " . ' 

In Chapter 1 we sav ~at a constitutive equation can b~wrltten vith 
• 

either the extra stress tensor or the strain tensor as the ùapendent . ~ ., 
.' 

.. . .' 
• 

• '1 ' 

'. ~ , . , 

," 

~ ... " . , . 

, , 
'. . 

.;- j' ',;. ", 
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rheometers equipped with computer controlled drive systems, both t1Pes of 

test can be performed. The present work ineludès strain controlled tests , 

only. 

• -
L. Cyelie and Noneyelie Properties 

Nonlinear viscoelastic properties can be cyelic or noneyclie. The mose 

commonly studied viscoelastie property is the shear stress response to 

harmonie strain in simple she&r. All the other properties that are 

commonly studied are noncyelic ones. Stress relaxation following steady 

shear is a noncyclie test. Extensional propertles of liqulds are always 

noneyclie sinee the free flowing liquid will buckle if the flow (le Id is 

• reversed. Conversely, harmonie' oscillation in extension is the most 

• 

commonly studied viscoelastic.property of solids. 290 • Cycl1e properties" ean 

further be cla~slfied into steady and unsteady subelasses. Shear stress 
, . 

tesponse ta oseill~tory ~hear started from the unstressed state is an 
: 

I~teady eyellc propèrt~ • If the stress response stah11izes, then the '. ' ." .' .. . '" . 
property lB a s~eadi:eyçlic one. 'Steady ~yclic' does not œean time 

steà~y, sinee the stress i8 ehanging during eye1ie testing. Steady oy01ie 

sl~ly me ans that a standing wsve with time steady phase shift 15 obtalned. 

Haly noncye11c tests focus pn materlal behavior ln tLansltlons from the 
, 

equilib~i~ state to stressed states. Tests 11kb stress !rowth, e145s10al 
< 

, .. 
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/ 

stress relaxation and exponential shearing are exemples of such tests. , .' 

Othér ~oncycllc tests probe the malt behavfor when it'ls far fro~ the 
~ • 

equilibrium state. Double st~p stress relaxation, strain raie r~duction' 

~nd interrupted shear t~s~s are examples of ~~h tests. 
! . ~ 

Of course, since. 

Any shearing pattern can be reversed, one can define cyclic prpperties for 

aIl the traditional.noncyclic~sts. A trian~lar strain wave, for .. . 
instance, is 4 reciprocating stress gr9wth test. 

M. HhY Focus on Sçeady Oscillatoxv' Sbearl 1 

, 

~e begin by confining the discussion of nonlinear tbeory to theories • 
• 

'whIch can be used for larSe amplitude o~cIllatory shèar. ~e do this for 

several reasons. FiTstly, since there are an Infinite number of separate 

, 

and distinct properties that one can define, any discussion on nonllnear, 

theory must confi~e itself to some finite set of properties. Secoqdiy, the , 
most comœon linear viscoelastic property measure~nt reported is 

. 
oscillatory shear. Additionally, oscillatory shear is an intrinsically 

( 
interesting flow since It combines flo~ reversai, large strain ~lltudes 

• 
and large strain rates into a single frequency test. FurtherJ'~re, this is 

the test most commonly used for development of fini te straln rheometers. 
.... 1 

This is the case because, it will be sèen, it is particularly handy for 
• 1 • 

debugging hardware problems encounter~ during rheometer development and 

for e~aluating th' rheOlleter. : 

N, Khat 18 Slmple'~he8rl 
l 

, ' 

1 

\ 
• 

1 

• 

, 
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Before discussing oscillato:r she~r in great;.er detall, we cons1der the 

~nematics:lPf simple shear. Simple shear 15 the flow and deformation 

induced when material 1S confined between par~llel plates movi~g laterally ,. -:.'\ 
with constant separation. h. This is illustrated in Figure 4', 

The equation of motion in rectangular 

gives: 

ov 
'4> -l

ot 

op 

Sx 
1 

, 

00 
-12- .. 4> g sin ~ • 

6x 
2 

• 

for simple shear 

(39) 

where 4> 1S the fluid density. g is the acc:lerat1on due to,gravity ahd e is 

the anglébetween the plates and the horizontal, " By inspection. we see 

that for hor1zonta1 plates. where there is no pressure drop in the xl 

d1rectlon, 012 is everywhere constant at steady state 

, 
The equation of energy for simple shear gives: 
~ 

.. 
6T 6q , 

9 C ~ - -2-
v 6t 6x 

.. 0 '( 

12 
~ 

(40~ . , 
2 

• 
.. 

Unlikè the stress tensor which is uniquely defined,'we hav( seen that, 
, ' 

tpere 1s more than one way to descr1be deforma~ion: The Finger strain and 

Cauchy strai~provi~e different ways of looking ~t'siœpl~ shear, 

• 

• " 

, 

" . 
• 
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t: ,. 
" . • '~ . " 

To denve.these tlnsors for 

the deformation gradient .-. te sor 

a speciflc 

This is 

flow, we begin by constructin~ J 
accomplished uSlng (9) and'bY~ 

defining a scalar called shear rain, ~, which lS simply the plate 
, 

displacement per unit sample thickness relative to some reference time to * .. 
The result is' • 

• ~ , 

( 41) 

• 

.J -' • . ' , 
ThiS is cal1ed a re1p tive t~~r Slnce lt lS defincd with resp~ct to a 

• referenc~e ture ThiS tensor lS ~9~ lndifferent, but accordlng to (9) and 

(10) the Cauchy strain and ~he Finger strain, WhlCh are ~ndifferenC straln 

tensors, are constructed froF the defor~atlon gradlent tensor uSing (10), 
• • 

(13) and (14) 1 Flgure 9 shows that 1 is also the tangent of the angle, fi, 

forrred between two positioR vectors in the 1,2 plane at tiwe t and at time 
• • 

. " 
" 

For Slwp1e shear the Cauchy strain 1$, 

\ 

• 

(42) 

.. 
*This is illûstrated in Figure 9. • 

, 

. . 
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and the Finger .strain is: 
• 

o 
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, 1 

, 

(43) 

, 
These are lmportant tensors for the y deseribe completely.the deformatlon 

whieh one hopes,to generate in sliding plate rheometers 

• • 

There lS a posltlve dlagonal component of the deformation, which. 

reflects t~e :fact that ln slcple shear the hl cocponent of the vector 

bHween any t'.o rr·atenal pOlnts lS changlng _ Thls is 1I1lportant because it 

can be used to e/.plaln the normal stress dlfferences that are observed ln. 

slmple shear. In fact, theorles of vlscoelastlclty that use deformation , 
tensors relative to a fixed reference time ascrlbe the first normal stress , 

dlfferenee to thlS diagonal eomponent For lnstance, for a simple rubber 

Nl - G-y' * Henee, "hen the reference tme is taken as a flxed time we'see 

l 
that, for a rubber ln si~ple shear, the cause of the first normal stress 

dlfferenee ts the nonzero diagonal eomp6nent of the deformation tensor. 

,- ! 

, 

Additlonally, the nonzero diagonal eomponents of the , deformation tensors 

are.th~ square of the 1,2 eomponent. Note that J12 - J21 ~nd that H12 
" 

H21. so the straln is s~etric. In fact, these tensors are symmetric fqr 

any deformation. 

*This i8 why 
ela~tie property. 

. , . 
the first normal stress àifference is soœecimes called an 

• 
, 

• 
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• • Consider the rate of deformation tens";., "hich Is s1mply the tille 

, derlvatlve of the Finger l'train 1:elal.ive to th, current time t: 

~ 
: 

~ , 

0 7 0 

, '" - 7 0 " 0 (44) 

0 0 0 

- " . .,r--
• 

The.e are no nonzero diagonal components of the rate of'deformation tensor 

The Jaumann derivative of the rate of deformatlon tensor, which has nonzero 
• 

diag~nal components, is.* 
• > .. 

-..... 
'7' 0 0 

f '" - ~ 7' 0 (45) 
ot 

0 0 0 

• 

1 . . 
Hence, when the ~urrent time is che sen as the reference time we see that it 

ls the diagonal components of the derivative of the rate of aeformation 

tensor which cause the normal stress dlfferences. 
, 

*For slmple shea, the vor~iclty tensor ls: 
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Fina11y, (15) implies th~t for simple 8hear the determinant of the 

Cauchy strain i8 identically ze;o for aIl times. Hence, simple shear i8 an 

isochoric flow meaning that const~nt volume ls mainta·lned.) Hence,' fluld , 

compressibillty will not affect rheological properties measured in simple 
'" 

shear. 

O. ~~at is Oscillatôry Shear? 

The shear strain, 712 or simply 1, is defined relative t~ a fixed 

reference time In strain controlled oscillatory shear, the reference time 

ls conventionally taken et strain zero, which ls true when wto - 2Kn, where 

n ls any integer For a èosinusoidal strain,* 

/ 
and 

.. 

• 

1 - 10 cos wt 

1 - "10'" st; ",t 

- -10 sin wt , 

~ 10' (l+cos 2",t) 

. 

-

, 

• 

(41) 

(48) 

.. 
(49) 

*The author chooses the coslnusoid for these exemples 'for consistency 
with later discussion of the discrete Fourier transforms whlch is 
conventlonally cosine based. 
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, 



. \ 

l 

• 

--

77 

- lj 70' (l-cos 2wt). (50) 

• 
For a fixed reference time, the Cauchy straln for oscillatory shear is 

J -

o 

'10 cos wt 
~ 

o 

"'{o cos wt O' 

lj 70' (l+cos 2wt) o 

o o 

• 
Examin.ng thlS tertsor we see that in oscillatory shear, .~en the movlng 

plate osc1llates wlth frequency w. the 1,2 and.2,1 componcnt~ of Cauchy 

(51) 

strain are stimulated at exactly the frequency of the movlng plate. On the 

other han?, the nonzerb diagonal component of the Cauchy straln is 

stimu1ated w1th exactly ~.lce the frequency of the osclilatlng plate 

Furthermore, the amplitude of the diagonal,stlll:ulus lS half the square of 

the amplitudes of the 1,2 and 2,1 component stlmull. Hence for 70>2, the 

dla&Onal stimulus lS greater than the nond1agonri stimulus.- The ObV10US 

implication of thlS, for the simple rubber, lS that 1l1>ë12 when 10>1 ThlS 
& 

is important. lbecause for smaH amplitude ""periments one no'nraUy 

considers, the first normal stress diffçrence to be zero, as th1S 1S the 

case in the theory of linear viscoelastiëity. Ho~ever. for large amplitude 

osciHatory shear tests we see that the first normal stress difference can 

be hlgh and i t c'an ev(r; :xceed the shear stresSK This underscores one , 

fundamental difference between smaH and large amplitude tests. for 1~ 1s 

. . 

• 



( 

( 

~ 
,. 
• 

• 
Cil 

• 
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( 

• 

• 

only in a large amplltude ~xperiment th~t the diagonal components are 

stimulated significantly relative to the nondi~gonal components. 

The rate of defo~ation tensor relative to the c~nt time t is. 

o 

t:. - wt o o 

o 

• , - ',. 
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(52) , 

.hleh lS slœplj the hlstory of the rate of deformation Recall, that for a 

r;€ ....... tonlan 4l.u.l.d, thE: E;xtra strE:SS tensor d(:p~nds on the rate of déforœ<ttion 
1 

t~nsor onl] • • Henet, Slnee the diagonal components of the rate of 
, . 

dE;:forr::atlon tE;nsor are zero, Ne~Ntonlan liquids ln simple shear have zero 

nor~al stress differences 
, 1 '.' 

for o$dllatory slieàr, the 

1 

., 'Yo'(1+~os 2wt) 
• , 

• 
H - ''10 cos wt 

• 0 

for a fixtd reference' tilte 

deformation~~nsor 15: 

· . 

t .' 
t 

Finger strain is: •• 

'''0 Cos wt • 0 

0 0 

• 
0 0 

." . , 

The Jaumann derivative of the rate of : 

• 

• • 

• 

• 

f53) 
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-~ 702 (1-cos 2wt) o o 

A- o ~ 702 (1-cos.2wt) 0 (54) 

o o o 

p, Sha~~ of Stànding Stress ~ave 0' 

Sinee thete is no unifying theory of visçoelasticity, there are few 

loglcal neeessitles that apply to the sttess response of a prescrlbed 

deformation. From experience with problems of foreed vibrations, of which-

oseillatory shear is a special case, we can obtain rules for physical 

plausib1lity by induction for th~ stress response of a polymerie l1quid to 

oscillatory shoar 

When a œeehanical system 1s subjected to a fQreed oscil~atory vibration, 

we generally observe that the force response becomes a standing wave. 

Furthermore, when an electric~l system is subjected to an oscillating 

current, the voltage response normally becomes a standing wave. Finally, 
1 

when polymerie liquids are subjected to ?seillatory s~ear they normally 

\ respond with standi~g stress waves. Our reason for expecting standing 

waves for the stress response in oscillatory shear is inductive. Liquids 
, 

that do not generate standing waves in osc~llatory she~r are ca1led 

th~xott;opic. 291 . 
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~~en a standing wave is obtained, the stress response can be written as 
/ 

a SYm of harmon1cally related cosinusoids:* 

o(wt) - l !oncos(~~t+6n) + °1/ncOs(wt/n+61/n)], n-O,l,2" .. 
n-0 

(55) 

The n~ ter~s are c~lled the prIncipal harmonies whereas the lin terms are 
.. 

called the subharrronics Furthermore,' when n 1s even or odd the se terms 

• 
ln ciectricai systeœs subharmonlcs are commonly observed In meehanieal 

systeœs, however, subharmonics are rare. For lnstance J where Ilttle 

darrplng €;o,.lsts, .Œechanical s:;.rstems can e).hiblt subharrnonic responses to 
-#' 

sinuso:dai forcing functlons. 292 Furthermore, subharœonies are never , '/ 

reported for llq~ids Bence. we can further induce that only the principal 

harconics are physlcally plausible and (55) simplifIes to 

o(wt) - l on eos(n~~+Sn) 
n-O 

, 

• 
Finally. from experience with polymerie liquids one ean argue indqctively 

tha, a standing shear stress wave ean be composed of odd ha;monics only. 

~ 

*The use of.eosines instead of sines runs against the rheological 
literature and its established conventions. However, it 1s consistent with 
conventions established for the disere;e Fourier transform which 1s used 
extensively in the.later chapters. , 
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"-
This implies that the standing wave will foldlbac~on itself when shifted 

k' 
by ~ radians artd folded along the a~scissa. 

• -. ' 

l~e stress response can be plotted on a loop against either the shea~' 

strain or the shear rate. When the stress ,is coœposed of odd harmonies ' 

only. we observe that the stress-positive half of such loops coincides with 

the stre~s-negative part wh~ the ~oop is folded successively about ,the 

abscissa and the ordinate This property is:* 

u(wt) - -u(wt±nn) , n-l,3,5, (57) 

By inductive reasoning we conclude that for polymeric liquids the standing 

shear stress wave will be represented b:.'** .. .. 
'" 

u12(wt) l (u12)n cos[nwt+(612)nJ n-l.3.5".: (58) 
n-o 

Note that (57) and (58) imply each other 

The property of twofold symmetry for the loop can also be represented as 
• • 

follows: 293 - • 

(59) 

*Soœe~iœes called skew symmetry or atternance. 

**One reasons 
observations. 

inductively when 6ne infers a general rule from a set of 

• 

" 
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whleh states formally that stress Is an odd funetlon of straln. 294 

Slmilarly: 

o(-y) - -0(-"), (60) . 

\ 

and so, the stress Is an odd funetion of shear rate. 

Consider, for example, the special case of small amplitude oseillatory 

shear Eliminating wC from 0 - 0 0 cos (wt) and,. - "0 sin (wt+ô) gives 
, 

0(,.) implîcitly as. 295 

, 
(0/00 )2 + ("/"0)2 - sin2S + 2 (0/00 ) ("/"0) cos 6. (61) 

., 
By inspection, the shear stress is seen to be an odd function of shear 

-' 
strain For large amplitude oscillatory shear, where higher odd harmonies 

of stress arise an analytieal solution for 0(,.) eannot be obtained. The 

twofold symmetry of sueh loops can be shown numerically. 

Relations (57)-(60), which glve the physically plausible sh~pe for the 

shear stress wave, were obtained by induction. The reader should remember 

that the general rules t~at we hold to be valid for the shapes of stress 

waves in polymerie llquids are induced from past experience, whlch has . 
mostly been 11mited to small amplitude oscillatory shear tests. One must . . . 
take care not to dlscard results ln the regl?ns of nonlinear 

viscoelasticity because they do not opey rules induced from experience with 
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• 
'small strain tests. lt is coneeivable that by applying lar~ ampritude 

, 
deformations, polymerie liquids ean viola te the above generai rules 

governing the shape of the stress wave. 

Furthermore, the reason Xhat polymerie liquids respond with twofold 

83 

symmetrie shear stress waves to oseillatory shear is that most liquids at 

rest have no,preferred orientation,296 The property of preferred 

orientation at equilibrium is ealled material anisotropy,* relations (57)-

(60) pertain t~ isotropie materials only ln eontrast, a liquid filled 

with oriented fibers will retain a preferred orientation so rong as the 

fiber$ stay orlented. Similarly, solids sueh as wood can respond to 

oseillatory shear with even harmonies sinee their microstructure is 

orlented to begin with. Also, some sol id polymers in ~seillatory uniaxial 

extension exhibit even harmonies of tensile stress. 297 ,298 Moreover, 

liquids which exh~bit a yield stress in suddenly imposed steady shear, are 

seen to produce even harmonies of shear stress in large amplitude 

oscillatory shear. 299 ,300,30l 

Although most viscoelastie theories for polymerie liquids in osçillatory 

shear cannat expIa in even harmonies of shear 

stress,302,303,304,305,306,307,30~ some thearies do pred1et them. 309 

However, sinee most viseoelastic materials studied in oscillatory shear do 

not exhibi~even harmonies of shear 
. , 

stress,310,311,312,:13,314,315,316,317,318 many attribute sueh observations 
• 

*Not to,be confu}ed with reversible anisotropy w~ch can be induced by 
flow and which spgntan,eously fades when the fluid is..av"fest:. 

, 
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• 

( 

( 

, 

84 
,-

• 
to experimental error: 319.320.321 In partieular. studies of the parallel 

" superposition of steady shear with oseillatory shear imply that a slight , 
• drift in 1mposed shear strain Gan eau!e signifieant.~en harmonies in shear . . - .... " ~ ... 

stress. 322 ,323 Hence, although i~ 1s ~ot 1~posslble for a liquld to 
\ 

respond with even shear stress harmonies. It Is unll~ely for neat melts . 

• 
The absence of even harmonies is not. a loglcal necessity as Is somet1mes 

suggested.324.325.326 

• 
• Similarly. the physically plausible shape of the flrst normal stress 

• 
d1fÎerence in oscillatory shear 1s given by·327,328 

• • 

'" 
Nl(wt) - l (Nl)n cos{nwt+(ol)nJ • n-O.2.4 •... (62) 

n-Q 

but ~h1s induction 1s based on few observations, s1~ce dynam1c measurement 

of the first normal stress difference is difficult. 32?,330.33l,332.33:,334 

Finally, one could postulate a similar shape for the second normal stress 

difference, but it has never been me~sured in oscillatory shear. 

Christiansen and Miller have suggested that their specially designed cone

plate rheometer cou~d be used for this purpose. 335 ,336 

O. Tljermodynam1cs • 
. . 

Ip1upcoming discussions on fluid inertla we shall see"that, from a 

thermodynamic perspective, there are two fundamental CAuses for deforming 

, 

, 
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stress. For a deforming stress to ex~st, energy must either have been 

> stored relative to a réference state or energy must De being dissipat~d.* 

f .. 
the dissipation of energy is ~enerally accomp11shed by an increase in 

~ -r j 

temperature. W~ shall see that in a weIl designed rheometer the increase 
• 

\ 

, in temperature oqcurs in the surroundings and only mini~aily in the 

deforming sample. 
1 

The storage of energy, on the.other hand, is accomplished by any of 
• 

several re~ersible changes on the molecular scale. In crystalline solids'I • • 

for instance, slight changes in. the proximities of atoms in a lattice 

explain the large stresses associated with s~all derormations. Larger 

deformations result in irreversib~e dislocations in the crystal 

structure 337 For solid plastics, large deformations result in 

irrev~rsible changes in molecular structure and even localized deformations 

• 
such as shear banding and fracture. In polymerie liquids, the storage of 

energy can occur by orienting molecular chains which in turn results in a 

decrease in entropy and therefore temperature. In contrast, for rubbers, 

the highly ordered crosslinked'~~~~rk increases its entropy upon . , ~~' 
deformat1on which causes itS'~é\pJiature to increase. 338, 339 But in 

viscoelastic liquids there is a mixture of mechanisms causing the stress . . . 
Furthermore, there is no experimental way of identifying the specifie 

molecular origins of stress in polymerie liquids. , 
• 

*ln fact, the units of stress are generally given in terms of force, 
per unit area, momentum per unit area per unit time, or energy per unit 
volume in the fields of rheology, transport phenomena and thermodynamics 
respeetivelry. These dimensions are interchaqgeab1:e. 

J 
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, • 
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There is nO,way of separating, at any instant, th~ part of the stress 

due to viscousfdissipation and from that due to stored enèrgy, However. 

wnen a standing wave is o~tained, cyclic tests do allow one to dist~ngulsh 

lost work from stored energy over.one full cycle, 
f 

Work is done when force causes ~ss to be displaced, and ln.simple 

'" shear, it is the force due to the 2,1 component of stre~s causes fluid 

dis placement in the xl direction .340;* 
/ 

Hence. the work don~ on the flu~d\ 

between times tl and t2.is. 

.. 
.' 

(63). 

For instance, for the simple rubber, choosing the reference time, tl - 0 

when ~ - 0 gives: 

.. 
(64) 

" 
~~ a simple rubber in oscillatory shear:~ 

(65)' 

• *Note that the 1,2 contributes no work since~there is no fluid 
displacemént in the xi direction, Thé uninitiated may expect a 
contrioution to work from the all terro, however, to get work f~om Ni or N2' 
one mu~t have compression or extension in the xl, ?CZ or x3 directions, 
Remember, there is a all terro even in the Newtonian cAse, butJno work due 
to it, 

- " .. 
• 

, 
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which gives ,the cycl1c Integral of zero when evaluated at wt-2". AlI the 
• 

work done on the solid is returned to the surroundings in each cycle • 

The other interesting extreme is the Newtonian fl~id ... wHose shear stress 

lags the shear strain ty "/2.* Thus the work done with respect to the 
1 

referenc& time, taken as zero when 1-0, is: 

1 wt , 
1 

Il - J "12"<11 

O. 

J "0 cos(wt+~,,) 10 cos(wt) d(wt) 

o 

\... (66) 
, 

and the cyclic lntegral, obtained by evaluating (66) at wt-2". gives. 

f 

where Ile 1s the work done on the fluid evaluated over one full cycle. 
~ 

-/ 

(67) 

i.0r the stress,response of a,viséoelastic fluid, where a standing wave 
, 

is obtained with shape given by (57)-(60), the integral in (63) evaluatei 

over one full cycle becomes: 

*The stress lags 
called a phase lead. 

the 

(68) 

strain w~~n 6>0, A negative phase lag 1s 

.. 

• 



• 

/ 

( 

• 

( 

Only the amplitude 

~ost work. 

• 
and the phase angle of the !irst harmonie contribute , 

• 

R. Plaùsible Phase Angles 

The ~econd law of thermbdynamics requlres that the total work done on 

the fluid be positive. Hence, over one full cycle work must be lo~t by the 
• 

fluif to the surroundings. Thu~ 

• 

, 
is the second law of thermodynamics for a fluid with a time stead1 

temperature profile in oscillatory shear.~ it implies:** 
~ 

~ 

. 

(69) 

(70) 

*. • 
For the simple rubber, 6-0 and Wc-o. For the Newtonian tluid, 6-~ K 

and Wc-KUo7o' 

**Thls iestricti6n implies that shear stress rotates in a clockwise 
direction when it is plotted on a lobp against shear strain. lt rotates in 
a counterclockwise direction when plotted against shear rate. Obviously, 
if O-K then a negative shear modulus is obtained whiéh 18 physically 
meaningless. Hence, this rest:icti~n is nece8sary but not 
sufficlent. , ~ 

• • 

• 
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For the spec1al case of a l1near v1scoelast1c flu1d, where the stress 1s 

composed of only 9ne harmon1c, ~7Q) 1s wr1tt~~: 

"o. sin 5 ?; 0 

• 
~ 

For the llnear visc?elastic fluid, the average power of the 

viscous dissJp4tion by integrating "'7 over one full cycle 
." ' .. 

Further, for the ith parmonic, the stored energy is, 

., J-I"t 
\Js - "i 

wt 

d(7ÎW) - '''i70 J cos 

o 

.' (wt + 51) cos wt d(wt) 

o 

, "",1,; ",Po (,2 wt cos 51 "Sll~i + sin (2wt+51»' 

.. 

. 
Evaluat1ng this at wt-2" gives th" work stored and recovered 

,cycle: \ ... 
CI 

Ils 5i • 
- " "i'l' 1) 

cos 

and :he tverage po~r of this el~st1c storage 1s 

Ps~ean - ~"w "170 cos ~' 

1 
. . 

(71) 

(72) 

, 

" .. • 
(73) 

1n <>ne full 

• 
(74) 

.-

(75) 

1 
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'. 

Since the work stored must be positive, a second restriction on 6i i8 

obtained:* \ 
1 

(76) 

• 
Now co~lning (70) and (76) shows that the phase angle for the first ( 
harmonic must 11e in the first quadrant: ~ • ~ 

(77) • 

, 
This 15 the" thermodynamic requirement for the first harmonic. For the 

l 
11near viscoe1astic case, it 1~ consistent with what we expect intuitlvely, 

that 6 shou1d lie between Its Newtonian and simple rubber extremes . 

• 
S, Non11near Beha~lor in Oscillatory Sbear 

For oscillatory shear. 11near vlscoelastlc behavlor Implles that: (1) , 
the sb&r stress 8I>pl1tude be linear wlth, and proportional fo, the. shear 

strain amplitude and (2) the loss a~e ls dependent on frequency on1y. 

There are many ways that materia1s ean devis te from linear betlavior. 

l The shear stress wave can contain higher harmonies . 
• 

t 

*Obvlous1y, for, -~~ 6 0, the,average power of the stored energy 
would be negative, which Imp1ies that the fluid Is an active system. or 
;hat the fluid has an external source of power • • 

" 
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Z. The phase angles of each harmonie ean depend on strain 

amplitude 

• 3 The ampli rt.dH of e'ach harmonie can depend 01} strain amplitude . 

. 
As "as e,.plalned ln the introduction, one coClltonly observes high_er 

harrroniCS in large a~plltude oscl~latory sh~ar experiments.* However, aIl 

ço~blnatlons of théS€:: thrtt casE::s· arE:: possible,and have been observed 
S 

Considér thé followlng coœbinations~~ich have been 

r~ported 

f...s lng a cor.CE::ntr.Le c) llndt"r:. rht.o:'tttr. Vinogradov et al document straln 

~. 

a7plitude dependence of both phase angle and stress amplitude without 
• 

hlgher har~onlcs for a polylsob~tylene œelt in large amplltude oscilla tory 

sheat 341 

Consider the teha'nor of a rrolten llnear low-density polyethylene 

subJected to osclilatory shear ln a cone-plate rheoœeter. Figures 10 and 
1 

Il show chat phase angle depends on strain amplitude when th~ stress and 

strain arrpiitudes rerrain proportional for shear serains less than·.8.** 

SI~ilar results were obtalned by Hoffman for a polypropylene melt for shear 

stralns below unIt y 342 Thes. data are plotted in Figures 12a and lZb. 

Rec~ll chat for the bread dough. shown in Flgure 8a and 8c, the phase angle 

*,ee Section l, B. 

**These data kindly suppl~ed by Mr. Tony Saœurkas. Dept. Chemieal 
EngineerIng, McGill University. 

.. 
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inçreased with she~r strBi~ where the shear stress was nonlinear with shear 

strain. 
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III. THEORETICAL ASPECTS OF SLIDING PUTE RllEOHETRY 

A, Basic Concepts , 

1, Determinism 

~~en a rheologlst sets out to measure material properties, he normally 

presUQes that he 15 measuring a deterministic quantity. He expects that 

al1 distribution in the measured values is'due to experimental scatt&r. 

The cause of the variabi1ity is ass~e~ to be either differences between 

samp1es or variations in the way the test is performed. In contrast. the 

materlals scientist interprets distribution in measured values not on1y as 

ehperimenta1 scatter but a1so as an integra1 part of the material behavior. 

For example. Kausch attributes the variance in strength of solld plastics 

to cumulative uncertainty brought on by the large number of molecular 

processes activated by applied stress. 343 ,344 A1th~ugh tnis manner of 

thinking is ordinarily only associated with solids, we note a strong 

.. 
similarity between the behavlor of solids and liquids tn simple shear. For 

instance, melts tend to fracture or slip when caused to deform in highly 

nonlinea; viscoelastic regimes in slidlng Pl~te rheometers. 345 ,346 This is 

. .. - * . 
similar to the fracture and shear banding observed for solid plastics in 

simple shear. 347 ,348,349 Hence, an increase in variability can be expected 
# 

for vi~coelastic properties measured near the point of melt fcacture. 

*For solids in simple shear, sometImes the shearing deformatlons 
locali,es in a narrow band Instead of being unIformly distributed through 
the sample. This ls the shear analogy to the more wIdely known tensI~e 
necklng Instabl11ty. 
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Furtheroore. in cyclic test& one expects increased variabllity.be~een 

cYf.}.es as, the point of melt fracture is approached. Hence. viscoelastic . , 
~' of' properties might be better described by distributions instead of single 

values as the point of melt fracture 15 approached. 

2, Local Eguilibriym 

In an earlier section we used the principle of local equilibrium to show 

that the extra stress tensor is symmetric. However. there are three 
1 

limitations on this conclusion~ Firstly, we noted that it applied strictly , 
to differential elements. For fini te material elements, the stresses cause 

moments which can, in principle, cause the complimentary shear stresses ,on 

the fini te element to be unequal Secondly, si?ce finite mate rial elements • 

have mass. their angu~ar accel~ration can contribute to the torque balance . 
• 

Thirdly, the separate and distinct restriction for the principle of local 
-

equilibriuœ was that neither body couples, nor stress couples exist on the 

• 
faces of.the materiai element. In fact, severai theories of 

viscoelasticity have been advanced which include the possibility of an 

asymmetric stress tensor. 350 ,351.352,353 The mathematics associated with .. 
such theories are fo~ldable as both an extra stress tensor and a stress· 

couple tensor are requlred to describe the stress state.* Such theories 

have however been useful in explaining the viscoelastic behavior of 

ma~eriais containing preferred orientation such as liquid crystalline 
• 

polymers. 354 The symœetry of the extra stress tensor has never been 

*Evidently, no simplifications can be made from symmetry considerations. 

\ 

/ 
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verified experi~entally.355 Furtheruore, in principle, the action of a . 

stress-couple on the end of the canti,lever beam in a shear stress 

transducer would cause an error in sheat stress measurement. 356 For 50115 

in ~imple shear, stress-couples commonly arise_ The error caused in the 
( 

.hear stres~ measurement is called load eccentricity and special 
, 

transducers have been designed to measure it. 357 Perhaps a transducer for 

fluids could be designed, on this basis, to measure shear stress and. 

stress-couple simultaneously. 

3, Incompressibility and Thermal Eypansivity 
\ 

"-

Str~ctly speaking, molten plastics are not incompressible. However, for 

the purposes of the rheologist they can usually be as~ed to be nearly so. 
, 

In partieular. for the case of simple shear we note that the surface area 
, 

of a flui~ element in ~e'l,2 plane is constant with shear strain. • Hence, 

even for a compressible material we expeet the sample volume to be constant 

in simple ~hear, if the material can be made to deform in simple shear. 

Therefore, simple shear i5 a flow of constant volume or an isochoric flow. 

Be this as it may, isochorie proeesses are not necessar1ly isothermal • . ~:. 
Furthermore, polymerie l1quid5 can exp and with temperature' .. In principle, , 
vtscous heat dissipation or a change in entropy will affect sample 

tewperature and cause a deviatio~ froBtsimple shear due to thermal 

expa,1~i"n. , 

J 

;-
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• 
For a polymerie liqu~d we expect system entropy to change in shear due 

to the ~ontending effects of molecular orientation and network deformation. 

Further, an increase in temperature due to viscous dissipation can cause 

'the~l expansion. • 

Bruker and Lodge measured~he change in volume dta to simple shear of a 

molten plastic using a specially designed cone-plale rheometer called a 

rheodllatometer. 358 They found that no change in sample volume could be 

detected for a low-density polyethylene melt. 

B. Lamlnar Deviations from Simple Shear 

." 
• Causes of deviations in fluid velocity from the desired simple shear 

distribution are causes for concern for the designer of sliding plate 

rheometers. The present section is aimed at meeting the needs of the 

designer with a selection of handy solutions for deviations in Îluid 

veloclty These are useful to the designer because, for instance, they 

tell him how th in a sample thickness shouid be used to minimize each type 

of error Complete certainty in determining the required sample thickness 

is only possible wh~n the fluid rheology is known, which is a rare luxury. 

The designer of sliding plate rheometers would like an expression for 

deviation in fluid velocity for each cause. Furth~ore, the des~gner 

would Iike solutions for such deviations for the most important causes. 

Despite a ~ch literature on deviations from simple ~hear, the writer is 

not aware of solutions for any such combinations. 
( 
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1. ViscOus Heating 

• 
ln addition to the sma11 deviation from simple shear due to f1uid 

thermal expansivity, the deviation causedpy the temperature gradient can 

a1so be import~nt. This is becausç the rheo10gica1 properties are . . 
themselves temp&rature dependent, so by a process ca11ed thermal feedback 

. \ 
temperatu~e gradients ean signifieant1y affeetff1uid velocity. For 

rheometer design. the tempe rature rise is important not just becaus~ 

rheological properties depend on temperature, but a1so because temperature 

rise can affect fluid velocity. When the fluld is not viscoe1astic and an 

andlytieal form for its temperatu,e sensitivity is known, ana1ytica1 

solutions for the velocity are obtained. These a110w determination of 

maximum usable shear rates on a sliding plate rheometer in specifie sorts 

of test. Ana1ytical solutions for steady simple shear, for osci11atory 

shear, and for the unsteady states following their respective ~udden 

impositions, ~reviewed below. These unsteady ~tate solutions are 

particu1ary helpful when used to design' short tests to capture transient 

properties which incorporate high shear rates before e~ror due to viscous 

• 

heating becomes important. Conspicuous by its absence in the 1iterature is 

the solution for the effect of viscous heating on the ve10clty of 

vlscoe1astlc f1ulds ln steady slmp1e shear tests. 

-Witness that, with.on1y two exceptions, the boundary ~ondltlon used for 

the fo:lowlng error analyses of vlscous heatlng 18 elther (1) adlabatic, 

dT/dx2 ~ 0, or (2) lsotherma1. A1so, solutlons derlved for two 180thermal 
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• 
* . boundarles can easlly be adapted for the comblnatlorl of an adlabatlc wlth 

an lsothermal bounaary si~ce from symmetry the adlabatic condition, dIfdx2 

- 0, exlsts at the centerllne for slmple shear. 359 But Powell and 

Hlddleman have polnted out that r~al boundaries absorb heat from the sample 

and that the thermal response of the walls can significantly affect sample 

temperature. 

a. Steady Simple Shear 

, . 
• 

Theorles for the effect of viscous heating on fluid ~loêity in steady 

simple shear tests have 6een wide1y pub1ished for tempe rature sensitive 

f1uids, both Newtonian. 360 ,361,362,363,364,365,366,367,368,369,370,371 and 

non_Newtonian. 372 ,373,374,375 ln the absence of an ana1ytical e~pression 

for viscosity-temperature dependence, a graphical method can be used to 

de termine temperature rise, shear stress and fluid velocity'in steady 

simple shear tests for Newtonian fluids. 376 

Consider the temperature dependent power-Iaw fluld, described by: 

• .n 
q - p exp (-aT) 7 

o 

The energy equatlon. solved for lsothermal walls of equar temperature, 

glves the steady state temperatur~ distrlbutlon:377.378 

*Byxeplacing h with ~h in equal isothermal wall solutions, the 
comblned adlabatlc and isothermal boundary solutlon 1. obtalned. 

e 

(78) 
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a I>T 

exp --
n 

where 

aG'k 
-1-

2no 

.. 
aC'k 

1- -1-
2n" 

, . -

[-0-1'" J lin [J sech' 

implicit1y in: 

[ 

aC 
-1-

2n 

~ J
l

/

n 

seCh2[~1~J [" J ' . 4n 

(x • 
2 

I>T 15. the difference between fluid and wall tempe~a~ures, k is flùid 

thër~a1 conductivity, x2 is distance from the centerline, and h is the 
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(79) 

(80) 

plate separation. Recall that the shear stress, ", is constant for steady 

simple shear. 

Hence, the maximum tempe rature difference in the fluid is: 

I>T 
max 

n 
ln [o:~ &1"]" (81) 

Con5equentl~, the fluid velocity deviates from the desired u - UX2/h where_ .. 

• 

• 

\ 
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U 15 The therma11y altet~v~loelt~ fleld Is. 
, ~ ~ 

:}~. 

• "~-'t ": '\ 
" ' ....... 

• 

Hence, theJshear rate Is. 
, 

~ akC . [ac 
--1- secl>' -1-'Y -

2n" 2n 

[ 

aC • 
-1-

2n, 
(x 

2 

(x -rhj 
,2 ," 

.,.J~~o. "oplo -and the fractional deviatlon in 

<v • hy'U - l, is: 

v 

akC h 
--1-

2noU' 

• [ac 
sech' -1-

2n .. 
1. 

~ . *. " ** and thermal runaway Is predicted when: 

h ~ 4. 7988njaCl ._ 

- 1 

shea'r, 

,. 
or. for the special case of the ~ewto~ fluid. 379 when: 

.' • 
, 

.0 . , 
• • • 

• 
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(82) 

(83) 

• 

(84) 

(85) 

(~) 

*The condition of an ~nbounded temperature increese, 

** . • . 
This constraint is more cqpmonly stated as a maximum value 

.''': 
of\hear 

stress. Sinee the shear stress Is a dependent variable, the design 
constraint plaeed on the ~ap 15 handier for design purposes. 

• 
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and (80).simplifies to: 

aC'k J.I 
1 • ---1---0- sech2 

"'2q2 

• 
l<aè 

1 

101' 

(87) 

• ~ 

For Newtonian and power-law fluids, Cl is double valued: This shows tha~ 

• 
there are two values of ap~arent shear ratè which can cause the same shear 

str~ss. .. 
~Solutions for many other analytical forros of temperature dependence for 

NewtonQan380 ,381,382,383 and non_Newtonian384 ,385,386 flu1ds 1n steady . -
simple shear have been reporteu includ1ng a further refinement for 

( 

temperature sen;it~ve thermal conducti vit Y . 387 For all thése predictions 
~ 

for fluid velocity, the doublê valued shear rate is predicted. 
, 

Furthermore, ~sin& a concentric cylinder rheometer, Sukanek and Lawrence 

confirmed this doûble valued shear rate experimentally for a 

polychlorinated biphenyl, a tempe rature sensitive Newtonian fluid 388 

, 
, 

/ 

Impos1tion-~f Steady Simple Shear, 
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• 

The energy equation has been solved for 
." " 

the thermal development of a « 
teroperature-sensit,ive Newtonian fluid described by: • 

•• 
• • 

1 

1 / ... 
,. 

• 
• 

" 
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. . 

• ....... 

C 

'f 

• 

, 

( 

, 

• 

( 

• , , 

• -, . 
~ , 
* 102 

• , ~;. 

0' - P exp (-cT) . ,~88) 
0 

after start-up of s~eady simple she~r with both bo~ndaries isothermal.~89 

The key result, obtained using an analog computer: is that the tempe rature 

rises without bound when: 
~ 

• 2 2 h > 3.5 kl'o/cu. (89) 

This approxlmate formula is eaS1er to use than the simultaneous equations • 
, 

(80) and (85), obtained for thermal runaway in the abalytical 'steady state , .~ 

solution. Furthermore, for subcrJtical values ~ h the steady state 

temperature deviates from its initial isothermal condition by roughly 5% 

.. hen· 

, 
• 

(90) 
1 

• 1 • • .,'" 
Additionally, for supercrit!cal values of h the temp~ature r~ses without 

bound, and specifically, .. hen. 

,. 

(91) , , 

the mathematieally tr~al case for -both boundaries adiabatlc is 

recovered:* /"" 

*An approximate formula for the elapsed time when the condition of two 
adlabatic boundaries is approached (5 also given in this section . . , 

, 
: 

" 
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J.I exp( -aT) t 72 f, 

t.T-T T--o « (92) 
o c 

p 

. * \ describing a sample of uniform tempe rature T rising linearly with time . 

• Here, the thermal response of the boundary is simply modelled by diffusion 

about a plane soutce. 390 ,391 The tempe rature rise at che walls is. 392 

h 
T-T---

o 2aj" 
(t-O) -Ij exp [~;--J de 

4 a 2 (t-O) 

(93) 

For the tempe,rature sensitive fluide U7 ---4'0,,/2 exp (-aT), so (93) mus~ be 

evaluated nuœ~rically For the tempe rature insensitive fluid the solution 

15 
,.. 

T - T -
o 

.Ij [ ·x
2 

] 
(t-O) exp -4--2- de 

a 2 (t-8) 
(94) 

where Ijhp,,/2 is the constant heat flux at each wall The exact solution for 

- ----the rise in plate surface tempe rature 15. 393 

., 

'. • 

• 
* Thvs, for the tempe rature insensitive Newtonlan flulq. Q - 0, and • 

• 

• 
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hl'72 I(st) 
T - T - .565 (95) 

s 0 k 

# . a helpful relat~on for experimental design. Reca1l that this expression 

applies strictly to temperature-insensitive Newtonian fluids. Conditions 

(89) and (90) are satisfied for aIl temperature-insensitive Newtonian , 
fluids . 

.1 , 
Instead of uslng isothermal or adiabatic boundaries, the importance of 

the thermal response of the m~al ~alls was also assesse~ for the unsteady 

state after s~art-up of steady shear for temperature-insensitive Newtonian 

fluids 394 Taking one boundary as isothermal and assuming that the steady 

state velocity profile, u - UX2/h. is achieved Immediately in comparlson • 

w1th the time required for thermal equllibrium. a complete solution, albeit 

'compllcated, 1s obtained. However, for the special case When both 

• 
h k .-

e ..-- (96) 
.05 20 C k 

f 

and 

3 h k 
t w-- (97) 

.95 C k 
f 

where tx represent times for a rlse in dimensionless wall tempe rature , such 

that: 

• 

• 
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T - T 
x - - ... w (98) 

Tl T 
"a 0 

T" refers to the absorblng boundary, T"a 13 the steady state of this .&me 

boundary "hen adiabatlc, C is the plate thickness, and ~ and kf are the 

boundary and fluld thermal conductivities respectively. Since both 

(kbfkf)/j(Ob/af) and (h~)/ékf >1 are satisfied for rhèometers for molten 

plastics. both are useful for rheometer desrgn. 395 

Note that (96) and (91) account for the thermal respons~ of only one 

boundarf. assuœlng the other to be isothermal. whereas (95) accounts for 

the thermal response of both boundaries Po"ell and Kiddl~Qan provide a 

foreula for the time elapsed. 9 95. "hen th. centerline teœperal~re reaches 

95% of tire value. given by (9;'). for two adiabatlc bOl.lndaries 396 nence. 

this for=ula ls the necessary condition for (95) 

(QC) ç 
e - 2 9 --p-:b-

(~C) h 
p f 

Still more reflned design calculations Can be made for non-Newtonian 

(99) 

• 
flulds of arbltrary tempe rature sensitlvity and lncorporatlng the theraal 

resF~nse of the valls uslng nuaerlcal methods. 397 ,398 

1 1 c, St,ady Qseillatory Shrar 
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~ ~ 
The effect of V1SCOUS heating on tempe rature sensitive vlscoelast1c 

fluids in steady oscillatory shear,399 and in the unsteady state after 

start-up of oscillatory shear, have been examlned for selected boundary 

conditlons. 400 ,401,402,403,404,40S However. no account has been made for 

the ther~al response of the boundary 

The energy eguanon can 81so be solved for the case of the l1near 

·.·lSCOBlas~ic fL .. lC! ;..r.E::r~ :h~ tU:B aVBrage r.ate of dlssipatlon. obtaloe.d 

> .. sint; f"'2), 

• 

ar d~: 

eC - • + 0-, (101 ) 
p dt <1- L 

; 

For a sinusoidal strain' 

dT <l'T 
~C - k + ~.....co"1o sin .s (102) 

p dt 0..,.2 

For a nonlinear vlscoelastic response Ço 1~ the amplitude of the ftrst 

har~~nic of the stress and 6 15 its phase 1ag. Hence. the rheoœeter design 

relatIons apply equally to nonlinear or linear viscoelastic regimes. For 

• 
. ~ 

V', . 
t 1 

.. 
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• 
conslder the casa of one boundary adiabatic vith te~perature Ta 

and one isothermal vith temperature To . Àssuming the following temperature 

dependencies for viscoelastic propertles: 407 

and 

ar.d 

: : 

n 
w e>.p (-aQ) 

1) + /32) k 
l 

• 
(103) 

Also. 

(106 ) 

Introducin& the dl~e~lonless qu~ntltl~s , • /./h. ~ • ae, ~ • ktjCph2 

and g • ~o'wl-~2ak2/k obtalns. 
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d2~/d(2 - (~/~) - g exp(~) • (107) 

where g is a dimensionless steady shear stress amp1~tude. Steady and 

unsteady solutions for the adiabatic boundary (d'~/d<' - 0) can be derived • 

The steady state solution, implicit in ~l, is: .. 
exp [

({> - ~)J 
-1-

2 
- cosh (108) 

in ~hlch one boundary ls adiabatic (d~/d~ - 0 at ~ - 1) and the other is 

lsothermal (~- 0 at ~ - 0) The unsteady solution with the adiabatic wall 

ls 

g - 2 exp('~ ) lIn [exp(~ ) + eyp j(~ -l)J)' (109) 
1 l l 

Defining a dicensionless snear strain amplitude, r • ~ 10' wl +n h'ak2/k. 

and solving for steady state with mixed adiabacic and isothermal boundaries 

gives the reduced adiabatic wall tempe rature rise: 

~l - ln (r+1) ,. (110) 

a haQPY estiœate of tempe rature ri se due to steady osci11ato~J shear. 

Further, one can solve for g(r): 

, 
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lO~ 

g - [2j(r+1») (ln [J(r+1) + Jr))2 (Ill) 
i. 

Figure 13, a plot of g against r, shows that g goes thro~gh a maximum of 

g-.88 at r-2. Hence, the condition for thermal runaway, g> .88, is 

obtained. 
. -'\ 

Furthermore, for all values of g<.88 the dimensionless sh~ar 

strain is double valued. This behavior seems simllar to the double valued 

shear rate obtained in the steady simple shear analyses ~iven above. 

However, the~important difference here is that one cannot determine the 

deviation in shear rate analytically 

By inspection of (107), the case for both boundaries adiabatic is 

obtalned for the reduced cime' 

l 
(112) 

g 

Noting that this Integral diverges to ~ for fini te reduced time, ~ - l/g, 

one obtains the time for thermal runaway'in oscillacory shear. 
1 

(113) 

Other forms of tempe rature sensltlvlty have bee~ examlned for steady 

osdllatory shear behavior. 408,409,410,411 Handy constralnts, analogous to 

(113) are obtalned for the test\time at thermal runaway. ~en the 

tempe.ature dependence of the flrst hanœonic has the assumed fOrD, (113) 

can be Ised for the case of a nonlinear vlscoelastic f1uid. 

, 

-
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d. Random Sbear 

Devlations from simple sbear due to viscous effects bave also been 

deterœlned for tbe test condition wbere sbear straln Is a random function 

of time,412 These can be used to assess tbe effect of backiround 

mecbanlcal noise in tbe sbear strain on tbe thermal profile of the sample. 

For stationary random background noise, witb a stress spectrum of 

uniform amplitude between "'1 and "'2, and witb zero amplitude for w<Wl and 

W>W2' tbe ste&dy dimensionless mean square sbear stress, gr, i5: 

.... , 

( 
1-n I-n 2-n 

<c'> 01 b'ak 
[_1 ] [~2-J [ 

1 (01 jw) ] 
gr • i- 1-2--

k 2-n w l (01 jw ) 
1 2 

(114) 

in wbicb case, time to tbermal runaway witb botb boundarie5 adiabatic 

1.. fluid lnenia 
• 

Fluid inertia is simply the attenuation and del~y in fluid motion 

resulting from fluld Acceleration or deceleration. lt can cause important 

deviations from simple shear for aIl tests other than steady simple shear, 

( 
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which involves no fluid acceleration.* _ Hence, high plate Acceleration 

causes large deviations from simple shear. Speclfically, experiments 

involving sudden c~anges in strain or shear rate suffer large Inertial 

deviati~ns from simple shear.** Furthermore, viscoelasticity can make 

these hard to mlnimize and dlfficu1t to correct. 4l3 

" 

111 

Errors due to fluid inertia are not easi1y predicted. Theories for such 

predictions begin with a mode1 for the transmission of stress from the 

moving plate into the fluid These models are invariably based on theories 

of wave propagation. We shall see that for a velocity wave propagating in 

a Newtonian fluid, the resulting vorticity*** and sh~ar stress waves can be 

predicted. However, several different approaches have been tried for 

viscoelastic fluids in simple shear. The propagation of waves of vorticity 

can be used as a basis for models of fluid Inertial effects. This allows 

the co~sequent inhomogeneity in the shear stress to be predicted. Finalty, ' 

the propagation of shear stress waves can be taken as the cause of moœentum 

transport, .whlch permits consequent errors in vorticity to be estiœated. 

For instance, for perfect simple shear we often assume that shear stress is 

transmitted instantaneously to aIl points in the fluid, which iœplies that 

there are no errors due to fluid inertia. 

*Variously called the effect of stress or shear wave propagation or 
reflection. 

**These evidently include classieal stress relaxation, stress growth, 
strain rate reduction and sudden cessation of steady shear. 

***Recall that for simple shear, the vorticlty tensor is proportional . 
to the shear rate . 
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a, Stress Growtb 

(ll'Nêwtonian F1uid • 
A series solution of the equation of motio~ gives the ve10city pr~e 

in a Newtonian fluid durlng sudden imposition of stead~simple shear,* The 

ve10city 1s: 414 ,415 

2 U 1 
u - .U 

" n 

(1'15) 

or alternative1y,416 

u - U l 
n-O t nh+~ 

erfe 2-
J(/Jt/4» 

(n+1)h+~x ] 
- erfe 2-

J(pt/4» 

, (116) 
" 

These expressions make no allowance for deviations eaused by thermal 

feedbacK Using (115) BatcQelor gives a handy dimensionless plot of x2/h 

against ujU for various valu~s of pt/4>h2 , lt shows that the velocity 

profile deviates signifieantly from simple shear when: 

pt/4>h2 < 4. (117) 

*Sometimes called Stokes' first prob1em, 
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• 

F~r those designing rheometers, an even handler relation Gan be obtained by 

differentiating '116) to obtain the shear rate profile: 

du u ., . 
-- --------- l ç)(P 

if( J (l't+~) n-O L dt 

. (n+l)h+lj)( J2 
----'2- exp 

• (nh+ljx J2 ] 
---2-

l't+~ 

which can be used to èalculate the fractional deviation in shear rate, 

h1/U . l, due to fluid inertia in stress growth experiments. Furthermore, , . 
the stress profile across the fluid sample ls simply l'(dufdt). 

(2) Viscoelastic Fluid 

lt has been pointed out that since stress growth co~talns an impulse in 

plate acceleration, errors due to fluid inertia can be large. For example, 

" fluid inertia can even cause overshoot in shear str~ss'for stress growth 

for linear vlscoelastic materlals 417 This ls important since overshoot is 

usually interpreted exclusively as a nonlinear viscoelastic property 

without considering fluid inertia. Although theoretical so~utlons exist 

for inèrtial errors in model viscoelastic fluids, these ~re rar~ly used for 

error correction sinee the constitutive equation must be known before 

measurement, a rare luxury ln practlce 418.b19,420 , " 

~ 

Theories based on the reflectlon and propagation of a velocity wave give , 

markedly different predictions from the Newtonian one~'. 421,422 

• 

, 
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'" . . 
Spec~fically • velocity overshoot, 

• -- asymmetry about the 

:. , \ 

midl'lane' in ~e 

unsteady velocity field.'and secondary>overshoots ln the sliear stresS, at 
" . .. ~ 

~ , 
the walls are predicted . . These e'rrors are' difficult to 'Correct. . F.or some . "\ 

model v~scoelastlc fluids. 
. .. . 

signlfrcant deviations from simple lhear a~e 

predicted w~en ~t/~~2 < 58 + 

. ~ . 
$ome of t~~s~ remarkable~redicti?ns have 

fo; CQII~gen solutions by,measuring 
/ , 

the 1,2 ~omponent of the blref~ingence in ~ concentrlc cy11nder 

rheoIl'eter 423 , 

b Oscillathry Shear .. 

(ll"Newtonlan Fluld 
• . .. 

• 

, 

For .5 Newtonlan flUld following sudden~imposition.of , . 1 

Lbe veloclty profIle 1S 424 , 
1 

• --, 

• 1 ~ .. ,.. "' . ..... • 
• 

• ~ 

~ 

~ 

• 

, • 

' , '\ .. 

. 
• • 

SLOusoldal shear 
. 

t 

.~ 

• .. 
• t 

... JI 

\ 

*Rèquire • # 
, . 14.5 times longer than ~r Newtonian fluid. See equation (47) . 

." 
• • . •• . 

/' ~ 

1 • , 

• 

t 

• 
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, 

" 
[ k~' 

k 
2"1'11 ;2 k (-1) .,h2 

>4 
.., 

UA sin (wê#) , 
4 u - --- ft ; 1'2(k,,) (wh) 2 , 

k"x 

"'P • (':'/h< ) '"j ~ 

sin~2 (119) 
; 11 

~ 

with 

;" 1, 1, 

cosh 2(wl'/2~) x . cos 2 (wI'12~) x 
A - 2 2- (120 ) 

1, ., 
co;h 2(wl'/2~) h . cos 2 (wl'/2~) h 

/ •• 
and • • , , 

1, r"', ["~ (wl'/2~) (1+1 ) ] ~ - arg 'l .. 
sinh (wl'/2~) (l.i) 

(121)* 

'. • 
The e/.ponential~erm. exp -(l'k,,/h~>2t, prOvld~th~ fol10wlng e.tlmate of 

, 
the cycle,number, N,' to 

f 
osc111atory shaar,test' 

begin data collect~on when p~rformlng an , • 

" 

1 

'-4-
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• 

., ln X 

) 
(122) N - • 

where X can be taken as .02 to insure complete decay. Furthermore, th~ 

exponential term becomes unit y in steady oscillatory shear giving the fully . ' 
deve10ped velocity profile: 

u - UA sin (<Jt+1>l' 

which has been rewritten . 2S 
• 

J 

u - U exp E (~/2JJ) >;\J • cos 

He~ce, this velocity profile lS of~en 

Et- ~~/2JJ) \ 2J 

... 
interprêted as a damped shear 

of wavelength'2~j(2JJ/~w) propagating in the x2 direction with phase 

(123) 

, 
(124) 

* wave 

1 velocity j(2wJJ/~). If steady oscillatory shear is achieved the phase lag 

between the ~ctual and desired fluid velocities ls -t(~/2JJ) x2, and the 

• 

• 
attenuation factor for the shear wav~ amplitude 1s exp(-j(~/2JJ) x2)' 

~enc~, phase lag is proportional to the distance from the oscillating 
, 

surface, whereas the attenuation of the shear wave causes its amplitude to 
"< 

decay exponentially with distance. 

-_. 
(2} ViscQeIast!s; Iled!um . -

f 

, 
. ' 
, 

*Also called a transverse wave. 

. ' 
, . 
• 

~ ~ 

• 
-, 

• 

• 

• 

, 
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For the vlscoelastlc medium in osclilatory. shear the general solution 

for the effects of fluid lnertia 

by solving the'equation based on 

wave. 426 ,427,428,429,430,43l Conslder 

obtained 

f a veloclty 

two paralle 1 

plates, one statlonary and one movlng with velocit U - Uo sin (~t). The 
, 

solution for the fluld veloclty eorreeted 

and the shear'rate profile ls 

"1 - -u 
0 

where 

and, 

and 

• 
cosh (2ax ) + cos 

J(a 2 +fJ2) [ 2 -----2-
(2fJx ) ,] 

eosh (2ah) + cos (2fJh) 
• 

~l • arctan(a/fJ)~ 

~2 • aretan [tan (px2) tanh (ax2)j 

~3 • arctan (taOb (ah)/tan (Ph)l , 

a • w J(~/G*) sin(6/2) 

p • w J(~/G*) cos(6/2) 

inertla ls. 

cos 

\ 

(12S) 

( 126) 

(127) 

(28) 

(129) 

(130) 

(131) 

(132) 

Hence, the fractional deviation of shear rate amplitude from simple shear, 

q, 18: 

• 
• • 

• 
1 

• 
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Ph j[(ajh)2+1! j(cosh (2ax ) + cos (2Px )} , --------------------2--~.-----2- (133) 
i jlcosh (2ah) • cos (2Ph)} , 

Important design resu1ts are (1) for '1<.01 and phase error 1ess t~an 1°, 

Ls S 20 h and (2) steady state ls reached when t > 4h/vs ' Nomographs, 

he1pful for determining 'i (xl>: are provlded by schrag.432 Also, Darby 

gives explicit rheometer design constraints for sotte special cases of 

(133).433,434 

1 Note ehat !3 - 2~/Ls - ,,;/vs . ;;here Ls is the shear ;;avelength and Vs ls 

the shear -ave propagation velocity. Slnce G* and 6 are functions of 

frequency, .t follo;;s that shear wa,e propagation wavelength a~d velocity 

are also functions of frequency 

viscoelastic clays.435 
1. 

C, Sa~ple Resonant Freguencies 

This effect has been deœonstrated in 

, • 

The set of resonant frequencies for a slab Yibrating in the nth mode in 

simple shear i5: 436 
) 

>-

(134) 

where Vs is thé shear wave yelocity and h ls the sample thickness. 

Experimental errors may arise when the shear vaye has one or more component 

frequencies near any of the resonant frequencies. 
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-.-/ 
3. Gravit y Flo~ in Narrow Slit 

To the c"su~l obs~rver' it oiten s"elts ullpractical to hwe a ~l1ding 

plate rheorreter rrQunt~d vertically ln fact, for a part,cular $arrpl~ 

thickness the:rB 15 .a e:inlC'\..ICl V1SCOSltf requlre-d to pr(.<."(nt ~lgnlficant 

outflo'. fro~ th~ shear fn,ture 

" !;E:w'tonlan fh.nè ",r a n~rro .. sll.t ça'!J.~rl b/ ~(lf· ...... lght 15 ... ..; 

• 
(1)(; 

The <ff(C~ of u'.· .. n:; flo~' or. tbld 4sph",lt ,<,,"pl«, ln ~ slid!"r. plat. 

rheo~eter bas D(.~ pl,otoeraphrd bJ Y~irb.re 438 ln &.~(ral. for a 5a~pl( 

• 
o OS ir.chE:E tr,.l.C~ poljr(>r solutlon-s ~ ... îth V'l<.COSlt1.f-~ ;~. 10 .... ;~";. lOf. ra.~~(;<c 

.. 
'It is cle:;rl, advantageous to ~Inlœlzp saœple thickn~ss 

~uiton et al ,found in thelr st .. ady sh .. ;,r study of high ,"?lecular ve{the 

polystyren .. ~elt' uslng a parall .. l dis. rotational rh~o~Pter chat at 

• 
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sufficiently small gaps, the apparent shear stress decreased as the gap was 

further decreased at a fixed shear rate.441 Thèy attributed this to the 

atypical behavior of tbe polymer molecules in contact with the disk 

surface This suggests that there is a lower limit for the gap for high 

molecular weight polymeric liquids. 442 ,443 

C. Non·laœinar Deviations froB Simple Shear 

To the writer's knowledge, with the obvious exception of free boundary 

effects, ron·:~inar flo~ has not been observed in sliding plate 

rheoJ:.ete:rs Such effects are, however, observed in ~ost other rheo~eters, 

includlng those ~sing rectilinear flow fields Iike capillary viscometers. 

Recali Chat for all the deviations froB simple snear reviewed in the 

preceding section, we have tacitIy assuœed flow to be an orderly sliding of 

virtuaIIy rigid adjacent lamina, with no interlaminar fluid exchange. 

However, for real eateriais in simple shear there turn out to be several 

potential causes for fluid exchange in the x2 direction. Sinee sueh non· 

laminar behavior is oiten predicted from theory for sieple shear, such 

theories are reviewed here. When aIl aforementloned caUses are -.-
elieinatéd, non·laminar flow can explain anomalies obtalned in sliding 

- -"-

plate experleents. 
• 

lntultlvely, we expect true simple shesr to be acre stable that its 

rotationsl approximations coœmonly used for rheometers, slnce it i5 free of .. ... 
~e destâbilizing effect of eentrlpetal acceleration that doainates non· 

.' 
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1aminar behavior observed in such instruments. For instance, for 

concentric cylinder rheometers a transition from laminar to non-laminar . . 
floy occurs. For small gaps, the corresponding transition Reynolds number, 

Re • 9<v>h/p, is a simple function of the ratio betveen the tnner and ~uter 

diaœeters: 444 ,44S 

Re • ------------
(137) 

Here, as the gap size decreases, planar Couette flov is approached and 

(137) predlcts perfectly laŒinar flov This is one reason planar Couette 

flow lS preferred over flows generated in rotatlonal instruments Ho ... ever, 

in principle, causes for non-laminar flo ... for true simple shear do exist . 

but they are different from those dominating (137) So, the prediction of 

infinite transition Reynolds number for sliding plate flo ... obtained froQ 

(137) must be taken with a grain of salt. 

• 

When laminar floy is disturbed, the disturbance can be amplified or 

attenuated. Floys that encourage amplification are ca11ed unstab1e, and it 

will be seen that certain laminar deviations from slmple shear have been 

shown theoretlcally to permit disturbances to ampllfy.* These theorlea 

-' 
*Flov stabl1ity'is not to be confused vith matheaatical inatabl1ity 

observei Yben certain constitutive equations are evalwoted ln simple ahear 
at high WeissenbeJgJ'umber. [Phan:Thlen, H., "Cone-and-plate flow of the 
Oldroyd-a fluid 15 unstable", J. Hon-Hevt. Fluid Mach., 12, 37-44 (1985).) . 
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consider Infinitesimal or finite disturbances in both shear rate and 

temperature. 

Gill has proven that a necessary condition for non-laminar flow is the 

existence of ~local extremum in vorticity.446 Recall that vorticity is 

the tensor ~ij - ~(V~ - V~T).* For simple shear the vorticity tensor is. 

(138) " 

• 

Perfect simple shear contains no local ehtrema in vorticity and is, in 

principle, laoinar for aIl shear rates. This not true for the rotational 

flows cOCQonly used for rheometry 

1 Free Boundary Effects 

The importance of the freêboundary is discussed in detail in the 

--'" 
introduct0rJ ehapter sinee these causes for deviation in simple shear are a 

raison d'être for the development of rheometers with shear stress 

transducers. 

2. Temperature Gradients 

1 

*Not to be confused with thé vector V ~ also sometiaes called vorticity. 
1 
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Deviations from simple shear caused by visco~ effects in temperature 
. 

sensitive fluids contain shear rate extrema, and hence, can be non-1amlnar_ 

Where fluid inertia is negliglble, the flow of tempe rature insensitive 

Newtonian liquida becomes perfectly lamlnar following any 

dlsturbance. 447 ,448,449,450,451,452,453,454 

We have se en that the laminar deviation from steady simple shear • 
obtained for temperature sensitive Newtonian and non-Newtonian fluids can 

involve local extrema in the shear rate Furthermore, we saw that the 

shear stress could be double valued in shear rate_ lt has been shown that 

both values can be unstable and potentially non-laminar 4S5,456 Horeover, 

transition Reynolds numbers, Re, for the potential onset of non-laminar 

flow are complicated functions of the Brinkman number, Br, and the 

viscosity-temperature coefficie~t, o. Sukanek et al. published handy 

graphs for o(Re,Br) that can be used for tpe design of steady shear , 

experlments 457 

• 3, Vorticity Propagation 

Stability theories can be developed using vorticity wave propagation as 

the mechanism of stress transmission. U~ing such a model, for experiments 

involving impulses sueh as elassical stress relaxation it can be shown 

that, in principle, discontinuities in the velocity profile can exlst for 

both ~ewtonl&a indftmodel viscoelastic fluids,458,459,460 Furtherœore, a 
-~ ". 

thermo'ynamic argument predicts instability when the veloclty'at the 

., - -'-boundary 15 higher than the shear wave velocity in the nuid,461 Recan 

, 
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that for a viscoe1astic medium the wave ve10city is a strong functlon of 

frequency. • 

4. Melt Fracture 

lt has been mentioned that localized deformatlon Is sometimes observed 

in ~e simple shearing of solids, partlcularly solid plastics.* ln 

principle, for simple shear of solids, fracture may occur in either of the 

shearing or tearing modes 462 For simple shear, a shearing mode fracture 

occurs when ne~ surface is s~ept out by a line segment oriented in x3 

direction ~hich propagates in xl direction. Tearlng mode fracture occurs 

when initiated at a line segment in the xl directIon propagates in the x2 

direction ** For the cone-plate fixture theories for melt fracture it is 

usually tacitly assumed that fracture occurs in t~e tearing mode. 463 For 

the case of simple shear. however. visual observations sho~ melt fracture 

in the shearing mode. 464 

Clearly the propagation of a fracture through the sample represents a 

major deviation from simple shear. In cyélic tests the shearing mode 

\ 
fractuLè will sho~ ~ofold asymmetry on the stress versus strain loop If 

the ~rack front approaches the shear stress transducer. However, slnce the 

*See section on determinism. 

**Note that these are model fractures Which occur exactly aS,described 
in linear elastic materials. For the case of a fracture propagating 

• through a melt at high shear rate, the fracture mlght only be approximated 
~y these modes The combinat ion of both modes at once 15 also possible. 

& 
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tearing mode-fracture can approach the transducer from the side, it may or 

may not show up as twofold asymmetry in the loop for a cyclic test. 

5. Shear·lnduced Crystallization 

It is weIl known that partial crystallization çf a polymer melt can be 

caused in simple shear. This occurs at temperatures above the polymer's 

equilibrium melting point. Shear·induced crystalllzation, has been 

observed in molten isotactic polystyrene in steady simple shear in sliding 

plat~ rheometers 4~S,466 Under these circumstances, small crystals begin 

to grow throughout the sample. The resulting flow will deviate from simple 

shear since the phase change involves contraction. ~urthermore, crystals 

whose size becomes significant relative to the sample thickness will cause 

signlflcant devi4tions from simple shear. 

D. Prlnciples of Dynamic Neasurement 

Rheometers are normally calibrated using static methods. Rotationsl 

instruments, for instance, are calibrated by plotting static torque applied 

to the torque transducer against observed ch8~e in voltage output. 

Gonsider a zero prder transducer for which voltage output 18 1inear with 

applled torque: 467 

v - kT + b . (139) 
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Offset, b, is ~ally set as close as possible to zero with an adjustable 

voltage subtractôr' circuit. Furthermore, a variable gain amplifier can be 
, 
used to vary k. This is both necessary and suÎficient for measuring 

viscosity. 

I!owever, when a time dependent torque is applied to the transducer, the .. 
voltage output deviates from the simple proportionality V - kT. The nature 

of the deviation will depend on the dynamic characteristics of the 

transducer, which can be obtained by dynamic calibration. 

F~r example, consider a sinusoidal torque, T - To sin (wt) applied to a 

torque transducer. .The dynamic characteristics of the transducer cause the 

measured voltage to be attenuated and phase shifted, so that: 

v - AkTo sin (wt+S e) , (140) 

where attenuation, A, and phase lag, Se' are generally functions of 

frequency. 

Traditionally, the dynamic ~esponse of a rheometer is evaluated by 

com'paring dynamic measur"';e~ts w!th those of othe'r instruments, and 

especially with those of more widely used instruments.46~ This procedure 

tacitly.assumes that the measurements of the other instruments are error 

free. I!owever, if these are not error free then agreement between , 
instruments only shows that both are equally inaccurate. Furthermore, when 

r 
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instruments can be calibrated dynamically the question of agreement between 

them becomes academic. 
.' 

Specifications for the dynamic response of the stress transducers are 

not suppli~d with most commercial rheometers. Furthermore, the writer i8 

not aware of any dynamic calibration of commercial rheometers. This seems 

remar~able since the principles of dynamic measurement are usually outlined 

in texts on measurement systems. 469 Hence, dynamic errors are generally 

neglected in rheological measurements o~ commercial instruments * 

Using analog circuitry, it is possible to adjust the phase response of 
'\ 

the strain transducer to match that ~f the torque transducer. Some 

rotational instruments are calibrated dynamically in precisely this way.470 

The limitations with this approach are that it corrects phase error only, 

not attenuation, and that it applies strictly only to oscillatory shear 

testing. Henee, if the transd~cer phasf error is a function of frequency, 

then such an adjustment must be made sePïrately 

~ \ 
\ 

1, Dynamic Response of Trsnsducers 
\ 

i 

** for e~ch test frequency. 

, 

*The user almost universa11y takes it for granted ,hat the 
manufacturer knows what he is doing. Perhaps he is not "negloctful" so 
œuch as "overly trusting". 

, **Transducer dyn~ error is not t9 be confused with imperfections in 
the shear strain cau~~y the dynamic limitations of the rheometer drive 
system. For cyclic tests, such imperfections çan be allowed for by use of 
f~equency modula~ion.· • 

• 
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· 
The dynam1c of transduters respopse 1~sually mOdellP.l;'thl! nth ;rder , r' , 

d1fferEliit1a1 eq,uation: 471 . ... .. '" 
1 

bq (141) 
• .1 

. " " 
" f • .' . 

wher; qo and qI ar~'the'measur~~able 
.~ 

output respective~_ 
". . . 

Handj ana1ytical s?lutions for frequency response of fifst and second ord~r 
• 'f' ~ , ~ 

$~eIDS are discusséd beJYw. 

a. First Or~er Responses 

-
• 

. . 
• 

• 

1 -
s~ed up with,a single number, 

~ 
so, then its response is ca1led 

Sometimes the transducer respons( csn be 

o ,_"ll~led -the tr~nsducer(~r:s~an~" If 

first order and the pHase er~r 1s: ' '\ 
\ 
'--

•• "fo , .. 

i • 

~.;.~ ... 
e~"'}.J;-- '!.rcean( ,,,,0) 

.. 
• €he.... - * ,atlll att'enl/ation -ls: 

( ... 
(142) .. 

• 
. - , 

) • .. • . , 
, .. • · 

II' 

• 

A(",) _ l/j(<.)'8'+1) -- , (143) , 
" • ~'.. , . 

• • .. , . ' . " 
k 

1 , -
*See equat10n (140), 
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Fureherroore. the response of a (ust ol"~r, instn1lllent i8 norroally specHied 

in,. terros of th,; frequency of whlch e - 1</2. ",here the d"c~bel value of the .,' 

attenu~tlon lS~: IThé time constant. e. is simply re1ated to this 
, . . 
freq~ency' 

9 - 1/,"" 
3dB 

• 

Resonance lS obs~rved ~t the 

deduced fro~ t~~ r.spons~ of 

dependent input 472.47~,474 

• 
and 

'" .' • J 

• 6 ( ... ") - L arctrJ-n 
,-1 

, 
b $(>('onti Oroer Pl <;ron<;('o<; • 

• 

Slncc tan 6(101) - 'w~. 

slope 

, 

.. 
'. 

( '>. ~ ) (l1.6) 

- 1 

l 

Second order InstrUlronts are d~~crloed by.the resonant frequ';ncy. "'n- ' :... , 

and the damplng factor. 'l', Th('se cause phase ,error 
, 

(147) 
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(-

( 

~ 

\ • . . .. 
, l' , 

• • 1.30 
, 

• 

(, ' , 
and attenuation: J . , , . 

.-:{ 
" .. , -- ,-- ' A{w) l/J( (1- ('.o>f"'n) 2 J2 + 4'l'w?i;on2 .{l48) 

\ 
1 - No{e Mechanltal reson~nce is observ~~e~ '1 < 1- that and "'n 'Can also 

, \ t be deduced from the transduÇer'~ r~sponse to other conérolled dynamic force 

• 

j .applled laterally to the slwar ~;es6 transducer cantilever. 475 ,476 

• 

•• 

.. 

J ... 
c. Higher Order Responses 

/ .. 
,~ 

\ / 
soh.ti~ns 

, 
can be obtalned for higher order Although analytical 

instruments, it 15 easier to ob tain A{w) and 6e {w) empirically. This is , 
do ne by dynamic calibration uSlng a controlled, time dependent transducer , 

\ ... 
inputs at appropriate ft~quencies. • 

i, Phase Correction 

• 
« 

There are three approaches to correcting for the dynaœic error of a 
, 

transducer. Firstly, phase error can be neglected altogether~ich is 

commonly done. 

t~e mate rial 

This ~onfounds the response 

secondly~~en an analytical 

of ~he transducer with that of .. 
expression for the transducer 

response is known, then an analy~ical expression for oe(w) can be derived, 

Thirdly, the Se{w) can be determined experimentally for aIL w, Whether the 

analytical solution is known or not, the mos~ efficient way to error, 

correct is ;0 decompose the actual transducer output into amplitude and _.,. -
, 

1 

- . "-.: 
" . , . " .. 

fit ./. '-f 

• 

" , , . 
~ . '. 
, " , , . ' 

'; 
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" . . . 
Since vaveÎQrms can be approximated as 4 swœ of harmonies. know~edg. of 

Mw) and 6e (",; for the transducer.pêYmits compl~te correction for both 
• • 

~ 

attenuation and ,phase in the frequency domai\ The corrected phase angle 
o' • 0 ~ ,-

is obtained by subttactfng Se from the measured phase angle The precision 
", 

of such correct.iqn;, ls dedw:.ible from the statistical confidence on each 

value of A(W)'and 6(01) 

1 J ) 

• 

• 

• ... , 

*ln rheologlcal Deasur~Donts, Attenuation 1. usually DUch le •• 
important than phase error 

• • 

, , 

, 

, 
• 
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IV. RllEOMETeR DESIGN 

A. Brief Çbronology of New Rheometer Development • . , 
1 Pre1iminary investigations were carried out on the room temperature 

prototype origina11y deve10ped by Soong478 ,479,480 using analog signal 

recording and processing methods ~escrlbed by Tee and Dealy.481,482 This ~ 
early work produced a better proXlmeter for the shear stress transducer 

that was suitable N>r high temperatures, an improved calibration c:.ethod 

especially well suit~d to high tec:.perature wo~d~sign concepts for 
--

the new rheometer 483 
, 

2 A new rheometer for molten pl~stics was designed and assembled. 

"-... 
3 The •. ecêromechanical drive system of the room temperature prototype 

.--..as rep1aced. by the lITS servohydrau.lic actuator f~ the new rheometer. 

Initia1ly, an IB~ personal computer was used for data acquisition484 and 

control of the ~near actuator was accomplished by adjusting front panel 

swltches. 

4 Fi~a11Y, a high1y in~e8rated ~ocomputer system was added fof '" . " programmable 1inear actuation and digital data acquisition and processlng. 

The mièrocomputer system included a high speed programnable function 
.. < 

generator with high speed digital data acquisition. Figure 141 shows the 

• 

• 
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input-output media including the keyboard. the dot-aatrix printer. and thé 

pen piotter for high-speed. hard-copy graphics. 

B, pesign of the Nev Rbeogeter 

An exploded isometric vlev, drayn to scale, of the shoar flxture for the 

nev rheometer Is shown ln Figure 14 Reduced versions of the diaensloned 

dravings used for its construction a~e presented ln Figures' 1S and 16 .. 
figure l~ shovs hov the precision linear b~aring table is conflgured "lthin 

the frame.ork of a sol id steel housing The housing 15 sturdy, although 

its design incorporates holes for better hoat transfer and It has been made 

as slim as possible to reduce thermal mass "ithout coœpromi.lng structural 

• rigldity. Vertical grooves in the moving plate prolOOte convective heat 

transfer to maAimize tempe rature unlformlty~ the shoar flxture The 

stationary pla~e Is secured to the left,slde panels. brass shlms Inserted 
• 

bet"een th"se !!.",bers detemin .. ' the sample t~lckness The statlonary p1a[~ 

Is hinged to tha left slde panel vith thre. triple action hlnges, not 

shown The rheometer is '/ertically œounted on an lITS servohydraul1c drive 

. system and is complete1y enclosed in a retrofltted Flah~r oven shovn in 

Figure 16. A reduced version of the engineering dra",lng usod for 
)1 

fabrication of the shear str~ss transducer 15 found ln Flture 17. Several 

photographs are lncluded sho",lng the rheoaeter ln use 
, 

The rheometer design i5 the result of several coapetirtg perforaance 

Gri~elia. Kechanlcal co~iderations Include the selection of the correct 

plate 1ength and sample thlçknesses to 

• • 



{ 

( 

• 
to minLmize errors due to fluid and moving plate in~rtia. Bearing 

1 

paralle~ism and preload, and plate surface texture are also iaportant 

design considerations. 

Thermal criteria for design include the minimization of sample 

tecperature nonuniformities due to viscous heat dissipation and other 

134 

factors Several previously reported layouts for sllding plate rheometers 

or viscoœeters were considered when designing the new system, and these .are 

mentioned below The dESign for the new rheometer has been suœaarized in a 

recent paper 485 

C. petailed pesign Considerations 

Important choices made leading up to the final design of the new slidlng 

plate rheometer are e>.plalned here It is hoped that this section will 

help those designing their o~~ sliding Pfate rheometers. 

1. pesired egplitudes and freguencies 

The designer must first decide what varlet y of tests will be required of 

the rheometer. If one beeds oscillatory shear tests only, one can save 

considerable expense on the linear actuator. One may, for instance, opt 

for an open-Ioop electrohydraulic actuator as was used by Soong.486 

However, if a broader range of tests is to be used then a closed loop 

servohydraulic system should be considered. 487 Yhere a prograaaable shear 

• strain history is desired, a computer controlled servo-hydraulic linear 
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actuator must be considared. 488 ,489 Vhether the rheometer i. to be used 

for other strain.histories or not, oscilla tory test data can be u.ed a. the 

basis for rheometer design. 

As a rule of thuœb, a rheometer for aeasuring honlinear viscoelastic 

properties of molten plastics should be capable of._ (1) shear strains of 

50 and (2) test frequencies betveen land 100 Hz Of course, aelt 

fracture ~ill govern the ma~i~ allovable shear strain st a given 

frequency and te~perature. for a particular material 

• 

2 Actuator Perforrc8nce 

Sliding plate rheoœeters demand some fera of linear actuation 

Performance characteristics for linear actuators are noraally given 
\ 

graphically as a plot of disploceQent amplitude versus frequency for 

slnusoidal displacements This performan~e viII depend on applied load 
• 

Figure 18 shovs the no-load and 20,000 Ibf load amplitude performance 

curves for the ~S servohydraulic linear actuation system used in this 

research * ~en shearing viscoelastic fluids during rheological testing, 

ve expect the actuator to'be operating near the no-load condition. For' 

frequencies up to 100 Hz, the maximum amplitude of a sinusoidal 

displaceœent that can be achieved vithout significant distortion is.** , 

*This systems 
252.23 servovalve 
KTS ~ysteas Corp , 

coaprises an KTS series 244 actuator vith an KTS .odel 
Data for thls system klndly supplied by Kr R. Pro.hl, 

Minneapolis, Minn. 

**Deduced from the linear portion of Figure 18 . 
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. 2 ~ f ~ 100 Hz • (149) 

Note that (149) gives the liœit for no distortion in a slnusoidal motion. 

For sinusoidal testing this is both necessary and suffic!ent. The six inch 

upper limit in Figure 18 is'determined by the barrel length. whereas the 

lower limits are dictated by puœp performance characterlstlcs. 

For nonsinusoida1 ~aveforms both amplitude and relative phase content 

are important For example. for a square wave we require that each of the 

Fourier components be of a certain amplitude and of a certain phase 

relative to one anot:!: 

nonsinusoida1 wavefo ,can be estimated, using lof in (149). where f, is the 

The maximum amplitude obtainable for 

frequency of the fundamental, In general. this estimate can be realized 

~~en the gain of the servocontrol 100p is set to its optimal level for each 

test, 

-
a. Technical Data on the Actuator 

Table 1 gives technical specifications for the HIS series 244 actuator. 



-
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, 

Table 1: Actuator Specifications' 
Pertaining to Figure 18 

Piston Area, sq.in. 7.57 
Stroke, in. 6.00 
Hydraulic cushion, in 0.3 
Rod diaœeter, in 2.75 
Pump flov, gpœ 6.0 
PUmp pressure, psi 3000 
Hydraulic fluid bulk modulus, kpsi 17.5 
Accumulator size, U.S. gal 0.12 
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1 
Flgure 19 Is a phot6graph of t~e piston. servova1ve and accuœu1ator 

assemb1y These~omponents were Qounted vertica11y under the sliding plate 
.' 

rheoreeter Figure 20 shows the 6 gpœ hydrau1ic pucp, f100r œounted beaide 

the piston 

3. Plate pesign 

a. Plate Shape 

A1though most sliding plate rheometers have been used vith rectangu1ar 

samples, other sample shapes are easily acco~odated. For instance, 

circu1ar samples have been used in single sample inst~ents.490,49l. Vhen 

the shear stress is measured locally, rectangular plates are preferred 
• 

since rectangular sample shapes accommodate a given aAxiaum shoar atrain 

vith minimum sample size. 
• 
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br Plate Size 

. 
Traditional sliding plate rheometers vere designed 50 that the plate 

displacement, Dmax, vas much smaller than Lhe sample length, L, to miniœize 

end effects. Also the vidth to thickness ratio, Y/h, had to be kept as 

high as possible to œinimize edge effects. Menee, the aspect ratios DmaxfL 

and Y/h had to be high enough to eliœinate saœple size sensitivity. For a 

rheometer incorporating a shear stress transducer however, the relevant 
, 

aspect ratio i5 siœply the maximum plate displacement over the distance 

f between tne transducer énd the nearest sample end. For a sample mounted 

with the transducer at its center, this distance is ~(L-Dr)~ where Dr is 

the diameter of the transducer active face. Menee, the relevant design 

ratio is Dmax/(L-Dr) This aspect ratio must be large enough SO that at 

the peak shear strain the trailing boundary is not approached by the shear 

stress transducer. As we saw from theoretical predictions of end effects, 

just hoy large this aspect ratio must be de pends on sample properties. 

Mence, t~ following criterion is suggested for sliding plate rheometer 

design: 

Dœax/(L-Dr> < ~c' (150) 

• 

If thé shear stress transducer is mounted near the end of the sample 

then the related criterion is simply: 

. . 
(151) , 

_.-
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-where dmin is the distance from the transduc~r's active face to the 

sample's nearest end. For molten polystyrene in large amplitude 

oscilla tory shear a value of ~c = 1/5 was measured. For a desired peak 

strain, 70' thts implies that dmln > 5h70' This is discussed under 

results. 

• 

c. Surface Texture 

The surface texture of the shearlng plates is important for two reasons 

Firstly, the roughness height and flaw slze of the shearlng surfaces in 

contact with the fluid acting on the shear stress transducer should be much 

smaller than the sample thickness Obviously, there is no need to improve 

plate flatness much below the parallellsm tolerance of the linear bearing 

motion. For the linear bearing table used here, parallelism is below 0 2 

pm/cm of plate travel 492 

Secondly. the macroscopic surface texture of the shear1ng plates 1s 

known to play a role in controlling stick:slip phenomena493 ,494.495 and can 
\ 

influence melt fracture in slidlng plate rheometers. 496 ln fact, knurled 

surfaces can improve cohesion in slidlng plate rheometers for molten 

pOlymers. 497 ,498 The role of roughness helght, waviness, flaw size and 1ay 

,of the plate surfaces, or that of the active face of the sheat stress 

transducer, in inltlating melt fracture, 15 not known . 

Us,ng a grinder equipped with a Œagnetic chuck, the surf~ce. of the 

1 
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( -plates for the new rheo~eter "ere ground to a roughness he1ght of 0.0001 

inches 

4, Plate Inert18 • 
• 

f 

For tests such as step strain, wherf high plate acceleration is 

required, the mass of the mOvlng plate/pIston assembly, rough~y 58 lb, 

beco~;s l~portant The ~ass of the MIS Model 204 actuator piston alone, 

Ma. IS roughly 45 lb Actuator response tlme for tests Incorporatlng 
, 

i~puls~s c~n bB ~stlmattd, ass~lng constant acceleration, for the maxi~urn 

hydraulic pressure, P 

( For a stress growth e·.penr.ent, the time to reach steady velocity is 

Ir V • 
t - ua-- (152) 

PA g 
eff c 1 

• 
and for classlcal 5tHSS rela~.atlon, the ume to jump to the new position 

ts; 

t - [ J
Ij 

2 D "' 
----::x-tl'a-

cff 

(153) 

( 
where Aeff is the piston effective area, mma 1s the mass of mov1ng 

assernbly, Dmax 15 the desired displacernent and V 1s the deslred veloclty. 

, 
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Henee. a 1~0 sec· l stress growth test ûsing a sample thickness of 1 Da will 
~ 

require rough1y 0.02 ms for the piston to come up to speed, P - 4000 psi, . 
Aeff - 7.35 sq. 'in: and ~a - 5~ Ib. 499 This estimate neglects the force 

of friction acting on the piston. 
~ 

5. Fluid Inertia and Viscous pissipation 

Constraints on gap spacing due to fluid inertia and viscous heat 

dissipatlon have already been discussed. For the study of molten plastics. 

a series of shims were fabricated permitting sample thicknesses between 

1/20 to 1/2 mm to be used. This vas considered more than adequate for the 

measurement of nonllnear viscoelastic.propertles. 

2. L1D~at ~eê[!D& Iê21~ 

. 
' . . ~ 

~I ~ârall~ll~m 2f ~lâ~~~ t 

The quality of a sliding plate rheomete depends on Its abillty to 

subject fluids to planar Couette flov, he parallelism i8 important. In 

a sllding plate fixture for shearing soli lymcrs at rOOm temperaturo, a 

SCHNEEBE~GER linear bearing table had prevlously beon succe.sfully • 

used.SOO,SOl Llnear bearings of this type meet a paralleL18m tolotance of 

0.2 pm/cm of travel. S02 This permlts tests on s.~plc. as thin as 0.3 mm 

• • 
vith an error ln parallelism of les. than 0.1\ for a shear strain of 

thirty.503 ~ nickel plated steel I1near bear~g table, model NK6·260, 

fabric&ted at the SCHNEEBERCER plant in Svltzerland, va. uaed in thia york • 

• 
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The p~ral~lism tolerance of 0.2 ~c~' - ~vel will be met if. and 
or

only if, the bearing preload 15 not exceede Py a~c~~lâry 10jWs arising 
'.,.' q,;;-; .• 

, 

, /"'l .." ~ 

during tes:in~ SucW' ~oad&. will include Fhe torque on tlle pla~ due to a 

lever a~tion of the shear forio!.' at .ehe wall about the cell':,i!'~;s :f ' 
" , 

each plate Should t~e no~al stretses ari;ing fra6'su~h a 'torque exceed ... ~ ." ,. .... • l ~ 

the 'bearing preload, .the plates may tend t'o mlsalign AddVOionally, the 
, . 

, , 
normal thrus,t .esulting .trom shear wduced norm~l stress diMerences in che t 

• sample can also cause che plates to separate should it cause the bearing . .. . ~ ~ 

preload to be exceededl' lt w~s fo,nd tha\ che prel;ad-- could J~e adjusted to 

fing~r tightness wlth an allen key~ temperature 504 • • ~ .. ., , . 
c. Bearing Instàl!ation a~d • Mai~tenanc'e t 

,~ • 

• 

1 '. • 

1 . .. .. ~ 

Only a light silicone b8$ed oil should be u~d on the linear bearings 
f 0, ... . ' ... ' ... . 

s~nce the1 are insidè-the envlronmental chamber. Bearings are generally 
, '. ..' . * shipped well-c>Hed'with an ~;-ganic lubricant. Such !~bricartes tend~o 

· ., 
carboni~e upon heating, wh~ch causes ~earings to s~ze immed!ately. ~ew 

• 
bearings for uSe at hig~ tempe~ature should be dismantled and éleaned 

• .' thoroughly ~efore installation, "', An overnight soaking in bubbli~g 
\ . ' . .. 

• · . ' 
• 

• .. 
• *Sometimes ·this 

"~ 
1 

" .... • '$ • 

• 

:,' from fabhcation: 
lubricant lS merely residual machining oil left~~er 

• • )0 • 
, • .. 

'l-- .. . . .. 
• • . . : 

t .• • 

• 
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~ 
t~rpentlne s~fflces ~o eo~1ete1y remove thls organlc lubrlcant.* Only a 

thin silieoQe based lubricant should be used on beari~gs utilized at hlgh 

temperature.** 
• 

/ 
d. Bear~ng Table kOngevity 

\ 

, 

, 
•. The. longevity in kilometers, L, o~ the r041er bearing& can be estimated 

from the 
1 

. t 
qynamic,load carrylng .,.. .. capacity, G, the~ynamic loading in se~ 

t. ' • P, the service temperature, T. and the statistical probability of failure, 
- , 

p, using the f9l1o~ing relation: 505 

[10/3] 
L - 250 a (fC/P) • 

, ... 

1 

• 

, 
where C - 5200 N for the model NK6-260 table, factor "a' accounts fOT 

1 • 

nS4) 

failure probability and f aecounts for te~perature sensitivity. Selected 

v~ues for a(p) and f(T) are 1isted belo~. 

-' \, 

• 
• 

~" 1 
, 

.. . 
*Once ~eized th~ be~rln~s must be disœantled and ~eaned. .the sodium 

, "'rdrol,l.de aerosol, sold under the tra~~ name Easy-Qff; can be used to 
remove earbonized lubricant trom bearing cOlUponents. ',Again, clean 
thoroughly befoDe reassem~in~ f~.even dust parti~les deteriorate 

/. 

. . 
**Crp38e, including noncarbonlzing grease, 18 

instantly causes beàrint seizure. " .' , , .. 
" .... .. • 

• .. , ' • -

also to be 

1 
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• 
parallelism .• 
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T, Oc 150 200 250 300 
f 1.0 .90 .75 ,60 , , • 

.~ '1. ---, ., , 

:era~in~, .capa~ity the par~allelislD 

operating ~, 200oè will be œaintained 

tolerance for the model NK6-260 table 

for total displacement of 37 Km with 

9?% 'certainty H~nce tbe bearings will tolerate 123,000 cycles of total _. 
~tFavel undE~these c~nditio~ Fipally, when the. service 

new pa~Qî:~roilers an~ guides ~hould be installed. 

life i5 -re~hed a 

c 

. 
7. Effect of Ihe~al Expansion , • , 

Whën a shear fixture'expands and contracts with tempe rature sOlDe 

uncertainty can arise in the samJte geometry, In cone~plate rheomet~rs the 

cone.pla~e spaci~ is made adjus"able to compensate for thermal expansion . 
. '-' T ~ 

, ' .. A diffetent c position adju9tment is required for each new test . ..,;,,. . 

temperature ... In prinèiple, shim thickness will change with temperature. 
• • , , ~ 

However, JI streS$ analysis on the sl~ding plate rheometer shows that bhe . . , 

fra~tio~aÀ variation in shi .. thickness, " d~~hermal 

• • ...... '" Il T , 
" , 

ex~anslon.l~~ _ 

!155)' 
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-• 
for d change in test temperature, â T, where a is the lineal thermal • expansion coefficient. ~r 

a 300°C tempe rature change. 
," 

metals a is so small that < is less than ~\ for .' -

~8. Good Safetv Praètices 

• 

~e new rheometer should 
i 

• §I treated with the saœe degree 

afforded Any powerful hydraulic equipment Hands should be kept free of 

moving parts when the hydraulic pump 1s on. 

The rheometer operator should protect his arms from burns using weIl 

tnsulate~ elbow-length gloves. In addltion, standard laboratory sarecy 
1 hCi.. • 

practices, includin~ the weari~ of safety glasses, safety shoes ~nd a 
~ 

laboratory coat are recommended . 

. 
9. Assembly Loading and Cleaning 

, 

• 
way of loading a sandwich type sliding ~late .,. 

rheometer. 506 p!aques a~e lo~d when the sh~: :ixture is held in 

a horizontal p The shear fixture 18 mounted vertica}ly and he~ed. 

This design was easy to clean because the shear fixture coûld be removed 

from the heating chaœber. 
, 

The disadvantage of th}s approach is that 
.

considerable time is lost in cooling, disassembling,.reassembling and l' 

h M --' el: 'vil'l re eating the ahear ~tur Vfor each new $aaple. lt be seen th~t this 

time detracts irom the useful life 0' the sample, as some molten plastics 
" , 

degrBtle within 10 mln~,s' wheu' ;'xposed to air . 

- , -
'. 

1 , • 

• 

. ' 

• 
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CO'nventiO'nal rO'tatiO'nat instruments J-use a l1ght shear fixture t'O 

- . 
minLœize heat-up ~nd cO'O'l-dO'wn times. They a1s6 incO'rpO'rate nitrO'gen .. 
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blanketing tO' increase the usefu1 lite O'f plastics samples. Despite these 

drawbacks. such instruments still ~ke up tO' 30 minutes fO'r thermal 

equilib~tiO'n fO'llO'wing sample i~tiO'n. Furthermore. nitrO'gen blank~ting . -~... . ), 

can significan~ly increase the O'perating cO'st O'f the rheO'meter. 

, 
f ./ 

TO' eliminate these drawbacks. McCatt~y designed a self-charging sliding 

cylinder rheO'meter fO'r ~O'lten plastics. 507 Samples are removed by purging 
/ 

the shear fixture with the next test caterial. This design circÙmvents . 
time 10'st due tO' hea~g and cO'O'ling by O'perating:eone!nuO'usly in the he~· 

sO'aked cO'ndh:iO'n \ 
" .. 

The new rheO'meter design takés a di'fferent appr0'8ch tO' minillizing time-

10'st fO'r sample insertiO'n A rugged sh~ar fixture vith large thermal mass 

is used SO' that time 10'st'~aiting fO'r thermal equilib~atiO'n is minical. 

-FurthermO're, an incO'nspicuO'us advantage ?f using l~cal shear stress 
• 

transductiO'n is that it circumvents prO'blems O'f O'xidat~~egradatiO'n, and 
• 

sO'lve\t ga'Q O'r 10'ss, when they are cO'nflned tO' the s~le edges fO'r a 10'ng 
~ 

tim~ 508,509 • This increases the useful life~f many plastics samples and 
), . ~ 

O'bvlates the need fO'r nitr~en blanKeting. 

'or , 
t!~w Bh~~~~t!ll: Il, H2" t2 &l~êD tll~ " • '. . • , \ , .. '. \ 
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, , 
Plastic semples can be s~raped~f~m the stainless steel surfa~s using 

brass tools. If a new semple is to be inserted, this çan be done without .. 
cooliRg the rheometer. The fan should be off.vhen the oyen is op~n to 

minimize heat 10ss and for operator comfort. Koreover, 'plastic samples are 

usually easier to remove vhen in the polten state. Henee, a thorough . , 

clean-up before each shùt-down is advised. 

• 

A COl!!mon complalnt with rheometers for molten plastics' is the difficulty 

in cleaning the metal surfaces of the shear fixture after a hard bro~~ and 

black film of carb1nized plastic builds up on them. lt w~s found that this 

• 
film can be easily removed from stainless steel surfaces by applying a '. , 
commercial sodium hydroxide aerosol sold under the trade name ":;a:sy-Off" 

and shown in Figure 135.* The effieacy of.such cleaning materials has 

• 

recently been evaluated for several coœmerc~ial products for removing baked

on grime from household ovens 510 ln general, two applications at twenty 

minute intervals provide clean surfaces with little aggravation. This 

cleaning procedur? is illustrated in 'Figures 21 to 23. ~ fi~l.scraping . , 
with brass implements may still be required on persistent spots. Figure 24 

) . 
shows the active face of the shear st,ess 

b. Ho .. to Load the New Rheo~eter 

.' 

transducer 
Jo 

being scraped clean. 

*A word for the wise about Easy-Off. This product i5 sold in several 
fragrant formulatfons whlch give oqe a false sense of security. Although 
the manufacturer recoœmends that it be used in~household ovens at lOO'C, 
the "Ùt'lr observed that nasty vapours were liberated when applied to hot 
metal surfaces. 

.. 
• 
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"-
Once tbe rheometer is cleaned. a shiR of desired thickness should be 

. 
insta11ed and the rheometer brought back to lts equilibrium temperature. , 
Shim installation is lilustrated in Flgure 25. The rectangular shim shape 

• that a1lows the shim to be anchored at the top of the shearing box.* If 

the rheometer is not at the ~esired temperature the oyen is closed and the 

fan ls activ~ted unt!l thermal.equilibrium ls reached. Durlng this period 
1 

• the stationary plate can be posltioned away from the moving plate to 

maxlmize heat ~ransfer area. Once the deslred tempe rature is reached, a 

.static calibration can be performed before sample insertion. 

Once the calibration is complete, the prepared sample. usually a 

rectangular plaque. ls c~ref~lly placed on the stationary plate centered 

--around the active face of the shear stress tr~nsducer. This prqcedure 

should be carrled out with the oven fan off. As a rule, prepared plaques 

6ught to be at least 20\ th~cker than the shim thickness in use. The 

plastics .samples conveniently stick to the hot plate. Figure 26 

'4llustrates the sample insertion procedure. Air pockets are to be avoided 

and, on one side, these can be carefully pressed out by pushing outwardly - . 
on the melting sample. The stationary plate iB then swung into place and 

securel~ fastened up agalnst tha shims. Air pockets on the outer side are 

minimized wlth the.squeezing action due to the oVèrsized samples. In 

generai these do not pose a serious problem. They can ~ ~~slly detected .. 

as they produce un~ually high 100p-to.1o~p variablllt~'in c]e1lc tests. 
1 

• *Thls turns out to be a handy safe 
1 

feature for when samp1es are~ 
removed 100se hot shims may unexpected1~11 fros the oYen creetlng e bum 
hazard for the operator. . 

l ... 
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Ilhen voids are présent, a nev sample IlUSt be inserted. The plate can be 

positloned vlth one hsnd ~der the shear stress transducer and the other ou ' 

the plate handle. This œaneuver ls 11lustrated'in Figure 27. The 

statlonary plate Is then tightly set against the shlms vith tightening 

bolts, which are seated in the rheometer side panels and which pass through 

holes in the shims, This part pf the procedure fixes the sample thlckness 

and is 11lustrated in Figure 28. Squeezing flow is caused.between the 

plates during insertion. This ensures good contact between the sample and 

the moving plate. 
• 

Next the oven fan should be reactivated, Once thermal equllibrium 18 

reached, the operator can set up test programs from the computer terminal. 

After the test is completed, the sample can be scraped out and adynamie 

calibration can be performed. The oven can be le ft on ~ontinuously, but 

samples should be thoroughly scraped from the plates. However, the shear 

stress transducer should not be left in t~e oven for extended periods when 

there is polymer around the cantilever, as polymer tends ta carbonize after 

several hours. During continuous operation, it is good practlce to remove 

the shear stress transducer for clea~lng once per day an~ to keep it 

outside the oven "hen not In use. 

c. Tios' on ProDer Assembly 

Yith fe" e~ceptions large torques are not requlred for proper assembly 

" and élsassembly of the rheometer. This is particularly true of the shear 

stress transducer which can U3ually be assembled and disassembled vith .. .,... ~'.-.... ....~ 

, . - , 

, 
, 
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.. 
11ght implements and flnger t1ghtness. Undue tightness during assembly and 

, 
dlsasseDhly almost always produces a damaged thread. A trip to the machine 

shop is advised to repair the thread before worse damage results. 

Bolts used at high tempe rature tend to stick and seize. This problem 

can be eliminated by applylng an anti-seizlng compound, specified for high 

temperatures, to the threads of aIl threaded parts during assembly. A 

product sold under the commercial naœe NEVER-SEEZ and shovo-in Figure 135 

was used effectively for thls purpose.*.511 

10. Temperature Control • 
More than fort y papers describing sliding plate viscometers and .. 

rheometers used at high tempe rature were found and reviewed. These 

instrument de~igns can be classified in three groups. In the first group 

the shear fixture is enclosed in an environmental chamàer. In the second 

category heaters are in direct contact with the plates. The third category 

18 a ~o-pronged approach. combining an environmental chamber with directly 
" 

applied heat. 
• 

,,'-
a. Epvlroll$ental Cbambers 

the œost widely used design for high temperature work is the 

environaental chamber. By enclosing the shear fixtur,& in 4 tnermoststed 

*Under no circumstances should this greasè come in contact vith the 
qearings, for it will cause them to seize iaaediately • 

, 
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chamber, the samp1e's temperature can be as unlform as the chamber. Heat 
• 

10ss through drive shafts extending outside the chaœber can cause the 

steady state samp1e tempe rature to he 10wer than that of the environmenta1 

chamber. This is the case with rotationa1 instruments using sma11 shear 

flxtures. 

The most coœmon type of environœental chaœber used with sliding plate 

viscoœeters or rheometers is the thermostated, insulated, free convection 

air oven 512,513,514,515.516,517,518,519,520,521,522 This type of chamber 

has also been used for low tempe rature sliding plate rheometry.523 In 
, 

these systems tne uolformity of the sample tempe rature de pends on natural 

convection. Free convection water baths have also been used with sliding 

plate rheometers for high tempe rature work. S24 ,525 In fact, an ASTM 

standard for slidlng plate vlscometry specifies a water bath for elevated 
, 

temperature work. 526 

Forced convection air boxes are used in som~ commercial slidlng plate 

rheometers.527 ,528 The need for forced convection is due to a combination 

of low thermal mass of the shear fixture and signlficant heat loss through 

the shear fixture DOunts, which extend outside the oven. Samp1e 

temperature perturbations caused by conduction losses can be significant 
• 

for shear fixtures of low thermal mass. On the other han4, fixtures of 

high therœa\rQass will respond more slowly to changes in bath tempe rature 

and can take too mueh time for thermal equilibration when natura1 

conve~tion alone 18 re1ied uPQn. For instance, a 81iding plate flxture 

weighing 150 pounds required about four houts to reach eq~iiibrium. This 

• 

1 
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complicated chamber enclosed the slidin~ plates in an air box vhich vas 

itself immersed in a constant temperature oil bath. 529 ,530 
• 

b, Direct Heat 

Few designs place heaters in direct contact with the slidlng plates. 

$ome ink viscometers maintain sampl~temperature by circulating water 

thr?ugh channels bored in the shearing plates.53l, 532 In a sandwich t~e 

creep rheometer, the outer plates were flxed directly to the thick walls of 

the electrlcally heated chamber. 533 The advant~ of applying heat 

directly to the plates is tha~ the rheometer,can be brought up to 

temperature faster than in systems relying on natural convection. 

One disadvantage of direct heat is that the higher heat transfer rates 

to the rheometer can induce high tempe rature gradients in the shear , 
fixture If the resulting thermal stresses are high enough, plas~ic strain 

can result leaving the shear fixture permanently warped. Tee and Dealy 

(1974) encountered this problem vith their oil-jacketed concentric cylinder 

rheometer,534 

Another disadvantage of direct heat application is difficulty in 

obtaining a uniform sauple temperature. For exauple, the ink viscometers 

mentioned above can allow temperature variations within the ink depending 

on its proximity to the heating channels. On the other hand, reslstance 

heaters in direct contact with the plates can apply heat uniforuly across 



1 

the sample surface sue~ that heat losses at the sample's edges can cause 
~ 

temperature gradients within the sample. 

HcCarthy's seif-charging r~eometer overcame the disadvantages of direct 

heating by combining high conduetivity metal with a low thermal mass , 
fixture. 535 ., 

, 
c. Combining Chambers with Direct Heat 

The combination of direct heated plates in an environmental ehamber . 

combines the advantages of low heat·up time and good sample temperature 

uniformity. For instance, Humphreys and Stone submerged ~ watertight 

environmental chamber for a sliding plate viscometer in a thermostated 

bath. S36 A small electrieal heater, located under the moving plate, 

enabled the sample to be brought rapidly up to the experimental 

temperature. The risk of plate warpage, of course, exists whenever high 

heat transfer rates are employed. 

d. Heating the New Rheo~eter 

TVo deep-well, J-type, glass jacketed wIre thermocouple junctions were 

seated in the stationary plate, and one was seated near the geometric 

center of the œoving plate. This thermocouple was used in the teœperature 

control loop with a Thermoelectric Hodel 204 bandwidth proportional . . 
contr~ller, which is visible in Figure 32. A Fluke multi-probe digital 

indlcaloI was used fOI temperature display. Three independent œeasures of 

• 
\ 
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/ 
sample têmperature 

/ 

were made using thermocouples in both plates. When aIl . . 
three temperatures agree within ~oC, the sample i8 judged to be at thermal 

equilibrium. Room temperature, oven aij tempe rature , and the temperat~re 

of the HIS crosshead near the load cell we~e also monitored .. 

\ 
1 

Two me as ures of oven performance are pertinent to rheometers for molten 
\ 

plastics. One of t~m is the time required to bring the shear fixture to 

thermal equilibrium from room temperature. A more important measure of 
• 

oven performance is the '.me required to bring the system back to 

equilibrium after an excursion in temperature such as that observed during 

sample insertion. 

(1) Oyen Heat-Up Performance 

Figure 29 shows a typical heat up curve for the new rheometer. ~ese ~ 
data are taken for heat·up from room ~perature to setpoint tempe ratures 

of 28°C to 180°C respectively. The stationary plate of the rheometer is 

suspended away ffom the moving plate to increase the heat transfer surface. 

Furtherœore, an additionsl l inch layer of fiberglass insulstion was added 

to the walls of the Fisher oven to decrease heat lo~es. The moving plate" 

reaches thermal.equilibrium 2 hours after start-up, and the air temperature 

reaches a maximum value of about 210°C. This time can seem annoying~y 

.. 

,-

. , 

• 
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, 
long, but it can be circuœvented by (1) running the oven continuouSly or 

1 • 
, * (2) using an autoll1atic timer to activate the oven well before work tille. 

< 

Interestingly, the till1e required for therœal equilibrium is comparable 

", to that required for the Il1Uch smaller cOllll1ercial rotational instruments 

which, by virtue of their low thermal ll1asses, allow temperature 

fluctuations to persist for a long time,537 
• 

(2) Oven Excursion Performance 

-
The oven ~erformance data collected for oven heat-up and used for Figure 

29 can be generalized to predict oven performan~e under any transient 

cond!tion of practical importance, Newton's law of cooling is,538 

) 
(156) 

where Tp i5 the plate temperature, Ta i5 the air tempe rature and k' is an 

instrument constant. Now dTp/dt can be estimated froll1 experimental'data 

using the method of Whitaker and Pigford whiéh is briefly Uescribed in the 

~hapter on results. 539 Results are listed in Table 2 and plotted in Figure 

30, 
) 

• : 

*The author prefers the first choice sinee i~eliœin8tes therœal 
cycling of the linear bearings which, in principle, may ben~ under thermal 
stresses arising primarily during heat-up. In practice, no sucb 
distortions we»e observed. -
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Table i: Approx~tid" Qf Heat-Up rJlte ~ 
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nlll".h 

o 
,167 
,333 
,500 

• ,.667 r 

...I~ '~p/dÎ.Ç~1h . . ., 
..... ~ " " 

'27.'J.' ,/ 
34,~ 

48.2M 
66- ,8 
84h 
104. 
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IJ ,833 
1.00 
1.17' 
1. 33 
1.50 
1.67 

156'-

1,12, ' 
111: 
108. 
99.4 
88.3) 
64.2 
31.3 
3.91 
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• 170. 

$J 
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dTp/dt.to. be p~I'Portiona1 to, (Ta'Tp)' A 'least 1. ,_ , 

-r~~ress!ol) or (4Tp/dt) ver;us (Ja'Tp) lives the value ,of the~ 

J, proportionality constan:. k"- lJ~OC/h-;" Hen.c~ for pr.actic'al purposes the' 
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. , 

(15~) • , ~ , 
) , 

.,' -" 
from .thermal 

the final temperat;ure, • 
l' .. 

(159) . • •• 

. ' 
roass a~ 15 hèat-soaked ~e can 

• . ~ \ . 
,

-ssur.e .that 'th, oven a1r terrp'erature jUWpS bacf to the 
~ . 

ne obta l'tls • , ' 
l •• 

0" , 
" 

. , 

• 
" 

• 

. , 

.. .. .. ... · . 0,60 ) 
" 

#.t .. p • , , '~ 
1 

~e ~pow th1s retu1t 1S valid because it agr!Js w1th experlmental 
0, • 

Co~b:ning (159~~' (160) glves,th:.deSlred,:,preSSlon 

t""'pe=turé differ~e;from the desued eqathbrlum 
• 1 "'""l- &. " .. 

'. 1 

• 

observations for . , 

unaccomp lished 

~perat'u;~ , .. '. .. ~ ;~ 
, ' 

" , • 
ff 

'. ~ ~ ! • , 

X ~ (T-Teq)/(Tr-Teq) . , 

. . 

n -
Using k - 1 

4\ ", 

~ .,." 

91oC/h, obtalned .. " • 

"," 

• • .' 
lke"p( -kt1 ) J e:-.p( ,kt) 

) . . ,. (lM) 

• 
l " • 

above, a series ot'"p1ots are 'given in FJ:gu;e ,'( . ...' , .... 
31 showing thé 

• 
effeèt of insertion ',dm,e on equili,briutl, Ulc9verv. For a .... 

• ,- saf::pte 
~ , " • 'fi 

insertion" time 'Pf 2 minutes, a typ'lc~~ value, the- eiapsed 'tl'llle ~ .' . . \. 
~ " 
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\ . . \ , . 

recov;r ~ ~itbin 5\ of e~u~librium 

l 

. , 

requiref for plate te~erature to • . . 
minutes. ~ was observpd that the actual t~ requ!red for tb~ plate 

- fi 

temperature to return te the set~oint after insertion is roughly equal 
, • 4 

l « f .. 
dou~e t~e insbrtion tl~e. This is why a large thermal mass i6 highly 

• , . . , 
" 

is 8 

to. 

desi~able for ~~heometer designed for quic~~le insértion, 
'l. '\"' " ',. 

operatlng 

continuously in the heat soaked,c6ndltlon. ' , , .. 
1. '. , 

Il, Materials of Construction 

.-~- -- - /""- .... -
• t 

~' ~ .. '..... ~ , / 
StainleS's 'steel, altnough- expensiv\" is the mate"ri~,~f choice for 

rheometer~ for~molten plastics~ Specifically, any of the 400 s~f 

s'~ainlèss"'st~.,çls are magne tic ans! c.an Ile nn:;ly secu:ed~ wrth'a ~gnet~ 
... • Jo ',' 

chuck for drilling and grinding .• Tnis property permibs accurate - . • 1 
fabrication, bec~se parts are deformed when t6ey are secured .' " ~ ~ , " ....., 
mechanic~ 540 The.result is that roughness heights of l/.O,OOOth of an. 

/' " ... 
Inch, without flaws, can be ootained on a. grinder equlpped w.tb a magnetie 

• .;, ''f . 
chuék' This is why the 400'serles stainLess steels ar~ Commonly selected . ,.. ,}' 
for 'fabrication of plast~~~tO'ëess eqnipment~54i The 420 stainless steel 

wa~ annealed bu~not 

0& this material. 542 

heat treated . 

, 

• 
Perry and Chilton list tbe properties 

.. 

. ., 
• t 1 .i" .. , . 

~ 

1 
FurtheDœore, the.enti~e 

.. ' - ,.. ' 
r~~mè,ljk, 

, 

. . ~cluding tbe ~heirr.str~ss • • , This ~ " from the 420 series stainless'st~, .' trànsduc~, was fabricated 
• 1 ..... 

e~1minated the posslbility 
. ,.. \. 

of thermal stresses ~ue to jolning of ~térials 
- ~ 1 , . 

• of different lineal expansion coefficient. The l1near bearing table i5 • 
: 

• • 
, '. , 

... s. , • , • , , . , 
• 

• , 

1 
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made pf nickel plated carbon steel, sinee thiS' item 15 not , 

",,"vàlla1;>le in stalnless steel. , ~ 

',.-.... 
, 

D. Aetuator Control and Data Ae9visi~ion 

• ,. 
• As mentioned in,the o~r~;~logy, the 

.. 
:uthor .success\~ely 

different systems Jo~ controlling platé motifn . 

." .. 
-1. Electrornechan~l hçtuation 

1 ~. 

--1 , -
, , 

, 

, .... 
• 

. ~1~9 
• ..' 

eurrently 

• 

" emplpyed 

• 

three 

, 

, 

Preliminary work, do ne on the room teœpeLature prototype, usld a closed . , 
Ipop speed-controlled electro~echanical drive system described 

, 

~ 

:; , .. 
• 

· . • 

, 

\ 

" 

elsewhere. 543 The drawbacks to this approach to actuator control are 1 

.. 

three- foid. Firstly,,it limits sheaY hlstory: selectio;Q to steady shear and . \ ' 

" . ..'.... • s~eady rscillatory shear .• Secondly, the p~wef surge that occurs at start-

, 

up éau~es ,the first few cycles to be at higher freqùe~cies th~n.the 

Setpoint frequency. For ~ frequ~~cy measurements this can c~use melt 
~. . 

fracturJ!. This pr~m can be partia~ly avoided by gentIy moving up to the . , 
. i 

se~point frequency 
II' 

, . 
with the speed selector but ~his strategy subjécts the 

" 

:. samPle to several cycles, whlc~ Inereases l1\ceÙnQOd of melt irac!Ûre. 
~ et:, ... 

Thirdly, changing the dlsplacement amplitude is tedious beeause it is 

achieved by ~djusting th~ eccéntricity of the rotating disks. 
• 

• " 

The main adv~ntage of open-loop control electromechanical driv~~ low 

cost, Upgrad~ng to position controlled el~~ed loop electromechanical 

" ; , • .. . . 
" 

1 :"" • \ 
" 

• " 
, 

'\ 

. • 

• 



, 
• 

• 

, . 

• 
( 

• 

.. 

• 

« 

~ 

• 

1 

) 

• .' 
f 

, 

! 

.. 

, 
• 

160 
: 1 

actuation Is more expensive than the servohydraulic approach for. systems ~f 
.J • 

comparable dynamic performance • 

• • 

1: Servohydra~l1c Açtuation 

\ 
• 

• 

• The prefix servo- denotes clo~d loop control. A servopydraulic drive . . ., 
system engages the high pressure drop in a flowlng hydraulic fluid to 

generate precisely controlled motion. The control system consists of a 
, 

linear variable displacement uransducer, LVDT, a servo,contr~ller, a 

f~nctlo~generator, and a servovalve driver, The LVDT monitOTs actuator 

piston poslfion and convèys this to the servo contr~ler. The function 

generator computes the des~re? ~osition, which ls also conveyêd to the 
• 

controller The controller monit~rs the difference between the coœmand and 

actual piston position signaIs, Thi~ difference is, in turn, transmi~ed 

to the servovalve\ driver rn .layman "s terms, the function genér~tor 'tll,Hs 
, #-, 

you where the piston ought to be, the.LVDT tells you where the piston.is, 

,and the controller measures the difference. Finally, the'loop is closed 

when the servovalve driver Tesponds to the error.signal by proportloping 

" 011 flow in either chamber of the piston reservoirs. The system gain is 

adjust~ble 50 th,!:: 'system r<)sponse characteristlcs can'b~ tuned f,h' pea~' 

'dJlU!lllic performance This ~s pa~ticularly usêful for tes~ ~nvolving fast . . 
trânsients, gives thoÏ The error signal, ~Tcessible fro~ the front panel, 

_, .. f. • .. 

, 

the piston m?tton. '. operator 'a 'real tille meas~.r~ ',:f .~~.for 
. ~ ~ . 

, 
• 

1 
t / , " 

S~~h'~ervohydrau~~c ~~,~ems:are r~qtinely used in forçe control~~d 

1 exveriaents Qn sol id ~~ies. This opt1?n could'i~ princip le be uS~d for 
. , 

... • • 
• 
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.'-J • -' 
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• shear stress contr011ed experiments on vLscoelas~i~ such as creep. 
• 

using the new sliding p14te'r~eometer, In practice h~we~er. the range of . ~ . 
stress-controlled experi~ents that can be performed will be ~i~ited tf low 

rates of change of stress and to low stresses. This 

the system gain will depend on ~he fluid propert1es. 

is expected beeause--1 
r 

A previous attempt to 

use a sliding ~late rheometer f~r fôtee eontrolled experiments vith a 
• 

servohydraulic actuator was unsuccessful. 544 • l/ïth .specially deslgned 

electrQnic ci~cuitry. however. capability.for stress-con~r~le~_.testing 

• could be developed for the new rheometer . 
• 

, 

~ An important application for servohydraullc drive systems ls fa! solids 

testing where precise motions are needed to determlne solid-state 

~ropert{es Furthermore. servohydrauli~ orive syst~ms are highiy deslrable .. 
for the study of ~onl:near vlscoelastlclty .~lidS where large motions 

under hlgh loads are required, Because it ls the fast translent proper.ties.., 

. . . L 
that are of interest ~o plastics engineers. one needs to mave. one part of , 

the shea~{ng f!xture quickly and.preclsely. Hente. se~ohydraûl1c drlye 

syst:ms. long-sinee uspd for ~oph;sticated' SOl1~az:;cter1Zatlon. are 
; . - ... .. ~ 
welL s(jlted to ~iving rheometers. 

, 
• 

There are several reports of s~rvohydraul1c dllvt <y~t;ss being combined 
• . , 

w~th rheoœêter$ for :he succ.ssfu~ Œea~ure~ent of ~nl1near viscoel~sfic • . 
- ,pl;opértles of po-lyaeric Hquids .. ~n ,the révlew (kf slidiQg cyl1ndet 

~". ',f"~,,, - • ..ft \, 

rheometry, it was s~en that a~ MTS ~ervohy4r~ul~c 
, , , 

> use4 for large aapllt~e oscillatory ~hear,S4S . , , Also •• the grotfp at tbe 

<.oœblned An ~s ... rv~hiIiTll\ÙlC ' 
~ . ", 

,. 
" 

• • . , . .' . . 
• 
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drive system with a progrSDDable function generator, providing great , 
flexibllity in flow defi;:;-ition. 546, 547 ,548' A broad sPllctl"Wl of nonl1ne:r 

viscoelastic properties were measured in both sliding plate And sliding .. 
cylinder instrume~ts.54~ .. 

A detalled diS'cussion of servohydraul1cs 15 c".!:early beyond the lcope of 
1 

this york Standard texts ean be consulted oh servohydraulic systems for 
1 

• this pUr.!'0se __ Suffiee lt to s~y that the trogra"!!\l!.bility pf s,;,ch systelilP 
, 

makes them extreœely flexible, and that the'physical limitations of the 

particular system used h~rein can be estlœated from Figure 18 • 

The HIS servohydraulic actuator can be eontro11ed in either anaiog or 

digi~al·mode. 

• 
~ . 

, . . . ~ 
analog ~de, a shear hri-ioiy cariCbe séleeted u5ing front ~an~l 

.... \ \, 

, ' 

In the 

.' .~ swl.t<;.hes .~r~ the:selecti~n 15 limited to square, triangular and harmonie 
... ..... " ) . 

~~'vaveform~., ." . ' .. Il.. ,..... 
... _ '.: .... , •• f".' "'. 
...' ' t.\ '9': .1 . " ". - .. ...... .," • ( } ~ • .# • ~ 1/ 

. ~.:~ ... <' . <WD>,e HIS' dJDXÙioJpié ~Avefom' 
• ........ ..' 0 ~ 

'". 
' .. -. . "-. 

, 

."'.I.~ .. ·4'''· ... 

~:;.~ .. < .. ,;~~~. :~~~:~.jJ::>:' ~~~i~~~ .sinusoid :of oscillator)o shear te!iting: \ · _ ,. . . '; t: '. ': . # ' , 

• 

.'. "". : /7~t). - 7';~.'$f,'.I .. ~.' InStea~.~ft:si~usoid, in HtS equipllent the harmonic 
.. ~ ...... ". • 1.- ~ ,., ."~......" • • / • , • . . 

" 
(:: 
.. 
. ' ..: 

• • 

..':"t.. . .. .. ' 
. f'unct.1on ~d fo"( ose1l1atoty ,'lilial' 15: 

''':;.,:': '~',:t ~" .. :: .• '-l,;. " ~,.\ .. '." 
, . 

• -tI"i do è . ' 
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~(t) - ~o + ~o sin (wt-~~). (162) 

1 
This ls a sinusold chat has been translated Along the ordlnate by 10 and 

phase ~hifted by -~/2. Note that (162~ has two equivalent forma: 

7(t) - ~o (1.1+ cos wt) 

- 2 ~o co.s·(~tl~ 

where 270 ls ca~led the double amplitude of shear strain. 

b Seryocontrol Hardware 
t 

(163) 

(164) 

In addition to the components of the servocontrol system described in 

the Iast section, ,which are based primarily on ~nalog electronics, a 

microcomputer based control system was added to the sérvohydraulic 

hardware. This was done tô help with instrument development and to œake' 

i 
the selection of shear history more flexible. This control system is 

integrated with the da~a acquisition hardware and software described below . 

, 
The dynamic capabilities of ~he instrument are those shown in Figure 18, 

of instrvlent these are valid for both the , ana log and digital ~des 

a 11œitèd~~ber of 

user selectable flows,-the ~icrocoœputer based ~ems allow one to design 

....' . ~ . .. 
However, wnereas the analog mode p;ov~des 

. , 
o"peration. 

tests arbitrarily. ( 

, 

, 

1 

, 

. . 
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. , 

• 
(1) Actyator Resonant Frequency 

The hydraulic fluid column that generates the piston motion has a 
. 

resonant frequency of its own. In genera~. this frequency is: 
. , 

, 
fc - 2000 !(A/wLs) • (165) 

• 
- --- where A..ts.....the piston effective ar~a in sq.ln .• w is the welght of the 

• 

piston/moving plate assembly in lbf. Ls is the stroke length in inches. and 

fc is in Hz. 550 >Hence, for the model 204 actuator a resonant frequency of L . 
300 Hz i5 pr<dicted. Obviously, components of frequency spéctra that are 

near 300 Hz should be avoided. 

• 
c. Seryocontrol Software 

ALI the communication required, between the operator and the.1rtstrument 

ls carrj"ed out by ronning compiled MTS BASIC programs. Thé data 

acquisition and servocontrol systems form one integrated package. A 

complete description of this package ls contained ln the MTS BASIC user 

~ manuals. Us~rs of MTS systems may flnd useful the subroutines included ln 

the programs given below. Sufflce it to say that the slidl~g plate can be 

caused to move in a prograœmed fashlon with specially designed statements 

Incorporated into the MTS BASIC language. 

, 
3. Data Acgul~ltl?n • 

-- .. 
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ae Heasurement Hardware 
• 

• 
Before installing the digital data acquisition system, two other modes 

of data acquisiti~ vere tri~d. In preliminary vork analog devices vere 

'used to record sh~ar stress and strain in oscillatory shear tests. These 

vere recorded as loops, by making polaroid photographs of the display.of a 

-storage oscilloscope set to operate in X-Y ~de. Ana~og methods, 

previously described by Tee,551 vere also use~~erate a signal 

1 
proportional to the shear rate so that st~ss-strain rate 

recorded in real time. , 

".. 
loops, çould be 

These analog acquisition m~thods were later replaced by a digital 

" , stoiage scope* interfaced vith an IBM personal computer. This method was 

• 
, 

particularly helpful for tests requiring very high speed data acquisit~, 

,such as the free beam mechanlcal damplng faltor measurements discussed ~ 

the section on shear stress transducer design, The software used to 

transfer data from the Tektron1x d~gital storage scope to the personal 
.... 

computer has been described by Patel. 552 For aIl rheologica~ testing) data 

" 
acquisition VaS accompli shed using the Integrated data acquLsition boards 

installed in 'the HIS servohydraulic system. 

c 
(1) Digital Versus Ana10g Hetbods 

• 

sc~e is 

• 
*The time constant for this t;.oughly 1:'" ps, , 

" .. 
• 

, 
, .... -' -

---
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A comparison of the pros a~d cons of each approach to data acquisition· 

'-. --is in order. Uslng analog m~thods it vas difficult to obtain an 

oscillograph because mucj(time vas lost trying to center the loop on the 

analog scope before a photograph could be taken. However, 'analog methods 

provide the experimenter wlth an Immediate pict~re or the state of his 

saœple This can be an invaluable guide to the instrument developer who 

wishes to detect the source ~f problems with the rheometer. For bis tance, • 
the onset of melt fracture can be detected at a glance by observing the 

1 

scope output . 

This being said, (he best long term record of experimental work is 

provided through digital recordings. For instance, the importance of a , 
design change in the rheometer can be quantitatively recorded for future 

reference. The comparison of oscillographs is a tedious process, which 

does not lend itself to efficient communications between coworkers. Hence,' 

the process of instrument development was greatly accelerated by the 

addition of digital methods. , 

Finally, it will be seen that the addition of the PDP·ll data ' 

acquisition system, which permits high speed discrete Fouri~nsforms of 
> 

collected data, greatly accelerated the developmeQt pro gram. 
, 

b, Heasurement Software 
-(1 

The integrated digital data acquisition package for the rheometer uses 

\> • 
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* . ** the RT-II operatlng system, which supports the HIS BASIC lan~ge. This . - -
computer language is designed expressly for the aaterials scientist and 

will particularly benefit those needing flexibility in flow history 

selection. 553 ,554 The lan~e includes statements that activate the 

built-in acquisition boards, allowing simuitaneous four-channel sampling at 

rates up to 1000 Hz. 

E. Hoy to Design a Shear Stress Transdu~er 

1. Operat!ng Princip1e 

\ 

The transducer, designed especially for measuring shear stress in molten 

plastics, is an active, positive-displacement probe, which is f1ush-mounted 

in the stationary plate of the rheometer. The shear stress acting on the 

free end of the beam causes lateral beam deflection which, ~h~n the 

transducer is properly designed, is proportional to the shear stress. To 
1 

ob tain a good dynamic response, the free end deflection must be much 
, 

smaller than the gap between the active fac~ and the housing. Beam length 

and diameter can,be varied to allow for different ranges of shear stress 
. ' 

from a single transducer. The 10wer limit for the shear stress range is 

dictated by the proximeter noise level. 

2. pynamic Beam Deflection Measurement 

. *A product bf the Digital Equipment Corp. , 

**A product of the MIS Systems Corp. 
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\ 

As was seeh in the general review of shear stres~ transducers,.there ls 

more than one way to convert a shear stress~ an output vo~ge. Although 

the method of measuring beam deflection was pursued in the present work, 

other method~ that app~ equally promislng for high tempe rature work were 

a1so consldered These*include mounting a smal1 piezoel~c load ce1155~ 

or a piezoelectric accelerometer on the cantilever. 556 

1 
a Proxirneter Noise Level 

( 

The two most important criteria for proximater selection are heat 

resistance ad? background noise level.* With a maximum free end deflection 

of 4~1. we require a measuring range df about·.l mil at ~he proximeter. 

normally at the cantilever midpoint. With this displacement magnitude one 

requires a noise level ~f about .001 mil so that displacements can be 

clearly measured Several commercial proximeter systems were considered 

including those based on inductance, eddy current, magne tic reluctance and .. 
capacitance.557.558 .. 

However. despite being available ~ heat resistant 

configurations, neither inductance, nor eddy current, nor magne tic 

reluctanbe based systems met the noise requirement. 

, 
lt will be seen that the dynamic,response of th~ transducer is largely 

detérmined by the effect of the squeezing flow of th~ polymer that 

sur rounds the free end of the beam. When the beam deflects, this polymer 

*Sy noise we me an the root me~ square value of ~ll 
components. Renee. it may be broadband or otherwise • . . " 

,. 

spurious 

• 
" 

, 
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t , , 

ls stretched, sheared or squeezed depending Its position around the free 

" • 
en.!, Soong has given a first approximation to the effe~ of squeezing o~ .. 
thé transducer response fCf a pow~r-law f1uid~S9 lt was assumed that of 

the three =odes, squeezing c~ed the =ost damping, so only this =ode was 

anaIyzed, The dyna=ic response of the transducer improves with increasing 

bea= stlffness, which is Ii=ited by the proxi=eter resolution. 

, 
b, Heat resistance 

• 
• 

Since the rheometer is enclosed in an oven, the m~od of l.ocal shear 

stress transduction must perform weIl at high temperature. Piezoelectric 

aecelerometers and load ce"lls, optical and eapacitance proxillleters can a11, 

, " rn principle, meet ~he noise levei requirement with sufficient heat 

resistance. 560 ,S61 Hovever, the capacitance systems are commercially 

available and can be used at tempe ratures up to 600oF.592 

c, Optical Probes 

, 

The optical probe used in ptêlim1nary work on the raom temperature 
f 

prototype has transmitting and receiving fiber bundles. 563 ,5?4 When the . , 
end of the fiber qundle Is 'l\ear the reflecti ve surface, transllitt~ng fibers 

1 .. • 
project Iight onto the mirrored cantilever surface, and receiving fibers 

, . , 

return reflected light to a photosensor. 
'- .; 

Receiver 11~uminatlon end 

, 

instrument output are linear vith pro~imity over a lillited range, and the 

dyn~c response of such systems ls extremely g09d.565,566 ·A =ode1 KD-100. 

Fotonie Sensor system, manufactured by MECHANICAL TECHNOLOGY I~C. was used 

• 
( 

, ' . 

, . ' 
.. . 

'-.. • 
• 

• 
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1 
The fLber bu~léS are embedded 

, . 
• 

j , 

r: " 
. * with a hemisph~cal probe configuration. , 

in a polymer matrix tha~ ls not heat resistant. 

resistant e~~an be substituted 

methods remain developmental,567 

for the "suaI 

In principle, a heat __ f 
polymer matrix, but such ~ 

d, Capacitance Proximetry 
• 

• , 
The use of capacitance.displacement measurement 15 advised for high 

. / ~.. ** 
temperature shear,stress transducer applications lts time responsa Ls 

, . 
adequate for measutirg nonlinear viscoelastis properties, it ls a proven 

off-the-shelf technique, and it has been used successfully at 600~F.568 
../ ~~. . , 

This method is insensitlve to ~~rature because the dielectric constant 

• of air ls sensibly constant over a wi~e tempera~re range,S69 

There are several capacitanc~ proxlmeter system:Jsold commercially. , 

Their calibrationi may or may not depend on offset distance, an important 

practical consideration. 
• • • 

" 
(1) Offset pepeqdent~Çalibrations 

The offset distance, also called stand-of( dLstance, is the separation 
, , ' 

/ 

between the capac~tance probe a,1d the target sur;ace with the target, 

*Early wor~ found little success with the model KD-45, a first 
~ generatioo Fotonic sensor, where calibration drift and bac~ground noIse 
/' made Its use difficult. 

'. 

** ' A. The advice of Hr.'~urtis Kissinger, Applications Engineer, 
HECHANICAL TECHNOLOGY INC., Latham N.Y. ls gratefully acknowledged. 

. " 
, 

• 

• 

.. 

• 
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surface in the undef1ected position. Some instruments require 

reéalibration whenever the offset distance is changed. The advantage of 

such systems is that the PFobe range also changes with offset. Hence, 

these systems have a continuously adj us table noise level and measurement 

range vith a single probe. Th~ disadvantage of such systems is that they 

require recalibration with even a slight change in offset distance • 

. 
In one such circuit t4e measured capacitance môdulates the circ~it's 

electrical resonant frequencY. A trequency-to-voltage converter, co~pled 

with a linearizing circuit, allows accurate proximetry with an excellent 

dynamic response,570,571 UnfDrtunarely, the linearizing adjustments are ~ 

also offset-dependent. which requires frequent, time-consuming 

recalibration,* Frequency modulation based systems have excellent 

frequency response and ~w noise levels, but available commercial models 

are susceptible to ba~ine drift caused by stray capacitances. Probes for 

such systems must be fabricated for'individual applications as they are not 

currently sold commercially. , 

Anothe~offset-dependent system uses a DC voltage across the gap for 

po1arlzation. Th~ gap forms part of a DC circuit, that provide a ~01tage 
• proportional to displacement, Again, the sensitivity of the probe depends 

on offset: and this ~quire~Fecalibration with every change in 

offset. 572 ,573,574,575 
• 

• 1 

*Note that with a digital approach to data collection, the problem of 
linearizing c8n be eliminated by performlng it.lat.r during data 
processing,. Hence, a voltage versus offset curve éould be used to obviate 
the need for recalibration with such systems. 

• 
, 

, 

, 

• 
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, ' 
. " 

• 

.. 

• 

~ 

• t .. 
\ 

Severa! sy$~eœs have been used that provide offset indepen?ent 
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sensitivity. Such systems do not require recalibration after a change in 
, . 

offset, which saves considerable operating time. Offset independence is 

achieved using 

probe. 576.577 

a guard field around the active face 
~ 

The guard field keeps the electrical 

of the 'capacitanc~_ ,. ,,' 
field 1inear at the 

• 
active face so that the càpacitance has its theoretical value: • 

'C - De A/D , 

• 
(166) 

where De is the dielectric constant of air, A is the effective area. and D 

ls the distance between the probe and target surface. This guard she~th 
; 

ex tends aIl the way back to the amplifier* providing a shield against stray 

capacitance effects. 578 ,579.580,581.582.583.S84 An amplitude modu1ated 

circuit is used Along with a subtractor circuit to remove offset voltage so 

• that D is proporti~nal to instrument output over a wide range of offset 
-.,. 

positions.S8S,586,S87 The sensitivity of such a system is changed by.using 

probes with different effective areas. 

The specific ~ystem used herein is sold under the commercial name 

'Accumeasure-1000.**.*** The system's front panel is shown in.Figure 32. 

*See probe to cable connection in Figure 140. 

**A product'~f KTI Instruments lnc., Lat~am, N.Y. , 
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IWo probes were used, models ASP-5HT and ASP-IHT, which have ranges of l' 

and 5 mil respectively. These probes incorporate a special heat resistant 

epôXy used for the electrode-guard ~ing spacer. 588 This ring of epoxy is 

" 
visible around the small circular active area at the probe ti~. Figure 33 

• 
shows the tapered probe tip, also visible in Figu~.3~ This conflguration 

ls used for probes with ranges under 5 mil, because probe posltlonlng Is 

dHficult wi)en the probe is not tapered. 589 ,* The method of adjustment of 

the probe stand off distance, is 1l1ust):'ated in Figure 139. 

.. 
e" Ql1t!cs Ve.;:su~ Callac i ta!lc~ . 

Pre1iminary work perm~tted a direct comparison of a capacitance 

proximeter with the previous1y used optica1 sensor at room temperature. 

• • The results of this comparison are shown in Figure 35 for a static 

calibration sequence. A dimensioned drawing of the capacitance probe 

mounting fixture designed especia1ly for this test is shown in Figure 36. 

Both prob~s were moun"d opposite one another for the comparison. Here, a 

non-tapered model ASP-2 capacitance probe is coœpared with the optical 

probe described Aboye. 

1 . 
Lower noise 1eve1s detected with the capacitance probe. Furthermore, 

-. .. 
• the optical method suffered from an annoying drift in both baseline and 

***The 
Accumeasure 
10-5 sec. 

manufacturer's sp~cification for the 
system is 5 kHz at -3dB. This gives 
• 

frequency response of the 
a time constant of 3.2 x 

• 

*As of 1987, aIl commercial probes are supplled with tapered tips. 
1 

• 

• 
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sensitivity, which required that recalibration be perfomed even be.tween 

measurements. Furthermore, for the capacitance'sls~em, no measurable drift 

in capacitance probe sensitivity or baseline was observed over the trial 

period of two weeks. • • 

• 

3. Cantilever Design 

The design of a cantilever for dre shear'stress transducer seems simple 

at !irst glanee A good working beam howev~r is designed around several 

contending criteria. 

a, Bearn Stiffness 

(1) tateral 

These are explained below. 
• 

, 
The most important.equation for cantilever ~esign is the relation giving 

the laterai deflection eaused by a lâteral force, P This ls the basis for 

the ope.ration of the transducer. Here, the 'lateral"deflectloIl', 6, is taken 

in the l direction and the beam axi~ i8 in the 2 direction'. Letting x2 be 

the distance fro~'the beam's fixed end, a force balance on tQe beam 

gives: 590 

6 PX22 (3a:xz)/6EI" 0<x2<a (167) , 
( 

and .. " \ 

~ 
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/ 

-(168) 
; 

where P is the lateral load applied at x2-a, E is the tensile modulus, L lS 
#lia 

the beam length, and l 1S the moment of inerti8. For'p beam of circular • 

cross· section the Itoœent of wertia about "1 is 1-"D4/64 The new 

calibration 'procedure. descnbed in the r.e'.t chapter, makes use oi (167) 

and (168) However. the ~orking transducer has the appiled load at x2-ù so 

that 

(169) 

-
gi'!es the deflect10P ca'Jsed by the shear stress acting at the iree end, 

~ote that (169) surrarizes 'the operatlng principle of the shear stress 

transducer Potentlal causes for deviation froc this Ideal deflection ~re 

discussed belo,", 
• 

A rule of th~b for transducer deSIgn ts to limit the free end , 
~flection to one half the gap between the housing and the beam at the free 

end For an 8 ",il gap, a tolerance acceptable to the machinist, free end. 

deflection is limited to 4 mil ~ith the beam length chosen to be 7 cm and 

the free end area chosen as I sq cm., a design plot of beam diameter versus 

shear stress rango can be constructed Shown in Figure 37, 'dlfferent 1leam 

diameters can then be chosen for the desired shear stress ranges, Three 

beams were fabricated for the new shear stress transducer, with ranges of 

1.2, .6 and .1~Pa 

• 

1 

, 

, 
< 
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(2) Longitudinal 

The normal stress differences arising in viscoelastic materials in 

simple shear can cause-deviations from (169) if longitudinal stiffness is 

sufficiently low. When there is no lateral force on the beam~ there will 

• be no lateral deflection caused by a normal thrust acting on the beam's 

free end. However, whe~ the beam is laterally defl~ted, an addii'onal 

deflection is caused by normal thrust. 

A first approximation to the additional deflection caused by the normal 
• 

force, N, is: 591 

(170) 

and the fractlona1 error induced by this deflect10n 1s: 

~ 

K • NjEA. 

(171) 

• 

(172) 

Hence, the case when P-O is a 5ingularlty and the fractional error caused 

by the normal 10ad 15 independent of P for aIl pther lo~ds. Evaluatlng 

(171) at ~2-~L gives: < 

• 

~. 
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, 2 ·3 
( - -1.8 K -0.6 K + 0.2 K (173a) 
~ 

Figures 38a-38c can be us~d for graphieal est~mation of this errot when the 

displaeement probe is at the beam midpoint: 
" 

Recall that (170) i~ only an estimate of the normal thrust error. A 

; more complicated analytical solution for the case of combined lateral and 

normal loads at the cantilever's fr~e end 1s: 592 ,593,594 

• 

3 
S - PL f3EI {1 + .4Q + (17Q'f105)] for Q ( .53 , (173b) 

whére Q • NL'fEI. This is useful for chec~ng the accuracy of (170). 

» "' 
(3) Torsional 

As was di~cussed unde~.basic concepts, fluids are ass~ed tb exhibit no 

stress couples. For fluids that do exhibit stress couples,595 an 

additional deflection will result from the moment, K, acting on the 

cantilever's free end. 

• 

The moment, K, causes later~l deflection, S, and, in the absence of 

other loads: 596 

(174) 

, 

.. 

., 
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The case of combined lateral load with free end moment has not been 

studied. Perhaps (174) ço~ld be used as the basis for a special transducer 

for verif~lng the assumed absence of stress couples. 

b. Nonuniform Beams 

Beam stiffness depends primarily on the stiffness near the fixed end. 

Hence, much machining time can be saved by simply varying the thickness of 

the top half of the beam for ~arying shear stress range. This is 

especially true for thin beams, which have a strong tendency to buckle on 

the lathe. The shapes of the thre~ beams used for the new transducer can 

be seen in Figure 34. Of cours:, when the bott?m half of the cantllever is 

thick, it is slightly softer than the straight beam predictions of (167)

(169). 'The latera1 deflection of the top section for the latera1 force, P, 

actIng at the free end ls: 

3 2 
S - PL1/3EI1 ,+ P~Ll/2EI l, 

.'1 
(175) 

• 

Also, the laterai deflection at~e'free end for a lateral force acting at 

• 
L1 ls: 

• 

J ., 
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3 3 2 '2 
S - PL2/3El2 + P/El1 (Ll/3 + L2Ll + L2Ll/2l, 

.' 

(176) 
• 

where Ll ls the 1ength of the beam's top sectIon and L2 ls the 1ength Its 

lower sectIon. On1y the dlameter of the to~ half of the beam ~eed be 

changed to alter transducer sensitivity. the deflect~Qn given by (176) 

cannot exceed the gap between the housing and the beam's free end, which ls 
~l 

8 mIl. 

c, Calibration Stiffness 

If the proximeter i5 located near x2 - LI, where the top and bottom 

sections meet, then the deflection at the proximet~r is. given by (175). 

Furthermore, if the calibration ho ok is located opposite the proximeter, 

then the deflection caused by the calibration weight, Pcal, ls: 

(177) 

Setting (175) equal to (177) relates the calibration weight to the free end 

force that wopld cause an equal deflection. Menee, the ratIo of equivalent 

she;r~tress to the calibration weight, ueq/Pcal, ls: 

(17~) 

/ 
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where Aaf lS ~he area of the transducer's active face. This is the working 
' .. ", 

relation for transducer calibration. Hence, so long as the proximeter is 

located at the shoulder between top and bottcm sections, at x2-Ll, the 

relation between equl.'valent shear stress and calibration weight is a slmple 

one For a circular beam: 

(179) 

where Daf is the actlve face,dlameter 

,d Resonant Freguencie~ 

Resonant frequencles ln roechanical systems pose a theoretical Iimit on 

the frequency content of their forced motion, The classic examples of 

parts shattering and brIdges collaps1ng come to m1nd For shear stress 

transducer cantIlevers, however, the squeezing flow at the free end adds , 

enough VISCOUS damplng to eliminate beam resonant frequency effects, whith 

are clearly observable on a dry transducer Measurements above or below 

these resonant frequenc1es are equally feasible. lt lS only when a 

frequency component approaches a resonant frequency that a theoreticai 

problem anses Although measurements near the resonant frequèncy of the 
\ - ... _~ 

cantilever and lts nearest subharmonies are to be avoided, in practice. 

eransducer errors rarely arise from such effe,cts. 

• 
• 

(l) Lateral , 

, 
, , 
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• 
A cantilever can resor-ate laterally at several frequencies. In fact, in 

princ~ple; there 1s an infini te set of lateral frequencies for l.terâl 
~., .. 

resonance. An accurate estimate of· these frequencie'1 is: . ... 

.(180) 

wh~re p 1s an element of the set of positlve roots of· 597 ,598 '. 
cos~ pL cos pL - .-1 (181) 

• 

The flrst seven lateral ~odes for beam resonance are pL - 1 6, 4.7, 7.8, 
! • ,'-

11 0,,,14 l ~nd 17 3 A deslgn plot is caslly constructed with wr for !.~ 

partlcular ~eall' lcngth versus the dl8ll'eter of the stralght beam. Flgures 

39a-39b are plots used in the design of the new transducer lt includes 

1· the first f1ur modes of laterai resonance Note that (180) lS approxi~ate 

and Hs acc1racy 

analysis 59~ 

has been demonstrated using a more accurate numerical 

(a) 

1 

E>.perimeltal 

, 

DeterminaWon 

The first; lateral mode resonant frequency of the transducer cantilevef 

i8 readily measured with a time domain sampling of beam deflection with the 

beam in free oscillation. This is best accomplish$d using a digital 

oscillôscope in' triggering mode for displacement measurement. Free 

oscillation is easily induced by suddenly releasing an applied load from~ 

, 
0, f \ 

1 
• 

-1 , 
~ .... 

• 
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the transducer éalibration hook.* For an initial displacement di, an 

-underdamped second order system will re~pond with an oscillation of 

<
.decteas~ng amplitude accord;ng .(:.\ 

or' 

djKdi - -exp.(;~wnt)/J(1-~2) sin (J(1.~2) wnt + $) + l 

(182) 
•• , 

1 
where 

• 
(183) 

From (182) it can be shown that a ~ot of the ~ogarithm of half-wave 

rectified (HWR) displacem;nt against time will be.a straight line of slope. 

• '~wn' ~igure 40a is a typical displacement response ~o the step input 

showin~damped free oscillation. Figure 40b shows that by expanding the 

time sc ale the mode 1 resonant freq~ency can be measured. The log plot of 

HWR displacement, shown in Figure 40c, is 1inear 50 the c1ean transducer 

has second order frequency 

The mode 1 prediction, 

respon~e. >r,t! ,. .. ..,; ,. , .. 
. ~"'J' . ~ 

'W,-A t .. 
provlded D' (180) ls 1510 Hz, which Agrees we11 

with the beam #1 determination. Also, the resonant frequencies for 

nonunlform beams are more difficu1t to predict from first princip1es. 

.*Very sudden release can be achieved'by snippinz a piece of fishing 
line support!ng the weight suspended from the oa1ibration hook. 

: 

, 
l !I, 



... 

,'l 

• 

• -tt 

( 

• , 
; ''f' • . 

• " 

Tabl~3, Beam Resonant Frequency 
Determinations 

Béarn # L cm. ..,l<1~ ..!!?n.....!iL 

1 7,00 L 1440 
2 7 00 3 50 730 r 

3 7 00 3:50 46 
.,J 

" 

J, 
• 1 

, ' 
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-.!l.-. 

00175 
,00172 
00127 

" 

Figu~e 48 sho.s the second order phase errors calculated for beams #1 

and #2 
.. 

Figure ~9 shows the second order phase.error curve c~culated for 
• 

• 
beam #3 For beam!3 the re~onant frequency of the beam appears in the 

c ... pected rreaSutérrent range for tha rheometer Bearn #3 cannot be used for 

Ireasurerren;s with frequenc~es ha,momcally related to 46 Hz 

(2) Lone'tud,nal 

.., -

• • 

A cantilever can also resonate longitudinally, In principl~, chis could. 

be caused by the oscillating component of normal thrust due to the f~~st 
~ ~ 

normal st,ess dlfference The Infinite set of longitudinal resonant 

fre'querral'es for a cantilever 1s,600 

Wn - m j(Eg/~)/2L, m-l,3,5" (184) 
• 

~ 

where ~ ~s beam density\ g 1S toe acc~leration due to gravit y , E is Young's 
• • 

modulus and L l~beam length. For the beams used fOr shear stress .. 
• • 

\ 

" 
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transducers, these resonant frequenc!es are usual1y much hlgher than those 
~ 

for transver~e mode resonance. For instance, for beam ~1, (184) predicts a 

mode 11ongltud!nal resonance a~ 5800 Hz. 
'. 

e. Conflgu;ation of Free End , / • 
/ 

In addition to increasing beam stiffness, a further improvement 'can be 

made 'to the dynamic response of a shear stres~ transducer by sharpening the 
, 

edg~ at the free end of the beam 601 

th~ polymer in the beamjhousing gap, 

This minimizes the squeezing flow in(. 

This improvement can be large for , . 
soft be~, but ls less important for stiffer systems. The sharpened edge 

is visible on the three beams shown in Figure 34. The concentricity of the 

free'end in the circular orifice in the h~using ls malntained by an 

alignment pin which fits tightly in a circular hole drilled through the 
• f 

threads on the fixed ~nd of the cantilever. Views of the fixed and.free 

ends of the cantilever are shown in Figures 136 and 138 for the assembled 

transducer. 

f. BuckliPg Criterion 

When working w1th thin ~eams, one must also guard agalnst buckllng. A 

Qlntilever will buck1e when the normal force on the beam exceeds. 602 

, 
, , 

(185) 

• 

> 

• 

• 
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• 
Fo~e beams used in' the new shear stress transducertPcr i5 never 

~ 
exceeded. 

•• • 
-' • 

4 New Method di Static Calibration 
1 

• 
Shear stress transducer calibration 1S not to be éonfused with 

proximeter calibrdtion. Pro~imeter calibràtion is the measurement of 
,. ~ 

signal output per unit cantilever displace~nt. Shear,stress transducer 
~ 

calibration 1S slgnal output per unlt shear stress acting on the active' 
, . 

fac< Methods pr.-nously reported for shear 

are ~l static calibration techniq'les They 

stress transducers callbratlon 

inclu~e introducing a known , . 
deflectlon to the beam by s~ending weights from. and orthogonal to, the 

..,. 
acUve face. 603,604, 60S,. 606 There are two maIn drawbacks ~is approach 

Firstly, one rrust bond a ho ok to the active face. This ta~s considerable' 
, 

tl~< and can be accorrpllshed nelther at high ~emperature nor with a spmple . . 
in the rheorreter Although the method does permlt calibration of the shear 

stress (ransduter. lt is lnconvenlent and tiroe consuming. Secondly, 

obtaining good bonding to the active face is difficult. 

An equally tedlous technique for calibrat1ng the shear stress transducer 

would be us1ng a fruid of known viscosity. This method must ultimatèly be 

used but lS ~ot use fuI for day to day calibration checks . 

A new calibration"method was devised that perm~ts the calibration of the, 

shear stress transducer in seconds with or without the samp~e in place and 

• at the ternperature under study. Theobenefits of such a technique ~e ... 

" 
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. 

sl~if1cant since IIOst rheo~eters, Inc1uding cone-p1ate rheolleters, require 

the calibratio~ of the' stress cell wrth the sample removed from the unit 

and the fixture at ~oom temperature. Such an approach does not permit 

quick checks of the calibration, say between tests on the SSlle sample, and 

requires that one assume that the calibration observed vith the fixture at 
• 

room temperature ls the sSlle as that at the test temperature. When the 

transducer is ftse~f temperature sensitive, this assumption is 

.unsatisfactory. 

Figure 41 shov~ the threaded end of a special ho ok whieh is passed 
'. / 

through a port in the housing and threaded in a small hole in the 

cantilever. Such a modification a110ws weights to be hung directly from , 

the cantilever'beam with or without the sample in place and at the 
~~ • ta 

temperature of interest. Furthermore, the 1inearity of the calibration can 

also be quickly checked ~y sequentially hanging a series of diff~nt . ' . 
~ . 

weights on the beam and p10ttlng transducer output versus equivale~ shea~ 

s-tress. Figure 42 shows the dead-.pan assemb1y that extends belov the oven 
~ 

50 that the lead veights can easiJy be added from outside the oven. When 
\. 

• 
the rheome~er 15 suspended from a load cell, the load ce Il can be , 
cal~brated simultaneousry. Finally, sinee the method is readily amenable 

_co automation, the r~ometer can, in principle, be made self-calibrating. 
• 

2.-Tecbniques for Dynamic Calibration 

The importance of dynamic calibration has.been discussed under 

• 
princip le" of dyn8lli~ lIeasureme~: Dyn8111c calibration of the shear stre~s 

1 
. . 
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transducer 15 accompllshed by app1ying a known dynamic transverse ioad to 

the beam and recoiOIrijftlle transducer res~~' When an oscil1ating force 

is used, the frequency response of the transducer is the phase 1ag and 

Attenuation obse~d for each frequency. The stress amplitude dependence 

of. the transducer's dynamic response can a1so be aeasured in this way by 

varying force amplitude. For dynamic calibration one needs a dynamlc force 
• 

sourcea 

• 

The MTS piston\ otheNise unused during calibration procedures, i5 

potentially a good d~ic force source. Speclfically, a spring can be 
, 

coupled between the t.ansducer calibration hook and the piston. A special , 
, 

coupling. s~wn in Figure 137, was fabrlcated to tasten ~e spring to the 

pi~ton and to align it with a ~mall hole in the oven bottom. When the 

sprlng i5 properly selected, the piston motion causes a lateral force on 

the cantilever equal to the product of the 5pting constant and spring , 

extension The piston dlsplacement should be large relative to the induced 

cantilever deflection 

11 
Resonant frequencies of the spring m~ spring selection difficult, but 

when a ~ood coœbination of spring and cantilever are found, good c1ean 

dynaœic calibrations can be carried out. These tests can be carried out , . 
with mo1ten plastic in the gap at the active face of the cantilever. The 

t • 
transducer response in the actuel test condition can thérefore be measured . 

Polymer must not contact the moving plate durlng dynaœic calibration. 

F, Total force Heasurement . 

• , 

• 

( 
'~ 
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The single most important result of this reaearch ia the experimental 

comparison of total foree with local shear stress. lt is this cOŒparison 

that establiahes the importance of the free boundary errors, the priaary 
. 

raison d'être for the development of the shear stress transducer. 

The rheometer was suspended from an MTS load~ell* positioned. on the top 
-1 

side of the oven. 607 A long connecting rod was coupl~ to the center of , 
the load cell, so that the coupling for the moving plate was aligned with 

{the piston. There are three important sources of error associated with the 

Ioad celi. Firstly. load celi compliance Causes the stati~nary rheometer 

assembly to move. The resuiting&ïnertiai forces sU9tract from the force 

the celi is inte~ded to measure. Secondly, this motion causes a slight 

error in the shear strain measured by the LVDT. Thirdly, bearing friction 

causes noise in the load cell output, a problem typically encountered with 

traditional sliding plate ~heometers. 

l, Lead Cell Compliapce • 

• 

The force exerted by the fluid on the stationary plate, F, is. 

(186) 

1 

!Hode1 No. 661.198·02. 

.. 
• 

• 
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( • 
where Fm 15 the measu~ed force and Fl 15 the Inertial force. Hence. the 

fractionsl error in the measured load is .•• ~1/F. 

a. Slnusol4al Load 

Considér a cos1nu501dal 
\ compone nt of force exerted by the fluld on the 

stationary plate. 

F - Fo cos Olt • (187) 
• 

The lnert1al force ~s' 

c Fi - ·m dv/dt - ·m d'p/dt' (188) 

where v 1s veloc1ty of the statlonary plate assembly, p ls its position and 

m is its ma5S. Furthermore, 

p - !CF , (189) 

where K i5 the load cell compl1ance, the deflectlon per unit app11ed force . 

Hence. • .. 
il 

(190) 

The fractions1 error in measured 10ad i5: 

c 
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(191) 

For the new rheomete. the stationary assembly ~eigh~ roughly 35 Kg and for 

the HIS 10ad cell, K - .005 mm/kN. For the new rheometer, 

... 
< - (209psec'w)' (192) 

A 100 Hz component of force will be attenuated by 2% and, when there i5 no 

mechanical damping in the load cell, compliance causes no phase error in 

measured load. • 

Furthermore, from (189) we see that the dlsplacement of the stationary 

plate ls, 

d - do. cos wt - KFo cos wt , (193) 

When d is significant relative to D, an error results in the lmposed .. 
. shear strain, sinee it is inferred from thé position of the moving piston 

recorded with the LVDT. For a cosinusoidal di~placement or the moving 

piston: 
• 

D - Do cos (wt-ô) . 

The relative plat~ displacement 18: 

D-d - Do cos (wt-ô) - KFo cos wt , 

, 

(194) 

(195) 

-
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which reduces to: 

D-d - Q cos (wt-P) , (196) 

where 

(197) 

and 

tan 5 
P • - arctan (198) 

KFo 
1 

Do 
>, 

cos 5 

Hence, 10ad cel1 compliance causes errors in both the amplitude and phase 

of imposed,straln. By inspecting (197) and (198) ve see that these errors 

become unimportant when KFo « Do cos S. This provides a handy criterion 

for compliance error but correction for this error is nontrivial. 608 

Compliance phase error becomes important as 6 approaches ~/2, whieh Is the 

case for Nevtonian fluids. When the force contains higher harmonies, the 

iœposed shear strain will also contain spurious higher harmonics. 

Fortunately, force àœplitudes observed for molten plastic. in the nev 
';0 

rhe~~eter are generally below 100, N, so compliance error does not affect 

• 
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imposed strain amplitude ln 1I0St tests. Furthermore', since phase lags 

approaching ~/2 are rarely observed for 1I01ten plast~s complian'ce phase 
• 1 

error 1s neg11gible for 1I0st tests performed on the new rheometer. 

" 
2, Bearing Friction 

Although bearing friction has traditionally been a problem in load cell 

based sliding plate systems, the SCHNEEBERGER linear bearing table produces 

l~ttle friction. Bearing friction for a prescribed plate displacement can 

be measured with no sample in the rheometer. For instance, an amplitude 

spectrum of the load due to friction during an oscillatory plate 

displacement is shown in Figure 43 Several harmonies of the drivirig 

frequency, l Hz in this case, cao be distinguished. The ~ce of friction 
• 

is usually below .5 N, which is normally negligible • This is a large 

• improvement over what has be~n previously~reported. This serendipitous 

result permits an excellent comparison of shear stress apparent from the 

total force with that measured with the shear stress transducer. 
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• 

V. ANALYllNG OSCILLATORY SHEAR TEST RESULTS 

" Oeciding how best to ana1yze non!inear vlscoelastlc properties ls not an 

easy task. Although many methods have been used to analyze non1inear 
.~ 

viscoe1astic property measurements. only a few methods are for ana1yzing 

,large deviations from linearity such as those which the new rheometer is 

intended to measure. lt is argued here that the best method for analyzing 

viscoelastic properties is the use of the discrete Fourier transform (OFT). 

A. Spectrat Analysis and the DFI 

\ 

Volumes can be written on uses for discrete Fourjer transforms609.610 
• 

and a complete discussion of this subject is weIl beyond the scope of the 

present work. The uninitiated are epcouraged to consult the recent text by 
< 

Ramirez (1985) which explains how to use the OFT with a minimum of 

mathematical drudgery,611.612 

1. Ybat 15 a Freguency Spectrum? 

'Nonperiodic functions can be approximated with Fourier series: 

, 

• 

\ 

• 
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x(t)' - . lim , r X(nfo) exp (j2~nfot) Af 
Af~O n--~ 

where X(nfo) represents the frequency spectrum of x(t), 

X(nfo) ~s called a spectral component or spectral line, 

• 
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(199) 

Each clement of 
t 

Obvio~sly. from 

(199), the frequency spectrum of a nonperiodic function consists of an 

~nfinite set of spectral lines Furthermore, X(nfo) can be resolved into 
~ 

real and i~aginary parts 

X(nfo ) œ Re [X(nfo)j + J lm [X(nfo)] (200) 

and from these parts the amplitude and phase spectra can be computed. 

A(nfo) - ~Re[X(nfo)])2 + (Im[X(nfo»)):) (201) 

and 

, 

6(nfo) e arctan (Im!X(nfo)}/Re[X(nfo»)1 (202) 

These frequency spectra are important ehperimenta1 tools. They a110w time 

dornaln results to be analyzed ln the frequency domain, in terms of thcir 

spectral components, 

When an ana1yt1eal expression for x(t) 1s known, an analytica1 

expression for X(nfo) can often be obtained by carrying out the 

Integration: 
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X(f)· t.. . x(t) 

/ 

exp (- j 2"ft) dt , (203) 

where j • j-1, f is the frequenc~, and X is a continuous function of f. 

X(f) is called the fréquency spectrum of x(t). The Integral in (203) is 

called the Fourier transform of the continuous,function x(t) and 

J~~ Ix(t)ldt < ~ , 
• 

(204) 

i~~ondition for the existence of X(f). 

There is no analytical expression for the Fourier transform of a 

periodic function. Furthermore, the Fourier transform is only useful for 

frequency domain analysis when an analytical expression for x(t) is known. 

Viscoelastic property measurements are normally obtained a~ time series 

rather than analytical expressions . 

• 
2, ghat'is a Time Series? 

Experimental data can be collected'either continuous1y, o~ as a set of 

discrete values. So far, we haye tal~ed about the continuous function 

x(t) Chart recorders and ana log storage oscilloscopes are devices that 

collect data continuously. Digital data acquisition, on the other hand, 

involves collection of a discrete set of values. Ilhen collected 
' . 

• 
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intervals. ât, the time series can be 

repreSe~ted as x(nât}, In layman's terms, a time series 15 a set of 

observations recorded At different times.' 

, 
Wheth~lected ~ontinuously or discret~ly with time, experimental 

data are ~l:.analYZed as time series. For example, chart records can 

be redu~ed to time series by reading values of the measurand ~orresponding 
• 

to positions on the chart·coinciding with prescribed times. 

3. Spectral Analysis of Periodic Functions 

We have seen that the Fourier transfoDJ of a periodic function does not 

existé Peri~dic functions can, however, be repres~nted as sums of discrete 

harmonically related components called a Fourier series. 613 

'" 
x(t) - liT L X(nfo) exp (j2~nf~t) 

n--oo , 

Each element ~f the set X(nfo) 15 called a spectral component of x(t). 

When an analytical expression for x(t) Is known, X(nfo) can be deduced 

analytically using: 

, 

• 

(20S) 
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, 

X(nfo) • 1!T r: x(t) exp (-j2~fot) dt 
"'."", :, ... 

" ' '- '(206).- " 

.. 
• 

Note that (206) can only be used to analyze a time series ~hen the 
• 

analytical expression, x(t), 1s known. 
of 

• 
, , 

,Equation (205) 1s the exponential or recta~gular form for tije Fourier 

" sepi~s, This equation can 8150 be w;{tten in polar form as a ~um oJ 

cosinusoids: 

• 
0)' 

x(O} -
n--co 

Hence, in layman: s terms, a Fourier serj!\)s is s1mply the sum of 

harmonicall~ related cosinusoi~ that best appro~imates a time series, 
• .. 
" 

• 
a, Spectral Freauency Domain 

• 
1 

• 

An alternate approach to the det~rm~on of X(nfo) is the use of ~he 

disctete Fourier transform (DFT) , which is defined by: • 
, 

• • • 

• C 

• 
.' 

• 
.. 

. . 
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. " 

N-l 
J(,j(nfo) - lIN l x(n) j x(n) 

11-0 

... 
(208) .. 

This is easily evaluated using a computer. However, the number of floating 

point operations requrred to obtain J(,j is roughly N2.614 Hence, for large 
• 

N the computing time required to calcula te the OF! can be prohibitive . • , 
The main advantages of Cime series analysis over the OF! approach are 

that (1) an analytical ehpression for the frequenfy spectrum can be 

obtained once x(t) ~ known and, (2) th~lements of the time series necd 
," 

not be equidistant in ti~ The main disadvantages of time series ana1ysls 
\ 

are (1) that a,prop~r ana1ytical expression for x(t) must be chosen a 

priori and (2) that when x(t) contains severai parameters, the statisticai , , 

fit of x(t) with x(nlIt) i5 a 1engthy computat.10n 615 

(1) Fourier !.1mfarly 
, 

" 

• 

,r 

" 

, 
• 

The addition of component8 in t~e time domain, sometimes called~arallel 
• 

superposition, i8 the same as the addition of the rectangular forms for 

ëhese components in the frequency domain, if and only if compo~ent spectra .. 
have a common time base Given two tim~ serle~ havlng coœnon time basos 

, 

\ 

x(t) and y(t) havin~ OF!'s X(f) and Y(f) respectlve1y, x(t)+y(t) transforml , 0 
to X,t)+Y(t). thIs 11 use fuI fqr property Deasur.m.n~ because undosirad 

1 , 
/ . 

, . 
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comp~nents may be easl1y removed from a spectrum when c1ear1y resolved and 

Identlf1ed. 616 

(2) Time Shifting ls Freguencv Modulation 

When x(t) becomes x(t-T) we say that X has been time-shifted by T. If 

x(t) transforms to X(f), then the exponential form for the transform of 
1 

'~ x(t-T) is X(f) exp (-j2~fT). In other words, when x(t) becoœes x(t-T), ~ 

./ 

8(f) becomes S(f)+2~fT. This is used for signal conditioning when a , 
baseline i .. taken prior to measurement so tha:: tts.- ~hase spe~trum is known 

relative to that of the measurement. The basel1~ spectrum c·jn be 

subtracted from the measured spectrum if and only if both time series have. 

the same time base. Spectra-computed for time series with different time 

bases must be properly frequency modulated before the y can be subtracted 

from one another 

• .. 1 •• 

Hence, 'when the phase contents of the baseline error components are 

known, the phase contents of desired components at th~ same frequency can 

be obt~ined by adding 2~fT to 6(f), where T Is the Interval between when 

tliê first elements of the baseline and the measurement time series were. 

collected. 617 

... 
b. The Fast Fo~rier Transform Approximation 

• 

The fast Fourier transform (FFT) is a type of algorithm specially 

designed to clQsely approximate the DfT using only N 10g2 N floatlng point .' 
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, , 

This algorithm makes it possible to evaluate th~ DFT of 

large time seri!s. There are many commércial versions of this special type 

of algorithm. ~ese packages usually require that the time series b~ 

~quidistant in time and often require that the total number of points in 

\the time series be 2 raised to an integer exponent, m. 

, 

.-

Modern signal averaging instruments that are dedicated to digital 
. -

frequency analysis normally incorporate hardware with digital FFT-based 

• programs. Such an approach has occasionally been used fo'r the harmonie 

analysis of shear stress waves for viscoelastic liq~ids in oseiilatory 

shear,619,620 .. 

CI Software for'Spectral Analysis 

Sinee program size de termines the space occupied in random access Œbmory 

(RAM), one likes to keep ~rograms as smaii as possible. Hence, it is 

desirable to keep analysis softw~re separa te from test software. In the 

section on rheometer design, the test programs for oscillatory shear and 
• 

exponential shear were described, These programs generate data files in a 

standa~ized five column format. ThèSè columns are (1) command shear 

serain, (2) load in newtons, (3) shear st~~ in MPa. (4) shea~strain and 

(3) time ln seconds, The standardized file format permits archivaI data to 
" • 

be used and reused with new data analysis programs. This makes it easy to 

analjze old data using new analysis programs.· • 
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The spectral analysls pro gram for the shear stress resulting from 

osci11atory shear ts listed in Appendlx 3. S1milar prograœs for shear 

strain and load are easily obtained by. (1) using the appropriate eolumn 

# in the standar4ized data file as the time series and (2) reriaming 

appropriate axis l~bels in the graphies subroutines. 

, , 
Extensiv< use of sybroutlnes has been made so that the program skeleton 

is contain~d in the flrst page of the list1ng. Students of MTSBASIC should 

.be able ~ follo~ the progra~ ~lth a ~lnlŒuœ of difflculty. Recall that 

the frequency matching subroutin< used at the tlree of data collection 

ensures that the data ~lll be suitabl. for spectral analysis.* 

Operatlons requlred befor. the FFI s,ate~ent lnclude (1) removing the DC 

offset and (2; scallng the ti~e serles fro~ the recorded floating pOlnt 

v-a lues to lntegH values spanmng :!: 216/2 or :!:32767. A corresponding 

unscaling operatlon lS requlred after perforŒlng the FFI to return to the , 
sa~< <ngine<r1ng units as the or1g1nal tiroe serles. The engineering units 

• 
of the Fourier transfor~> X(nfo). are the sa~e as~ose of the time series. 

:,(Mt) 

(1) Fre9u~ncy Hatchipe 

1 

To obtain an accurate frequency spectrum wlth the desired frequency 

range and resolution care must be tàken in choosing the saepllng rate and 

*See section on frequency matching . 

• 
• 
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size of the time se~ies. The process of suiting the time series to the 
~ 

Fourier transform is ca;ted frequency matching and a subroutine for this 

purpose i5 included in the test program listed in Appendix 1. 

• 

For an oscillatory shear. test of frequency fo we expect the shear stress 

response to be a standing wave with spectral lines at odd integer multiple 

frequencies of tqe shear strain, nfo. The expected freque~cies for 

spectral coœponents are nfo. A potential problep with the DFT i5 that, if 

there are spectral lines in the material response between adjacent DFT , 
• • 

components, these can have iqcorrect amplitudes or, when frequency 

resolution is poor, they may not show up in the DFT. Hence, it i8 

desirable to have spectral lines loeated precisely at the principal 

harmonies of the test frequency. However, the sampling rates available on 
• 

a digital ùsta acquisition system are not eontinuously variable. 

Therefore, the sampling rate must be chosen from the discrete set of 

available acquisition frequeneies * 

(a) Select desired test frequency, fD' 

The test ~requency should be chosen to avoid foreseeâble error 

eoœponents inelud1ng the principal harmoryics of 60 Hz and the mechaniea1 

resonant frequencie8 of the rheometer. 

(b) Decide hov~ny higher harmonies Are needed, H. 

* Il The highest samp1ing rate provided for by the digital acqui.ition 
system used in thi. research is 1000 Hz • 

, 
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For large amplitude oscIlla tory shear a value betw~en 8 and 10 ls 

recomœended For small amplitude oscillatory shear a smaller number can be 

used. 

(c) Compute desired Nyqulst frequency, NQo - 3HfO/2. 

Note the safety factor of 3/2 here. Slight computational inaccuracies 

can arise in the upper third of the FFT, hence, the deslred Nyquist 

frequency ls somewhat higher th an the theoretical value. 621 lt is 

advlsable to draw a vertical line on frequency spectra to mark the~er 

thlrd of the spectrum. 

(d) Select total number of points, N. 

Here the total number of points is chosen such that the computer memory 

ls not exceeded and 50 that a practlcable computation tlme will result. 

(e) Compute desired sampling interval: 6tO - l/2NQO. 

Here the desired time between sampllngs ls calculated. The reciprocal 

of this value ls the desired sampling rate. 

(f) Chose available clock speed, 6t, nearest 6tO' 

c . 
• 

';". . ... ," 
1 • 
•• o{.& " 
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chose from a set of 

discrete sampling rates. When the desired sampling interval i. not 

ava1lable, as 1s generally the case, then the value of At wh1ch is nearest 

but not greater than AtD is chosen. 
• 

(g) Compute Nyquist frequency, Nq - 1/2At. 

This new Nyquist frequency is greater than or equal to the value 

specified in Step 4. 

(h) Compute required test period: T - NAt. - ---

• 
The required test period is then calculated. This does not imply when 

the test period should be started which varies with test conditions and 

material. Data should not be sampled from the initial transient. Sampling 

should begin after a predetermined time has elapsed to ensure generatlon of 
• 

the standing shear stress wave. When to star~the test 19 determlned from 
\ 

experience. 

(i) Compute frequency resolution, Ar-1INAt. 
i: 

If this frequency resolutlon 15 less than deslred, select a higher value 

of N and start again at Step _4. 

t , 

If a test result is to be closely scrutinlzed, flne reaolution la 

• 
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·c desired. However, if one decides to neglect all frequencies except the 

principal harmonies, one can save computation time by using 6f-fo' 

(j) Compute upper limrt for test frequency. • 
The maximum allowable test frequency which can provide a frequency. 

matched frequency spectrum is fmax - 2NQ/3H. The adjusted test frequency 

must satisfy: fo s 2Nq/3H. 

(k) Compute required integer number of cycles, C. -
To avoid inaccuracies in the FFT due to windowing errors, the time 

( 
series should be sampled over an integer number of cycles. The integer C 

must satisfy' (Tfo·l) < C S Tfo. C i5 the highe~t integer less than Tfo. 

(1) Adjust test frequency t~ collect C cycles . 

• 
Hence, the "matched" test f~equency is fm - CfT. If the matched 

frequency is significantly different from the desire~ frequency then a 

larger number of points should be chosen. In this research, 256 point time , 

series were usually collected and the matched frequencies differed only 

slightly from the desired frequencies when eight or less principal 
• 

harmonies are desired. 

c (2) The KISBhSIC FFI Statement 
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~ 

The HTSBASIC language incorporates the FFI statement which quickly. 

returns the FFI of a time series using a ma~hine code ~ubroutine. This 

statement returns a close approximation to Xd<nfo> for a time series, 

x(2m6t), containing 2m equally spaced elements. 

(3) Removing PC Offset 

The mean value of time series collected for a standing wave is normally 

close to zero. The frequency matching subroutiAe implicitly ens~res this. 

However, the mean value is rarely exactly zero. Po or accuracy of the FFI 

approximation to the DFI is obtained when the mean value of the time series 

is nonzero. This idiosyncracy is common to most commercial FFI 

subroutines. 622 

(4) Scaling of lime Series 

, 

The FFI algorithm requires an integer-valued time se~ies. Since the 

PDP-II is a 16-bit system, the maximum numerical resolution for an'integer 

va1ued ti~e serIes is simply 1/216 or 1/65536. For maximum numerical 

precision, the integer-valued time series should b& scaled to span the full 

Integer range ±32767. Each element of the frequency spectrum, X(nfo). must 

\ be multipiied by the. reciprocai of the spaling factor in the unscaling 

operation which 15 carrled out immediately after the FFI ia performed, 

d, Polar and Rectangular forms 
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Ye have discussed the frequency spectrum in lts rectangu1ar fora. The 

FFI statement returns a set of N/2 ordered pairs from an N e1ement time 

series. Each ordered pair consists of the rea1 and imaginary parts of each 

e1ement of· X(nfo) , which is obvlous1y a series of complex numbers. This 

form for frequency spectra is the estab1ished convention for dis crete 

Fourier transform results &mOngst mathematicians and physicists. 

An equivalent convention for spectra is the polar form. Instead of real 

and iœaginary parts, the polar convention uses amplitudes and phftse 

angles * This method is more popular vith rheologists sinee material / 

properties are traditionally reported as combinat ions of amplitude ratios 

and phase angle differences. 

Interconverting between rectangular and polar forms i5 trivial. The 

complex pair ls easily de~uced from the polar fora using: 

Re[X(nfo») - A(nfo) cos 6(nfo) and (209) 

Im[X(nfo») - A(nfo) sin 6(nfo)' (210) 

• 
The polar pair is: 

$(nfo) - arc tan ( Im[X(nfo») / Re(X(nfo») J. (211) 

and 

*Also called phase contents. 
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(212) 

The special problem with (211) is that regardless of tàe amplitude given by 

(212), so long as it is nonzero,it will return a phase content., Phase 

contents,exist, even when amplitudes are negligible. This is why the polar 

} 
form is not a popular con~ntion amongst mathematicians and physicists. 

For consistency with established literature in rheology, the polar form 

will be used almost exclusively in the present document, Both forms are 

important ways of looking at material property data. 

e, rime Base 

Complete specification of a time series, x(nfo), requires that a time 

zero be assigned to one element, This.assignment for the time series is 

called its time base. Although this can be assigned arbitrarily to any 

element, it is usually assigned to the first element. Hence, complete 

specification of the frequency spectrum also involves a time base. AlI the 

spectra presented hereunder assign zero time to the first element of the 

time series. 

The time base affects the phase spectrum but not the amplitude spectrum. 

This is why the polar form is populer with vibration analysts, since they 

concern themselves almost exclusively vith amplitude spectre. The effect 

• 

• 
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of shifting the time base by to on the phase spectrum, called frequency 

modulation, is discussed bel~w. 

+ 
f. Enbancing Resolution 

Regardless of how weIl a'rheometer drive system work,r. there will always 

be some discrepancy between actual and prescribed motion. For oscillatory 

shear, imperfections in the actual motion from the desired standing wave 

show up as 1ine broadening on the strain frequency spectrum. The stress 

respon~e will also exhibit line broadening. Hence, line breadth is a 
• 

measure of cycle-to-cycle variability which can be derived from the DFT for 

the time series of an experimental waveform. 
\ 

lt is sometimes necessary to artificially narrow the line breadths. p23 

This is particularly important when desired and undesired spectral 

components occur at nearby frequencies. For example, undesired components 

can be caused by mechanical or electrica1 resonant frequencies in the 

rheometer and related·circui~ry. Also, ground 100ps in capacitance 

proximeters can cause 10w level error at 60 Hz when imperfectly grounded. 

When desired and undesired components occur at nearby frequencies, such 

that their 1ine breadths ove~lap, it can be difficult to resolve one peak , 

from another. H~re a mathematical filter called the Hanning window can be 

used to decrease individual 1ine breadths and hence, enhance the resolution 

of an amplitude spectrum. 624 The Hanning window requires a preliminary 

operation on the time series beiore the FFT. The Hanning window capability 

has been built in to the spectral analysis software. 
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In the discussion of random shear we saw thst broadbanomeehanica1 noise 

in the shear strain ean cause deviations from simple shear in fluids with 

temperature dependent properties. Furthermore, we saw how to œinimize such 

devistions by keeping the totsl test time below a specified value. 625 , 

Moreover, we considered broadband noise in the shear stress that ean result 

from random shear. The discrete Fourier transform makes it easy to filter 
\. 

out broadband noise for periodic waveforms. 

For nonperiodic waveforms, broadband noise can be minimized by ta~ing an 
-.. ~ ',' 

average of several ,time series before transforming. This is posslble slnee 

the spectral components for broadband nois~ tend uniformly to zero with the 

number of signals averaged. Uslng signal averaging, aecurate speetra ean 

be obtained for low signal-to-noise ratio (SjN) wavefo~ using signal 

r' averaging. Sometimes the number of œeasurements required to obtain peaks 

which are weIl resolved from the background 15 impraeticably high. 

For parlodic wavefo~s, the level of broadband noise can also be 

minimized by simply increasing the total number of points in the time 
, 

series. This ls nor~lly suffleient for studying standing shear stress ., 
waves in molten plastics with a shear stress transducer. 

~ 

# 

Furthermore, since the DFT of a periodic waveform 15 a line ~pectrum, 

the desired spectral components are easily resolved from the background , 
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'; \ . 
noise, ~ecause their frequenc~e~ are known a priori, Henc!" ,if the nol-se 

~ 

levels at undesired frequen6ies are uniform, then.the auplitudb of this , . , .' . . , 

bacKgroùhd noise can be easily subtracted from the entire spectrum. ,~ls, . ' '''\ 
-irrovtdel> li" lI!l!lUW n umovi~ the -..ffec~ -of background noise on tht! ~esiied 

spectral compogents. 

• • , " , 

h. Correctipg Errors Pue ta Reson~nce 

, ~ 

" • 

. , 

# 

• 

, 
111-

Errors due to resonance can easily be elimina~ed when corre~onding 
• • 

spectral components are not near desired spectral componept8. . ' . This i8 as . . ~ 

simple as setting the amplitudes of these spectral compone~ts to zero at 

the reièvant frequencies. However, spurious higher harmonie eomponents can 
• . ' . 

be generated ~b~n the te~t frequency is an integer subharmonie of a system 

resonant frequency, that is, whén w - wr/(2n~I).626 . . , . . 
, 

1 1 
• 

i. Subtracting Time Shifted Baseline 
, --.. , 

, There, 15 one final me,thod of digi.tal filtermg also wOI!:h mentioning. 

When an e~ror component shows up in a'spect~~:and ~e frequency of this 
/' <.. ~ .. 

component :s near a desired one, then tqe error component is dlfffc~t ta . . . 
resolve f~om tQe desired'one. Incr~asing the frequency resolution by 

~ ., r_ ,_. ~ __ ~~ ~_.. ""'1,.. ... _ ., 

~'~ '-.J ./1 
inc~easing the total ~umber of points or the sampling rate help~ here . 

• 
Howèver, wheu the frequency of th~ èrror component is exactly that of the 

. .' \ 
desired frfquency" inclJ'asing total points and .adju~t1ng sampl1ng rate will .. 
Jlqt help. .. '\ . ~ l' • , 

• , 
." 

~ • .'J , • 
, 

,(' , 
• t , 

, ft, 
~ • 
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• 

• 
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" 
For example •• suppose that a baseline spectrum-for the shear streSf 

trensducer outp~t is comput~d.fro~ ~ time series with ita time b~se tfken 

as zero at exactly 12.00 noon. The spectrum ~hows broadband noise with a 

peak hav!ng an amplitude of ,02 HPa et 60 Hz vith ph8s~ an~le ~/8 radians. 

Suppose that an oscillatory ~he~r test is done shortly thereafter at 6~ H~ < , 
, . 

and a time series foY the shear stress response is colleeted starting 

exactly 10 seconds after 12.00 noon. The shear stress spectrum computed 

from this time series, .taking 12.00.10 as time zero shows a peak of 

~plitude 1.11 MPa 8t 60 Hz vith phase content of ~/7. But to give the 
. < ... 

of each of its baseline spectrum the seme time base, the phase content 

t components must be multiplied by wT. spectral 

/ 
• 

1 • 

• , , 
,4 

The ba.eline spectrum may be obtained either before or after the 

measu,ement time series is collected Ob~ously. mechanieal noise 

ge~erated du.ing the measurement and not present in the baseline series and 

" hence, cannot be removed in this vay. 

,. Spectral Analvsls in fhe Time Domain. , .. . 
. 

To- obtain. an ana~ytlca1 expr~ssion for X~nfo)' one IIUS.t flut obtdn an 

analytica1 ~press~~n for ~t). ~l! n2.~~ch expr~sslon is known. one can 

test the v~ :n assuaed exp~ssion or lIodol, One can computo best 

fita fot the parame ter. of the assUlled lIodel by .catisticel rogr ••• lon. 
• • • 

This proéess of fitt!ng x(t) to the data .ot x(n6t% i. called tillo •• rl •• 

analysis . 

, 

-
." 
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• 

X(nfo) is commOnly approximated by fitting the time serie~ to a , 
, ) 

truncated Fourier series. This approach has been used for determining 

C' (<<» and C"(<<» in small aapl1tude oscillatory shear627 and for C' ("'.10) -

and C"("',lo) in large amplitùde oscillstory shear. 628 This approsch has 
• 

also been sueeessfully used for determ!ning amplitudes and phase angles of 

higher harmonies of shear stress in steady shear superposed on oscilla tory 

shear,629.630 This method works weIl when the truncated Fourier seri~s is 
, / 

essentially correct. However. Ifme series analyses are not sultable for 

low signal-to-noise measprem~, because the existence of error eomponents 

must be presup~sed Furthermore, time series harmonie analysis requires 

more computations than harmonie ana1ysis with the di'screte Foude'r 

transform 

.. 
A re1ated method ca lIed digital time-domain cross-correlation has a1so 

been used to determine 1inear631 and slight1y nonlinear viscoelastic 

properties for s~lid po1ymers in osei11atory shear.632,~33 However, this 

method can on1y be app1ied when the dependent variable is linearly related . . 
tô ~e independent variab1e. 634 For example( t~e Rheometries He~hanical 

Speetrometer ineorporates digital hardware whieh determines the phase hngle , \ 
between the stress and the'-.;train using Cme'Çjromain cross-correla.fion, 

Fur~he~ore. this hardware incorporates an ana log third-order filter to 

improve reso1ution of s~ress and strain measurements, This approach has 
• f 

• • • the effect of rejecttng aIl frequency components other than the 
... ' _ l' 

f~ental,635. Hence. this ~pproach mà~e,-it difficult to distinguish , 
linear behavior from nonlinear behavior, 

, -
- . • 

Furthermor~. lt autoŒ4tically • 
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rèmoves any DC offset which is a .easure of drift in the strain measuroment 
• 

or baseline drift in the torque and strai calibrations • 
• 

k, Spectral Analysis Using Analog Circuitry 

Phillipoff used an ana log computer to assess the and phase .. 
contents to the principal harmonics of stress liquids in 

large amplitude oscillatory shear,636 Analog circuits have also been used 

for real-time frequency analysis of nonlinea~ shear stress vaves of 
• 

viscoelastic fl~ids in oscillatory shear,637,632 

, 
• , 

4, Using Spectral Analysis to Get Viscoelastic Properties 

\ 
~~operty measurement uslng 'the frequency domain requires that tvo 

spectra, those of the dependent and independent variables, be compared, 

For viscoelastic property measurements, for example. spectra of both the 

shear stress and the shear st~~re required, 

;t is important to correct the phase spectra associated vith each .. • 
vlscoelastic property measurement,639 Failure to make such corrections can 

• 
cause physlcally unrealistic observations,640 

~ ..:-' 
For ,example , Phillipoff 

(1964) showed loops of shear stress against shear strain for viscoalastic 

liquids vith negative areas~64} . 
- - '-<., .... " 

imp.ies a violation of the second lav of thermodynamlcs. Sillllarly. loops 

of ss againsç shear strai~ for a Nevtonian642 ,643 liquid in 

ahear vere reported vith phase lags grester than _/2. By • 

. . 

• 
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'-. 
definition, Newtonian liquids have phase lags of exactly "/2 in os.cillatory 

shear. 
• 

ar Shear Serain Spectra 

To the uninitiated, a spectrum/of the shear strain might seem 

unneeessary sinee the shear strain is prescribed in an oscilla tory shear 

test, Indeed the command strain wave for an oscillatory shear test will 

give a perfect pisplaced sinusoid as prescribed by-the MTS harmonic 

/ 1 function discussed above, However, the time base of the actual shear 

/ 

strain will be slightly different from the prescribed one depending on the 

frequency response of the servo-hydraulic system. Furthermore, at high 

frequencies small higher harmonies can sometimes be detected especially 

~when the gain setting of the closed loop control system has not been 

optimized. Hence, the phase coritints of the shear strain are unknown, a 

priori, and mate rial properties sueh as the str~ss-strain phase differenoe, 

.. 
6(w), can only be computed using the shear stress and strain spectra, 

(1) Phase Correction for Shear Strain 

>-

The shear strain -ls measured using the MTS linear variable dis placement 

transducer (LVDT) whose frequency response /s simply that of the,signal 
~ ~ . .., ~~ . 

conditioner * This circuit has first order frequency response specified as 

-3dB Attenuation at l kHz, and the cime co_nfotant for the LVDT measurement 

* . Pro~uct Bulletin 440.22·4, Model 440.2~ AC Transducer Condltioner, 
MTS Systems Corp., Eden Prairie, Minnesota (1979). ~ 

• 

• 
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is .001 seconds. Renee, a phase angle, Ge - arctan(-.OOl w) should be 

. * subtracted from the phase contents of spectral components of strain. For 

a proper oscillatory shear test, the fun~ental should be the only 

significant peak in the shear strain amplitude spectrum. 

Recall that in addition to the phase error, one must also compensate for 

corresponding Attenuation, A(w). For the shear strain, this is 

accomplished by multiplying the amplitud~ of each spectral component by 

J(.0012 w2 + 1). This correction is less than 1\ at 22 Hz. 

b. Local Sbear Stress Spectra 

• 
The other import~t spectra, for viscoelastic property measurements, are 

those of the dependent variable, the locally measured shéar stress. 

(1) Phase Correction for Shear Stress 

These to~~must be phase corrected for the frequency responses of the KTS 

• • signal conditioner and the capacitance amplifier. Since the responses of 

these conditioners are~both first order, and si~ca they are connècted ln 
- ........... ~ . 

Beties, the phase anglè that must be subtracted from the phase contenta of 

the shear stress spectra Ls the SUA of the capacitance amplifier and De 

conditioner component phase errors. 

*See Cha~ter 5 in section on dyqamlc response of transducera for 
detailed explanation • 

• 
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The shear stress signal conditioner circuit has a first order frequency 

response spe~ified as -3dB Attenuation at 1.6 kHz, and the time constant 

for the De conditioner is .000625 seconds.* Furthermore, the capacitance 

probe amplifier circuit** has a first order frequency response specified as 

-3dB Attenuation at 5 kHz, and the time constant for the proximeter is 

.0002 seconds.*** &nother cause of phase error in the shear stress 

transducer is the squeezing flov of the fluid betveen the transducer 

cantilever and housing. The phase error due to squeezing flov, .s, must be 

determined empirlcally by dynamic calibration. Henca. the phase correction 
. 

to shear stress measurements is -oe - arctan(.0002 w) + arctan(.000625 w) 

.s(w,ao), vhere Os can depend on both the frequency and the stress 

Compensation for the Attenuation Is composed of the piôduct of three 

attenuatlon factors. 1(.0002' w' +1) 1(.00625· w' +1) [l/As(w,ao»)' Here, 
t 

As(w,ao) is the attenuation caused by the squeezing flov vhich is deducible 
1 

from the dynamic calibration. 

c, Total force Spectra 

*Product Specification 440.21-6, Madel 440.21 De Transducer 
Conditioner, HIS Systems Corp., Eden Prairie, Minnesota (1979). 

**HII probe amplifier model AS 1023-P~. 

***Bulletin INSlOl, "Accumeasure System lOOQ: Accuracy Without 
Contact", HII Instruments, 968 Albany-Shaker Raad, Latham, New York . •• 
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Reca11 that the c1asslca~~.of determlnlng vlscoe1astlc propertles ln . . ' 

s11dlng plate rheometers ls to Infer'the shear stress from the measured 

total f?rce. Total forc~ spectra permit a good comparison between the 

classical resu1ts and the local shear stress œeasureœent. 

(1) Pbase'Correction for Total Force 

• 

The frequency response of the MIS load cell* is governed by the 

frequency response of lts signal conditioning circuit.** ThIs OC signal 

condltioner has flrst order frequency response specified as -3dB 

attenuation a~ 1.6 kHz, so the time constant for the OC conditioner is 

.000625 seconds.*** Hence, the phase error for eaeh spectral component Is. 

6e - arctan (-.000625 w). The corresponding attenuation correction factor 

d, oetermining Viscoelastic Properties 
1 

Results from the corrected amplitude spectra can be used to plot the 

amplitudes of eaeh harmonie of t~ shear stress agaiast the shear strain 
. 

amplitude. The other relevaR~~operties are the phase angles between the 

phase content of eaeh spectral component of shear stress and the phase 

*Model No. 66l.l9B-02 • 

~Product Bulletin 0285, 661.19A-l, MIS Systems Corp., Eden Prairie, 
Minnésota (1985). 

*+*Product Specification 440.21-6, Model 440.21 OC Transducer 
Conditioner, MIS SysjFas Corp., Eden Prairie, Minnesota (1979) • 

• 
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content of the fundamental cOŒponent of shear strain, Ye have seen, 

however, that the phase content of a spectral cOŒponent dependa on its time 

base. If the shear strain is 10 ~s(~ot+a), th~n the shear stress must be 

time shifted by T - -a/w. In the frequency domain, this requires frequency 

modulation of the shear stress, Speclfically, -(~/~o)a must be added to 

the phase content of each spectral component of angular frequency ~.644 

S. Differentiation and Integration Using Spectra 

It is often useful to plot the shear stress against the shear rate to 
• 

analyze viscoelastic response To obtain such a plot, we must obtain the 

derivative of shear strain. Furthermore, the lost work per cycle Is the 

eyclle integral of shear stress with respect to shear strain. Since 

frequency spe~tra provide us with analytical expressions for the stress and 

strain, the computation from the DFT results of these d&rivatives and 

integrals is mathematically trivial. These techniques are called 

pseudodifferentiation and pseudointegration respectively. 

Pseudodifferentiation perœits the intermediate refinement of digital . ~ 

filtering for noise reduction. This is particularly handy for high SIN 

wavefo~; sinee time domain aethods may ampllfy this nOise,645,646 

. 
It is also possible to use ana log circuits to obtain the derivative of 

the shear rate,647,648,649,650 However, care must be taken to phase 
, 

correct for the phase error introduced by the analog circuit. 

t 
6. Confidence lnteryals for SpectrA 

~ .' 
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Vhen the des~red signal rs easily distinguished froŒ the no~~e. 

statistical confidence intervals for the DFT results can be determined. 

There are many ways to obtain such confidence intervals. If a value for 

SIN is chosen by intpecting the amplitude spectrum. then the rectangular 

forms for the spectral components can be used to obtain confidence 

• 

intervals for the amplitudes. Letting the amplitude of the fundamental be ~ 

. 
Ao. the standard deviation of the complex parts of components having 

-
amplltudes not greater than Ao/(SIN) is computed. Vhere this standard 

deviation, sd' is computed from M points, the 95\ confidence interval 

associated with amplitude A(w) is ±2sd/jM. Confidence intervals can then 

be drawn on the amplitude spectrum to determine. for example, whether 

speotral components are distinguishaole from zero or not. 

When the SIN ratio is overestimated, then ,the confidence interval 

estimates will be low. When the SIN ratio is underestimated, then the 

confidence interval estimates will be high. .Hence, for conservative 
III 

estimates of the confidence intervals, the selected SIN ratio sho~ld be 

Just high enough to include the principal harmonies. Le.s conservative 

schemes for confidence intervaJ assessment in speetral analyses have also 

been posited. 651 , 

7. Other Hethods of Data Reduction 

a. Lin>ar Behavior 
"-



< 

( 

-, , 

... 

221 

The properties of simple rubber$ are cODdOnly analyzed using the ratio 
• 

of stress to Btrain, G, called the shear aodulus. Although a powerful 

\ method for data reduetion, the single numbe~. G, does not tell us over,what 

range of shear strains the material behavior i5 known to remain linear. 

/ 

Similar!y. linear viseoelastie material responses are often summarized 

as ratios of stress to str~in. Reeall that when the shear strain is 

cosinusoidal the shear stress is harmonie, 50, q(t) - qo cos (wt+&). lts 

amplitude. qo. 15 proportional to the shear strain amplitude. The ratio 

G*(w) decribes the material behavior. In polar form. its definition 15. 

G*(w) • (qo/70) exp (16) • (213) 

where i - /-1 Ic*(w)1 - (qo/70) is ealled the magnitude of the complex 

1I0dulus and S(w) is called the mechanieal loss angle. Linear viseoelastlc 

properties are often analyzed using the polar forms for complex modulus but 

are more commonly expressed in rectangular fortt: 

G*(w) - C' + iG" , (214) 

where G'- (qo/7o) cos 6, and G"(w) - (qo/7o> sin 6. 

,-The use of the cOllplex modulus 15 popular for both liquids and sol1ds. 

- -
-'-Another ratio, the complex viscosity"is also commonly 

~. 

used for liquids. 
-'" • 

This 1~ deflned. l~olar fOlu, as: 

• 
• 

• 
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(215) 

which has rectangular form: 

• 

(216) 

• 
where ~" • (Oo/W7o) cos 6 and ~ • (Oo/W7o) sin 6. These methods of 

• 
analysis are feasible when the complex modulus ls independent of strain 

amplitude. 

Moduli do not tell us the range of strain within whi\h the stress is 

linear. From the discussion of viscoelastic theory we know that two 

materials with the same C*(w) may have drastlcally different strain 

dependencies even at l6w values of strain. In facto complex moduli are 

sometimes reported at single strain amplitudes without chee king for 

linearity. 

Furthermore. rectangular forms confound the phase shifts with the 

amplitude ratios. This makes interpretati~n of r~ults difficult. For 

example, the strâin amplitude dependence of phase shift made obvious wlth 

the plot of phase shift against strain amplitude on linear scales in Figure 

Il is less visible in plots of C' and C" shown in Figure 142. Moreover, in 

the log-log plot of these data, the strain dependence is even less 

• • 

1 
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visible.* Interestingly. Figures 10 and 11 show the phase angle varies 

with strain amplitude. while the shear stress amplitude do es not. 

Furthermore. phase error correction and expression of statistieai 

confidence intervals becomes unnecessarily compllcated when expressed as 
. . ~ 

complex moduli or complex viscosities. AIso, Booij has pointed out that 

the use of 6(w) lS the best vay of Iooklng at linear results $inee it is 

not subJect to calibratlon errors and lS sensitive to d1fferences between 

materials. 652 

For these reasons, the author pre fers plots of stress amplitude and 

phase shi ft agaiflst·stra1n a~plitude,o~ Ilnear scales for analyzing 

osclilatory shear test results. 

b'. AnalYZlng Nonlinear Behavior 

Since large amplitude oscillatory shear properties involve both strain 

and frequency dependencies, rep~senting s~ch properties concisely is more 

difficult than for the llnear case In the technical literature._ one finds 

a plethora ài-~~ys to analyze nonlinear material tesponses. Their levels 
....... ~ ....... . .-

of-sophistication range from simple time series plots to the rigour of 

constitutive equations, Each approach has its merits, the pros and cons of 

which are discussed'below using a single test recorded for a polystyrene 

melt on the new rheometer. 

~ *The log-log representation of C' and C" against 70 is the most 
commonly used for strain sweep experiments whtch are usually performed ln 
an effort to detect strain dependence. Paradoxlcally, one ls least likely 
to notice strain dependence by looking at sueh log-logr&raphs • 

• 
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(1) Time Traces .' 

One slmple way of analyzlng oscillatory shear results is to,plot both 

stress and straln against tlme. 653 Thls way 1s particularly useful for 
, 

studYlng cycle-to-cycle varlabillty. Slight differences between cycles 

caused by statistical variabllity are seen ln time traces. Time traces are 

.,opular for dlsplaying propertles involving transitions to and from 

cqullibrium such as stress growth and relaxation ~hperlments, but are less 

popular for oseillatory shear test results 

lt 1S dlfflcult to notlce the presence of higher harmonies on a time 

domain plot. For chample, the twofold asy~~etry of a waveform may go 

unnoticed on a time trace Of course, one can always do the harmonie 

analysls of a tl~e trace by reducing lt to a serles of numbers. However 
\ 

tedious, thls procedure has been used SUC~SSfullY for harmonically 
~ i 

analyzlng 

shear. 6!4 

- 1 
the shear stress- "aves, for visciel,astic l1quids in oscHlatory 

Doebelin has outlined a graPhifal procedure to simpllCy this 

proeess. 655 l ' 
1 

1 , ~;~~er interesting qisplay i5 a time trace of the 1nstantaneous lead 

adgle ::-C' sH~'" w1th respect to strain agllinst time, 6 (t). rhis mcthod has - ... ~ 
4 

beCJl -Ilscd to anal yze 

oscll1atory paraI leI 

the total torque 

diSk~.656 
, 

for clays ln large amplitude. , 

, 

• 
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, 
, . 

, 
Ano~her way tf observing oscqiatory shear results is 'to pfot. the shear 

.~ ,,stress .agalns-t-the she~r serain. 657 .. ,..... " .. 
When the stress respons~ is '!~onic, 

, . 

• 
this give,s an ellipse ..mose area depends on the ""~~ s,cal1ng fif1 the Phas~, 

shift, llÎ,e;' Ach ~'xis 15 normali7,ed and sca1ed,'~dehtically, the area' "li 
. . '". ' '. . , ' " 

the elJ.ipse is propo.rtional to ~Phase shift,. Moreover, ~: 

phase angle l,s 
~ 

. Ilii'nfr t~ maj or 
• 

.. ," " 
deducib1e front the ratio, R, of t?e "lengths o,f, tbe ellipse' s' 

.' !&I ... 
axe!,:658,65r 

'~ 

• , . .. 
§ .• 2 arctan R. ( (217) • 

• 
\. 

, • -

" 

,. 

• .. 

, . • 
'. -. (. _..,' 

Hence, phase shift. between ~ic wave'for'lS of the same frè'!)lency can 

obta1ned dir~ctly from the lized equi,scaled loop. This method is 

be /_ 

, , . , . ' 

o especial).x ~3ndy w!)en ,3 quick measurement of p se lag is required from'an 

for loi s'0"wav,eforms and 
... 

, 

, 
r .. 

of the axis .l'engths is . , ; . 
ar~ .called for. .. 

.. -... ;,. 

• 
, " 

o v~ry 10w phase, 

not opps.sible 0 tor such 

) 

When the stress response is anh~rmonic, we have seen that the area of 
; 

.. the loop de pends on the amPlitud.J:~phase shift of the fun<llllnental. !l'hen 

usipg os~}latory shear, the loop is an 
~ , 

measurfng nonlinear properties 
, . . 
• 
indisP!'ns,a~re dlignot'ic tool. 

• 
Loops of ~ress versus strain.can be 

, . 
obtained quickly, and~he!e att oscilroscope 15 used they are obtained in 

e'erimenter rea1 time. They (1) when the stress becollles a 
" • ' 'J:" 

~ " • " • ~ , • , 
• , 

• .. . . : " 
, . .. -. . o' .. .~ 

u 

~ 

, 

, 

• 

• 
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}\ 
standing wave, (2) whether the lesponse Is anharmonic or not, and (3) what . .... 

• 
the lost work is, For instance, malt fractu;e usually causes a non-"'.'/ , , . 
standing stres~vè,tha~ is an unclosed loop with twofold asymmetry, , . 

f 

For.liquids, it has beenâound that a plot of shear stress versu~ shear 

rate can accentuate the appearance of h!gher harmonies, Shear stress 

versus shear rate 100ps, have been used to describe the non1inear 

viscoe1astic,behavlor of po1ymer me1ts in osci11atory shear, The shear 
1 • 

rate for such loops can be obtained using either on-1ine ana10g 
• 

· . 
cireuitry,660,66l,662 time domain differentiation,'or'pseudodifferentiation~ , 

• 
of the st~ain, , 

, 

.. 
In e1ectriea1 engineering, 100ps are used extensive1y to ~tudy the 

• 
behavior of circuitry in a1ternating current~, In this context, they are 

\. 
often ca1led Liss~ou: figures,663,664,665,666 

• ... t 

. 
(3) Gross Features !" 

'-. ' • 

Instead of measuring al1 the frequency components for the stress 

", response, on1y c&rtain gross features of the 100R are soœet!mes reported. . ' 
When determining the viscou~ dis~ipation ln rubbets under vibratory loads, 

• 

for examp1e: one mlght be Interested in the 10st work per cycle, the higher 
• 1 

harmonics bei~g of no consequ~ce to tne.lost.work. 667 ,668 
.... 1 • 

• For molten 
, .t...., • 

p;at:ttes, however, the higher harmonies repres~nt an interestlr,~ feature of 
• . , 

the nonlinear viscoelasticity. ij?wever, to siœplify the ana1ys~. of 
.e' t • 

.. 
" 

• 

> 

• 
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results, ~ever~; ftp~tox~t~ 
) 

- . 

,-
t' 

• 

,formats 

/' 

"- ," ... 
~ . " 
'., 

, 
227 ." 

, 
~ 
. 

for data 

, Firstly, some r~p'ort only the S~f~sS: 8IIpHtude, ."0' and 

per cycle, \JI: or simple functions of ."th~se: 669,670 Others r~_Io...:;!.l' 

ork 

1 • 

- .1. ' " [ -.. .., , . 
equivalent phase angle for a hyp'oth?Eic;rl ellipse having .' \, 

same lost 
L, • 

The lost work p~r~y~le is easily qeduced from the area of 
, --....Jo.... -

york 671.672,* , 

th~tress versus strain loop whLch 'cao be obtained manually using a ~ !. ' . 673 .. 
• planime~er on loops of ~nfilt~ed vaveforms ~r b: pseudointegration ?f 

~hear s~ress with respect to the sheaT strain. Alt~ough the stress, c(t), 

can be written explicitly ~ ~unction of the amplitudes and phase 
l ' . . , 

contents of'its spectral components, the ~v~rall stress amplitude cannot, 
. 

Hence, Co can only be deduced numericaily from the values of the epectral . . 
components of shear stress. Background noise makes "0 di~ficult to obtain 

\ .... 
precisely from loops of unfiltered waveforms. The digitally filtered DF! 

" results permit precise determination of Co under such circum&t~nces. ~~en 

only "0 and lost work per cyclé results are presented, no information is , 
..J -# , 

given about the shape of the stress respons'-
• 

In this sense, such methods 

address only the gross features of the loop. 

• • . 
U,ing simpl,e functlons ,cf' and \JI, Thurston (1981) 'Ptoneered the use 

of three-dim~nsional drawi~gs to analyze the nonlinear vlscoelastic 
" 

.behavior of biofluids with freque~cy and strain amplitude in a single 

sumœary dlagram. 674 ,675 Stereoscopic pictures were ùsed to provide the 

.. :Not ~o be confused with the phas~a~e of the fundaœental. 
, . , 

• 

- ~ .. :-: 
"'".' .::~. , .. 
~i'': 

- , 
, 

" • 
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circuttry.61? It.is 

spectral componençsi 

A • 
ms 

&150 easily Ob~~ed 
A' 677 . " 
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from the ~litudes of its' 
• 
\ 

(218) 

} 
Although ~he higher harmonies do contribute to the rODt me an squaré 

, , ~ 

amplitude o~a waveform, the shape of the waveform 15 not accounted for in 
" 

Arms' This approach gives only the gross features of the wavefom. 

. Detailed revlews constitutive equations for analyzing • 
• 

nOQlinear viscoelastic p perties.of liquids in oscil1atory shear have been 

-,---,nopprovided by.Soong (1983), sang (1980) and Tee J1974),6is,619.680 A good . ~ 

1 
SUIIIU.ry judgment on these iews vould be ..-nat the theory of nonMnoat 

viscoelastic1ty rs not well ough advanted to be useful for routine 

• , , 

• 

-
' . " .J 

.... 
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~eduction of .lirge amplitude oscillatory shear test results. Even theories 

designed for shear stratns less than unity have been on1y moderately 

successful, although they re~uirp œainfr~e computers to properly evaluate 

them. 681 ,682,683,684,685,686,687,688,689 A1though ç?nslde~able progress ls 

being made' on œodels for large amplitude oscillatory shear, such models 

remain developœental., 690,691,~- Pne use for theory in ana1Y~.~!lg 

oscillatory shear data ls a semitheor~cal approach due to Vinogradov. 

Using the concept of equlvalent phase angles mentloned above, strain 

amplitude dependent or "truncated" relaxation spectra ar? 

calculated. 693 ,694 

The objective of conveniently summing up the large amplitude oscillatorj 

shear behavlor of a polymerie liquid with a reasonable nuœber of material 

constants seems remot~. For the time belng, the pol ymer engineer must be 
\. 

content to ehose from the empirieal methods reviewed above for summarizl~ 

~ 
this behavior . 

, 

• 
~ 

• 

• 
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VI. RESULTS 

A. Calibration of the Shear Stress Transducer 

1. Static Calibrabjon Results 

The computer pro gram used for static calibration Is listed in Appendi~ 

4 Written in MIS-BASIC. this program features siœultaneous calibration of 

both the load cell and the shear stress transducer. This is possible 

because the weights supported by the shear stress transducer are also 

suspended from the load cell. Typical curJes obtained for the shear stress 

transducer and load cell calibration are shown in Figures 44a-44b. More or 

fewer data points can be collected depending on the level of noise present 

• and the desifed precision Linear regression gives the transducer 

sensitivities in te~s of volts per unit e~uiva1e~t shear stress, Sinee 

the offset is measured at the outset for each tast with the test progr~~s. 

on1y the slopes in V/Kg are used as Inputs to the osci1latory shear test 
• 

pro gram glven in Appendix 1_ Hence, the relevant result is the slppe of 

thé curves, obtained from linear regressions of the voltage-veight data. 

Appreciable noise is observed in the load cell output at elevated 

teaperatures. Hovever, using 80 data points for the linear regression 

gives a voltage/veight slope determinatlon vith 2~ precision and 95\ 

confidence. 

• 
• . , 
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.. ' 
Calibration d~ift i5 commonly.a problèm for exper!mental rheologists. 

In chapter S've described digital electronic circuitry designed to remove 

aIl the harmonies of the shear stress, including the one at zero frequency 

that measures baseline drift during a test. In general, drift in the 

transducer sensitivities poses a more serious problem than baseline drift. 

In extreme cases, recalibration between tests ls required as vas the case 

for the Fotonie sensor used by Soong. 695 Figure 45 shows a collection of 

statie calibrations performed over a period of roughly tvo months on the 

nev rheo~eter using beam #2 in the shear stress transducer. Over thls 

period the shear stress sensitivity varied by less than ± 10% of its ~ean 

value and that some of this variability is due to temperature variations in 

the range from 20 to 200°C. Similar observations were made for statie 

calibrations vith beam #1. 

2. Dynamic Calibration Results 

A program for dynamic calibration vas obtained by modifying the , 
oscillatory shear test prograœ. This required chat t~e statements relatlng 

to strain be changed to those appropriate to the driving force. This vas 

done because, in the dynamic calibration mode, a spring transmits the 

desired force to the transducer cantilever. 

The sprlng stiffness* is determined by a linear regression of force-
/ , 

extension results for sta~ic tests on an INSTRON electromechanical tensile 
, 

*Also called spring rate or spring constant. 
load-extension curve. 

. 
fhis i5 the slope of the 
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tester. The spring rate was determined by linear regression, shown in 

Figure 46, with a standard error of 0.26' from four observations. 

A typical output fpr a dynamic calibration test routine Is shown in 

• 
Figure 47. The loss angle between driving force and measured equivalent 

shear stress is so small that it cannot be separated from background noise 

without the use of a frequency spectrum. 

The effect of the squeezing flow of molten plastics on the dynamic 

response of the shear stress transducer is easily assessed by cQmparing the 

dynamlc calibratlon results with and without polymer in the beam·housing 

annulus However, the phase angle of the dynamic calibration assembly can 

l 
first be determined by performing a dynamic calibration on the shear stress 

transducer wit~no polymer present. 

a. Response'of the Calibration Asse~bly .. 
~ 

The phase angl~ Œeasured ln a dynamic calibration on the clean 

transducer has two components. Fir5tly, there i5 the phase lead resulting 

from the aechanical losses and inertia associated with cantilever 

deflection. Secondly, there i8 the phase lag due to aechanicsl losses in 

the calibration asseœbly. The first contributIon can be inferred from the 

daœping factor and mode-one resonant frequency deduced from step response 

measurements apd described in chapter 5. 

: 
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Recall that since the clean beam is a second order system, the phase 

lead due to beam inertia is: 

Se - arctan [2~/(w/wn • wn/w)J. (219) 

Also, from the damped free oscillation test resu1ts given in Table 3, 

~-.00172 and wr - 730 Hz for beam #2. 

Figure 50 compares two typlcal amplitude spectra for the shear stress 

transducer input* and output signaIs. The background noise in the output 

is ten times higher than the noise in spring extension. 

Statistical analysis of these spectra, shown on 11near scales ln Figure 

51, shows that only one peak is significantly different from zero. Recall 

that peaks at frequencies greater than 2/3 of the Nyquist frequency are 

subject to numerlcal lnaccuracy696 whlch explains the marginally 

slgnlflcant peaks that occaslonally occur near the Nyqulst frequency ln the 

output spectra. 

Figure 52 shows typical phase spectra for the spring extension (upper 
.,~ 

plot) and t~ shear stress transducer o~tput (lower plot) for a dry beam 
," 

test. The phase content of the input is only slightly higher than that of 

the transducer output, hence, a slight phase lead has been meàsured. Only 

* Using the spring rate, this is inferred from the spring extension 
which is given by the LVDT output. 
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the phase ~ontents of ~omponents with amplitudes greater than the indicated 

backgr~und noise 1eve1s are inc1uded in these phase spectra. 

Table 4: Dxnamic Response of Calibration Assemb1y 

i..!lz ~in fcin ~ut ,fcout !cal 

1.00015 3.16236 3.168644 3.15474 3.171239 0.002595 
0.100002 3.3355 3.336128 3.32798 3.329629 .{) .00649 
0.500009 3.19206 3.195201 3.18112 3.189369 ·0.00583 

2.0008 3.09782 3.110390 3.09084 3.123843 o 013453 
5 002 2.05401 2.085428 2.04749 2.129928 0.044500 

Table 4 shows the resu1ts of dynamic calibration tests do ne with the gap 

void at 200·e. The raw phase contents Sin and Sout are the uncorrected 

phase contents of tQe transducer input and output respectivèly. The 

corresponding corrected phase contents are: 

Sein - Sin arctan (·.001 w), (220) 

which accounts for the Lrequcncy response of the LVDT and related 

circuitry. and by: 

• 

• 
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0Cout - Oout - arctan (-.002 ~) - arctan (-.000625 ~) 

(221) 

vhich accounts for the frequency responses of the HIS signal condltioner, 

the capacitance probe amplifier and the mechanical inertia of the beam 

respectively«_ A plot of the resulting phase lag computed for the 
,r 

t calibration assembly, .cal - 0Cout - .Cin, is given itkFigure 53. Henee, 

the calibration assembly behaves as a linear element. The tim.e-constant 
\ 

for this element, determined by linear regression of the data in F1gure 53, 

gives a time constant for the calibration assembly of .0017 sec. Menee, 

the phase lag intrinsic to the calibration assembly is: 

Scal - a~ctan (.0017 w). (222) 

The small offset of -.009 radians or _~o oDserved in Figure 53 i5 due to 

inaccuracies in the phase corrections described above. F!nally, signaIs 

were attenuated by less than 1\ for aIl the calibration assembly tests, 

which 15 expected for a linear element. 

b_ Effe~t of Holten PolYffier in tbe Arrnulus 

The frequency respon~e of the shear stress transducer with aolten 

polystyrene in the annulus between the beam and the housing can now be 

, 

-

• 

" 
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, 
determined., Since, this 15 the in-service condition of the shear stress 

transducer, the frequency response of the transducer can be used to error 

correct the phase contents of the spectral components of shear stress 

measured for molten polystyrene in oscillatory shear. • 

Figure 54 shows a typical plot of raw data which the operator obtains • 

~ediately after a dynamic calibration test. The time trace of the 

command equivalent shear stress (E55) versus the actual E55 shows that the 

actusl spring extension elosely follows the desired harmonie funct1on. The 
, 

loop ot load versus actual E55 consists mainly of bearing friction sinee 

the force amplitudes r6quir~d_~or dynamic calibration o( the shear stress 

transducer are much lower than amplitudes due to bear~ng friction.* The 

loop of shear stress transducer output versus E55 input shows the slight 

phase lead which is our measure of the dynamic rcsponse of the transdueer. 

The phase lead is largely obscured by the background noise 50 that spectral 

analysis is called for. This backgrocnd noise 1s also apparent in the 

time-trace of the shear stress transducer output during dynamic 

calibration, which is shown in Figure 55. 
\ 

Figure 56 shows typical amplitude spectra for the shear stress 

transducer input and output for a dynamic calibration do ne wlth molten 

polystyrene in the transducer gap. Statistical analysis of these spectra, 

,shown on linear sca~es in Figure 57, shows that only one peak ia 
• 

*Sea Figure 43 for a.raplltude spectI'UIJ of bearing friction Alone. 

• 
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significantly different from zero, a~d this shows that both the tnput and 

output signals are harmonie, as is desired for dynamic calibration. 
, 

Figure 58 shows typical phase spectra for the shear stress transducer 

input and output for a dynam1c calibration done with molten po1ystyrene ln 

~he transducer gap. 

of the input which is 

The output phase content 1s slIghtly lower than that 

a measure of the phase 1ead caused by the shear 

stress transducer. 

, As for the case of the clean beam calibration, the phase content of the 

shear stress transducer 1nput was phase corrected using. 

, 
sCin - Sin - arctan (-.001 w), 

'which accounts for 

p1rcultry. and the 

us1ng: 

the frequency response of the LVDT 

shear ~tress transd~er outputt.:as 

(223) 

• and related 

phase corrected 

SCout - .out - arctan (-.002 w) - arccan (-.000625 w) - arctan (.0017 w), 

(224) 

which accounts for the frequency responses of the KTS' signal conditioner, 

the capacitance probe amplifIer and the frequency respons~ of the dynamic 

calibration assembly. The phase response of the shear stress tr4nsducer 15 

obtained using Gsst - GCout - GCin' 

.JO... .... 
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Table 5: Dynami~ Response of SS'f vith PS-fi11ed Annulus 

1 

.f.J!g , 2in !cin !out !cout 2sst 
r-' 

l.QOO15 3.16733 3.173614 3.11097 3.116782 -0.05683 
0.100002 3.33635 3.336978 3.30022 3.300801 -0.03617 
0.500009 3.19497 3'.198111 3.13315 3.136055 -0.06205 

• 2.0008 3.11089 3.123460 3.03293 3.044556 -0.07890 
5.002 2.16227 2.193688 2 07414 2.103176 -0.09051 

1 

- • 
, 

',. The phase response of the shear stress transducer ln the ln-service 
. ~ 

condition at several frequencies, recorded in Table 5, lS shown in Figure 

S9 The,phase error 1S small, negatlve and decreases logarithmically vith 
./ 

frcquency. Linear regr~ssion hi these data gives: 

• • 

tan ~sst - . :'Ôoi36 ln f • (225) 

• 
vith a slight zero frequency offset of - 0669 vhich corresponds to -1.9°. 

This small offset is due to cumulative inaccuracies ln the phase . ~ 

corrections describêd ab ove 

(1) Effeet of Sb~ar Str~ss Amplitude 

• 

Figure 6l shows the effect of stress amp~itude On the frequency response 
1. • 
1 • 

of the shear stress transducer. Over the rarge of ~trc~s amplitudes 
1 

tested, the phase response vas Insensitive to shear'stress amplitude • 

" 
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temperatures 8panning 13Q'to ~pooC. 

B.~ransducer' Background Nois! 
: 

. . 

,. 

-.., 
, ' .' . , 

" 

, 
p ". '. 

, 
• 

'.~ 4 

• 

.. 

With t~ test programs ~iven in Appendices 1 and 2, a subroutine 1s 

included thavmeasures the mean offset levels of aIl baseline.si~s .. 
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-

i 
i 

~ 

~before !he test 1s yerformeà, Included in this routine is the èâlculatlon _ 
~ ~ 

This pmvid~s a 'i'~ëk: 
. , 

.. 
of the st~ndard dev1a~ion ln the baseline s~nal. 

• 
~.assessœent and record 6f·the background'n0tse levels present at the tlme of 

.. , 1 1 

1 . 

• 
... 

the test, These are recorde~ as 99% conf~ltnce inte~* fo~ each s1&nal. • 

SUCA assessments per,mit th~ operator t# ~lio;in;te -u~~~uallY h~gh baclfroUJ1~' ~ 
• hoise when it occurs. The,time trace of the strain~d the force-straln 

: .. . ~ -~ " ... " ... 
and~stress-sttain ~oops are also re~rded.tor.eacp measureœent. Such 

~< • 
• 

. -
.(".1:ecordS ar~ a;.$,o· inval'4èbl~ wheh - *. archivaI measurement records are to be 

r 

• 

... 
more 1nformati~e analysis' of the ba'ckground • 

~ -used. -Be'this as It may, a •• • 
nOise l~vels ls obtalne~using spectral analysis. 

, ". ;';' 

• .. 
.' . .. 

.' Transduc. Sigit~ 1: Sbear Stress 

----~~~~,--,~ 

* • J .. 
The ~9% confidence Int&rval is simply four ti~es the standarp 
t' • .6':, 

devlatlon. lt gives a good, quic~estiœate of the peak-to-peak noise 
:l.evels for \the.liaseline lIIld hence, the real tiœe lIeas~relienl. resolution., 
'the;;e va).ues- ara -denoted by' (45 p-tf): • • .. 

L--.t ' ., 4 .. 
• • .' If .. ' .. 

• 
• • 

• 
. . 

• 

• 
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-. . 
The background noise levels in signal output are one good measure of the 
. 

,performance of a shear st~ss. transducer. Th~ availability of the DFT 
1 

techni~ue permits Us to study the amplitude spectra of the background noise 
/ # •• \ , . 

in shear stress transducer output under various conditions. 
" ' 

• 
Tigure 62 shQwS a typical time trace for the shear stress transducer 
',. -1 ~ 

outp~t. Figures 6j,~oug~ 66 are 9mplitude spect,a obt~ined for ~he she~ -
• 

stress transducer output at various Nyquist frequencies. These were 
f' 

comp~ted using 512 point DFT's taken at different s9mpling rates to give . . , 

Nyquise frequencies spanning the range'from 2'16 to 256 Hz. 

• 

1 

SLnce the 
:Jt 

lower frequency amplitude spectra, Figures 63 through 65, are essentially 
~ . . -

fIat, we see that.the badkground sigual consists of broadband ~Qise ,.hleh 
, 

ts below p.5 Pa in amplitude from,~ro to 25.6 Hz usin~ be9m ~2. The level . ' 
of this random noise w~ll deerease with the total number of points sampled. 

~~ , 
In fact, in principle this noise level Cll1l be made to 'tend to z.ero . . , 
enough points are sample~97 In contr~~, in the highe, frequency 

'. ~ 
. . ~. 

spectrum we detect two di&t~nct error compo~e~s. the ~O Hz 

co!ponent is.caused b~ ground loops that are co~on in capacitançe 

proximeters employing guard-fie~d technology.698,699,700,701 An eqùally 
~ l ' • . ~~ ) 

sig~ifican~ error co~ent is also observ~d at 180 Hz. This.is ~viously 
• 

tpe thi~d harJuonic of the 60.1!C peak and probal>ly re'sultEot frolll 'a "round . .. ' . • 'Ir -\' 
loop as well . These pea~s hav~ ~plltua~ of roughly 4 Pa. A less . . . ~ 
signiflcant error compone nt haying i 'Pa amplitude is.also resolved at 30 Hz 

which Is the second subharmonic of 60 Hz •. Hence, It 15 best to avoid using ..'" , , . 
te~t results with spectral components of SÀear stress at frequencies that 

" " ... .. , 

, , 
• 

, '. 

• ;' 

, , 
, 

• , 

" 
.. 

• 
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are harmonlcally related·to both 60 Hz ~nd.the shearst~ain.* These noise 
• ( r ... 

levels Beet the.manufacturer's specificàtto~ for the capacltance 

prolU.meter' system Incorpo.rat.1ng the Ilodel ASP-.5HT probe used wlth the 5-kHz 

(-3dB) frequency respônse probe amplifier model ASI023-PA.702 , 
" ,. 11 • --• 

1 • ., 

Th~se basel~s:~ctra wer; ~btained vIth the hydraulic pump on to 

1 
repr~sent the t~e background con~itions existing prior to and beeween 

actual Ileasu~t$. In principlé, .floor vibration due to pump rotation 

~ -could cause vibratlon~ in t~e rheometer.' In practice, however, activating 

the large, loud ~draulic pump does not slgnifi.èantly alter these -- t \ .,. ., <.: 
background syeêtra: For e*ample, F~gure 67 shows a comparison of high """ . 
frequency ampll~ude s,ectra ~ith MTS h~draullc pump' on and off. 

• • . 
• 2. Load Cetl Signar • 

, 

A spectral analysis of low-Ievel ~ckground noise in the total force 

elused by bea'ring fr~tion during large ~plitude osclilatory shear t~sting 
;. '-- r ,. 

was discu9;~ u~ft~rheoœeter design.** There ls a significant spurlo~s . ,. ~ ... 
peÎl'k tr unknown origin at '50 Hz with amplitude .62 N. A basel1ne spectrum .. . • 
for the load ,e11 ClU..::put ls given in Figure 68 showi6g slgnlf.icant. error • 

1'" •• 

.Q04 , co,œpohents ':t ~O Hz and at 180 Hz ;'l.th amplitude~ ~ ,iUghlY .008 and 

N respectively. 1-c ' 1 

• • 
*Remellber that'the œethQd of tiœ~.$hlf~in baseline described in 

~ Chapter Scan be used to correct spectral compp 
~ harmoniçally related to the error c~onents of n 

cOllponents at such frequenc~es must be used. 
1 

• **See Figu\a 43 . 

• 

• 

frequen'i,ies 
when, spect'ral 

.. 
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• Jl3 , Displacegent Iransducer ~nal • 
• -

.' 
., Background noise levels for the LVDI output are typically below the' 
f"'-...' "-.' 

. . 

/ 

-
J ... 
l 

• 

digital resolution of the data acquisition devices, Using a 1 œm shim , 

, 'thiC~S and the max.ŒUm resolution signal·co~dltioning amplifier setting, 

th~ digital rlsolution correspo~s to about .5\ shear strain . 

C, Oscillatory Shear 

The t.st program glven in Appendi>. I was used for a11 osclllatory shear 
• ,', 

~ 
ey.pettments, ~ 

h ' 

1. Materials Studied 

a, Molten Plastics 
• -

The 

polys'tyrene, prey 
• 

• 
l" • 

, 

eval'uaéed ~St~en polystyrene ,±IL-"s~ator; 
, '\ 1 

in reciprocatlng ~onential shear .• The 

studied by Tee and DeaIy, 703.704 was sord by Do'" 
" 

Chemical Cana 'under the name Styron 683. lts salient properties , are. 

Hw.- 3.3 x 105, solid-5tate density - 1.04 g/cc and {elt index -,4.8. 

m.lten polypropylene . . 

Polyisobutylene 

t 

( 

"'as previously 
/' ~. 

J 

1 
r 

studied by Hutel and' jartoal. 276 

• 
-, 

• 

The 
1 • 

, 
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'Prel1mlnary investigatIons, done on the mo~ied prototype at room 

tellJlerature, made ~e of V};tanex Uf-HS. 'Ibis cOlllller~ial polyisobutylene 
r • 

hOllOpolymer was supplied by the EXXON.CHEHlCAL COMPANY. lt 15 Ideal for 

rheometer evaluation and is commo~ly ~ed for this purpose sinee it ls 

AIIt 1I01ten at room temperature. 705 ,706,707,708,709,710 lt also resists me}t 
, "'~ 

fractu~é'~e1.l $0 *,at nonl1near visc~la'i..tlc properties ~re easHy obtained 

before s~le fra~ture Commercially, thls resin ls prlneipally used as a 

base for-chewlng gum a~d for hot-mel~adheslves such as window caulking . 
• 

lt has a 11mitlng low-shear vlscoslty of 1.04 x 105 Pa·s, a vls~Qsity 

average m?lecular weight of 45,000 and lts density has been measured as a , 

funetion of tempe~ature.711.712 .. 
The sample loading procedun~ for POlY~SbbutYlene i5 different f~ that 

, t .. 
of a molten plastic since 'it is in the ,olten state during logding. Using 

wet han~ to prevent Adhesion, a rectangular sample can be shaped and held 

until dry on one side. The sample can then easily be pressed onto the 

stationary plate around the âctive face of the.transducer, taking eare not ~, 

to allow bubbles to be trapped betWeen th~ polymer and the statlonary 

\. 
'L 

plâte The rheometer is the; c10sed and one p'roe,eéds as'tor th" èase of a 

molten ~lastïc, This approach ls simpler than the more ,comœonly used ~ , . ~ '" 
method of heat{ng the polymer overnl~,~er vacuum and pouring the hot 

melt onto the statlonary pl~. ' 

2, New Rh~Q~eter Us1n~ HIS-BASte PrQgrams 

8 t Small Amplitude Tests '. " . \ .. 
.. 

..L;..l \. "7 
" 

J 

• 

• 

• 

, . 
• 
' . 

, \ 

, 
, 

. '. 

. ; 

• .. 
• 
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Cl) LowSIN 

. . 
A common problem with performfng small she~r strain aœpl1tu~e 
• , 

exp~riments at low frequency on a rheom~ter designed for nonline~r, . ' 

yiscoelastic property measurements is th~t tbe'background noise levels ca~ 

begin to interfere with the lov-Level shear stress œeasurements. Small 

shear strain ~plit~de tests vere done with molten polystyrene, Styron 683, 

at 190°C Figur~ 82 i5 a representative test record for a scaii amplitude 

osci11atory shear t~s~ • This test vas donc with a shear strain double 

a~p1itude of ,4 at .1 Hz and thè signal to noise ratio 1s lov. This 1s 

clear fro!:' the ra. data 100p of shear stress versus shear strain, 
, 

~ 

Figure 83 15 the amplitude spectrum of the shear strain, which 

de~onstrates the quality of the motion of the slid~ng plate The 

statiseleal ar~lysis of thls spectr~, plotted on expanded linear scales in .' . ,. ~ ~ 

Figure 84, snows thit only ~He fundamental is s1gnificantly different from 

zero wlthin a,two-sigma conf1dence range. Furthermorè, from the breadth of 
• . , 

this peak we concrude that the precision on ~~ frequency 1s better chan' 

~e frequency resolution (D~), whlch 1s 1\ of the driving frequençy, and, 
, 

, 
thLs ls one good Qeasure of r~eometer pprforœance. The çorresponding phase .' 
spec~tum, not shown, shows the phase content of the strain to be slightly 

hlgher than ~/2 which is what it should be slnçe the HTS harœonic function 

is a cosinusoid with~/2 phase content. 

" • 
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Figure 85 i8 the corresponding time trace for the shear stress response. 

Note the differences fro~ cycle to_cy~le due to background noise. The 

cotresponding shear stress spectrum in rectangulez form, Figure 86. and the 

shiar stress amplitude spectrum,.Figure 87. show that only the fundamental 

contributes significantly to the œaterial response. Furtheruore. the log

ampritude of t~e shear stress, Figure 88, shows that the spectrum of the 
. 

background noise Is uniform. ThIs type of noise is called white noise. 

~ occasion, a different type of experlœental noIse Is observed sueh 

that the level of background noise decreases gradually with frequeney. 

This 15 an error and is due to the rectangular window used and can be 

minimized by pretreating the time series in several way~ before proceeding --with'the DFT. For exemple, in Figure 97 this sort of windowlng error ls 

noticeable. ln practice, this type of error was ocçasionally observed. 

tiowever, when windowing error does oeeur it ls best to supplement the DFT 
. 

of the recta~gularly wi~do"ed time series with 8 specially flltered one. 

• • > The analysis prograœ given in Appendix 3 incrrporates sueh an option.~ 

Conslder Figure 98 which shows a Hanniljg >,indowed version of the spectr'Um 

given in Figure 97. The background nois. is flatter at the 10" frequency 

end. Also, the peaks have been broàdened and uniformly attenuated by a 

factor of .5, disadvantages characteristic of this type of digital 

filtering. 

. 
.' , .. . 

.~~ 

Tho:e ~ot familiar with such alternate wlndOWing techniques, 

~pecifically the use of the Hanning window, ~ encouraged to consult , 
Raairez (1985) for further explan~tion.713· 

.. • 
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As discussed in chapter 5, meaningful phase speetra are generated by 

setting the phase contents of aIl noise eoœponents to zero,'so that only 

the important phase contents are shown. This process is called digital 

flltering or nolse·reductlon. Flgure 90 shows such a phase speetrum for 

• . ' 

the shear stress signal and Figure 89 shows the corresponding noise-

reduced o~ digitally filtered amplitude spectrum. The phase lag of the 

fundamental of the shear stress is greater than zero and less than ~/2. 
_."..... . 

Otherwise stated, the shear stress response is thermodynac{cally plausible 

AIso, here only the fundamental of the shear stress recains jn the 

amplitude spectr~ Ho~ever, the statlstical analysls shown in Figu~e 91 

reveals the existence of very s"a11 hlgher harmomcs that arè barely 

significant at the 95~ confldence levei for the second, third and fourth 

harmonies Small eVBn harmonics 'can be attributed to the effect of normal 

thrust on lateral cantilever deflection, ~hlCh was discussed under 

cransducer design. 

spect~nalYS'S of the total force contrasts sharply with that of the 
• 

shear stress. ln both the rectangular spectra, Flgure 92, and on the log· 

amplitude spectrum, Figure 93. higher harmonies are clearly evident. 

Higher harmonies of total force are also clearly in evidenc~ in these 

spectra The noise-redu~d ~plltude spectrum and lts corresponding phase 

contents are shown in Figures 94 a~d 95 r~spective11. Hence, the total 

force measurements are nat qualitatively consistent vith the shear stress 

measurements. The longstanding hypothesls that free-boundary error, are 

important is well supported. The statistical analysis of these data, 
1 

-. 
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Figure 96, shows that higher harmonies up to and ineluding the seventh one 

• are signifieantly different from zero w1th better than 8; 2-s1g1la confidence ? 

level. 

(2) "lgh SIN 

Figure 106 shows the frequency spectrum of shear stress for a small 
. 

a~plitude oscillatory shear test at a higher frequency. The spectrum 1s 
~'", ~ .. ----:-.<?" -

rich with odd higher har~onlCS that are not notieed on loops of stress 

versus strain or strain rate. The statistical analysis, shown in Figure 

107, shows)higher odd har~onics, lncluding the 3rd, 5th and 7th, to be 

significant The even har~onics in such spectra are attributed to the 

effeet of n~al thrust A ~ore precise determination of the amplitudes of 

these ha~onics~ould best be achieved by colleeting a larger time series, 

but increased ~~ would be required so that larger, better resolved FFT's .. 
could be perfor~ed. 

b. Effçct of Iherœa1 Degradation 

.' 

,It ha~.been hypothesized that an advantage of sensing the shear stress 

lo~ally, ~way fro~ the free boundaries of the sample, is that experimental . . 
error dué to oxidative degradation can be avoided for a considerable period 

of time withou~ having to use expensive nitrogen blanketing. Figure 99 
• 

shows the comparison of the corrected phase angles for the total force and 
, 

for th~,shear stress, both verius sample age. For the total force, 

considerable variation in phase angle is noticed in the total force after 
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roughly 10 to 15 uinutes, Corresponding curves showlng the effect of 

sample age on shear stress and total force amplitudes are shown in Figures 

100 and 101 respectively. A large variation in total force amplitude Is 

observed for the total force whil~ the shear stress response appears 

unaffected for a period of three hours. The solid state dimensions of the 
> 

p01ystyrene plaque ~sed for this test were 5.5 x 3.13 x .035 in. AÏter 

insertion, using a shim thickness of .030 in, the contact are a was inferred 

to have been 20 sq.in., which was confirmed by inspection after the test. 

c, targe Amplitude Tests , 

Figures 69·81 pertain to a typical large amplitude oscillatory shear 

test performed on molten polyst1rene (Styron 683) at 1900 Ç with a shear 

strain doûble amplitude of 14 and a frequency of ,2 Hz. 
, ~ 

Figure 69 Is a typical large amplitude oscillatory shear test record, 

obtained immediately af~er each test. The time trace of shear strain 

çompares the command strain (continuous curve) with the actual strain 

inferred from the LVDT output signal (triangles). This curve gives the 

operator a quick impressi~n of how close1y the actual plate motion 
') 

approached the desired motion. The total force versus shear strain loop 

and th~ shear stress versus shear strain loop quickly tell the operator '--
, whether the rec~ded waves are stationary during the interval of data 

collection. If standing waves are obtained, the operator can judge whether 

or not the 100ps are twofold syuaetr1c. Here, the total force and th~ 

shear stress are also recorded during the first CY,cle. 

• 
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Recall that a persistent lack of twofold syaaetry sugges~s the pres.ace 
" 

of a fractured sample, which IlUSt usually be replaced. lJlth the , 
, 

~olystyrene melt, however, instances of the melt "healing" and returning to 

. its original twofold symmetric state after about 5 minutes are comaonly 

observed. Furthermore, twofold asymmetric standing waves are often 

• observed at high shear rates which ean~peatedly be reproduced even after 

performing several lower shear rate tests and then returning to the higher . 

. shear rate conditions. 

Figure 70 shows a typical loop of the actual shear strain plotted 
. 

against the command shear strain. Remember that since the frequency 

spectruœ of the LVDT output is used for the final property determination, 

plots such as Figure 70 are used to check the harmonicity of the plate 

motion In this case the command motion closely approximatès the desired 

harmonie function with only a sllght phase lag between them. Some phase 

lag 15 Inevitable in any servo·controlled actuator system • 

.. 
Figures 71 and 72 show expanded plots of the shear stress transducer 

output ànd the load cell outputs respectively versus shear strain. These 

plots show raw data that have not undergone the small pnase corrections and 

nolse-reductlons that can be performed using discrete Fourier,transforms to 

improve accuracy and precision respectively. 

FIgure 73 i5 a typical counterclockwise loop of shear stress transducer 
• 

output versus total force showing additionsl lost work due to free bOUQdary 

, 

.. 
~ - -~ y.\I. _. 

" 



o 
< 

250 . 

errora ariaing in the total for~e meaaurement. The are a of thia loop is a 

lIeasure of the amount of free boundary ';rror incurred in the total force 

lIeasurement. 

Fi~res 74 and 75 are representative time traces of shear stress and 

•• 
load transducer output signals respectively. They shov barely detectable 

anharmonicities and slight differences from cycle to cycle, vhich can be , 
attributed to background noise. 

(1) Time Domain Differenciation 

As mentioned in Chapter 5, vhen the elements of a time series are 

equally spaced in time, the time series can be differentiated numerically 

by the method of WhitakeF and Pigford. 7l4 The formula used for the 

derivatiVe for each element, Yn, of: th~ time series, y(nbt) , is: 

2 
dYnidt • l X Yn+X / (10 6t) 

X--2 

and the second derlvative is: 

2 
d2Ynldt2 • l IX Yn+X / 7(6t)2] - 2 

X--2 
" 

2 
l IYn+x / 7(6t)2]. 

X--2 

(226) 

(227) 

Figure 76 Is a typical ~ounterclockvise loop of ahear stress against 

shear st=ain rate in vhlch anharmonicities in the shear stress are 

evidenced by the non-elliptical shape or pointiness of the loop • 

• .. 
\ 

• 
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There are an infini te number of derivatives that one might use to plot 

such loops. However, for liquids it would appear that the shear stress-. 
shear rate loop best brings out the anharm~nicitles observed during 

nonlinear viscoelastic deformations. the.method of Whitaker and P1gford ls 
. 

well suited to these e~perimental data, as t~is method does not amplify 

signal noise to an unacceptable degree even for the second derivatives. 

For e~ample, Figures 77 and 78 show typical loops of the time derivative of 

shear stress, do/dt or SSTR, versus shear strain and strain rate 

respectively The shear stress is plotted against the second derivative of 

shear strain, d07/dt' or RATE OF CHANGE OF SR shown in Figure 79.· Finally, 

the second time derivative of shear ~tiess, d'q/dt' or DERIV SSTR, is 

plotted against the shear strain of Figure 80. 
" 

the test pro gram given in Appendix 1 permits eich 

obtained immediately fOllowrn{ the test. 

of the aforementiQned 1 
plots to be This gives.the 

operator a complete time domain study of the raw data. Finally, a report 
:"'..r • ..,., 

on individual measurements is also obtain~d to complete the archival 
. 

record, The report corresponding to Figures 69-80 is shown in Figure 81. 
• 

This report c~ntains sequentially: 

• 
(a) the data fllename (OS208.DAT), 

• (b) mate rial identification, 

(c) test temperature, 

(d) shear stress transducer beam number, 

(e) test program name ~d version number (PGH) , 

.. 
; _.-" 



--

J 

(f) sample thickness (SHIK), 
\ 

(g), operator identification, 

(h) tes~ frequency, 

(i) shear strain double amplitude (SA), 

(j) identification of collected cycle numbers, ,-
(k) total number of data points (ppe), 
, . 

252 

...... 

(1) amplifier range settings (RSl for load, shear stress, shear strain 

channel,s, 

(m) the base1ine noise l~vels expressed as four times the standaRd 

deviation in the baseline si~als before the test [NOISE (45 P·P)] for the 

load, shear stress and shear strain channels, 

(n) the test date and time, 

(0) the ~tatic calibration values for LVDT, load cel1 and shear stress 

trilnSdU?r. ' 

(p) the beam stiffness used in the static calibration, 

(q) the capacitance probe model number, 
. 

(r) the identification 9i the electronic circuit used to compatibi1ize the 

capacitance amplifier with the MTS DC signal condit!oner and, 

• 
(s) misce1laneous comments. 

(2) Freguepcy Domain Analyses 

• 

In the previ~ section we noted severai points of view that,cou1d be 

used to analyze~onlinear viscoelasti1 response of a molten plastic to 

large amplitude oscil1atory shear. These approaches share the~isadvantage 

of not permitting digital filtering. As e saw for the small ,-
• 

1 
J 

, 
Y' 
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. ~ ... ' .,. 1. '. " . -'~ , . . -(, -
9~illatory shear te$t, frequency do~ain analyses'p~rm~t,~~to resolve ~ ,. ~. ~. ~. 

"fea;ùr~s of the,~aterial re6pon~e th~m~ght othe~ise g~ unnotiéed, Th~ . " "..... " r'ollowing example undersc<>res suth a<1vantages-.fo" the ~ase 6.f an anharmotllc 
, , .... ., •• '/ ~. k ~ 

nO:linear viscoela;tic ~esponse. ~~ 
.M 

, 

, 

. . .. 
(3) Effect' of ~q"entlt' .. .. . 

1 .. . • .. ·l • 

• • . . 
:'Ilt 6 sU""Nrrizes a set of sneàr- stress response measurements on the. 

, '-, •. ', " 

~polys yrene melt at 1906c ln large am~f1tude oscillatory shear. 'All ph~~e 
,~ . . '\ , ' '", .. ',,-. 

. ." ~"' , . 
angles' ,ndu,;" appropria te phase corree.tJ' The strain amp.lHude i,s 

!10m~nàl~y 5 ~è s'light differenc,es betwe' tests are a demonstration of 

,,> 

• 

',' , ,.. . o<a . 
" th,'" dynall'lc, p~rfor~ance o,f the servo:contr • tI' dtive s.ys~!". Figu'flè. 1,02 

is ~ pl~t ~f these res~lts s~owing t~~ effect of frequen~on·the • ~~ 
amplit~des~f' the prlncipal harmoni~s of shear ttress i~ l~rg& amplitude 

, 

,. ... ~ 

, 

, .. 
~ ...... " 
""<;_ 10 ~ " . '., .' . 

• 

oscillatory shear ,. 
• • 

'Exp~ndlng.the ordina~ giv~s a better 'ietute of the 
.. ~. 1" •. •. 

- eff"~t of fl:equeney on thé~,thlrd a. fifth harmonies !oJlown respeetively in 
: .. ~. r .,.." . ~ ... 

'}'J,l!Jo.~s '10'3 Jlnd 104 Thè effeét o.f ~fre'lueney 01) the"r~se a!lgle~ 'forlhe, 
• • • 

ioops eorresptond1n~ to •• ", pr1hçiRal harmonies 1s sHown in#igvre 105. 
\1 ~ ~ /' • "" .. 

• ..." 'II , 
• thase' are pr~ented in Fi~ures 108 and 109. 
.-',.1"" •• 

'The 

The: $tress; rate 1001" 

'.. ' ... ~. . '-" ~ 

accentuates 4tlie nonl ineari,t~e~ 
, • . '4- • 

where~s the stres~~traln lo~p , .. , of' the hûid. 
,. '" '>IP' . ... .,. 

• 
do';. nô •. 
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'V 

~ 

, • . ,.".~ " • Table 6: Effect of Frequency in LAOS .~ , . ' 

~ ...::.,.. 
• -0.500009 4,97816 

1.0001~ 4.98178 
Q.200009 '4.97~98 

-. ' 

, ..ll:1_ 

" 
,023937 
.027398 
.014484 

, · • , 
..ll:3_ • ...:25_ ~1- " ~3-: . 

• . ' 
.p01378 .000~28 4.61734.0.152020 
.001815- ~00191' 4. 259~7 5.631608 
.00.08>5 . OQ129 4,5312) 6.144380 ... ' . . ~ .. ~ 
""'-' " 

;~ , 
(4) Effect of Serain Ampl~tude 

• 
• 

• ~ 

, 
• 

" ..l.s_ 
c -,"'-" 

1 .... 

5.,309077' 

4,39~ffi' 
4,Q60 21 

• 
, 

... 

•• 
• 

Table 7 summarizes the d6maln analyses'ror'6 se~ies , , , , 
, . · . • 

" of tests done at the same,f~equency, 0,2 Hz, oveé à wide range of shea~ 
s_ - \, '10 ,A '\ 

., . - , ., 
.', 'Ia'tn "';'plitude's, 'AppropLiat'e phase corre<;t~oris were ap?'!'ied ~. a11 ~e 

.... • angle, entries in Table 7 .. 
# "'. .f,. ., '. ,. .. , , • 
.' '.' 

• 

-. 

.. p .. • r---,~------------------------~~~------~--JL----------------~ .' , 
• 1 

Table 7: Effett o~ Strain.Amp~itude in LA~~ 

-;'"1. , , 

• 
, ' 

• .*.~ . 

• • 

• 

'. • 
-4llz . . 

.200009 4.9769~ 
ft ,200009 ., 5. 9Z~6 
.. ..".. __ ...<?00009 '2.49086 

:i,. :-. .2!?Q009 0,993945. 
" .200009 3.98J98 

~. • :2t0009 0.49,69>4' 
,.20000,9 6.97203 

, . 
, 

. .' 
..ll:1_' . . 

..Q144!!'4 

.016f7S' 

.009~40: 

.004506 
,012634, 
,002251 
.011824 

> 

-..l.s_ . ~ ..ll:5_.- ' ;U-
~OOO&~ ;.000129 1.251930 6,t~27 4.64797~ 
.Ô01088. 0 1.255510 6.011647 0 
.000222 ,,0 1v071560 5.222~97 0 
,000045,' 0 ,9522204.379787 0 
,000561'" 0)..1579405.7140&7.1f .9 
" 0 0 ,92991P 3.001B7 y' 
.~013ao .. 000237 L 200560 0.193241 4.74.4892., 
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~ )-
These dat,. 'lie summarizeJf,in Figurd 1l0-1Î2.rcorre~ponding lo~ps of 

• 

~hear stress vers*5 shear strain are shown in Figures ~l3-1l5 and loops of 
, . . 

shear stress versus sFiear' rate are sho..m in Figure;; Lr6-11& ;(t 0.2 Hz the 
... J( '10 ... 

behavior of thf polystyrene appears to be linear.for ~train4amplitudes of 
• • ~ " \7 

• ,Sand 1 ~s il evidenced b~ the ~ts that (1) the' stress vi~sus shear 
, , 

• 

rate Ioops a~ virtually el1iptlCFl. (2) the shear stress vers~s shear 
1.' \ 

"train Ioop~ arewirtually 'elllp;i~al and (3) the phase angle of' the 
, 1 

~ , 
f;>.n~aJl'.!.nt,:l i~ viFtunlll'- inde,p:.!l.d~t _0(_51'.ra1l;) lIoIi'P.Utl.l!k ~~_L - -, . , , 

1 St,nctlY,.speal~'l!lo> lim,ar ~hiVlo"Qas r~ot been obs~ryed~lnce the har~onic 

• 

• ,. If. .. , 

anaIyse~ show a slgnlficant third har~onic con~ent at 70.-'t: . 
~ -

•• d. Mfl'l t Fractun" 
: :~ 

.. , . , 
.. ' . , 

• 

• 
*' Osetilatory shear properties can b~ œeasured fà~ the molcen polystyrene 

for straln a~itudes fro;-~~ up to levels Chat ~ause œel~ frac~re, .. ..... " . 
-~ .., 

Hénec. ~e full spectrum of osciliatory shéarC~roperti~s,can be measured 
~ '" "'? .. . . ). -with the ne .. rheotreter ,lIelt fractv~ 1s judged to have oec,!rred "hen the 

1·#4.".:" 
1 4i. '. 

test report plo~s show a stress-strain loop that'is (1) tvof01d asymœetric 
, 

"or (2) not closed .h typieal example. of a tes~ report for a saEple • . . 
ùnde~oing roelt frae,ure 1s sh~wn'i~ Figure 119. 'Her., ~fôld asyncetry' 

.. • t 
• • 

loop b~f. 1s not 

loop. This is bèc)tUSe the 

ts,prevalent ih thç shear st:eS5.~~~ùS shear strain 

1." '. " !i: ". . 
evident' in'the total force versus shear s~ain 

~ '. 
total force ;~asu7i""ent ~s. dominated by flO'" ofcurring lIt the free . ,. 

.. ' 
" " 

boundar!e':, Menee, the flo .. in t~6 m1ddle of the s~ple see~ not to 
, 

govern the total force measuremenc, 

• • , '. , 
\ 

• t • , 

'" 
... 

, . • , . 
, . 

... 

" 
1 • .t 

.. 
.' 

• 
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. , 1 e . Sbear Stress Ne~r the Free Boundary 

"- • 
~ 

• , 
#If' • ;;r--. 

Recall tbat tbe strain bistory used in .tbe oscillato~ sbear test 

prOgraor 18 g:nerate~~ MTS barnonie ftln~tlon 
, . 

nor cosin~sôidal, The actual strainbistory i5: 

tbat is neither sinusoidal 
• , 
• .. • 
" , ;. 

, ,. • 7 - 70 (1 + cos <Jt) -, .' "" 
(228) 

- , 
/ .. , • ....... ' -' 

By loeating t~e shear'~Jtess transducer near a boundary, one can probe end 

1/ et'fècts by studyin~ the effect of a sign changè in 70 on the. shear stress. 'c .. 
1 ~!tb the sHear stress transducer 50 mm away (dmin - 50 mm) from the nearest 

< 

end of a re~tangular sample, 16 c~ long and,lO cm,wide, one can probe 'end - . 
effects by ~rforming pairs of otherw~se~déntica~ OSCil:~tory shear tests 

in opposite directions, Ahy differenee due to thé'70 sign ehange can be 
.. • t;..... 

at~ributed (0 end effects NOw for a shim thickn6ss of ,755 mm, 

slgnificant effects 0; sign change were observed at a plate displaceeent 
. .' '.' . 

lJf 10, 6 ~ (Dmal\" - ~O, 6 mm), This eorres·ponds to a double amplitude' of 14 

~. shear strain Uni;?, WhQ~·the test i8 perf~rPed such that the transducec 
, , 

~moves ;ewàrd the center of the sampie. a twofo1d symmetrle response is , '~ 

obtan.ed, lIhen the test 1s ~erforllled so ,hut thé trarisdueer IlIOves C;oward 

the iree bou~dary. twofold asymmetry and overall attenuatlon i5 observed in 

• 

1. the stres~ response, This slgn change dependenee Is elearly illustrated, in. , . ,.. 
" " 'Figure p2, .. 

Recall that tbe cl'lterlon for end effe';ts gNen in the rheometer design ,. 
" ~ , • • 

, . 
C 

, 
, 

# , :, • • 
" 

• ./ \ 
, , 

• " . 
" ' , 

• • . -. • 

• 

, 
• 
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~57 , \ 
: 

section :w,s DmaxI~in < ~c' For the sample shown in Fis.ure 132. ~c - 0.21. 
• 

Hence, 
• • \ 

• 1;-
Dœax!(L-Dr) < 1/5 (229) , • 

..\. 

, 
wou'ld appear to be a good design criterion for oscill~ory ~hear 

• 
experiments on s~iding plate rheometers. 

, 
3, frelirninary Results 

, , 

, 

a, Using Modified Prototype 

A polyisobutylene resin'was studied in large amplitude oscillatory 

shear at'rool!! temperature using the prototyPe rheometer incorporati~g an . , 
MT! Fotonic sensor ~ 715 . Stat(c .. 'C~libra~ion was perfomed by suspending 

weights from the transduçer's new calibration hook. .AII d4ta were 

• 
éollècted as oscillogra~s of stress ver~s strain (left) and, stress versus 

strain rate (~ight). Jo0l',s. One such measurement rs shawn in Figure 120. 

!hese data are collected using 'che 'chop' mode on a Tektronix analdg 
• . , . 

storag~ oscilloscop~. An analog circuit was used to obtain the shear rate 
1 • • 

from 'the LVDT signal in real time'.' !he static calibration gave the 
, , 

• 

-
following~onversion (rom ~scil16traph ~rl. to shear stress. Q.040 HPa pir 

p 

'large division. '" ~ '~' . , , 
J ~ •• " 

" '- • 
• 

, 
, • • " • • · m t:ff~lit !2f ,E[~gu~ll~il ~n,LAoS , • • 

><r ~ . • . , . 
f • , 
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• .. 

1 

~ 
' . 

.~ 

" 

{ 

~ 

t 

1 



,- . 
\ 

l 

• 
• 

. ' 

• 

~ . \ 
• , 

"'" _. 
, 

-' . ' 
" -

• 
• 258 

• . 
Figure 121 ~hows four test resu1ts done at 

of 16.98 at severa1 fre~eriCies. The stress versus strain rate 100p 
a. "- . 

becoœes 1ess e111ptical~s.the frequency is increased. It has recently~ 

been shown that certain kinetlc ne~ork theories716 ,717 -behavior for large amplitude osciilatory shear. 718 . 
• 

• 

pred1ct this 
r 

Figure 123 shows the results of a coœparison betweèn the stress 

amplitudes obtafTled in this work and ~hose obtained by soong,~9 - "Çood 

agreement was found despite problems with drift in Fotonic sensor 

sensltlvity, . * Only the shear stress amplitude. qo. has been plotted. 

(2) Polystyrene Using IBM PC 

~ . 

• 

1. 

J 

• 

\ 

So~e preliminary resu}ts for molten POlysty~ ~er~ obtained at 130·C 

~sing beam #1 with the Tektronix oscilloscope and IBM personal coœputer-
• l... . 

based data acqulsi~fon system. These results are presented ln a recent 
: .' 

-paper. 720 ... . , 
• 

P. Othér Strain Patterns 

, 
• . 

Software bas. been written to BCCOl!!!!Oda~ .. ,e"eral other strain histories . . \.. . ~ .. 
These include {l) start-up and cessatio,n of st1'l@ldy shellr. (2~ reefprocating" , 

. . 
start-up now, () step strain. (4)' redpJ:'ocating step4straln, (5) , 

" - . 
cessatiqn of expon~r.tlal, sheatillP, and (6) le~ipxvcat.lng eXl-vfl~ntia] shelu. 

• • 
, 

" , ~ 
a~pl1çudA bf the flrst ha~onLc. ~l 

, , 

• *Not to'b~ éonfu~d vith th. 
• 

, ' 

, . • 
• • • 

'/ 
L '\ .....t~ _. .,', 
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" , 

• 

In fact. slnee the,actuator Ilotlon 15 progrllllllabie. thé straln pattern 

can be speclfled arbltrarl1y,so that, wlthln the constralnts of the 
t ,.. ... ~ 

actuator dynamic performance, any nonlinear vlscoe~~stlc shear property can , 

1-

~ be measured vith'the neV rheome~er. 

1. Expofwfltial Shear Tests 

.. 
" 

The" test program for reciprocating exponential shear and for stress 

relaxation following exponential shearlng ls given in Appendix 2, Students 

of KTSBASIC sàould notice the s~ong slmil~rity betWée~ thi;'program and 

Chat used fOF oscillatory shear given in App:ndix 1. 
, , 

1 for exponential shear ls: 

e4.~t) .' 7 l . . 
• ~ . ' , . 

, 
The sttain history 

4 

(230) 

.;md, the corréspqijdirig strain rate h1st~ 
• <', 

,"" 
ls.: ". 

• 
, . 

· .1-,; · , 
, . 

0, 

ô • 

" 
... -:~ 

• 

.. ' . "' 

• , . 
, , , 

. . 

, 
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, , , 

' . 
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F<lr reêiprocaÙng expon~t;ial shear, 
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Hence the shear straln for the reciprocating ~xponentia1 shear property 1s 

specified by two variables, the strain amplitude 10 and the strain exponent 

<0 

A representative )F-st r~cord for a rèciprocating exponent1al shear test 

on coltçn polypropylçn~ lS shoon in Figure 124. Expanded versions of these 
6 

plots are given in Figures 125·127 showing successively, the tice trace of 

thè" sh;;~ strain,.the lo;~ of"t;t~ f;rce--v;~s~ sh;ar strain and the shear 

stress versus shear straln The loops include plots of the first cycle 

response ln addltl~n to the stationary loops As for the case of 
1 . 

'oscillatory shear, the loops of the raw data for the shear stress versus 

shear straintare different. The signed areas of these loops r~present the 

lost work The apparent lost work is greater when the shear stress is 

inferred fFo~ the total force than when the shear s~ess transdu~~r signa~ 

is used. This dl sere pancy bçt~een total force and local shear stress is 

underscored by the loop of shear stress versus force shown ln Figure 128. 

The loop of actual straln versus command strain, Figure f29, s~ows how 

closely the actual plate eotion approaches the desired reciprocating 
~. 

exponential deformation. Àctu~or performance is exceLlent in the 

exponential shearing ttode 

A typical time trace of the shear stress response tq 

exponent~al shear is shown in Figure 130. The shear stress Inflects. For 

positive s;ress this infle~tion is from concAve-up to concave-down. Using . 
• 

the method of Yhitaker and Pigford, described earlier in this ch~pter, tpe· 

, 
, , 

\ 

. . 
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second time derivative of the shear stress, d2u/dt2 , can be computed. 

Figure,,13l shows that when this is plotted against shear strain, the values 

of the-strain at which the inflection takes place are easily identlfied. . . 
Here they are 2.33 and 7.27. When the loop ls centered about the ordlnate, , . 

A 
these values imply an Inflection strain of ±2.5. 

. , 
/ 8. Freguençy Domain Analysis 

Frequency domain analysls Is a useful way of looking at the data from a 

reciprocating exponential shear test. Figure 133 shows the amplitude ~ 

spectrum of the shear strain. From the frequency domain, we see that the 

reciprocating exponential shear test stimula tes the fluid at several 

harmonical1y related odd frequencies. Over eight peaks, aIl with 

amplitudei signiflcant relative to the fundamental. are observed with this 

DFT Hence, the amplitude spectrum of the shear stress response, Figure 
. 

134, a1so has peaks at the same frequencies. Correspondlng phase cont~nts , . 
for these spectra were not measured. 

, 
/ . • 

• 

• 

.. , 

\ 

, 
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• ! 
\tH •. CONCWSION • 

A. Conclusions 

1. 00 the Shear Stress Transducer 

• 

a. Static ~alibration revealed minimal drift in transducer sensitivity, 
1 

b. Dynaœic calibration of the new rheometer showed the shear stress . , 
transducer to have frequency response good enough to permit accurate 

measurement of the nonlinear viscoe~asti~ properties lt was ?esigned to 

measuro!l. 

, 
2,'00 the Rheo~eter 

• 

, .a. The combination of (1) a sliding plate rheometer incorporating the new 

shear stress transducer for molten plastics, (2) a computer controlled, . .... 
programmable, servohydraulic linear actuator and (3) a digital data 

.acquistion system, constitutes a system having great flexibility in 

histo~ selection, which ~equired to measure nonlinear viscoelastic 

properties of molten plastics. 

, • 

b. The incorporat~on of A shear stress transducer in A s11ding plate 

rheoœcter is an effective means of mea.,ring the nonlinGar viscoelastic 

properties of molten plastics, particul~rly wHen the transducer 

" 

, 
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incorporates a capacitance prox1m~ter and when a servo-hydraulic linear 

actuator i8 used to drive the rheometer • 

c. The incorporation of a hook in the side of the shear stress transducer 

cantilever permits effective calibration, both, static and dynamiC~f the 

neW rheometer. ,. 
1 i 

d. The shesr stress speetrum for a molten plastic in oseillatory shear 

measured on the new rheometer con;ists of principal 

noise. 
, . 

3, Relating to Rheologieal Heasurement 

( 

harmonies gus 

~ 

white 

a For a molten plastic in oseillatory shear, the actual shear stress 

response and the stress response inferred fràm total force are different. 

, 

(1) 
, 

The ~resence of higher harmonies is more pronouneed in total force 

speetra than in shear stress speetra. 

(2) The phase angle between the shear strain and the fundamental-Qf the 

'totai force is always higher than the angle between'the strain-and the 
• 

shear stress. 

(3) Melt fracture is cllrlY evident in the shear stress signal. :ut 

may go undetected in the total force signaL " :. 
>, 

These phenomena are attributed to measurement errors caused by 
-." 
uncontroll~e flows occurring near the s~le free boundary. 

• • 
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4. Applylng to Analysls 

a. The use of spe~tral analysis permits slight higher harmonies to be 
• 

detected for molt~ plastics in oscillatory shear, even at strain 

amplitudes as 10w as 0.2. 

B. Contributions to Knowledge 
, 

The single most important contribution to knowledge of this research has 

been the design and evaluation of a sliding plate rheometer inc~rporating a 

shear stress transducer which permits the measurement of the nonlinear 

viscoelastic properties of molten plastics. The measurement of the errors 

due to the uncontrolled flow which arises when properties are inferred from 

total force is also an important contribution. 

• 

Another contribution to knowledge was made wlth the development of 

convenient methods for rheometer calibration .• The method of static 

calibration is carr1ed out at elevated tempe rature and does not require . . 

sample reœoval:. The technique for dynamic calibration can also be 

performed at elevated temperature. 

The investigation of the viscoelastic propertles of molten plastics in , 
transient simple shear tests incorporating shear r~tes that cause material 

.. 
respoases spannlng from Hnear vlscoelastlclty to s8IIple fracture is a , 

, 
contribution to knowledge. Uslng the dlscrete Fourier transform, the 

• 
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. , 

methods of analys;s for the viscoelasti~'pr~pertie; of molten p~astics ~ave 
been advanced. This advancement provides improved accur~cy in thejt ;1-, 

- ~ 
viscoelastic propertr measurements by perm~tting phase-corre~tions, signal-

averaging and nois~·reducçion on shear stress, total force and shear strain 

signals . 

• 
C. Recommepdations 

t 1 

1. Pertaining,to the Shear Stress Transducer 

a Since squeezing flow in the annulus between thè cantilever and the 

housing governs the frequency response of the transducer, there is an 

inoentive to be able to use shear stress transducers having stiff 

cantilevers. Improvements in the f~equency response of the shear stress , 
transducer might be achieved with the use of a.pie~oelectric sensor whose 

intrinsically hlgh rigidity would permit such very stiff cantilevers 

without sacrlfl~ing resolution in the she~; stress • It is recomme~ded that 
• 

the feasibility of this method be evaluated at high tempera~~res • 
, 

• ... 
b In its original conception, it was suggested that ;he shear stress 

1 

transducer for molten plastics incofporate a linear serv<>-motor ançl be set 

up as a null-bplance.721.722 This more'complicated approach coul~ permit a 

high effective cantilever stiffness if the servo-motor has good frequency 

response. The 'use of the null~balance concept has recently been used for a 

new torque and normal th~st cell inco~orated in a rotational 

. , ... ~ , 

, ' 
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shear stress 
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lt Is recommended that the easlbility,of 
J' 

transduction be Investigat~d. 1 

1 -" 

2. On the Rheomçter 

i 

266 . . . 
this approach to 

a. Since the displacement resolution proyided by the MTS servohydraulic 
1 

~ 

drive system i8 9 microi~ches,* sample th1cknesses as low as .9 mil could 
1 

be aeeo~odated for rheoiogieal testing. fHowever, ~ince shim thiekness 
~. . 

accuracy is only .001 inches •• it is desir~e to achieve tighter control o~ 

sample thiekneds. Cainï24 has suggested that short~.r sides ~e used on the 

rheometer, so that thick shims could be ground with .05 mil aecuracy to 
. . , 

capitalize on the displacement resolution of the servohydraulic drive 
" . 

system. Another approaeh might be to design the rheometer to ineorporate a . 
continuously adjustable gap similar to Lecat!' s sl1ding plate rheometer725 

or analogous to Tee's eoncentrie eylinder rheometer, both of which have 

continuously adjustable sample thickness. 726 ,727 It ls recommended tha~. 

one sueh improvement in sample thickness accuraey be ineorporated into 

future sli~ing plate rheometers. 
... , 

b. The servo-control loop for the MTS hydraulic drive system i~ curr~n~y , .... 
equ1pped with a 10ad·c6ntr01 mode ord1nar11y used for force-controlled 

• t 

experiments on so11ds such as fatigue type test$. lt is clearly.possible . . . 

éontrol "oop to do shear 
• 

to use tha shear stress transducer output Ln this 

.' . 
stress eontrolled experiments on 1I01ten plastics. Here the molten plastic • 

*~mply the digitai resolutlon of the LVDT 
the lIintmuM travel range: (1/216) 0.6 inch • 

• : 

.. 

, 
acquisition system times 

• • • 

• 

, 

• • 

• .. . 
. . . . 

, 

, 
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r: ''' ... 
• 

, -};." . . ... 
1tself'becomes part of the control-loop ln shear stres& controlled tests 

" , . 
wblch Impll~s that the galn of the servo-contro~ler clrcuitry sbould ~ 

tuned f~ch sample at eacb test rate, lt is recommended tbat tbe 

feaslbility of sbear stress conttolled experiments be evaluated ln future .. 
work, 

/ 

c. Recentl~, Meissnêr has studied t~directional dependence of , . , 
viscoelAstic proper;ies of polymer melts at low shear rates using a biaxial 

sbear ~heometer;728,729 lt has been suggested t~at the incorpor;t10n of a 

shear stress transducer into~such a biaxial shear rheometer would permit 

the directional dependence~(.nonlinear viscoelastlc properties to be . - -
-~ 

measured 730 A study of the feasibility 0, this way of measuring 
• 

directional ,dependenc~.of viscoelasticity of molten plastics is highly 

reeommended. 

• • 
) 

3. Relating to Rheologieal Measure~ent 

1 

a. The advantages of using discrete Fourier transforms for data analysis 

" in rheometty.apply for most situations where rheometers are used for 

dynamic testing. Noise-reduction and si~nal-averaging, monitoring for 
\ 

slight deviations from linearity, time-sPffting the basellne and non-linear 
. , 

viscoelastic'property measureœents are al~ made possible using bFT 

ter.hnlques~ For these reasons, those using rheometers equipped with 

micr~computer controtled data asquisition are strongly encouraged to use 
. , 

frequency domaln 'te~niques for dynaœic work • 

• 

~ 

• 
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a lt has been mentioned that f.equency· domain m~thods are equally usefùl 

for analyzing nonstationary waveforms such as stress relaxation data.731 

• 
~e advantages realized'for oscillatory shear and demon~trated herein can , 
a1so, in princip1e, be rea1ized for othe. transient property measurements. 

The use of tqe 'zoom" FFI, for analyzing tFansient test results is an 

especialiy excitin~ p;ospect for frequency ~omain analysis. 73:,733,734 An 

assessment of the feasibility of using the DFI for '1na1yzing t'ransient 

properties other than osei11atory shear is highly recommended for futur" 

work. 

b. Few theorists have used frequency domain analyses for studying the , 
property predictions of mathematical models of the nonlinear , . 
viscoelasticity of polymerie liquids. 735 Engineers evaluating viscoelastic 

theory are encouraged to consider looking at mathematical predictions from 

the frequency domain point of vlew. 
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RESVLTS Or'READ'S ANAlYSIS (IV~) 
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Figure l' Upper and lover bounds to the free boundary error predicted for 

, small shear serain using the thermodyrlamic analys1s of Read (1950). 
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• SHEAR STRESS INHOMOGENEITY IN RUBBER , 

• T .. 22 C. Roo3.6, Ç-.61 "'PA, STRAlH".13 
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Figure 2.- Shear stress Inhomogenelty for rubber in simple shear Jeasured 
wlth local shear stress transducer. T-22 C. R~8.6. G-.6l ~Pa, ,-0.13. 
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FREE BOUNDARY ERROR FOR RUBBER IN SHEAR 
EIASTlC VERS\IS THCRMOOYIIAUIC THEORY 
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Figure ~ Free boundary error for rubber in simple shear using elastic 
(squares) and thermodynamlc upper (dlamonds) and lower (crossos) bounds. . ' 
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• 

Figure 4; 
(squares) 

"., 

Free boundàry error for rub'ba): ln simple .shear uslng elastlc 
and thermodynaoolc upper (diamonds) and 10\l'er (crosses) bounds·. . 
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Figure 5: Sh~ar strain dependence of force due to surface tension of free 
boundary computed for high density polyethylene at 1S0·C. Sample width of 
5 cm (squares) and 10 cm (crosses). 
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Figure 6. Width dependence of maximum force due to surface tension of free 
boundary for high density polyethylene at 1S0'C. 
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Figure 7a' .Linear behavlor of stress amplitude for po1ypropy1ene ~e1t in 
osc111atory shear measured ~ith rotatlona1 rheometer uslng ~one.p1a~e 
fixture, T - 250°C, f - 10 Hz. 
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oscil1atory shear qeasured vith rotational rheometer using.cone-plate 
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Figure 15' Engineering drawing for para11~1 p1ati iheometer for molten 
plastics designed for better heat transfer to be used vith shear stress 
transducer. Schneeberger bearing table model ~6-260 and Fisher Isotemp 
oven model 126G. 
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Figure 16' . Layout of parallel plate rheometer. 
mater1a4s~;est1ng system model KTS 44~.63. 
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Figure 18. Actuator performance for oscillatory displacement (upper curve 
• no load, lover curve • 20 KIP load) . 
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Figure 19: Front view of the HIS actuator showing exposed sections of 
piston and LVDT core. Bott1es mounted near servo-va1ve (not shown) prov1de 
reservoir of high pressure fluid required~for fast transient motions. ~ .' 
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Figure 20. Hydraulic pump shown with heat exchanger (lower left). Bourdon 
oil pressurè gauge (center. leftT. sight gla~s and thermometer for oll 
(lo~er rlght) and voltage transformer (upper left) • 
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Flgu~e 21: Author holds statiodhry plate open exposlng baked-on 
polymer on moving plate. ' . . 
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Figure 22. Author shown applying sodium hydroxide aerosol to prepare 
sliding plate for cleaning at room tempe~ature. pote stationary plate, 
suspendld from oven roof, conveniently positio~d for cleanlng. Hyaraulic 
pump is'bff, safety tlasses and lab coat should be worn for this work • 
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Figure 23. Author shown cleaning sllding plate ~ith wet clotho 
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Flgur4 24. Author scrapes resldual molten plastic fro~ açtlve {aeo of 
shear stress transducer using brass scraper falhloned from brass .hoat 
matai. 
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Figure 25' Author secures brass shi~ with set screv preparing for sacple 
insertion. 
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Figurt 26 Rectangular plaqu, of sol id plastic sticks to hot ststio~ 
plate'o~et the active face of the ah.ar stre.s transducer. Author 
carefully presses out air bubbles vhen the sample is still in solid stata 
on outeraost surface. 
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Figure 27 Stationary plate of rheometer is closed, squeezing fresh sample 
onto sliding plate. After removing delicate calibration hook from 
transducer. auChor uses Left hand (not shown) on housing of shear stress 
transducer to guide stationary plate into position.- • 
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Figure 28. Using allen vrench, author tighten •• tationary plata onto 
sliding plate. This .ets .ample thic~e •• to that oI .elected .him. 
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œeasured vith thermocouple embedded in moving plate (crosses). 
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Figure 32 Vie~ of from panel sho~lng Accumeasure System 1000 capacitance 
probe ~plifier (le ft) and band~idth proportlonal temperature controlle~ 
for oven (right). 
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Figure 33-
capacicance 
transducer. 

Engineering drawing of tapered capacitance probe. Untapered 
probes are difficult to position in the shear stress 
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FIgure 34. Disassembled shear stress transducer with three beams of 
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different stIffnesses (upper left), calJbratlon.hook (lower loft)," 
capacitance probe (lower center) and cantilever hotising (upper center), 
A$ter the securing nut (extreme righ~) is removed, the transducer 15 
disassembled by hand to prevent ove~straining. 
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37 Design plo~ used for selecting beam'diameters for the rtew sheST 
transducer for iolten plastlés. Shear stress in Hdyn/sq.cm. 
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Figure 40 Da .. ped fre,'! vibration of dry shear atross transduc<!r bUll "2 
Si .. llar( results "ere obta1ned for beaas "1 and ,,3, --
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Figure 41: Author flush-mounting shear stress transducer in stationary 
plate showing deep-well thermocouple œounts on aither side o~~ansducer. 
Also, convenlent handle"on stationary plate shown at right. 
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-Figure 42. Static calibration assembly in use. Reetangular le ad veight on 
dead-par. suspen4ed under oven vith chain from ealibration hook. . 
Capacitance pt~e, in measurement position, vith cable p •• 8ing through oven 
vall at re.r (upper left). ~lre for thermocouple, emb~d in movlng 
plate, 81so p-asses through oven vall at front (botto. e~nter). 
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Figure 43 Amplitude spectrum of total force measured ~ith HTS load cell 
du ring a l Hz oscillatory displacement of amplitude J6~nches. Since there 
is no sample in the rheoœeter for this test, this spectrum shows the 
contributiQn of bearing friction to the total force measureœent in a 
typical oscillatory shéar test. 
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amplitude, To - .2, oscillatory shear test done at lov frequençy, f - .1 
Hz, on molten polystyrene at T - 190°C. 
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Figure 100: Effect of sam fIe age on shear stress.amplitude in s~ll 
~lltude, ~o - .2, oscllIatory shear test done at low frequency, f - .1 
Hz, on molten polystyréne at T - 190·C. 
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Figure 101: Effect of sampl~age on total force amplitude in small 
amplitude, 70 - .2, oscillatory shcàr test done at low frequency, f - .1 
Hz, on molten polystyrene at T - 190°C. 
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Effect of frequency on the princip~l harmonies of shear stress 
in large lltude oscillatory shear. 70 - 5. Here the frequency 
dependen e of the fundamental ~squares) ls made clear. Third (crosses) and 
flfth (d amonds) harmonic~ a~so di~played .• 
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Figure 110; Effeet of strain amplitude on the fundamental (squares), third 
harmonres (crosses) and fifth harmonies (diamonds) of shear stress in large 
amplitude oséillatory sbear, f - .2 Hz. Here the strain amplitude 
dependenee of the fundamental ls made clear. 
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Figurè 121: Effect of frequency on Vistanex LM-MS PIS in large amplitude 
oscilla tory shear, ~o - 16:38. Test conditions: f - 0.14 Hz, 00 - .0714 
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Figure 122 KQ1~ fracture of'Vistanex 'LM·KS PIS in large amplitude 
oscl1latory shea~ at room tomperature. Left loop 15 shoar stress versus 
shear straln, rlght loop 1. ~hear stress versus shoar rate. Te.t 
conditions: f - 0.88 Hz, 00 - .0535 KPa, 70 - 9.66. 
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Figure 129 Loop of actua1 strain against command strain showing good 
execution of desired reciprocating exponentia1 strain hlstory. Test 
condl~ons: (0 - 2/sec, ?o - 10, mo1ten po1ypropy1ene, T - 200°C. 
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• Figure 136: Fi~ed end of cantilever shovn fully Assembled. Port for set 
screv, used for s~curing capacitance probe, shown At le ft of nut • 
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Figure 137' Dynamic calibration assembly shovlng cantilever vith 
calibration hook (left), conneceing chain, calibration spring (lover 
right) , and the coupling to connect the spring to the ~oving accuatOr. 
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Figur~ 138 Active !aée of fully asseœbled shear stress transducer shovin& 
canti1,ver flush vith-hous1ng. This housing vill in turn be f1ush.aounted 
on the stationary plate • 
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Figure 139: 
capac1tanee 
probe. 
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Author shovn adjust1ng the.stand-off d1stance of the 
probe (in right hand) Using «llen key on set screw to 
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Figure 140. View of connecting end of cap$cltance probe (left) with 
special cable for high·te=perature service. 
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Figure 141: Author conducts material test from terminal showing oven 
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(upper ri,ht) which contains slid~ng plate rheqmeter (not shown' positloned 
below the HTS crosshead, load celi atop crosthead (barely visible), front 
panel of $crvo-hydraullc tést system (center) and digital storage 
oscillos~ope (lower rlght)" • < 
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LIST 

LAOSB 5-Au9-8G ms 773 Hl' BAStil Cc"iV:kOr:i2;;.1l01i8:--:---,.~~ 

10 REM 
11 REM 
12 REM 
13 REM 
14 REM 
15 REM " 

LARGE AMPLITUDE oséilëAirORY<SHEAR 
• 

GY 

A. JEFFREY GIACOHIN 

, -

16 REM ACKNGlLEOGEHENTS: Of<. P. CAIN, S. OOSHI, T. SAMURKAS. 
17 REM 
ZO REM 
30 REM ***** STAaTlNG STATEHENTS ~~*** 
40 REM. ' 
50 GRATTACH(Z,Z,Y9) 
SZ GOSUB 700 , REM STARTl~EEN. 
55 GOSUB lZ00 , REM GET TEST INFO. 
SB GOSU8 800 , REM REVI SE CAL CONSTANTS. 
6~ GOSUB 600 , REM TOTAL POINTS. 
64 SETDIH VAl(Nl,5) ,VAZ(PB,S) ,X(1024) 
67 GOSUB l"roO , REM RETURN TO SETPT. 
90 GOSUB 30010 , REM HAT CH TEST & DAP FREQUENCIES. 
100 QOSUB 1100 , REH GET TEST PARAMETERS 
101 GOSUB 1~00 , REM GET SPEClflC TEST INFO. 
10Z GOSUB 3900 , REM BASELINES & STO DEVS 
103 GOSUB 900 , REM COLL€CTS EXTREMA . 
104 REM 
105 REM 
lZ0 CKTIHE(l,Zl,21) , REM REOUNDANT. 
130 FGREPT(l,"SIN" , FREQ fl,,*Pl,Al,O) 
140 ADTIHED(Z,VA1,,4~,l.3) 'AOTIHEO(l,VAZ,,4,l,l,3) , REM DACQ. 
14Z PRINT ,Y~a'" PRINT "'RUN"; , INPUT Y~ , IF Y8S()'RUN" THEN 14Z 
144 FGGO' AOINIT , AOGO(l) , REM COLLECTS lST. 
150 ETIHE' SLEEP(Sl) 'AOINIT' AOGO(Z) 'RQ{OELAYS DACO,UNTIL 51. 
160 IF VA1<Nl THEN 160 , REM ELEGIWT STOP. 
180 GOSU 1400' REI"\ RETURNS TO SETPT. 
18Z REM \ 
1 R ***** POST T&ST PROCESSING ***** 
184 EM 
18e GOSUe ~80D ~ REM CONV UNITS & COMP TIHE. 
~ GOsua ZOOO ,"'l>.EWF1X EXTRO"in;' CWJ, UNITS. 
19Z GOSUB 4400 , REM PRINT NOISE LEVELS , GOSUe 3eOO~ REM HAIT THEN CLS. 
193 GOSUB 540 , REM COMMENT PREP. 
194 GOSUB 1600 , REHoDP~S BUSY PLOT 
ZOO GOSUB 2300 , REM ORAWS EXPANDEO PLOT 
210 GOSUB 4500 , REM OlfFERENTIATES 

, GOSUB 3800 , REM HAIT THEN CLS. 
, GOSUB 3800 , REM HAIT THEN,CLS 

, GOSUB 3800 , REM HAIT THEN CLS. 
, GOSU8 3800 , REM HAIT THEN CLS. 220 GOSUB 4BOO , REM ORAWS ~TE PLOTS 

230 GQSUB B500 , REM S<WE TO fLOPPY 
240 GOSUB 9500 , REM PRINT REPORT 
340 END 
350 REM 

~SUB 3800 , REM ~IT T~EN CLS. 

360 REM ***** START A GPAPH ~**.~ 
370 REM 
380 TE1<l100E , VTHODE , PRINT 'VT-~40 (1) OR PLOTTER (2)", , INPU1 AZ 
390 F9-1' If AZ-Z THEN PP,INT 'fRACTION Of fULLSIZE (,75)"; , INP~ F9 
400 y~."" , If A2-1 THO' 4::'0 
410 If A2.-2 THEN PRINT 'PAPER INSERTED ANO PEN REAOY"; , INPUT yeS 
4Z0~lf Y~()'Y" THEN 410 , RD1 GOE9 TO PREV LINE. 
430 If A2.-1 THEN TEKHO['EII,II 
~~? !~~~-2 THEN GR~~'2) , Ir A2-2 THEN SIZE(AZ,108*F9,216*F9) 
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"':ou' #t: , Kt.I\W.N 
470 RDi ' 

" • 

'ISO! ***** AXES "'**~ 490 
';' 500 AX S(~2iO,O) , AXES(AZ.l.00000E+OS,l.00000E+OS) 

51U AXES(A2,-1.00000É+OS,-1.00000E+OS) 
520 RETURN , 

> ~30 REH • 

.. , -' . , , .' • 

" 

, 

540 RQi ***:k* G~OIT l'REP -* 
55J1.RD;! • d • 

.':;,;ll WHIW1I(m)' , X1h·HTs/PPR+l;ST. MOOE. !!AOS·. '. . ' 

, 

561 X2S~ ~a '+H3S+~ C)" , REM HATERIAL ~E.' & TEMP • 
562 X3S."BEAM "+N5H', PGl1: '+AS , R~ BEAN & l'ROGRAH NLt1BERS. 
563 X4S-STRS(Tl H" 1'11 SHIH" _ ",' : 

• 

564 REM SHIM THICKNESS & LPAO-SST~stRAIN RANGE SETTINGS. ," 
565 XSS."SY : '+N4$' REM OPI!Iv\TOR·. '" • • 
566 Jt6s-'fREQ- "+STRS(fl)~·/S,. SA=·+SJ:RS(Gl). ' • • \ • 
567 X7S-'SRA- "+STR~(Gl"'f1H·/S· .: ~ 

: 568 XSS-'CYCLES 1. ·.j!STRS(P2+1H"-·,+STRS(P2+P3) " '+STR 9 • PPC" '-'.-
SG9 X9S-·RS. "+STRS(R3)+'-'+STRS(R4'+'-'+STRS() , • __ _ 

• 

, :11Q'YSS-'NOISE(4S p-p). ·+STRS(4*SQ"'(V2<.:l..,lHH-"N,· , REM LOAO NOISE.. ~ • 
4 • ~Z2 Y4S-STRS(4*SQR(V3(1.1~l+· MPA, '+ST~~~4*SQR(V4(l,l») , RÉM' S~,STR NOISE. 

575 GOATE(Y9,H9.O~' Y7S:'OATÈ: '+siRS(Y~'-'+STRS(M9)+"-'+STR$(O!)' ... • 
576 GTIME(S9,M9,H9} , ~6S=·TIME. :+STRS(H9)+·:"+STRs(M9)+".·+STR$(S9) 
590 RETURN ,'-~.. _ ~ ~ 
600 REM : ~ • • ~ 
610 REI1I *****. NLt1BER Of -MTA POINTS *****. .. 

.. 620 REn -. _ 
"'30.pRlm ,PRINT ·.FOR ffT CHoaSE 2,4~e,16.3",64,l2e,2s.G,512,1024 .. ~. 

640 PRINT 'TOTAL flOINTS'; , INP!1T l'9 ,N1=P~-1 • ' 
6$0.PRINT 'COLLECT AfTER CYCLE NLt1eER'; , INPUT P2 

1" . 660 P"'INT • HCJ.I ~. CYCLES'; , INP!1T 1'3 • 
~ .662 PRINT "P(I'.IOOS OF RELAXATlru'; , INPUT P4 • 

675 1'1-1'2+1'3" REM TQTAL CYCLES. , 
.. --670 ,pe=p9/(p2+P4) , REM P01NTS IN'lST CY~_, _. 

6eo RETURN ' • , • ... 
" 700' REl'! " • , , ~ 

701 REM ***** ,$TARTING SCl\EpI ****", ' 
702 REM • -
709 TE~OOE , VTMOOE , (AS) \ PRINr 'PROG~I "JAS, PRINT 
710 GOATEtv9.M9,09) ~'rE. ·;Y9;"·";M9;"";09 • 
72a,GTIHE(S~,M9,H9 .,:'I11E: ",H9;·'";M9;('",lS9'" PRINT 
730 P"'INT "Z€RU ~ S?T' . 
740 P"'IN'/' "SET -AT IJ' S 1.'" P",IUT 
750 RETURii ,,1 ' • l' 

eoo REM • '. • ' • 
• • e).o REM ***** CALI BRATIqI cruSTANT~ ***** " "\. 

820 REM ~ "\ '(;p t-:, .. ., ~.' • 
" S30·K1,,4.916*,.~e , REM LVOT CAL., IN ~ 10 V, REF. 12, 112. 

840 K2-1.22375 , REH.LOAO CAL, V/KG HUNG ~s'~ RS=lR07., REF. 16,144. 

... 
' .. 

. , 

• 8jS K~-.37e26ll , REM SST QAL, V/KG HUNG KASS (! RS=10'07., REF.16.144. , 
.;1 , .~ KS-.03504 , REM,.BEAN OEf'I.ECTlru·CONSTANT IN MPÂ/KG. 

8'60 PRINT '<,PRINT "6.VOT: ';K1;" IN (! lOV~ "". 
B6~ PRINT "LOAO, ';K2;" V/KG (! RS·l0~1.· 
870 PRINT ·SST. ";If3;' V/KG ~ RS-l007.'. .. 
seo PRINT "SEAN OEfL, • ;KS;" I1PA/KG.·. ..... 
830 P"'INT ,·Yes ... ··, PRINT "UE''-TO-QATE'; , INPUT 'YSS , lF Yeso"y' THEN .890 
8~S RET11RN' • • • • ~ 
;00 REl1' ",' ..... .~ 

'910 eEM ****'" STORE I.ÇoAO, SST & STROK, EXlt<e:MA ;",,,** . 
•• 920REl'f·. ' .,. 

'330 OIM 81(l,1),C1(l,l),Ol(l,l) , REM loAO,SST~TROKE. 
940 AOR/1AX(1.81.1) , AORMAX(i,Cl.2) , AORMAX(1~.3) 

1. 950 OIJ11l2(l,l),C2(1,l).0~(1.1) ~(fL ,SST,ST"'OKE, 
~ '960 AORHIN(1.B2.11" AOPMIN(l,C2.2) , IN(1.02,3) 

970"'REH 1 ...? " 
- .... .. - .. , •• •• lIT... ._~, 

• • # • . ~ . -. , 
.... ,,' 
~ 
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• 
seo OIN 83(l,lJ,CSO.!I.t>3(1,l) 'KI:.I1 LOAI>,SSl,SlROKE, llU", 
SSO AORHAX(2,83,11 , ADru~(2,CS,2) , AORHAX(2,03,3) 
10000111 84(1,1),C4(1,l),04(1,1) , REM LOAO,SST,STROKE',1ST. ' " 
1010 AORMIN(2,B4,1)~ AQRMIN(2,C<,2) 'AORMIN(2,04,3) 
1020 RETURN -- , ......: • ~ 
1100 REM .' ' • 1 
1110 REM ***** TEST PARANE1ERS ***** 
1120 ,ftEM '. 

1130 PRINT 'PRINT "TEST PARAMETERS,' , PRINT 
1140' PRINT 'STRAIN Al1p,LITOOE'; , INPUT G1 • • 
1175 s.r"l'2/fl .... REM SLEEP TIME. 
1180 RETURN 
1200 REM., 
1210 REM ***** GENERAL TEST INfO ***** 
1220 REM 
1230 PRINT-'NAHE OR INITIALS'; , INPUT 114$ 
1240,PRINT 'MATERIAL"; , INPUT M2$ , PRINT 'TEMPERATURE, C~; , INPUT ~3$ 

~ 

• 

• 

1250 PRINT ~ NU1BER". , INPUT MS$ , PRINT "SHIM THICKNESS, 111"; , INPUT Tl 
1260 RETURN) - - ' 
1300 REM ',- ' 
1310 REM ***** SPECIFIC TEST INF"O "**** 
1320 REM. • " • 
1330 PRINT 'LOAP RANGE-SETTING/100'; , INPUT R3 
1340 PRINT 'S~T RANGE SErTING/100'; , IN~ R~ 
1350' PRINT 'STROKE RANGE SETTING/I00'; , INPUT R2 
1360,AI-Gl*100*T1/(R2*K~*25,4) ~ REM ENOLEVEL CALCH. 
1370 Rf:TURN 

---
• 

1400 FGSTOP' AOSTOP ~ F"GIHMEO(l,'~P'l TIME 2,0) , REM RETURNS TO ~ETPT. 
1405 CKSTOP .: 
1410 RETURN • • 
1500 REI1 , '. ' 
1502 REM ***** INTEGERS FOR SCALES ***** 
1504 REM ' • • • • 
150/; REM ***** ABSCI"SSA'NIN ***\* 
1508 REM' • .. ' 
1510 IF X1-0 THEN 1S1B , IF Xl)O THEN 1516 ' • 

'1512 X3-10"INT(LOG~9(~BS(X1»-1)*INT«A~S(X1)/(10'INT$LOG10(A8S(X1»-1»)+1) 
-1514 X3~-X3 , GO TO 1S21 ' 
1516 X3-10"INT(LOGIO(ABS(Xl»-1)*I~«AeS(Xl)/(10'INT(LOG10(ABS(X1)}-l}}}-l) 
1518 1 F XI-0 THEN X300 , .. ,,' 

i;~~ ~-***** ABSCISSA'MAX ***""*- • 
1522 REl1 .- ~ .. - ~ ", 

1524,IF XZ-O THEN 1532 , IF X2)0" THEN 1530 : 
1526 X4-10A INT(LOG10(AB$(X2»-1)*INT({ABS(X2)/(10"INT(LOG10(ABS(X2}}-~}»-11 
1528 X4-~4-' GO TO'1534 ' . ', ~ 

.r 1530 X4-1~AINT~LOG1Q(ABS(X2»-1)*INT«AéS(X2)/(10"INT(LOG10(ABS(X2})-1»)+1) 
1532 IF X2-0 THEN X4aO 
1534.REM' _ .. • , 
1535 REM *~OROI~TE MIN ***** 
~536 REM 
1538 IF YI-0 THEN 154~ , IF" Yl)O THEN 1544 

• 
1540 Y3-10"INT(LOG10(ABS(Y1»;1)*INT«ABS(Y11/(10"INT(LOGIO(AeS(Y1')/-1»))+l} 
1542 Y3--Y3 , GO TO 15:16- , 
1544 Y3.10"INT,LOGI0(Ae~(Y1»-1)*INT«ABS(Yl)/(10"INT(LOG10(ABS(Y1)}-1»)-1) 
1546 IF n-o THEN Y3-0 .v: 
15~7 REM 
1550 REM ***** O,\DINATE MAX ***** 
1551 REM • 
15S2'..JF Y2-0 THEN 1:>60 , If Y2>0 THEN 1556 ' • .' 
1554 Y4-10~INT(LO&10,ABS(Y2»-1)*INT«AeS(Y2}/~10"tNT(LOGI0(AeS(Y2»-1))-1) 
1556 Y"'--Y4 , GO TO 1 :>€(Jt' t· 
1558 t4-10~INT(~ul~lA~~,YZ»-1)*INTllA8S(Y2}/(1~'INT(LOG10(ABS(YZ/)-l»)+l) 
1560 IF Y2-0 THEN Y4*O •• _ - 1'.. 
1~2REM 
1566 SCALr(A2.0.X3.X4.(;.{4) , X5-CX4-X3)/:> , (:;-{Y4-Y3)/5 
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).:'70 RE1U.2' .- • .f'·'· . , .. 1609 REM *<**H< EXP Gf'APHICS (BUSY PLOT) fri'*-IdI< -.'-
1610 REM • " " •• ' ' 
1615 Y8$c" , PRINT, 'SKIP BUSY PhOT'; , INPUJ Y8$ , 1F..;:t~,,·y' " . THEN RETURN. 

, . { 
1620 GOSUB 360 , REM START A 'GRl'iPH. ~ ~ ", , 
1630 ,"OSUB 6000 , R01 CtH1ENT. __ ........ 
1640 tI-NEC. '. PHYL(A2,SS*F9,100*F9,,60*F9,lOO*F9) ~' 
1650 GOSUrs20 , REM l'LOT C(X1-STRN VS. TINE: ***** '~. 
1721 INVEC PHYL(A2,O,40*F9,O,4~*F9) • 
1722 GOSUB 00' REM PLOT LOAO VS STRAIN. " 
17~ INJEC" PHYL(A2;SS*F9,lQD*F9,O,4S*F9) . 
1730 GOSUB 2800 , REM l'io.OT SS'T VS. STRAIN. 4t ' . 
1740 INVEC , GO TO 1615 , REM 'SKIP' QUESTION , ..... , RETU~ 
1800 R~ • " 
1810 R UBTRACT eASELINES, C(N"IÈRT UoIITS &.', Ccc1'{riE TINE ***** 
1811 REM • -......' , • 
11112 OIN Z2(1 ,l},Z:!<U',l) ,Z4<1 ,1) " REM BASELlNEs:"":- , 
1B13 OIN V2(l,l ,V3(l,l),V4(l,l) , REM STO OEV. • 
IB14 Z2{1,1)>>S2(1;1)*10*9.8*R3/100/K2 , REM LOAD. ' 
1815 V2(1,1)"IVS(l,1)*10*9.8*R3/100IK2 ~ REM LOAO. ,'. • 
1816 Z3(l,l')=S30, 1 )"'lO*K5aR4/1'\)0/K3 ".1\EM SST.' .1 
1817 V3(l,l)"IV6(1,l)*10*KS*R4/100/K3 ~ REM SST. ~ 
iB18 ~(1,l)-S4(l,f)*10*K1*2S.4*R2/(10*100*Tl) , REM STRAIN. 
-ï619 V4(l,l)=V7Ç1,l)*10*Kl*2S.4*R2/(10*100*Thl ' REM STRAIN. 
IB20 REI1 r' 
1822 FOR 1"0 TO NI \ • . 

1.. 

r 

1830 VAl(I,l)=10*ELEVEL(VA1(I,l»*K1*25.4*R~(io*100*Tl) 'REM COMMAND. 
1840 VAl(I,4)=10*EL~L(VA1(l,4»*Kl*25.4*R2/(lO*100*T1)-Z4(l,l) 'REM S'TRAIN. 
1850 VAl ( l ,21=10*ELEVEL(VA1( l ,2»*9.8*R31'100/r<a-Z~(1,I) "REM LOAO TO NEWTONS. 
IB~VA1(I,3)=10*ELEVEL(VAl(I,3»*K5aR4/100/K3-Z3(l,l) , REM'SST TO MPA. 
1865 VA1(I,5)=Sl+Zl*1 , REM SIlS SLEEP TJME. 1 

1870 NEXT 1 • 
1880 FOR r=o TO 1'8 ' 
1890 VA2(I,l)=10*ELEVEL(~2(l,l»*Kl*2S.~*R2/(10*100*Tl) , REM COMMANO. 
1~00 VA2(I,4)cl0*ELEVEL(VA2(I,4»*Kl*25.4~R2/(10*100*Tl)-Z4(l,l) , REM STRAIN. 
1910 VA2(I,2)=10*ELEVEL(VA2(I,2»*9.8*R3/100/K2-Z2(l,l) , REM LOAO TO NEWTONS. 
1920 VA2(1,3)J!\0*ELEVEL(VA2(1,3»*K5aR41'100/K3-Z3(1.,l) , REM SST TO·NPA. 
lS2S VA2(I,5)=Zl*1 , REM TIME FOR lST. 
1930 NEXT 1 • 
1935 RE:TURN 
2000 REM • .... 
2010 REM **Y** FIX EXTREMA G4CONVERT THEIl'. UoIITS._* '" 
2020 REM 

T~EN 81(1,1)=83(1,1) 
THEN Cl(l,l)cC3(l,1) 
THEN 01(l,l)-P3(l,l) 

2030 .F 83(1,1»81(1,1) 
2040 IF C3(l,l»C3(l,l) 
2050 IF 03(1,1»01(1,1) 
2060 REM 
2070 IF 84(1,1)<8;;0,1) THEN B2(l,1'>-B4<1,1) 
2080 IF C4(1~)(C2(l,l) TH~ C2(l,l)-C4(1,1) 
20~O IF 04(1,1)(02(1,1) THEN 02(1,1)-04(1,1) 

-

2100 REM ' \" • 
2110 01-(Dl(l,l)~2767)*10*Kl*25.4*R2/(flwl0Q*Tl)-Z4(1,1) , REM CONV. TO STRN. 
2120 02-(02(l,1)/32767)*10~1*25.4*R2/(10*100*Tl)-Z4(l,l) , REM DITTO. 
213J Clc(Cl(1,1)/32767)*10*r.S*R4/100/K3-Z3(l,1) , REM CONV. TO MfA. 
2140 C2-(C2(l,l)/32767)*lO*KS*R4/100/K3-Z3(l,l) ~REM CONV. TO HPA. 
2150 81-(Bl(l,1)/32767)*10*9.8*R3/100/K2-Z2(l,~) , REM CONV. TO NtwTONS. 
2160 B2c(B2(l,l)/327G7)*10*9.8*R3/100/K2-Z2(l,l) , REM CONV. TO N~ONS. 
2170 REM 
2180 N9-01-D'2 , 
2190 NS-CI-C2 , 
2200 N7-S1-B2 , 
2210 /\(TURN 

RE~ STRAIN RANGE:. 
REM SST RANGE IN HPA. 
REM LoAo RANGE IN NEWTONS. 

2300 REM ... • 
2310 REN ***** CH09SE ENLARGE~ PLOT ***** • 
2320 I\EM ' 

_ .. 
, 

2325 S8$::: :' .~R.!.N~ ·~~.!.~_.EI;ILARGED GRAPH1CS'; , INPUT S8~ 

-
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'~->-.-::~>~" ~'"'".' ~~;,.!<':;~<"~"":;" -~: :)/! :::/i: .... :{,".' , 
."Jo\ _:, - ~ _ .. ~.":.:l',. e . ~ ! - - ·..,....f~'-.·· ,":'4' . •• 
, -. ~ - ~ ~{ .'~ ~~ _ "., - :~.:" -~ ..;.. - '.: ,;. - J" , • " 

~~ 4·-~.::~:~~ ... ,~~_·, ~'. ..,; ·x;-,·~1P'·L-:-::' -:F';:':: :~". ", 
.." 4$"c:!tI li" ~'$I>.!,,:\ .. "" -{"tIC Kt.1f,JKN - -• • ,1 ' •• " - • '~~ -'-

23311 S~--' '- PRiiur '+/Hlçfl PLClT, '~s'i:~AAIN.L O,t..O-SST.JllASE"t' INPUl sss. 
, 2332 If' s~ .. ~:t&/i~~ TH ~ 3220 \~--Sf;LECT"1'BASe~' . 
• 2336 "GO~ 3~ ,. IU:H AI\ .. !lRl,'iPlf " : ..... GDSù8 BODO '!:J1tEH èlM1ENT. '1. 

z;33!l PFM:(~~O,:l1l'<>*F9 •• 0'. !1*:'}" ",', ,~"',' ',' >~. 
~6, 1 F SBs* .ssp, "f[iEN GOS\fs, 8b~. . • 
?34Z IF.s~-·~!W T~,G S~~ " 
~34~ 1 F'~~"·L01=IO~;~.ll6iNB .é!7.00· . ": 

À3:$O·"IF sa~.·LD-SS'T· 'THElfP'istI.B '3000 • 
2~2 IF S~-·COM-.sm· TtiEN GÇSU8 .,?320,. ~" '.( 
2363 IF S~-'TUlAD.""THEN GOSUB 3f;00 " 
2364 IF S~-'lSS1" lffil-I GOSUS 3700 .' 
2365 GOSU8' 380G ..... liP1 WAIT TIlEN t:U;. : .' 
2370 GO TO 2325 '. fttI1 SIO P QUESt' l'~.' , 
2400 REM .. , " ' • -' ' ',' 

., 
l, . 

)-" , .' , 
\ 

2700 REH - " , 
.2710 REM ***"'* PLDT L1)AO \.1S. STMIN ~ .;. .... 
2720REH • ,"',. 
2.1'30 XI-02 " X2'lH , YI'52 'Y2otl-l " U!lSOB ~soo' .., R~ 1 NT, • " 
2732 OOSUB 470 ", Rai AXES ' '\ GQ:;US' 2000 , Ra-1 FIX EXTREMA &. 'CALE 
2734 LABELCf<2,"STRAIN" ,"LOAO-N" ,X~.V5,~). __ 
2736 FOR IF~ TO NI' PLOT(A2,VAICI,4).vA1{1,2}) " R~STAAIN,LOAO) 
2738 INVEC " FOR I~~ TO p8" PLOT(A2,~(1,4),VA2(1,2» '" ~EM lST 
27~.ROURN '. 
~~g ~g: ***** PL1.lt SST v~ STRAIN .. ,',. ~" , 

2i20 xi-D2 " XZ'OI , Yl=C2 " ~ " GDSUe lSO~ ~ INT 
2822 ..GOSUB 4~" REM AXES " GOSUS ~OOO , REI'1ô'l' X EXTREl1A &. SCALE 
2824 LA8ELCAZ,~RAIN", "SS-tlPA' ,XS,Y5,1) • '. 

l 28Z6 FOR 1=0 TONI 'PLOT(A2,VA~(1,4),VAl(I,3)} "REM (STAAIN,SST) 
282B INVEC , rOR IcO TO PB" PlOTCA2,VAZCI,4),VA2(1,3» " REM lST 

'... 2S29 ROURN - . '--. ' 
... 2900 REM • ..-' " . '. 

2910, REM ****" PLOT STRAIN-CCM'Wlo ***** ' 
2920 REH' " 

' . 

'\ NEXI 
, NEXT 1 

, NEXT 1 
"NEXT 1 

) 
2922 XI-02 , X2=01 " Y;=Xl " Y2-X2·'· GOSUS 1500 ~ REM INT 
2924 GOSUS 470 " REM AXES- " GDSUS ~ooo " REM FIX 'EXTREl1A &. SCAtE. 
2926 l.A9EL(A2, 'C<H1I'NO", "S'TRAIN' ,X:I,Y5,1) 
2928 FOR 1-0' TO NI" PLOT(AZ,VAICI ,1),VA1(1.4» "REMCCOMM,STRN) 
2929 RETORN ; 
3000~REH' , 
3010 REH ***** PLOT LOAO VS. ~ SST ***H, 
3020 REM • 
3022 XI-B2 '- X2=81 "YI=CZ " YZ-Cl "GOSUS 1500 , REM INT, 

, NEXT 

302'1 GOSUB 470 "REM AXES _" GOSUB 2000 '" REH FIX EXTREl1A &. SCALE. 
3026 LAetL(A2,"LOAD, N" ,:SST, I1PA' ,X5,Y5,1) 
30Z9FOR 1-0 TO NI" PLOTCA2,VAHI;2),VAI(l,3» "REM (SST,LO) 
30a/) ~ ROURN 
3266' ReM • 

'\ NEXT 1 , 

3220 REH 1<++** TSASE GMPHI CS ***** 
j 3240 REH 

ç 3280 S~··· VRINT 'wHICH TSASE PLOT: COM-STR, TLOAD OR TSST'; " INPVT SB' • 
3300 ROURN ~ 
3320 REH , 
3340 REM ***** PLOT C01-STRN vs. TIME ***** 
3360 REH • 
3380 Xl-vA1(O,5) '/,2""""1(1<1.5) "Yl--.2*Gl , YZ-Ll*Gl " GOSUB,.1500 , PEN INT 
34~OSUI;I 470l ' REM AXES. '- GOSUB 2000 '- REH F1X'EXTREl1A &. SCALE 
34 0 LABEt,(A2J'TII1C, SEC', 'C(t1-STI\N' .X5,Y:!,~) ..-
~4 FOR 1-0 'TO NI 

• - 3460 OT(A2,VAl(: ,:1) ,VAl( 1,1)f \.AIEM (T ,COtfl) 
3'1'SO N20A8S(VAl( l,ll-v~) , IF N2<A8S< .1*GI) THEN 3:;40 '1\EH Clin roll. MARK. 
~oo V9-uAl(I,1) , aEM RESETS V9. 

A/3S20 t1AI!K(A2,l,VAH: ,:I).'}A1(1.4» " REM (T ,STAAIN) 
\é:, 3S~0 NEXT l , IN'JEC '\ RETUPH 
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3620 REM 
~ 3630 Xl-vAl(O,S) , X2-vAl(Nl,S) , Yl~B2 , Y2-S1 , GOSUS 1500 , REM INT 

.. 
3640 GOSUB 470 , REM AXES , GOSUB 2000 , REM FIX EXTR~ & SCAU:. 
36SO LABEL(A2,"TINE, SEC','LDAO, N',XS,YS,l) 
36GO FOR 1-0 TO Nl , PLOT(A2,VA1(I,S).VA1(1,~»' REM (T,LO) 
3670 RETURN 
3700 REM • 
3710 REM **"*" PLOT SST Vl'. TINE *"**" 
3720 REM 

... NEXT 1 

'. 
3730 Xl-vAl(O.S) , X2~1(Nl.5) ,YI-C2' Y2=Cl , GOsua lS00 , REM INT 
3740 GOSUB 470 , REM AXES , GOSUB 2000 , REM FIX EXTR~ & SCALE. 
3750 LABEL(A2,'TINE, SEC','SS~A'.XS,YS.l) 
3760 FOR 1-0 TO Nl , PLOT(A2,VA1(I.S,.VA1(1.3» , REM (T,SST) 
3770 RETURN 
3800 REM • 
3810 REM **"** HAIT THEN CloS **"*" 
3820 REM 

'NEXT 1 

3830 YSSo" , INPUT YSS , YSS=" , TEKI100E , VTI100E " IF A20<2 THEN GROFF(2) 
3840 RETURN -
3900 REI1 
3910 REM **"*" SUBTRACTOR C Il<CUIT *Hrlrl< 
3920 REM 
3922 OIN S2(l,l',S3(l,l),S4(l,l),V5(1.1~V6(l,l),V7(1.1) 
3924 PRINT 
3925 YSS." , PRINT 'SKIP SUBTRACTOR'; , INPUT YSS " IF YSS='Y~ 
3930 Ql-200', SETOIN VA3(Ql,5) , REM SETS TOTAL PTS. 
3940 GOSUB 1400 , REM RETURN TO SETPT. 
3960 CKTIHE(1,.02) , AOTIHEO(3,VA3;,4,l,l,3) , REH DACO 

, 1 ~~i'0 PRfNT 'LDAO, SST & STROKE ZEROEO ON OIALS'; , INPUT Y~ 
3990 AOtNIT , AOGO(3) , IF VA3<01 THEN 3990 , REH ELEGANT STOP, 
3995 GOSUB 1400 , REM RETURNS TO SETPT. ~ 4000 IF YSS(>'Y' THEN 3970 / 
4010 REM "-
4020 REI1 CALCULATE HEANS. 
4030 REM 
4040 FOR 1-0 TO 01 . 
40S0 S2(1~'-S2(1,1)+VA3(I,2) 
4QS153(1,1).S3(l,l)+VA3(1,3) 
40S2S4(1,1,-S4(l,l)+VA3(1,4) 
4060.HEXT 1 . ' 
4070 52(1,1)-S?(l,l)/(01+1)/32767 
4071 53(l,l)-S3(1,1)/(01+1)/32767 
4072 54(1,1)-S4(l,l)/(Ql+1)/32767 .. 
40BO REM 
4090 R~LC T~ SA2. 
4100 REM 
4200 FOR -0 TO Ql , REM 5UMS OF SQS OF RESIOS. 
42iO'VS(1 1)aVS(l,1)+(VA3(I,2)/32767-52(1,1»A2 
4'220 V6(l :-î)aV60.,l)+(VA3( 1,3)/32767-530,1»A2 ,. 

~ 4230 V7(1,1.,aV7(1,1)+(VA3(1,4)/32767-54(1,l»A2 
. 42'40 'NEXT 1 ' '. 

• 4241 VS(1,1)aVS(1,1)/Q1 
4242 V6(1,l)-V6~,1'/01 
4243 V7(1,l)aV7(l,1)/01 , REH SUMS OF SQS OF RESIOS~ 
4244 PRINT 52(1,1),$3(1,1),54(1,1) • 
424S PRINT V5(l,l)~V6(l,1),V7(l,l) 
4270 RETURN 
4400 REM 

, 
4410 REM **"** PRINT NOl SE I.EVELS **"** 
4412 REM 
4420 PRINT "I.OAO NOISE P-P ';4*5QR(V2(l,l»;" N (2 SIGMA).' 
4430 PRINT "SST NOISE P-P ";4*50R(V3(l,l»;" HPA·(2 SIGMA)." 
4<\40'PRINT 'STRAIN NOl&!: P-P ";4*SQR(V4(1,l»l' (2 SIGMA).' 
44so RETURN 
4S00 REI1 •. .:-/ 

/ 
/ 

• 

• 

. 
.' 

423 

, • 
, -
~ 



., 

, , 

4~10 REM ~ IMt. Olttt.I<t.NTIAll'K *"*"* 
4520 RD1., 
4525 res-"" " PRINT 'OlffERENTIATE" i , INPUT yes \. If yeso "Y" THEN RETURN 
4526 II,EM 
4530 R~ S-PT lS TECHNIQUE, REf. WHITAKERI S. AND R.l. PIGfORO, 
4540 REM INa.ENG.CHEN., 52(2),185-187 ~1960). , 
4560 SETOIN VA5(N1,4) , REM SR,O(SR)/OT,SSTR,O(SSTR)/OT 
4562 SETOIN W4(2,4) 
4563 PRINT "GOT THIS fAR!' 
4565 REM 
4570 fOR 1-2 TO Nl-2 
4580 VA5(1,1)-(-~1(1-2,4)-vAl(l-l,4)+VA1(I+l,4)+~1(1+2,4»/(10*Z1) 
4590. VA50 ,3)-(-2*VA1( 1-2,3)-vA1(1-1 ,3)+VA1( 1+1 ,3)+2*vA1 0+2 , 3»/(10*Zl) 

~ 4600\VAS(I,2)-(4*VA1(1-2,4)-vA1(I-l,4)+VA1(I+l,4)+4*VA1(1+2,4» 
4610 VA5(I,2)~5(1,2)-2*(VA1(1-2,4)+VA1(1-1,4)+VA1(I,4)+VA1(I+l,4)+VA1(1+2,4» 
4620 VA5(I,2)~5(I,2)/(7*ZlA2) 
4630 VA5(I,4)-(4*VA1(1-2,3)-vA1(I-l,3)+VA1(1+1,3)+4*VA1(1+2,3» 
4640 VA5(I,4)~5(I,4)-2*(VA1(1-2,3)+VA1(1-1,~)+VA1(I,3)+VA1(I+l,3)+VA1(1+2,3» 
4650 VA5(I,4)=VA5(1,4)/(7*ZlA2) 
4660 REM " 
4665 REM ***** fiNe> RATE EXTREMA ***** 
4666 REM 
4690 fOR J-l TO 4 . 
4695 REM QA5(I,J) CONTAINS SR,O(SR)/OT,SSTR,O(SSTR)/OT fOR J-1-4. 
4700 If VA5(l,J»W4(1,J) THEN W4(1,J)~S(l,J) , REM MAXIMA. 
4710 If VA5(I,J)(W4(2,J) THEN W4(2.J)~5(I,J) .... RÈM MINIMA. 
47,Â.0 NEXT J 

:~~~~ 
.4800 REM 
4810 REM ***** CHOOSE RATE PLOT ***** 

.JI" . 4815 REM 
(., 4820 S8$-' , ., PRINT 'SK!~ RATE PLOTS'; , INPUT S8$ " If S8~-'Y' THEN RETlIRN 

4830 S8$-" , PRINT 'fl1..0Tl SST-SR,SSTR-STR,SSTR-~,SST-oSR/OT ,OSSTR/OT-STR'; 
4831 PRINT 'OR TBASE"; .... INPUT ses • . 
4832 GOSUB 360 .... REM START A GRAPH .... GOSUB.8000 .... REM COMMÈNT. 
4B34 PHYL(A2,O,100*f9,O,70*f9) 
4840 If S8$-'SST-SR' THEN GOSUB 5010 
4850 If S8$-'SSTR-STR' THEN GOSU~ 5100 
48St If S8$-'SSTR-5R' THEN GOSua 5200 
4852 If S8$-'SST-OSR/OT' THEN GOsua 5400 
4853 If S8$-'OSSTR/OT-STR' THEN GOSUB 5500 
4854 1 f S8$-'TBASE' THEM GOSUB 10000 , REM CHOOSE TBASE 
4aS5 If S8$-"SR~ THEN.GOSue 10100 
4856 1 f S8$-'OSR/OT" THEN GOSUB 10200 
4857 If S8$-'SSTR' THEN GOSUB 10300 
4858 If S8$-'OSSTR/OT' THEM GOSU8 10400 
4B90 GOSU9 3600 , REM WAIT THEN CLS. 
4995 GO TO 4620 , REM SKIP QlJESTION.· 
5000 REM 
5010 REM ***** PlOT SST VS. SR *_ 
5020 REM ' 

• 

5030 Xl-W4(2,l) , X2OW4Ù.l) .... n-C2' Y2-Cl " GOSUB 1500 " REM INT 
5040 GO$UB 470 " REM AXES " GOSUB 2000 .... REM flX EXTREMA' SaALE. 
5050 LABEl(A2,'STPAIN RATE, 1/S','SS-MPA',X5,Y~,I) • 
soto fOR 1-3 TO Nl-2' PLOT(A2IVAS~I,l),VA1(I,3» 'REM(SR,SST) 
:;070 RETURN. 
:;100 REM 
:;110 REM *""*1< PLOT SSTR vs. STRAIN "*"I< 
5120 REM _ 
5130 Xl-02 "X2-01 , Y1wW4(~,3) 'Y2-W4(1.3) " GOSU9 1500 " REM INT 

~15O LABEt.'(A2,"STtAIN" .'&5TII. IN MPA/S" ,X5,Y5,1l • 

.... NEXT 

.. 

5140 GOSUB 470 .... REM AYES , GOSUB 2000 " REM flX EXTà ' S~E. 

5160 fOR 1-3 TO NI-2 , PlOTlA2,VA1( 1,4) ,VASt 1,3» , REM (SST ,STAAIN) 
5170 RETURN 

.... NI 

:;200 REM 
1 

• , 
• 
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(,5210 REI1 ***** PLC/1 SSTR VS.' SR ~""* 
:5220 REI1 

• , 

S230 Xl~4(2,l) , X2~4(l,l' \ YI-W4(2,3) , Y2-H4(l,3) ~ GOSUB 1500 \ REI1 INT • 
S240 GOSUS 470 , REI1 AXES li. GOSUB 2000 \ REI1 FI.x EXTREI1A & SCALE. 
S2!50 LABELCA2,'STAAIN AATE, I/S' ,'SSTR IN I1PAlS' ,XS,YS,ll 
:5260 FOR 1-3 Ta NI-2 , PLOT(A2,VAS(1 ,1),VAS(1 ,3» , REH (SR,SSTR) 

, S270 RETURN 
S400 REI1 
5410 REI1 ***** PLOT SST VS. OSR/OT ***** 
:5420 REI1 
5430 XI-W4(2,2) , X2=W4(l,2) , YI-C2 'Y2cCl \ Gosua 1500' REI1 INT. 
:5440 GOSUS 470 , REI1 AXES , GOSUB 2000 , REH FIX EXTREMA & SCALE. 
S450 LABELeA2, 'AATE OF CHANGE OF SR, l/S/S', 'SST, I1PA~,XS, YS,l) 
54GO FOR 1-3 TO NI-2' PLOTeA2,VA~el,2),VAl(I,3» 'REH eOSR/OT,SST) 
S470 NEXT l , kETURN 
SSOO REI1 • 
SS10 REI1 ***** PLOT O(SSTR)/OT VS. STR ***** 
SS20 REI1_. 
SS30 xI-02" X2-01 , Yl~4(2,4) , Y2~4(l,4) \ GOSUB lSOO , REH INT. 
:5S40'GOSUB 470 , REI1 AXES , GOSUB 2000 , REI1 FIX EXTREMA & SCALE. 
S!5sa LABELeA2,'STRAIN','OERIV SSTR, HPAlS/S',X5,YS,l) 
SSGO FOR 1-3 Ta NI-2 , PLOTeA2,VA1(I,4),VAS(I,~» , REI1 (STR,OSSTR/OT) 
SS70 NEXT l , RETURN • 
6000 REI1 
6010 REI1 ***** BUSY PLOT C(H1é}{TS ***** 
6020 REI1 
602S INVEC , PHYL(A2,O,lOO*F9,O,100*F9) , SCALE(A2,O,O,100,O,10Q) 
6030 COMHeA2,Xl$,l,100) , REI1 HETHOO & MODE. 
6035 COMH(A2,X2$,l,!l6) , REI1 ~TERIAL tw1E & TEMP. 
G040 COMHeA2,X3$;l,!l2) , REI1 BEAH & PROG~ NUHBERS. 
G04S COMHeA2,X4$,l,BB) , REI1 SHIM THICKNESS 

( 
'6050 COMHeA2,XS$,l,B4) , REI1 OPEAATOR. 
60GO COMHeA2,X6$,l,BO) , REI1 EXPc:tlENT & STRAIN I>MP. 
G070 COMHeA2,X7$,l,76) , REI1 l'ALFCYCLE TlHE. 
60BO COMH(A2,XB$,l,72) , REI1 WHICH 'CYCLES & PTS/CYCLE. 
GOBS COMH(A2,X9$,l,6B) ~ REI1 LCIAO-SST-STRAIN RS. 
60!l0 COMHeA2,YS$,l,64) , REI1 LCIAO NOISE. 
60!lS COMH(A2,Y4$,l,60) , REI1 SST,STR NOISE. 
7010 COMHeA2,Y7$,L,56) , REI1 ClATE. 
701S COMH(A2,Y6$,l,S2) , REI1 TIME. 
7020 RETURN 
BOOO REI1 
B010 REI1 ***** ENlARGEO PLOT C(H1é}{TS ***** 
B020 REI1 
B030 INVEC , PHYL(A2.0,lOO*F9,O,lOO*F!l) , SCALE(A2,O,O,100,O,10Q) 
B040 COMH(A2,Xl$,l,100) , REI1 HETHOO & HODE 
BOsa COMH(A2,X2$,l,!l6) , REI1 ~TERIAL tw1E & TEMP •• 
BOSI COMH(A2,X3$,l,92) , REI1 BEAH & "ROG~ NUHBERS. 
8052 COMHeA2,X4$,l,BB) , REI1 SHIM THICKNESS. 
B053 COMHeA2,XS$,l,B4) , REI1 OPERATOR. 

• BOGO COMH(A2,X6$,l,BO) , kEl1 EXPc:tlENT & STRAIN l'tIP. 
8070 COMH(A2,X7$,SO,100) , REI1 l'ALFCYCLE TINE. 
BOBO CCH1(A2,X8$,!50,96) , REI1 WHICH CYCLES & PTS/CYCLe. 
BOBS COMH(A2,X9$,SO,92) , REI1 LOAO-SST-STAAIN RS. 
B090 COMH(A2,YS$,SO,eB) , REI1 LCIAO NOISE. 
B095 COMH(A2,Y4$,50,84) 'REI1 SST,STR NOISE. 
8100 COMHeA'2,Y7$,SO,80) , REI1 DATE. . 
8110 COMH(A2,Y6$,!50.76) \ REI1 TIHE. 
8120 RETURN 
~O REI1 
8510 REI1 ***** SAVE TO FLOPPY ***** 
8520 REI1 

• 

B:;30 TEKHOOE , ~{~E 

( 8540 Y8$-" , PRII-IT NBl, • DATA PTS. SAVE'; , INPUT Y8$ 
8Ssa IF'YBSa'N' THEN ~6S0 
8!5€O PRII~T 'TEST FI LENoOI1C'; , INPUT F1 $ . . 

• 

, NEXT 1 

, . , 
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o 8:170 F2$-'U01:'+fl~ 
8580 AS-F2$ , GOSUS ~OQO , REM CHECKS FOR PRIORS, 
8~ I~-" , PRINT 'SAVE lST CYCt.E'; , INPUt" Y~ 
8660 1" Y~-'W THEN RETURN 
8670 PRINT 'lST CYCLE FILENI>tIE'; , lNPUT F3$ 
8680 1"4S-'OU1,'+F3$ 

- 8690 AS-1"4S , GOSU8 SOOO , REM CHECKS-FOR PRIORS. 
6700 RETURN • 
9000 REM 

, 
9010 REM ***** CHECKS FOR PRIORS *"'*** 
9020 REM 
S030 l''INOFILECAS,S9) , REM CHECKS FOR EXISTENCE. 
9040 Y~-" , 1 1" S9< )-8 THEN PRINT AS,' MAY E)(rST, ClJEf\I.IRITE'; , INPUT Y8S 
9050 II" Y8s-'W THEN RETURN 
9052 1 F AS-F2S THEN GOSUB 9200 
9053 II" AS-F4S THEN GOSUB 9300 
9060 RETURN , REM DEFAUloTS I.uTH RüURN. 

•• 9070 REM • , . 
9200 REM _ 
9210 REM ***** SAVE A FlloE TO FLOPPY ***** 
9220 REM 
9230 OPEN AS FOR (.UTPUT AS .. ILE U DOUBLE BOF 
9240 FOR 1=0 TO NI 
9245 PRUrr .1 ,VA1( 1 ,1);· f· iVA1( 1,2) i-.· ,VAl ( 1,3):· ,. ,VAl ( t ,4);·,· ;VA1( l ,5) 

.9250 NEXT 1 
9260 CLOSE 
9270 GO TO 9060 
9300 REM 
9301 REM ***** SAVES FI RST CYCLE TO FLOPPY ***** 
9302 REM 
9303 OPEN AS FOR OUTPlIT AS FILE .2 DOUBLE BUF 

... 9304 FOR 1-0 TO P8 

.. , 9310 PRINT .2IVA2( l ,1) l' , • ;%20 ,2) " " ,VA2<1 ,3) " ,';VA2<1 ,4) " , • ,VA2( l ,5) 
9320 NEXT 1 
9330 CLOSE 
9340 RETtiRN 
9500 REM -
9510 REM ***** PRINT REPORT FOR FILE ON FLOPI'Y ***** 
9520 REM 
9530 PRINT ,PRINT 'PRINT 'PRINT 'PRINT 'REP~ ON ',F2~,' & ';F4S 
9540 PRINT 
9550 PRINT X2S,X3s 
9560 PRINT X4S,X5s 
9570 PRINT X6S,X7$ 
9580 PRINT X8s,X9s 
9590 PRINT YSS,Y4S 
9600 PRINT Y7S,Y6s 
9610 PRINT 'LVDT CAL- ',Kl,' IN 910 V.' 

• 

9620 PRINT 'LOAO CAL- ',K2;' V/KG HUNG MASS 9 RS 100?' 
9630 PRINT 'SST CAL- ',K3,' V/KG HUNG HASS • RS-l00r.' 
9640 PRINT 'BEAN OEf"l.ECTION CONST-'IK:I,' HF'WKG' 
9650 PRINT 'CAPACITANCt PROBE'; , INPUt" Y~ 
9660 PRINT 'ATTENUATION HETHOO', , INPUT Y~ 

, 
9665 PRINT 'COIflENTS'; , INPUT yas • 
9670 PRINT 'PRIN'!' ,PRINT 'PRINT 'PRINT 'PRINT 'PRINT 'PI\It~T 
9680 CLOSE 'RETUP./1 
10000 l\EI1 
10010 REM **"** CHOOSE TGAst OERIV GRAPHI CS ***** 

• 10020 REM 
10030 sas-" , PhlNT 'TGAZE PLOT. SR,OSR/OT,SSTR OR OS9TR/OT'; , INPUT ZSS 
10040 RETORN 
10100 REM 

A 10110 REM **""'* PLOT H"VS. T1Ht ***** 
':.;lI 10120 l\EI1 

10130 ~1_1(O.5} '. XZoVA1(Nl,5) 'Ylo4-14C2,1) , Y2'oW4(1,l) 

, 
,'-

101'40 GOSUB <170 PD1 AXES , GOSUB 2000 , R01 FIX EXTI\~ , SI;At.C • .. _- ... " ... -. 
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• 
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• 

lUl~ LA~tL(A~,-fIMt, ~t~-,~~tKA'N KM'~, l/~-,~~tY~,~J 

10160 FOR 1-3 TO N1-2' PLOT(A2,VA1(I,5),VA5(I,l» , REM (T,SR) 
10170 RETUI'.N , 
10200 REM 
10210 REH ***** PLOT O(SR),{OT VS. TIME ***** 
10220 REM ' 
10230 Xl-VA1(O,5) , X2-vAl(Nl,5) , YI-W4(2,2) , Y2-W4(1,2) 
10240 GOSU8 470 , REM AXES , GOSUS 2000 , REM FIX EXTREMA & SCALE. 
10250 LABEL(A2,~TINE, SEC','STRAIN RATE, 1/S',X5,Y5,l) 
10260 FOR 1-3 TO N1-2' PLOT(A2,VA1(1 ,5) ,VAS(I ,2» 'REM (T,OSR/OT) ~ NEXT 1 
10270 RETURN - '> 
10300 REM 
10310 REM ***** PLOT SSTR VS. TINE ***** 
10320 REM . 
10330 X1-VA1(O,5) , X2-vAl(Nl,S) , Yl~4(2,3) , Y2~4(l,3) 

..10340 GOSU8 470 , REM AXES , GOSUB 2000 , REM FIX EXTREMA t. SCAt..E. 
10350 LABEL(A2,'TlnE, SEC','SSTR, NPA/S',XS,YS,1) 

-10360 FOR 1-3 TO NI-2' PLOT(A2,~1(I,S),VAS(I,3» , REM (T,SSTR) 
10370 RETURN 

• 'NEXT 

10400 REM 
10410 REM ***** O(S:>TR)/OT VS. ~ ***** 
10420 REH • 
10430 Xl-vA1(O,S) , X2=VA1(Nl,S) , Yl~4(2,4) , Y2~4(1,~) 

10440 LABEL(A2,'TIME, SEC','OERIV SSTR, NPS/S/S',XS,YS,1) 
10450 FOR IE3 TO N1-2' PLOT(A2,~1(I,S),VA5(I,4» , REM (T,OSSTR/OT) 
10460 RETURN 
30000 REM 
30010 REM ***** ~TCH TEST & GAP FREQUENCI ES ***** 
30020 REH 
30030 ~OC , VTNODE 
30040 PRINT "OESI RED FREQUENCY'; , INPUT, FO 
30050 Zl-P3/(FO*Hl) , 
30060 IF Z1>1.00000E-03 THEN~070 , P3c p3+1 , GO TO 3Q050 , REM TESTS Zl. 
30070 CKTIHE(l,Z1,Zl). 
30080 Z-INT(FO*H1*Z1+1) , ~ ESTI~TES Z'r 
30090 F1-V(Nl*Z1) , REM NtJ.l FREQ. 
30100 PRINT "~TCHEO FREOUENCY IS ·;Ft;· HZ.' 
30110 PRINT P3;" CYCLES REQUIREO.· 
30120 PRINT 'NYQUIST FREQ. OF ';l/ZlZI;' HZ.' 
30130 PRINT "FREQ RESOLN. OF ';l/(Nl+1)/Z1;' HZ.' 
30140 PRINT 'TOTAL POINTS - ';Nl+1 
30150 yas-" , PRINT 'SATISFACTORY'; , INPUT yas 
30160 1 F yas-'N" THEN 61 
30170 RETURN 
30180 REM 

Rudy 

') 

, NEXI 
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.-TYPE EXP27. BAS 
10 ROi 
11 ROi 
12 RDi 
13 ROi 

oSfAétro FLOWS' 

BY 

, 

14 ROi A. JEFFREY GIACONIN 
!!5 R.EH 
16 ROi ACKNa-ILEDGOiENTS: DR. P. CAIN, S. DOSHI, T. Si't1URKAS. 
17 ROi 
20 ROi 
30 ROi ***** STAR'TlNG STATD1ENTS ***** 
40 RDi 
501llèrrACHC2,2,V!') 
52MJSUB 700 "ROi STARTINCi SCREEN. 
55 GOSUB 1200 '\ R&1 GEr TEST INFO. 
58 GOSUB 800 '\ ROi REVISE CIW CONSTilNTS. 
61 GOSUB GOO' ROi TOTAl. polRTS. 
64 SErDIH VAICN1,5).VA~(P8,5),X(1024) 
67 GOSU8 1400 " ROi RErURN TO SErPT. 
100 GOSU8 1100 '\ ROi GET TEST PAIW1ETERS 
101 GOSUB 1300 '\ ROi GET SPECIFIC TEST IN.O. 
102 GOSUB 3!100 , ROi BASELINES & STD DEVS 
103 GOSUB !100 " REI1 COl.l.ECTS EXTREI1A. 
104 ROi 
105 RDi 
~07 RENï~ PREPARES XCI) FOR FGSHAPE ***** 
10!' RDi , 
110 Al-CI00*Tl/(R2*Kl*25.4»*(EXP(E!1*1024*T2/1024)-1) '\ ROi ENDl.EVEl.. 
111 FOR 1-0 TO 1024 

, 

, .. 

. 
• 

.' 

112 X(I)-(EXP(E!1*I*T2/1024)-ll/(EXP(E!1*1024*T2/1024)-1) " RDi XCI, NORHALIZED. 
-' • ..: 114 NEXT 1 ~ • 

115 RDi 
1~ CKTIHE(1,2*TVP!',Zl) '\ REI1 CYCLE TIHE/PTS PER CYCLE. 
130 FGSHAPEC1,X) '\ FGREPTC1,"AUX', TINE T2,2*Pl,Al,O) 
140 ADTINED(2,VA1,,4,l,l,3)~ ADTINED(l,VA2,,4,l,l,3) '\ REI1 OACQ. 
142 PRINT' "vgs-" '\ PRINT 'RUN'";" INPUT vgs '\ IF Vgs<>"RUN' THEN 142 
144 FGGO '\ ADINIT '\ ADGO(l) '\ REI1 COl.LECTS IST. 
150 ErINE '\ SLEEP(Sl) '\ ADINIT '\ A.I>GO(2) '\ ROi DELAVS OACQ ~IL S1. 
160 IF VAl<Nl THEN 160 " REI1 ELEGP«T STOP. 
180 GOSUB 1400 " REI1 RETURNS TO SETPT. • 

• 182 ROi 
183 RDi ***** POST TEST PROCESSING ***** 
184 REI1 , 
188 GOSUB 1800 '\ REI1 CCU) UNITS & COMP TINE. 
190 GOSUB 2000 '\ ROi FI)1; EXTREI1A .1: CCNJ UNITS. 
ln GOSUB 4400 '\ ROi PRINT NOISE LEVELS " GOSUB 3800 '\ REI1 HAIT THEN Cl.. 
193 GOSUB 540 '\ ROi Ca1'IENT PREP. 
194 GOSUB 1600 '\ REI1 DRAWS BUSY PLOT 
200 GDSUB 2300 '\ ROi DRAWS .EXf>IlNDEO Pl.OT 
210 GOSUB 4500 '\ REI1 DJ •• ERENTIATES 
220 GOSUB 4800 '\ ROi DRAWS RATE PLOTS 
230 GOSUB 8500 '\ REI1 SAVE TO FLOPPY 
240 GOSUB.9500 , REI1 i'RINT REPORT. 
340 END ' 
350 REI1 
3Gq RDi ***** START A GRAPH ***** 
370 RDi, ' 

, GOsue 3800 , RDi HAIT THEN CLS. 
, GOSUB 3800 , REI1 HAIT THEN CLS 

, GOSU8 3800 , REI1 HAIT THEN CLS. 
, GOSUB 3800 , REI1 WAIT THEN CLS, 

, GOS~B. 3800 '\ REI1 HAIT THEN CLS, 
• 

380 TEKHODE '\ VTHODE '\ PRINT 'VT-240 (1) OR pl.OrrER (2)', , INPUT A2 

C 
3!10 F9-1 '\ IF A2-2 THEN PRINT 'FRACTION OF FULLSIZE (.75)'1 '\ INPUT ~9 
400 ygs-"' , IF 1'12-1 THEN 4~0 , 
410 IF 1'12-2 THEN PRINT 'PAPER INSERTED AND PEN READV" 1 , INPUT vgs 
420 IF V8s<>'V' THEN 410 '\ ROi GO~ TO PREV l.INE • • 

• 

429 
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430 IF A2-i THEN TEKHOOE(1,1) , 
440 IF A~-2 THEN GRON(2) '~F A2-2 THEN SIZE(A2,108*F9,216*F9) 
4'0 INVEC(A2) , Re:TURN 
47.0 RP1 
480 REM ***** AXES ***** 
490 REM -
50a AXES(A2,~,O) , AXES(A2,1.00000Et08.1.o0000Et08) 
510 AXES(A2,-1.00000Et08,-I • .o0000Et08) -
:520 Re:TURN 
530 -REM 
::40 REM' ***** COI'f1ENT PREP ***** 
550 REM • 
560 WHOAI1I(A~) , Xl~-'IiTS/PPR+SST, HOOE, EXP', 

(561 ~~' (T. .. ,~, C)' , REM HAtERIAL NAHE & TEMP. 
-:;62 X~-'8EA1i"-+H~', PG1, '+AS, REM SE/I/1 & PROGRI>H NU1BERS. 
563 X4S-STRS(Tl)+' HM SHIH' 
:564 REM SHIH THIC~SS & ~OAO-SST-STRAIN RANGE SETTINGS. • 
56:5 X:SS~ BY • '+H4s." REM OPERATOR.· '. 
:566 X6~-'EXP- '~RS(E9)+'/S, SAc'~STRS(Gl) 
::67 X7S-STRS(T2)+' S/HAtFcYCLE.' 

.' 

566 XSS-' CYCLES l, ',tSTR~(P2tl )t'-'tSTRs(P2tP3)+', 'tSTRS( P9)t' PPC' 
569 X9S-'RS. '+$TRS(R3)+'-'+STRS(R4)+'-'+STRS(R2) 

• :570 Y:SS-'NOISE(4S P-P), 'tSTR~(4*SQR(V2(I,I»)t'N,' , REM LOAO NOISE, 
572 Y4S.STR~(4*SQR(V3(1,1»)+' HPA, '+STRS(4*SQR(V4(I,I») , REM SST,STR NOISE. 
:575 GOATE(Y9.,H9,D9) 'Y7S-'DATE, '+STRS(Y9)+'-'tSTRS(H9)t'-'tSTRS(09) 
576 GTIHE(S9,H9,H9) 'Y6S-'TIHE. :tSTRS(H9)+"'+STRS(H9)t"'+STR~(S9) 

. 590 Re:TURN " ~ 
600 REM • 
610 REM ***** NUiBER OF DATA POINTS ***** 
~û REM--' 
630 PRINT 'PRINT 'FOR FFT CHOOSE 2,4,8,16,32,64,128,256,512,1014 
640 PRINT 'POINTS PER CYCLE', , INPUT ;>9 
650 PRINT 'COLLECT AFTER CYCLE NIJ'IBER', , INPUT P2 
660 PRINT '~ HAN'/' CYCLES', , INPUT P3 
662 PRINT 'PERIODS OF RELAXATION', , INPUT P4 
670 Nl-(P3+P4)I<P9-1 , REM TOTAL POINTS. , P6-P9-1 , REM POINTS IN lST CY. 
675 p1-P2tP3 , REM TOTAL CYCLES. 
680 RETURN 
700 REM 
7Pl REM ***** STARTING SCREEH ***** 
702 REM 
709 TEKHODE , VTHOOE , HHOI>t1I (AS) , PRINT 'PROGRNi, 'lAS' PRINT 
710 GDATE(Y9,H9,D9) , PRINT 'DATE, ',Y9,'-',H9,'-',09 
720 GTIHE(S9,H9,H9) , PRINT 'TIHE: ',H9,',';H9",',S9 , PRINT 
730 PRINT 'ZERO LOAO, STROKE AND SST' 
740 PR"lNT 'SET SPANS 1 & 2 AT 0 & 1.' , PRINT 
7:50 Re:TURN . 

00 REM 
10 REM *+*** CALIBRATION ~STANTS ***** 
2 REM 
o KI-4,9:6*.98 , REM LVOT CAL, IN. 10 V, REF. 12, 112. 

840 K2-.956562 , REM LOAO CAL, V/KG HUNG HASS • RS-I00r., REr, 14,4:5. 
845 K3-.44BS03' REM SST CAL, V/KG HUNG HASS t RS-I00r., REF.14,4::. 
B:50 K5-,03504 , REM 8E/1/1 OEFLECTION CONSTANT IN MPIVKG. 
860 PRINT 'l'RINT 'LVOT, ',Kll')4N • 10V' 
865 PRINT 'LQAO. ',K2,' V/KG • RS-l00r.' 
B70 PRINT 'S51, ',K3,' VIltG • RS-I0o-.(' 
880 PRINT 'SE/I/1 DErL' 'IKS,' HPIVKG.' 

-----

890 PRINT ,ye~-", PRINT 'UP-To-OATE', , INPUT YSS , IF Y8S(>'Y' THEN 890 
895 RETURN 
900 REM • 
910 REM ***** STORE LOAO, SST , STROIIE EXTREMA ... *.* 
920 REM 
930 OIH Sl(l,l),Cl{l,l),OI(l,l) , REM LOAO,SST,STROKE, 
940 AORHAX(l,Sl,l) , AORHAX(I,Cl,2) , AORHAX(1,Ol,3) 
950 OIH S2(1,1),C2(I,l),02(l,l) , ~EM LOAO,SST,STROKE • 

• 

, 

/ 
'. 

\ 
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-C' SGO AORHINC1,B2,1) " AORHINC1,C2,2) " AORHIN(1,02,3; • 
S70 REM • 
8BO OlH B3C1,1),C3Cl,1),03(1,1) " REM LOAO,SST,STROKE: lST. 
SSO AORMAXC2,B3,1) \. AORl1AXC2,C3,2) " AORI1AX(2,03,3) 
1000 OIM B4(1,1),C4C1,1),04(1,1) " REM LOAO,SST,STROKE. lST. 
1010"AORHIN(2,B4,1) " AORHINC2,C4,2) " AORHIN(2,04,3) 
1020 Re:TURN 
1100 REM . 

... 1110 Rai ***** TEST PA~ETERS ***** 
112O'REM 
1130 PRINT" '\ PRINT "TEST PA~e:TERS.· " PRINT 
1140 PRINT "STeAHPLITUOE"; '\ INPUT !U 
1160 PRINT "EX , l/S"; '\ INPUT E~ 
1170 T2-(LOG Gl+1»/ES '\ REM HALFCYCLE TIME. 
1175 SI-P2*2*T2 '\ REM SLEEP TII1E. 
1180 Re:rURN 
1200 REM 
1210 !\EH ***** GENERAL TEST INCl) ***** 
1220 REM 
1230 PRINT- ,"NAI1E OR INITIALS"; '\ INPUT H4S 
1240 PRINT "MATER,IAL"; " INPUT H2S " PRINT "TEMPERATURE, C"; " INPUT MaS 
1250 PRINT "BEAN NUHSER"; , INPUT H5S 'PRINT "SHIH THICKNESS, HM'; , INPUT Tl 
1260 Re:TURN . 
1300 REM 
1310 REM ***** SPECIFIC TEST INFO ***** 
1320 REM 
1330 PRINT "LOAO RANGE SETTING/I00'; '\ INPUT R3 
1340 PRltir "SST RANGE SETTING/I00'; " INPUT R4 
1350 PRINT "STROKE RANGE SETTING/I00'; , INPUT R2 
1<171) RET'Ul\N • 
1400 FGSTOP '\ AOSTOP '\ FGIHMEO(l,"RA!1P", TIME 2,0) 'REM Re:TURNS TO Se:TPT. 
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( 
1405 CKSTOP - • 
1410 Re:rURN 
1500 REM 

• 1:5!12 REM ***** INTEGERS FOR SCIlLES ***** 
15b4 REM . 
1506 REM ***** ABSCISSA MIN ***** '1 
1508 REM 
1510 IF Xl-O THEN 151B , IF Xl>O THEN 1516 
1512 X3-10AINT(LOGI0(ABSCXl»-1)*INTC(ABS(Xl)/(10"INT(LOGI0(ABSCXl JI-iIIIT.) 
1514 xa--xa '\ GO TO ·1521 
1516 xa-l0AINT(LOG10CABSCXl»-1)*INT«ABS(XI)/(10" INT (LOGI0 CABS(X 1»-1»)-1) 
1519 IF XI-0 THEN X3-0 
1520 REM 
1521 REM ***** ABSCISSA MAX ***** 
1522 REM 
1524 IF X2-0 THEN 1532 " IF X2>0 THEN 1530 
1526 X4-10AINT(LOGI0CABSCX2»-1)*INT(~S(X2)/C10"INT(LOGI0(ABS(X2»-1»)-1) 
1528 X4--X4 '\ GO TO 1534 
1530 X4-10AINTCL0G10CABS(X2»-1)*INT«ABS(X2)/(10"INT(LOGI0~ABS(X2»-1»)+1) 
1532 IF XZ-O THEN X4-0 . 
1534 REM 
1535 REM ***** OROINATE MIN ***** 

-1536 REM 
'1539 IF YI-II THEN 1546 '\ vF YpO THEN 1544 
1540 Y3-10AINT(LOGI0CABS(klj)-1)*INT«ABS(Y1)/(10"INT(LOGlO(ABS(Y1»-1»)+1) 
1542 Y3--Y3 '\ GO TO 1546 " 
1544 Y~-10AINT(LOGI0(ABSCY1»-1)*INT«ABS(Yl)/(10'INT(L0G10CABSCYl»-l»)-l) 
1546 IF YI-Q TUEN Y3-0 
1547 REM .' '. / 
1'550 REM ***** ORDINATE MAX ***** 
15:51 REM 
1552 IF Y2-0 THEN 1560 "IF Y2>0 THEN 155B C 1554 Y4-10 AINT(LOGI0CABS(YZ» -l)*INTllABS( Y2)/(l0"INTlLOGI0(ABS( Y2) )-1) )-1) t/II 
1556 Y4--Y4 " GO TO 1560 _ 
15Sb Y4-10AINT(LOGI0CABS(YZ»)-1)*INT«ABS(Y2)/(10"INT(LOGI0(ABS(Y2»-I»)+1) 

• 



. ' . 

1562 REM ' 
1566 SCA~E(A2tO,X3,X4,Y3,Y4) , X5-(X4-K3)/5 , Y5-(Y4-Y3)~5 
1570 RETURN 
1600 REM ***** EXP GAAPHI CS (BUSY _PLOT) **""** 
1610 REM ' '. r' 

, 

1615 yas-" , PRINT 'SKIP BUSY PLOT'; , INPUT yas , IF yas-'Y' THEN RETURN 
1620 GOSUS 360 , REM- START A GRAPH. ' 
1630 GOSUB 6000 , REM COMMENT. 
1640 INVEC(A2) , PHYL(A2,50*F9,100*F9,60*F9,100*~) 
1650 GOSUB 3~ , REM PLOT CIl1-STRN VS. TlME ***** 
1721 INVEC(A2) , ~HYL(~O,40*F9,O,45*F9) 
1722 GOSUB 2700 , REM PLot LOAI) VS STRAIN. 
1729 INVEC(AZ) , PHYL(A2,55*F9,100*F9,O,45*F9) 
1730 GOSUB 2600 , REM PLOT SST VS. STAAIN. 
1740 INVEC(A2) , GO TO 1615 , REM 'SKIP' QUESTION 
1600 REM 

, RETURN 

1810 REM SUSTAACT BASELINES, CONVERT ltIlTS & C<X1PUTE T IHE .***** 
1811 REM -
1612 D1H Z2(l,l),Z3(l,l),Z4(l,l) , REM PASELINES. 
1613 OIH V2(l,l),V3(l,l),V4(l,l) , REM'STO OEV. 
1814~2(1,1)-S2(l,l)*10*9.81<R3/100/1\2' REM LOAO. 
1815 V2(1,1)-V5(1,1)*10*9.81<R3/100/1\2 , REM LOAO. 
1616 Z3(l,l)-S3(l,l)*10*K5*R4/100/K3 , REM SST. 
1817 V3(l,l)-V6(l,l)*10*K5*R4/100/K3 '-REM SST. 
1818 Z4(l,l)-S4(l,l)*10*Kl*25.4*R2/(10kl00*Tl) , REM STAAIN. 
1619 V4(1,1)mV7(L(1)*10*Kl*25.4*R2/(10*100*Tl) , REM STAAIN. 
1820 REM . , 
1822 FOR 1-0 TO NI 1 
1830 VAl(I,1)-10*ELEVEL(VA1(I,l»*K1*25.4*R2/(10*100*Tl) 'ROi COMMAND. 

} 

~ 1840 VAl(I,4)-10*Et.EVEL(VA1(1,4»*K1*25.4*R2/(10*100*Tl)-Z4(l,l) , REM STAAIN. 
~ 1850 VAl(I,2)-10*ELEVEL(VA1(I,2)l*9.81<R3/100/K2-ZZ(l,l) , REM LOAO TO N~ONS. 

1660 VAl(I,3)-10*Et.EVEt.(VA1(1,3»;K5*R4/100/K3-Z3(l,1) , REM SST TO HPA. 
1665 VAl(I,5)-Sl+Zl*1 , REM SilS St.EEP TIHE. 
1670 NEXT 1 -. . 
16eo FOR 1-0 TO P8 
1890 VA2(1,1)-10*ELEVEL(VA2(I,l»*Kl*25.4*R2/(10*100*Tl) , REM COMMANO. 
1900 VA2(1,4).10*ELEVEL(VA2(I,4»*Kl*25.4*R2/(10*100*Tll~Z4(l,l) , REM STAAIN. 
1910 VA2(1,2)-10*ELEVEL(VA2(1,2»*9.81<R3/100/KZ-Z2(1,1) , REM LOAO TO N~ONS~ 
1920 VA2(~,3)-10*Et.EVEL(VA2(1,3»*K5*R4/100/K3-Z3(l,l) , REM SST TO HPA. 
1925 VA2(I,5)-Zl*1 , REM TIME FOR lST. 
1930 NEXT 1 • 
1935 RETURN 
2000 REM 
2010 REM ***** FIX EXTREMA & CONVERT7HEIR ltIlTS ***** 
2020 REM • 
2030 IF B3(l,l»81(l,l) THEN B1(1':I)-B3(I,l) 
2040 IF C3(1,1»C3(1,1) THEN C1(1.1)-C3(l,l) 
2050 IF 03(1.1»01(1.1) THEN 01(1.1)-03(1,1) 
2060 REM 
2070 IF 84(1.1)(B2(I,I) THEN 82(1.1)-B4(1.1) 
2080 IF C4(1.1)(C2(l,l) THEN C2(1,1)-C4(l,l) 
2090 IF 04(1.1)(02(1,1) THEN 02(1.1)-04(1,1) 

'2100 REM • , 
2110 01-,01(1.1)/32767)*10*kl*25.4*R2/(10*100*Tl)-Z4(I,I) , ReM CDNv,. ia STRN. 
2120 02-(02(1.1)/32767)*10*Kl*25.4*R2/(10*100*Tl)-Z4(1.1) , REM OITTO. 
2130 C1-(Cl(1.1)/32767)*10*K5*R~100/K3-Z3(l,l) , REM CONV. Ta HPA. 
2140 CZ-(CZ(1.1)/32767)*10*K5*R4/100/K3-Z3(I,l) , REM C~. Ta HP~ 
2150 Bl-(Bl(1.1)/32767)*10*9.81<R3/100/1\2~2(I,l) , REM CONV. Ta N~ONS. 
2160 82-(82(l,l)/32767)*~0*9.81<R3/100/K2-Z211,1) , REM CONV. TO N~ONS. 
2170 REM 
2180 N9-01-D2 , REM STAAIN RANGE. 
2190 N8-Cl-cz , REM SST PANGE IN MPA. 
2200 W-81-0Z , REM LOAO PANat: IN N~ONS. 
2210 RETUIIN 
2300 REM 

1 
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2310 REI1 ***** CHaoS€: fNLAItGEO PLOT *****- • 

, . 
\-

~20R~' ~ ~25 sas.··. ,.pRim 'SKIP eœAltGE •. ICS', ) INPUT.sas 
~a IF ~.·Y· THfN RETURN . • • • : t 

~ sas .. •• " PRim 'WHICH PLO'!) ;@AIN,LQAO,LO~SST, TIji\l\lE' i "' INPUT ~~ 
• :13I!tA: IF S8$-'TBASE' THEN Gbsoa ~?ZO '""R'bi SELECT TBASE, ~~. ~ 
2~'GOSUa 360 , R~ START A GRl'ivJi , GOsua 8000 , R " _,', .. 

,,,,' ~38 f>HYL(A2~~100*FS,0 ,7a'*FS) " • . • 
;1340 IF sas··SST· THEN GOSU8 2BOO . . ' ' , ,~ .. ..-

, 

433 

~42 fF'S8$··STlIAiN: THEN GOsua ~O • 'Z '1 ' ' ... 
2344 IF sas··LOAO· TIiEN GOSU8 2700. " 
2350 IF 58,$.·LO-SST· 'mEN' GOSUB 3QOO .. , ~ 

, . 
/' :"'~'" , 0 

:.a~. ,- ~ , -/ 
• 2362 IF S8$··ca1-STR· THEN GOSIlB' $320 

... ~63 IF'sas."'PLOAO· THEN'GOSU8 3600 
~64 IF S8$·o;rSST· THEN GOSUB 3700 
~~ GOSU8 3BOO , R~ !-lAIT TIŒN CLS 

IlL.. ."' op. 

,. , ....... ~'l 
\ 

" 2370 GO Ta 2325 , R~ SKIP·QUESTION. 
2400 R~ \. ' • 
2700,j\EI1. -;' ": 

• 2710 REI1 ***** PLOT LOAO VS. ,$TRAIN **"'** 

, 

... 272Q R~ " '. 
- 2730 Xl.02 , X2-(>1 " Yl-a2 " Y2aBl" GOSUB :L.:i00 , REM lm 

, .2732. GOSUB 470 , R~ AXES. , GoSua 2000 , R~ FIX OOREM/\ & ScAt.E 
" ''leZ34 LABEL(A2,'STRAIN" ,'LOAO-N' ,XS,YS,l) . 

~'36 FOR 1-0 TO NI , PLOT(A2,VA1(1,4),~1(1,2»" REM ~STRAIN,LOAO) 
273B INVEC(A2), FOR 1.0 TO P8' PLOT(A2,~2(I,4),VA2(1,2» '~EM lST 
273S RETURN ' , • 
2BOO REI1 ***** Pt.OT SST ifS STRAIN, 
02810 ... EtEH_ #.- • r ,. 

1) 2820 Xl-02 " X2-01 , 'yl-CZ , Y2-Cl , GOSUB $soo , REM Jm. ~ 

C '2822 GOSU8 47.D , REM AXES , GOS\J13 2000 , REM FIX EXTREf1A & ,SCALE 
282.bLAeEL(A2,' :;TRAIN' ,'SS-tlPA' ,X5, Y5, l ,. • 
2B2lF'FOR 1-0 T()"~l , PLOT(A2,VA1(1,4),VA1(1 ,3» , REM (ST~I~,SST) 

• 

" NI· '1 ' 

• 

. ~ INVEC(I'!2) " FOR 1-0 Ta PB' PLàr(A2,VA2(1 ,4) ,VA2(1 ,3» tREM lST 

,'-"~~ , ' , .t..' "~ 
• '29l0 REI1 *#** PLOT ~RAIN-Ca-tW-IO ***** 1 

l , NEXI 

'\-

... 2920 REI1... _ . ' , , 
2922'Xl-0"~ X2-01 , YI-Xl' Y2-X2 , GOSUB 1500, , REM lm • 
2924 GOSU8 470 , REM AXÈS , GOSUB 2000 , REM FIX' EXTREM/\ & sCIlIL .... 
2926 LABEL(A2,'~, 'STRAlN' ,X5, Y5,1J. • ..' ... 
'2929 FM t-O.'TO Nl "<f'LoT(A2,VA1(l,).),VA1(1,4» 'REM(CCH1,.STRN> 

",~RETURN' " .. 
.. 3000 REli • ~' .• / ." 

• : 3010 1\€11 **t:** Rf.6r L~O' VS, SSï ***** ., •• ' 

, NEXTI 

'. 

• 

.. 

~sg~tI~2' , X~'~~ ~ Yl-C2':' i;:~l , GOSUB 1;00 , RËI1 I~, ' 
... 

024 ~ A70 , REM AXES , GOSUB ?naO , R~ FIX EXTREMA & SCALE. 
"302 L.tE\2,'LOAO, N','SST, I1PA','XS,YS,I) 

• ~2~ -0 TO Nl" PLOT,(A2,VA1(1 ,2) ,VA1,1 ,3» , REM (SST ,LO) 
303,Q. , " • , 

·32O"ct .. " - .. 

" .NEXT 

3220 REM ***** '\'BASE GRAPHI CS ***** '\" 
'3240 -RD1 ,,' : , .. 
3200 ss(.·' 'PRINT '~HICH TBASE PLOT •. c~R,tiQAo OR TSft'; , INPUT se~ 
3300 RETURN, • • • " 
3320 ,REM- , ' ~ 

3340 ~EM ***** PLOT Ccri-STRN VS, T11'lt. **"""* .. 
.. 3360REi\ .. . 1 • •• ~ 

3300 Xl-vA1(0,S) , X2-VA1(Nl ,S) , n--.2*Gl , Y2-1,,'!'*GI " GOSue 1500 "ltEM WT 

1 

3400 GOSUB. 1170 , ~.EM AXES , , , GOSUI;l 2QOO , REM FIX EXTf\EM/\ & SCALE 

( 
3420 LABEL(A2,'TlI1E, SEC: ,'ÇOtI-~' ,X5,YS,1), , 

.34411 FP!t'X-O Ta Nl • , .' ,'-t- • 
3460 PLOT(A2,VA1(l,:n ,VA1(i4tl» , REM CT ,CCH1) , , , 
34BQ. Ne-ABS(VA1( 1 ,1) -VS) \ 1 F j'l2<ABS( .1*Gl > .tHEN 35411' " Ri/1 CRIT FOR MARK. 
3500 ~-vAl(J .1) , REM REstTS VS,. '.t' .. 

.. .. ~ , .. 

... 

.' l:" . : 
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3520 HARK(A2,i,VA1(I,S),VA1(L.1» , REM (T,STRAIN) 
3540 NEXT l , IWEC(A2) , RETURN 

f.: .3600 REM • 
$ '1 3610' REM ***** LOAD VS. Tlt1E ***** 

3620' REM ,~ • 

, 

3630 X1-vA1(0,5) 'X2aVA1(Nl,S) , Y1,."B2' Y2-Bl , GOSUB .1500' REM INT 
3640 GOSUB 470 , REM AXES , GOSUB 2000 "REM FIX EXTREMA & SCALE. 
3650 LABEL(AZ,'TIME, SEC,/,'LOAD, -N' ,X5,YS,l,) , 
3660 FOR 1-0 TO Nl , PLOT(A2,VA1(1,S) ,0001(1,Z» , REM (T ,LD) , NEXT 1 
3670 RETURN, ' 
37'00 REM ' • 
3710 REM ***** PLOT SST VS. TIME ***** 
3720 REM • • 
373O'X1aVA1(0,5) , x2~1(Nl,5) , Yl=C2 , YZ=C1 , GOSUB 1500 , REM INT 

'-

3740 GOSUB 470 , REM AXES . , GOSUB-.2000 , REM FIX EXTREMA & SCALE. 
3750 LABEL(A2,'TIME, SEC','SS-NPA',XS,YS,lr ~ 

• 3760 FOR 1-0 TO Nl , 'iLOT(A2,VAl( 1,5) ''i&1( 1 ,~» , REM, (T ,SST) t" NEXT 1 

~~~~ ~U~. _ " • ' 

38%.0 REM~ HAIT THp" CLS ***** 
36.20 REM -.:s • , 
3830 Y~" , INPUT YOS , YeS=" ~ TEKMODE " VTMODE " 1 F A2=2 THEN GROrt"( 2) 
3940 RETURN • , -
3900 REM 
3910 REM ***** SUBTRACT()R CIRCUIT ***** 
3920 RE;!1., , 
3922 DIM S2(1,1),S3(l,l),S4(l,l),VS(1,1),Vb(l,l),V7(l,l) 
3924 PRINT ,. t 
~2:; yos·~:", PRINT 'SKIP SUBTRACTOR'; " INPUT YOS " If YOS.'Y' THE;N RETUI\N 
3930 Ql-Z00 , SETDIM VA3(Q1,S) , REM SETS 1orAL'P1"5. ,. 

• '3940 GOSUa. 1400 , REM RETURN TO SETPT. • 
,~ 3960 CKTIME(l,,02) 'ADTIMED(3,VA3.,4.1,l,3) , REM DQCQ 

, 3970 PIUNlio 'LOAD,SST & STROKE ZEROED (X-I DIALS'; " I~PUT YB$ '. 
3990 ADINI" , ADGO(3) " IF VA3(Ql Tl1€N 3990 " RÈM ELEGI'«l' STOP, 
39~:5 GOSUB 1400 , fl,EM RETURNS TO SETPT, 
4000 IF'YB$()'Y' TH~ S970' 
4010 REM, 
'1020 REM CALCULATE J1&NS, 
'1030 REM 
4040 FOR'I-O TO Ql 

• '1050 52(l-,1)-SZ(1,1)iVA3(l,2) 
~, 4051 53(1,1)-53(1 ,1)iVA3(t ,3) 
, 4052 S4(1,1)-S4(1,1)iVA3(I,4) 

4060 NEXT l, • 
'1070 S2(1,1)·52(l,lJ/(Ql+l)/32767 
4071 S3(1,1)~S~(1,1)/(Ql+1)/32767 
407Z S4(1,1)~S4(1,1)/(Ql+1)/32767 
40eo REM 
'1090 REM CALCULATE SAZ. 
4100 REM • 

--

4200 FOR 1-0 TO Ql , REM S~S OF SQS OF RESIDS. 
4210 VS(1,1)-VS(l,l)+(VÂ3(I,2)/32767-S2(1,1»A2. 
4220.V6(~,l)-V6(l,~)+(VA3(I,3)Y32767-S3fl.1~A2 
4230 V7(l,l).v7(1;~+(~(I,4)/32767-S4(l,l»A2 
4Z40.NEXT 1 • • 
4Z41 1.I:5(_.l)-VS(l,l)/Ql • "-
4242,V6(1,1)-V6(1,1)/Q1" : • 
42(3 ~7(1,1)~(L,l)/Ql , REM SOMS OF SQS O~ RÈSIOS. 
'1244 PRlNT 52(1,1),S3(l,l),S4(l,1) 
4245~RINT 11:5(1,1),V6(1,1),V7(l,l) '. • 
4270 RETURN ' ' , 

~ 4400'REM • ~" • 
\;,,;:J 4410 REI:i ***** PRlbIT NOl SE·'LEVELS ***** .• _ 

~4:r2 REM ~ L • 

f 
, 

. '. 
,. 

.. 
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• 

• t 

., 
• 

'. 

" 

, 

4420 PRINT"LOAD NOISE P-P ';4*SQR(V2(l,l»;' N (2 SIGMA).' 
4430 PRINT 'SST'NOISE p-p ';4~SQ~V3(1,1»;' MPA (2 SIGMA},' 
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'4t: 444a PRINT 'ST~JN NOI;E P-P ';4*SQR(V4(i,1»;" (2 SI~).· 
4450 RETURN -- • • , ( 

• 

4500 Rai 
4510 REH ***** THE OIFFERENTIATOR ***** 
4520 Rai , 
.. 525 YSS-"~ , PRINTe'OIFFERENTIATE"; , INPlIJ'" YIlS , IF YSS<>."Y' THEN RETVRN 
4526 Rai. . ' • 
4530 REH 5-I>T LS TECIf-IIQUE, REF. WHITAKER, S, AND R.L. PIGFOAO, 
4S40 REH INO.ENG.CHEH.~ 52(2),185-187 (1960'. • 
45~0 SETOIH ~(N1,4) , REH SR,D(SR)/DT,SSTR,D(SSTR)/OT • 

• <1562 SETOIH 1014(2,4) • • 
4563 PRINT 'GOT THIS FAR!" 
4565 REH " ' 
4570 FOR 1-2 TO N1-2 ~ ~ ... • 

' .. 
• 

• 

45èp VASCI, )·(-~1(1-2,4)-vA1(1-1,4)~1(I+l.~)+2*VA1(1+2,4»/(10*ZlJ 
4590 ~(1.3 (-~(1-2,3)~(1-1,3)~I(I+I,3)+~~(1+2,3»/(10*Zl) 
4600 ~(I,2) (4~CI-2.4)-vA1 t-l,4)~1(1+1,4)+4*VA1(1+2,4» • 
4610 ~(I;2 (I,2)-2*(VA1(, ,4)t'JA1( 1-1,4)+VAHI,4)~l(1+I,4)-tVA1(l+2,4)) 
4620 VAS(1,2 -'JAS"(I,2)/(7*Z1 A 2) , 
4630 VASCI,4 'C4*VAI( 1-2,3)-vAl( l-l,3}~( I+l,3)+4*VA1( I+2,3» -
464a~5(1,4)~~(I,1)-~(VAI(I-2,3)~1(I-l,3)-tVA1(I,3)~1(I+l,3)-t'JA1(1+2,3» 
~650 VAS(I,4)~~(I,4)/(7*ZlA2) , ,) , 

'. ~~~NEXT l " '4 \ 
'-" . 46'~'***** FlNO-RATE EXTR~ ***** , 

4t>66 REH - - , " 

,( 

, 4668 FpR 1-0 TO NI ~. 
469C1 FOR J-t> TO 4 , « • • ' 
469s.mEH '(1 ,J) :ta.rr~tuS SR,D(SR)/OT ,SSTR,D<..SSTR).t!>T fOR J=1-4, 
4700 IF (I,4»W4(.1,J) THEN W4U,J)_S( I,J) " REH l''AXIMA. 
4710 VAS(I~J)~4'2,J) THEN W4(2,J)~5(J,J) , REH MINIMA. 
4720. NEXT J , ... ' 
4730 HEXT 1 • 

• 

4740 RETURN ... 
4800 REH' l, • 
4810 REH ***** CliOose RATE PLOT ***** 

• 

4815 REI1 " , • 
4820 ses-" , MINT 'SKI P RATE PLOTS", , INPUT SSS '. ~f S8S-"Y" THEN RETUR/'I 
483O'sesa"" , PRINT '"PLOT. SST-SR,SSl'R-STR,SSTR-SR,SST-DSR/DT ,OSSTR/OT-STR'; 
4831 PRINT "OR ')'tASE"1 , INPbT sas \. ' 
4832 GOjlUS 360 , Rai START A GRAPH '-- ~ GOSIJ8 ,81)00 _, REH C<H1ENT. 
A 834 .PHYt.(A2,0 ,100*1'9,0 ,70*F9) , • 
4840 IF SSSa"SST-SR" Tfla-r GtplJB 5 
4850 IF SSSa'SSTR:"%TR: }fHEN" GOSUB 00 
4951 IF SSSa'S~R~ THEN GOSUB 5200 

./ 4B52 JI' ses-·SST-l)SR/OT' THEN GOSUB 5400 
.. 4B53 IF SSS-'OSsrlV6'(-STR" THEN GOSVB 5600 

<W54 IF SSS-"TBASE" THEN GOSt,16 10000 , REH CHOOSE TBASE 
4B55 IF sesa'$R" THEN GOSUB 10100 -, 
4856 IF sesa"OSR/OT"THtN GOSU8 lCl200 " 
'1857 IF SSSa'S:rr~" THEN GOSllB\10300 
495B IF sesa'OSSTR/OT" THEN GOSUB t0400 

<, 4B9O GOsua 3800 , REH WAIT THé! CLS • 
• 4895 GO TO 4820 , RDI<SKIP QOESTI~. 

5aoo REH • ':' 
5010 'Rai ***** PLOT SST VS. ~ ***** 
:5020 R.EH.... _ ~~, 

--4' 

5030 XlaWi<2,1) 'X2aW4(I,l).' YI-C2' Y2-Cl , GOSUB 1500 , R NT 
5040 GOSUB 470 , REM ~S , GOSUB 2000 , R~ FIX EXTREMA 
,osa LABEL(A2,'STRAIN'RATE, I/S","SS~A',X5,Y5,1) 
5060 FOA J-3 TO Nl-2,' PLOT(A2,VA5(I,l),VA1(I,3» 'REM(S~,SST) 
5070.ollETI$N ,,~ ~ • 
:5100 liI!b1. . , 
'110 REH ***** PLOT SSTR VS, STRAIN ",**** 
:5120 Rai" • 

_ ' .. 5130~I-02 , X2-01 , Y1~W4(2.:n , Y2OW4(l.3)è GOSUf< 1':;0(' , REM INT 
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5140 GOSUB 470 , REN AXES , GOSUO'lobo , REN FIX EXTREMA & ~lE. 
5150 LABElCA2rSTRAIN" ,"SSTR IN I1PAlS" ,XS,Y5,l) , 

./Î. 51GO FOR 1-3 ~ Nl-2 , PlOT(A2,VA1(1 ,4) ,VA5(1,3)} , !lé1 (SSTR,STRAIN) 
~ :j170 RETURN -

5200 REN' 
5210 REN ****-le PlOT SSTR VS. SR ***** 
5220 RQ:! , ' 
5230 Xl~4(2,1) , X2~4(l,l) , Y1~4(2,3) , Y2~4(l,3) , GOSUO 1S00 , REM I~ 
5240 GOSUB ~REN AXES , GOSUB 2000 , ROi FIX EXTREMA & SCAlE. 
5250 LABEl(A2,"~IN RATE, l/S',"SSTR IN NPAlS',X5,YS,1) 
52GO {OR 1-3 TO Nl-2 , PlOT(A2,VA50,l) ,VASO,3» , REM (SR,SSTR) , NEXTt 
5270 -RETURN ~ 
5400 REM ' 
5410 REN ***** Pl SST VS. OSR/OT ***** • 
5420 REM. J Mi 

, 5430 XI-H4C2,2) ~X2~4(l,2) 'YI-C2' Y2-C1 'GOSUB 1500' REN INT. 
5440 GOSUB 470 , REN AXES , GOSUB 2000 , REN FIX EXTREMA & SCAlE. 

~
SO I:ABEl(A2,"RATé: OF CW<NGE OF SR, l/S/S",'SST, NPA",XS,YS,l) 
60 FOR 1-3 TO Nl-2' PlOT(A2,VA5(I,2),VA1(I,3» , ROi (OSR/OT,SST) 

... ~47D-NEXr l , RETURN -
'" ) 5500 ROi , 

- ~510 REN *I!*** PlyT OCSSTR)/OT VS. STR ***** 
5520 REM 
5~0 Xl-02' X2c 01 , Yl~4(2,4) 'Y2~4Cl,4) , GOSUB 1500 , REM INT. 
5540 GOSUB 470 , ~AXES , GOSUB 2000 , ROi FIX EXTREMA & SCAlE. 
5550 lA6el<A2,'ST~lN','OERJV SSTR, MPAIS/~.X5,Y5,l) 
5560 FOR 1-3 TO NY-2' PlQJCA2,VA1(1 ,4),VA5(1 ,4» , ROi (STR,OSSTR/OT) 
5570 NF;XT l , RETUP/l ~ . 
6000 Rb1 .. . , • 
6010 ROi ***** BUSY PLOT CCH1ENTS ***1-* ;11. • 

l 
6020 REM • 
6025 INVECCA2) '~HYlCA2,O,100*F9,O,100*F9) , SCAlE(A2,O,O,100,O,100) 
6030 CCH1CA2,Xls,1,100) , ROi NETHOl> & MODE • 

• ," 6035 CCH1(A2,X2S,l,96) , REN W,TERIAl twiE & TOiP. 
6040 CCH1CA2,X3S,1~92) , ROi BEAH & PROGRAM NUHBERS: 
6045 ~CA2,X4S,l,OB) , REM SHIM THICKNESS ' 
~050 COMHCA2,X5S,l,S4) , !\EH OPEAATOR. 

--tOGO CCH1CA2,X6s,l,SO) , ROi EXPcr-lENT & STRAIN AMP. 
• 61170 COMHCA2,X7s,l,0'6) , R~ HALFCYClE TIME....-

60S0 CCH1(A2,Xas,1,72) , HH CYCLES & PTS/CYCLE. 
GOB5 COMHCA2,X9S,1,eS) , R 0- ST-STRAIN RS. 
6090 COMHCA2,YSS;l,64) , REM lOAO OISE. 
6095 CCH1C~Y4s,1,60) 'RENSST, R NOISE. 

7016 CA2,Y6s,1,52) , ROi TIHE. 
7010 iCA2,Y7S,1,56) , ROi DATE ' '\ 
7020 RN 
BOOO REN 
801 b REN ***** ENlMGEO PLOT 
8020 REN , 
S030 INVECCA2) , PHYLCA2,O,100*F9 O,100*F9) , SCAlE(A2,O,O,100,o.100) 
S040 CCH1(A2,Xls,l,100) , R & MOOE , 
8050 CCH1CA2,X2S,l,96) , ROi W,TERIAl twiE & TOiP. 
BOlSl CCH1(A2,X3S·.l,92) , ROi BEAH &,Pf\OGAAM NUHBERS • 

• _.0052 CCH1(A2/X4S,1,SS) , REN SHIt1 THICrnESS. 
/ 

• 

• 

. .' 

• 'SO~COMH(A2,X5s,1,S4)' ROi OPEAATOR. 
8060 CCH1(A2',X6l,1 ,SO) , REM EXPcr-IENT & $p\A~ l'MP. 
B070 CCH1(A2,X7S,50,100) , REH' HALFCYctE"TIH • 

J • 

80S0 CCH1(A2,>'.6$,50,96) , REN HHICH CYClES & fS/CYClE. 
soas COMH(A2,X9's,50,92) , ROi lDAO-SST-STRAIN RS. 
8090'CCH1(A2,?:~,50,S8) , REM lDAO NOI~ • _. -:~~~ =~~:~;:;~~:~~ ~ :~ ~è:rR N Ise. , " 

:1\ .all0 CCH1(A2,Y6S,SO,76) , REN TIHE. • 
~ 8120 RETURN 

asoo ROi , • 
8510 REM ***** SIWE TO FlOPPY ***** . . J 
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e:s20REM 
8:530 TEI<HOOE , VTl100E ,,_ 
8540' YI!$-" , PRIm NI ,'DATA PTS, SAVE'; , ~UT YI!$ 
8:SSO IF YI!$-'N" THel 8SSO 
8560 PRIm 'TEST FlLENAME', , INPUT F1~ 
8570 F2$-'DU1,'+F1S 
85SO AS-1'2$ , GOSUS SOOO , REM CHECKS FOR PRIORS, 
86S0 YI!$-" , PRIm 'SINE IST CYCLE'; , INPUT YI!$ 
8660 IF Yl!$jf; THEN RETORN -------.--/ 
8670 PRINT CYCLE FILENAME' j " INPUT F~ 
8680 F4S-' ."+F~ 
8690 AS-F4S " GOS08 SOOb°X.'l\EM ~KS FOR PRJORS, 
8700 RETORN :f _, ~) • 
SOOO ~ '. ' 
SOlO REM ***** CHECKS FOR PRIORS ***** 
S020 REM ., • ~ 

• 

SOlO F1Nl>FILE(AS,S9) " REM CHECKS FOI' t:XISTENCE. 
S040 YI!$-" " IF S9()-8 l'liEN PRim AS;' .t'AY EXIST, O'JE.$HR1,TE'; " INP6t' yas 
9050 IF YI!$<>'Y'-THEN GOSUB 9200 ~ r 
S060 RETURH-' REM OEFAOLTS !-IITH RET~RN •• 
S070 REM 
9200 REM _ 
9210 REM ***** SINE A FILE TO F!..OPPY ***** 
S220 REM 
9230 OPEN AS FOR OUTPUT AS FILE t1 DOUBLE BUF 
S240 FOR I~ TO NI' , 
924S PRim .l,VA1(I,l)I',';VA1(I,2);·,~1<I,3);',·;VA1(I,4);·,·;~(I,5) 

• S2SO NEXT 1 
, S260 CLOSE 

S270 RET\JRN" 
9500 REM 

C S510 REl'\' ~.,..** ... PRIm REt'ORT FOR FI LE CN FL!>PPY ***"* 
, 9520 1\fM 

SS30 PRIm 'PRim, PRim "PRim "PRIm 'REPORT ~ ';F2S;' & 'lf4S 
9:540 PRIm • 
s:sso PRIm X2S ,X3S 
9stO PRim X4S,XSS 
9570 PRIm X6s,X7S 
9:5SO PRINT xes ,X3S 
S590 PRIm YSS,Y4s 

• S600 PRINT Y7S, Y6s-
9610 PRIm. 'LVOT CAL- ',Kil' IN @ 10 V,' 

4 '1-_ 

9620 P.RINT 'LOAO CAL- '1K2,' V/I(G HlNG HASS @ RS lQOW 
9630'PRlm 'SST CAL. ',K31' V/KG'HlNG HASS @ &S=1007o' 
S640 PRINT "!lEAH OEFLECTla-I CQ>lST-';K5;' MPA/KO' 

• S6S0 PRINT "CAPACIT~ PROBE'; , INPUT vas 
S660 PRINT "ATTENUATla-!\METHOP'; " INPUT yas 

• ~670 PRINT 'PRim 'PRINT "PRINT 
• ~6BO CLOSE 'RETURN' ?i' ~ 

10000 REM ' 
10010 .REM ***** CHOOSE TBASE bERIV OAAPHI CS ***** . . 
10020 REM • / , 
10030 ses-" , PRim 'TBASE PLOT, SR,OSR/C>T t-rsrR OR OSST DT"" INPUT ses 
10040 RETURN r 
10100 REM 
l0110JUl1 ***** PLOT SR 'vs. TlME *"'*** "'T" 
10'l20 REM' , 
~0130 Xl~(O,5)' X2-vAl(~1,5) 'Y1~4(2.l)·"·Y2~4(l,l) 
10140 GOSUB 470 " REM AXES , GOSU8 2000 " REM FIX EXTREMA & SCALE. 
10150 LABELCA2,'TIHE, SEC','STAAIN AATE, 1/S',X5,Y5,l) 

. , 

" • 

'" 
10160 FOR 1-3 TO /ü-2 , PLOT(A2,VA1<-I,:5) ,VA5(1,l» " REM CT ,S!\) " NEXT 
10170 RETORN' ' 
Id200 Ra1. ' 
1021& REM ***** PLOT 0(4R)/OT VS. TIIt1E ***** 
10220 REM ' 

c 
, , 

'~~O XI-vAl(O.5) ~ '2~1(Nl,5) " Yl'~(2.2) " Y2~4(l,2) 
, .. . ,"'7 
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• 
• • 

~ ~ - f;'" , 
. ~-:;'< , .... 
f 10240 OOSUS 470 " REI1 AXES " GoSUB 2000 " RÉM FIX OCTREI1A " SCALE. 

102~0 LABEL(A2.'TIHE. SEC·.·~RAIN RATE. 1/S·.XS.YS.1) '" 
10260 FOR 1-3 TO N1-2" PLOT(~.VA1(I.S).VAS(I,2» " REN (T)OSR/OT) 
10270 RETURN '. 
10300 REN 
10310 REN ***** PLOT SSTR VS. TlHE ****'" 
10320 REN • • • 
10330 X1-VA1(O.5) "X2a<JA10U,S) "Yl-1-14(2.3) " Y2':H4(1.3) 
10340 GOSUB 470 " ReR ÀXES. \ GOSUB 2000 " REN FIX QITREI1A " SCALE. 
10350 LABEL(A2,'TlHE~ SEC·,'SSTR.I1PA/S'.XS,YS.1) • 
10360 FOR 1-3 TO m-2 ). PLOT(A2,VA1(1 .5) ,VAS<J .3» , REN (T .SSTR) 
10370 RETÙRN 
10400 REN > ! 
10410 REN ***** D(SSTR)/DT VS. TII1E ***** 
10420 REI1 • 
10430 X1-VA1(O,S) " X2-VA1(Nl,S) , Yl-1-14(2,4) , Y2~4(1.4) 
10440 LABEL(A2,"TII1E, SEC·,·DERIV SSTR, I1PS/S/S',XS,YS,I) 
10450 FOR 1-3 TO Nl-2 , PLOT(A2,VAl(I.5),VA5(1.4» , REN (T.DSSTR/DT) 
10460 RETURN 
10600 REI1 
10610 REN ***** INTEGRATOR, TM!' RU1..E ***** 
10620 REN 1 
10621 YSS-" , PRINT 'INTEG~TE'; , INPUT YB~ , IF YB~<>'Y' THEN RETURN 
10625 SETOIM (W9(Nl+1,2» '.REN W9(I.l)~INT(SST)DG & W9(1.2)-INT(LOAD)DG 
10630 FOR 1 -0 TO Nl • 

, 10640 H~(I.l)~9(I-l.1)+(VAl(I.4)~1(I-l.4»*(VAl(I.3)+VA1(I-l.3»/2 
10650 H9(1,2)~(I-l,2)+(VA1(1,4)~1(I-l,4»*(VA1(1:2)+VA1(1-2,2»/2 
10660 NOCT 1 
10670 H9(Nl+1,1)~9(Nl,1)+(VA1(Nl.4)~1(O.4»*(VAl(Nl,3)+VAl(~,3»/2 
10660 H9(Nl+1,2)~9(Nl,2)+(VA1(Nl,4)~1(0.4»*(VA1(Nl.2)tvAl(O.2»/2 %. 10690 REN 
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/ 

• TYPE fSST40. TXT ,fSTMO.TXT ,fTf40. TXT 
10 REH SPECT~ AMAL~SlS,OF.,SHEAR~STRESS l'OR OSCILtATORV?SHEAK 
20 REH 
30 REH 
40 REH 
~ RDi 
60 REH 

A, JEFFREY GIACOHIN 

70 REH ACKN~LEOGD1E:HTS: DR. P. CAIN, S. OOSHI. 
~O RD1 
~5 GRATTACH(2,2,Y~) 

100 TEKMODE " VTMOOE 
, 102 PRINT "PRINT 'TOTAL POINTS «1(024)', , INPUT l'Il 

105 SETOIN S(N1),X(Nl+2) 
106 OIN R(2),1(2~ 
lOS SETOIN VAl(N1,5) 
110 $ETOIN VA2(Nl+2,2) 
120 GOSUS 21340 " REH SELECF FREOUENCY. 
125 GOSUS 21230 " RD1 NU1BER OF CYCLES S Tl, 
128 GOSUS 30000 " REH REAO DATA FILE. 
135 REH 
140 ROi ***** POST TEST PROCESSING ~ 
145 ROi 
146 GOSUS 25200 " REH PREPARE COMME:HTS. 
155 GOSUS 24000 " REH RD10VE OC OFfSET. 
lbU GOSUB 20430 " ROi USE HANNING I-IIND~. 
165 GOSUS 22500 " ROi flND STRESS & STRAIN EXTREMA. 

• 

170 GOsua 22000 " REH PLOT I-tIND~ED DATA " GOSUB "eoo "' REH l-IAIT THEN CloS. 
172 GOSUe 24600 " RD1 NORMALIZE X(I) 
174 GOSUB 22700 " RD1 CONV TO BIN, INTEGERIZE. 
180 GOSUe 20530 " ROi PERfORH l'fT. 
18S GOSUe 22~00 " ROi SCALE, CONVERT e.o.CK TO ENGG Lt-IITS. 
187 GOSUS 24700 " ROi PLOT SPECTRU1 IN RECT COOROS. 
1~0 GOSUS 20640 " ROi PLOT AHP SPECTRU1 "GOSUe 3800 " ROi WAIT THE~ CLS. 
1~5 GOSUS 31000 " ROi PLOT LOG-AM? SPECTRU1 
200 GOSUB 23000 " ROi PREPARE l'OR PHASE SPECTRU1 
210 GOsua 23200 " RD1 PLOT CUT-OfF PHASE SPECTRU1 
220 GOsue 26000 " ROi PLOT ClSt-OfF l'tiP SPECTRU1 
230 GOSue 31500 " ROi PRINT l'fT REPORT ON CUT-OFF 
240 GOSUS 32000 " ROi STATISTICAL NOISE ANALYSIS. 

" GOSUB 3eoo 
" GOSUS 3800 

SPECTRU1. 

250 GOsue 32200 " ROi PLOT AMP.SPECTRU1 I-IITH CONF,LniS~ , 
260 Gosue 32500 " ROi PRINT REPORT ON NOISE SUBTRACTEO SPECTRU1. 
330 STOP • 
340 ENO 
3S0 ROi 
360 ROi ***** START A GRAPH ***** 
370 ROi 

," 
seO,TEKMODE "VTNOOE " PRINT 'VT-24~ fi) O~ PLOTTER (2)'; " INPUT A2 
390 1'51-1 " IF A2-2 THE)i PRINT "FRACTfCu Of' FIJLLSIZE (.75)'; " INPUT 1'''-
400 yes."" " IF A2-1 THEH 430 
410 If A2-2 THEN PRINT 'PAPER INSERTEO AN~ PEN REAOY', " INPUT YS~ 
420 1 r yeso 'y' THEN 410 " ROi GOES TO PRE'} LiNt. 
430 IF A2-1 THEN TE~OOE(L,1) 
440 IF A2-2 TKEN GRON(2) " If A2-2 THEN SI:E(A2,108*F~,216*F~i 
450 IWEC(A2) " RET'JRN 
470 ROi 
~eo ROi ***** AXë:S +**** 
4~0 REH • 
ZOO AXES(A2 ,0 ,Ct) , A)t'ES(A2 ,1.01'J000E+08. \. ..... )'-'OE+03) 
Z10 AXES(At.-l.OOOOQE+oe,-1.00000E+08) 
Z:!O RETURN 
'30 ROi 

.' 
" . 

• 

\ 

• 
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.. 

.~ '40 REI1 '***** LOG-AXES ***** 
t :550 REI1 

: 555 AXES(A2,O,1) 
-560 AXES(A2,1.00000E+08,1,00000E+08) "AXES(A2,l.00000E-08,1.00000E-08) 

:>70 RETUm 
700 REI1 
701 REI1 ***** STARTING SCREEN ***** 
702 REI1 -
709 TEIQ100E " VTl100E " WIiO#1I (~) " PRINT 'PROGUH: ';A~ " PRINT 
710 GDATE(Y9,H9,D9) " PRINT 'DATE: ';Y9;'-';M9;'-';D9 
720 GTIME(S9,M9,~) " PRINT 'TIME: ';Ii~;':';M~;':';S~ " PRINT 
730 PRINT 'ZERO LDAD, STROKE AND SST' 
740 PRINT 'SET SP>-NS 1 & 2 AT 0 & 1." , PRllrr 
750 RETURN 
1500 REI1 
1502 11.01 **"** INTEGERS FQf\ SCALES ff __ "" 
150411.01 
1506 REl;! ***** AUGMENT SCALING LIMITS **** 
1S08 REI1 
1S10 Ir X2-1/2/T1 TIiO~ 1514 , 11.01 SKIP AUGl1ENT FOP f"f<.EQ AXIS. 
1512 X1~Xl-A8S(Xl-X2)/10 , X2=X2+ASS(Xl-X2)/10 
1514 Y1=Y1-ASS(Y1-Y2)/10 , Y~=Y2+ASS(Y1-Y2)/10 

1~59 ROi • 
15 01 ***** ASSCISSA MIN *-
1 ... 61 11.01 .. 
1562 Ir X1=O THEN 1566 " TF X1>O THEN 1565 
1563 X3=10'INT(LOG10(ASS(X1)I-l)*INT«ABS(Xl)/(10"INT(LOG10(ASS(X1»-1»J+l) 
1564 X3=-X3 " GO TO 156B 
1565 X3:10AINT(LOG10(ASS(Xl»-1>*INT«AeS(Xl)/(1\"INT(LOG10(ASS(X1»-1»))-1) 
1:>1>1> n 'Xl-O .WEN X3=0 • 
1567 11.01 • 

( i;~~:g: ***** AeSCISSA MAX *****, • 
1:570 Ir X2-0 THEN 1574 , IF X2>O THEN 1573 
1571 X4-10 AINT(LOG10(ASS(X2»-1>*INT«AB5(X2)/(lO"INT(LOG10(ABS(X2»-1»)-1) 
1:572 X4--X4 " GO TO 1575 
1573 X4-10"INT(LOG10(AeS(X2»-1)*INT«ABS(X2)/(lO"INT(LOG10(AeS(X2»-1»)+~ 
1574 IF X2-0 THEN X4=O 
157:; REI1 
1S76 11.01 ***** ORDINATE MIN--",,**** 
1577 REI1 
1578 IF Yl-0 THEN 1582 " Ir Y1>O THEN 1581 
1579 Y3-10AINT(LOG10(ABS(~1»)-1)*INT(tABS(Vl)/(10-INT(LOG10(ABS!Yl»)-l}J)+l) 
15eo Y3--Y3 " GO TO 1582"- . ' 
1S61 Y3-10"INT(LOG10(AB5tV1»-I)*INT«ABS(Yl)/(10"INT(LOG10(ASS(Y1»-1»)-1) 
i;:~ !~ Yl"O THEN _Y~=O • 

ISB4 REI1 ***** ORDINATe;..t'AX ***** r-~~ 
, 1585 P.EI1 • • '. • 

1586 IF Y2-0 THEN 15~O'{ IF Y2~O THO~ 158~ 
1S87 Y~-10"INT(~OG10(AeS~YZ»)-1)*INT,(AeS(r2)/(10"INT(LOG10(ABS(V2»)-1)'1-1) 
IS88 Y4--Y4 , GO TO 1590-
1S89 Y4-10AINT(LOG10(AeS(Y~))-1)*INT«AeS(Y~)/(lO"INT(LOGIO(Aes(r~,)-lJJ)+1) 
IS90 1 F Y2-0 THEN Y4aQ , 
1591 REI1 • 
1592 XS-ABS(X4-X3)/5 " Y5~eS(Y4-Y3)/5 
1593 1 F X2-1/2/T1 TH~ RETURN , ROi 00 NOT stACE f"OP FREQ OCl1A1N. 
1~94 SCALE(A2,O,X3,X4,Y3,Y4) , XS-(X4-X3)/5 , Y5-(f4-Y3)/5 
1'97 RETum ,-, 
3800 REI1 
3B10 P.EI1 *H-",,* """IT TIIEN CLS **""*" 
3820 REI1 • 

C 3830 Y8~-·· , INP1JT V8S , YB~-·· , TEYJ1QOE ' 'JTI1C""E , IF AZ-;: THEN GR(·ft (~) 
,3840 RETUIIN 
4500 1'01 
~QO PEN 
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~ 6010 REM ***** BUSY Pl..OT"CaflOlfS **<C** 
6020 REM 

• 

6025 INVEC(A2) , PHYL(A2,0,100*F',O,lOO*F~) , SCALE(A2.0,O,lOO.O,lOQ' 
6030 COMHeA2,X1s,l,100) '.REM HETHOD & MODE. 
603~ COMHeA2,X2S,l,~6) , RtH HATERIAL NAHE & TEMP. 
6040 COMH(A2,X3S,l,~2) " REM BEA/1 & PROdRA'1 NU18E~S. .-
6045 COMH(A2,X4S,l,B8) , REM SHIM THICKNESS 
6050 COMH(A2,X5S,l,B4) " REM OPERATOR •. 
6060 COMH(A2,X6S,l,BO) , REM EXPONENT & STRAIN AHP. 
6070 COMH(A2,X7S,l,76) , REM HALFCYCLE TIHE. 
60e:) COMHeA2,XSS,l,72) , REM WHICH CYCLES & PTS/CYCLE. 
6085 COMH(A2"X~ ,l, 6B) , REM LOAO-SST-STRAIN RS. 
60~O COMHeA2,YSS,1,64) , REM LOAO NOISE. 
60~5 COMH(A2,Y4S,l,60) , REM SST,STR NOISE. 
7010 COMHeA2,Y7s,l,56) , REM DATE. 
7015 COMHeA2,Y6S,l,52) " REM TiME~ 
7020 RETURN 
8000 REM 
BOlO REM ***** EHLARGED PLOT CCM1ENTS ***** 
8(129 REM 
80S0 II-NEC(A2) " PHYL(A2,O,lOO*F9,O,lOO*F~) , SCALE(A2,{I,O,H-O,O,lO{l) 

(8040 COMHeA2,XlS,l,lOO) " REM METHOD & MODE 
8050 COMHeA2,X2S,l:,~6) " REM HATERlAL NAME & TEMP. 
8051 COMHeA2,X3S,l,~2) " REM 8EA/1 & PROGRA'1 NUK8ERS. 
8052 COMHeA2,X4S,l,88) " REM SHIM THICKNESS. 
8060 COMH(A2,X6S,l,80) " REM EXPONENT & STRAIN ANP. 
8070 CC~(A2,X7S,1,76) " REM HALFCYCLE TIME. 
8120 RETURN 
8500 REM 
8~lO REM'***** SAVE TO FLOPPY *+*** 
8520 REM 
8530 TEKI100E , VTl100E , 
B540 Y8Sz" " PRINT, Nl;'DATA PTS. SAVE'; " INPUT YBt. 
85SO IF YSS-'N' THEH 8650 
B560 PRINT 'TEST FILENAHE", , INPUT FIS 
B570 F2S-'DU1,'+Fls 
8580 AS-F2S , GOSUB 9000 , REM CHECKS FOR PRIORS. 
8650 YBs-" , PRINT "SAVE lST CYC,LE'; " INPUT YBt. 
8660 1 F YSS."N" THEH RETURN 
8670 PRINT "lST CYCLE F1LENAHE'; , INPUT' F3S 
8680 F4S-"DUl,"+F3S 
8690 ASzF4S , GOGUS ~OOO , REM CHECKS FOR PRIORS. 
&700 RETURN 
~OOO REM 

.9010 REM ***** C~ECKS FOR PRI~RS ***** 
9020 REM • 
9030 FINOFILE(AS,S9) 'REM CHECKS FOR EXISTENCE. 
9040 YSS-" " IF S9<>-!l THEN PRINT AS;' HAY EXIST, O'JE~RITE'; , INPUT YSS 
9(-SO 1 F YBt.<> 'Y' THEN GOSUe ~200 
9060 RETI,IRN " REM 'DEFAULTS WITH RETURN. 
9070 REM 
9200 REM 
9210 REM ***** SAVe A FI LE TO FLOl'f'Y "*"** 
9220 REM 
9230 OPEN AS FdR OUTPUT AS FILE _1 DoueLE 80F • 
9240 FOR 1-0 TO lU-l' PRIIIT al,VAl(J.1),VA1<1 ,2),VAI0.3),li'''1<1.4).VAlCl ,5) 
92:'0 NEXT 1 
926Q CLOSE 
9270 RETURN 
SOSQO REM 
'510 p.E/1. **M" pl'lI.r REPORT FOR ri LE ON rLOPPY """H< 
!l520 REM 
9~30 PRINT 'PPINT "PP.INT "PRIIU 
9~40 PRINT 

__ SO:'SO PRINT X2f .x:". 
9:;.;Q PRINT ·X4~ .>:5~ 
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~ 9570 PIUNT X6~,X~ 
!Iseo PRINT X8S,X~ 
~590/PRINT YS~,Y4~ 
!l600 PRINT Y7~,Y6~ 
9610 PRINT "LVOT CALe ";Kl;" IN~ 10 V." 
!l620 PRINT "LOAO CAI:."' ";K2;" V/KG HtNG HASS f RS 1007." 

, !l630 PRINT "SST ,cAL- ";K3;" V/KG HLtIG HASS f RS~1007." 
9640 PRINT "BO'H OEl'LEeTIW CtNST·" ;K5;" HPA/KG" 
96S0 PRINT "CAPACITANCE PR08E"1 " INPUT Y8$ 
9660 PRINT "ATTENUATI a-I HE"HlOO"; " INPUT Y8~ 
9&70 PRUIT "PRINT "PRINT "PRINT 
9680 CLOSE "RETURN 
20000 REM 
20430 REM .. 
20440 REM ***** IWflING WlNOCC4 FOR STRESS (REF. 14,8) ***** 
20450 REM . 
20451 YSS-"" " PRINT ~INOOW: HANNING (1) OR REeT (2)"; " INPUT YSS 
20455 FOR 1-0 TO Nl-l 
20490 IF YSS."l"-THEN X(lJ""JA1(1 ,3)*.S*O-CQS\2*PI*I/(Nl-l).» " REM IWflING WIN. 
20491 IF YSS."2" THEN X(I)""JA1(1,3) " REM REer ~iNOOW. 
20496 NEXT 1 
20500 RETURN 
20S30'REM 
20540 REM ***** FORI-IARO FFT -**~ 
20550 REM 
20560 PRINT "FORI-IARO FFT IN PROGRESS' 
20570 X-O 
20575 SINS(S,N1' " REM PRECALCULATES SINE-COSINE TABLE. 
20580 PACK(X(O',N1) 
"û5;;ü i'i'TI(O',X(O) ,X(O» 
20600 UNPK(X(O',N1) C 20620 R(2)-2*2"X*X(2*Z)/32767 " 1(2'-2*2"X*X(2*Z+1)/32767 
20630 RETURN 

, 

c 

20640 REM 
20650 REM ***** PLOT l't1PLITUOE SPECTRUi ***** 
20660 REM 
20670'TEKHOOE " ERASE 
20680 GOSU8 360 " REM START A GRAPH "GOSU8 8000 " REM COMMENT. 
20684 PHYL(A2,O,lOO*r9,O,70*F9) 
20685 GOSU8 31300 , REM MAX AMP. 
20686 REM H9-H9/40 "REM 8LOW UP CRESTS. 
20688 SCALE(A2,O,O,l/(2*T!',O,l.1*H9) 
20692 LA8EL(A2,'FREQUENCY, HZ' ,'SST l't1P-/iPA' ,l/lO/T1,l.1*H9/5,l>.. 
20696 GOSU8 470 " REM AXES ' ' 
20704 FOR 1-0 TO N1-1 STEP 2 
20708 A-2*SQR(X(I)·2+X(I+1)"2) 
20712 PLOT(A2,1/N1/2/Tl,A) " REM (FREQ,AMP) . 
20713 NEXT 1 
20716 INVEC(A2) " PLOT(A2,l/(3*T1) ,0) " PLOT(A2,1/(3*T1),l.1*H9) 
20720 RETURN 
20820 REM 
20830 REM ***H- REAL/II1AG. GRAPHI CS **** 
20840 REM 
20850 INVEC(A2) 
20860 TEKHOOE(1,1) " ERASE 
20870 PHYL(A2.0,10Q,O,90) 
208eo SCALE(A2,1,-.2,.2.-.2,.2) 
Z0890 LAeEL(A2,"REAL","IHAGINARY',1/S,1/5,1) 
20900 GOSU8 20380 " REM AXES 
20910 FOR 1-1 TO 2 
20920 PLOT(A2,O,O) " PLOT(A2,R(I),I(I» 
20930 MARK(l,I,R(I),I(I» 
20940 NEXT 1 
20950 INPIÎT A:;i~ 
20960 VTI100E 
20970 A1-ATNII(1)/R(1» 'A2-ATN(I(2)/R(2» 
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~ 20980 S.SQ~(R(I)"2+1(1)"2) , T-SQR(R(2)"2+1(2.A 2l 
20990 PRINT 'STRAIN PHASE .';Al,'STRESS PHASE a';A2 
21000 REM TO 1 S SCALE FACTOR FOR STRESS 

~ .:, 

21010 TO-l 
:.!1020 REM SO 1 S SCAl"E FACTOR FOR STRAIN 
21030 SOal 
21040 PRINT "0' a" ;T*TO*COS(A2-Al )/5/S0, '0" =' ;T*TO*SIN(A2-Al )/5/S0 

. 21050 PRINT ' <CR) TO CONTINUE'; , INPUT A~ 
21060 TEKMOOE , ERASE . 
21070 PHYl(A2,O,100,O,45) 
21080' SCAlE(A2: l l ,O',40*f1, .01,10) .• 
21090 LABEl(A2,'FREQUENCY','G*',1/10/Tl,10,l) 
21100 FOR J=1 TO Nl/2 
21110 6aTO*SQR(VAZ(J*Z,Z)"Z~2(J*Z+I,2)"Z)/SQ/SQR(~2(J*2,1)"2~2(J*2+1,2)"Z) 
21120 PlOT(A2,J/Nl/Tl,O) 
21130 NEXT J 
21140 p,HYl(A2,O,100,55,90) 
21150 SCALE(A2,l,O,40*Fl,-2,2) 
~~i;g ~~~~~T6~~~~ENCY"'TAN OELTA',l/10/Tl,10,l) 

21180 A=ATN(VA2(2*J+l,2)/VA2(Z*J,2»-ATN(VA3(2*J+l,l)/VA2(2*J,l» 
21190 PlOT(A2,J/T1/NI,A) 
21200 NEXT J 
21210 GO TO 4140 
21220 FGSTOP , ENO 
21230 REM 
21240 REM ***** MATCH TEST & DAP FREQUENCI ES FOR Ffi ***** 
21250 REM 
21260 PRINT "NU1BER OF CYCLES'; , INPUT C 
21270 Tl.(C/Fl)/NI , REM DT. 
21330 RETURN 
21340 REM 
21350 REM ***** SELECT FREQUENCY ***** 
21360 REM 
21370 VTl100E , PRINT " FREQUENCY , HZ"; , INPUT FI 
21380 RET\lRN 
21390 REM 
21400 REM ***** SIHULA'rE DATA IN VAl ***** 
21410 REM • 
21420 YSS." , r-RINT 'SKIP SIMULATION'; , INPUT YSS , IF YSS='Y' THEN RETURN 
21440 FOR 1-0 TO NI 
21450 VAl(I,5)=I*C/Fl/INT(Nl*N2) 'REM TIME 
21455 IF I)Nl*N2 TAEN 21500 , REM ZERO AFTER C CYCLES. 
21460 VAl(I,4)cOl*COS(Z*PI*Fl*VA1(I,5» 'REM STRAIN. 
21470 VAl(I,3)=Ll(I)*COS(2*PI*Fl*VAl(!,5)+Ol<1» 'REM STRESS FUNOAMENTAL. 
21475 VAl<I,3)clJA1(I,3)+Ll(2)*COS(2*2*PI*Fl~1(I,5~+01(2» 'REM STRESS, ZI-IO. 
2148~ VAl(I,3)&lJA1(I,3)+Ll(3)*COS(3*2*PI*Fl*vA1(I,S)+01(3» 'REM STRESS, 3RO. 
21490 VAl(I,3)~1(I,3)+(81/2)*(2*RNO-l) 
21495 VAl(I,3)~JA1(I,3)+Ll(0) , REM OC OFFSET STRESS. 
21500 NEXT 1 
21510 RETURN 
21520 REM 
21530 REM ***** PARAMETERS FOR AARMONICAl.l.Y RELATEO COSINUSOIOS ***** 
21540 REM 
21550 OIM Ll(lO),OI(10) 
21560 PRINT "STRAIN AMPLITUDE'; , INPUT 01 
21570 PRINT "STRESS AMPLITUDE fUNOAMENTAl., MPA'; , INPUT Ll(l) 
~1575 PRINT 'ST~ESS AMPLITUDE, 2N0 HARMONIC, MPA'; , INPUT Ll(2) 
215eO PRINT 'STRESS AMr-LITUDE. 3RD ~P~C~IC. MP.A·; , INPUT Ll(3) 

",. 21590 PRINT 'PHASE LAO OF fUN()ÇJ1ENTAL, RADS'; , INPUT 01(1) 
... 21595 PRINT 'PHASE LAO OF 2N0 HARMONIC, RADS'; , INPUT 01(2) 

21600 PRINT "PHASE LAO OF 3RO HARMONIC, RADS'; , II~PUT 01(3) 
~ 21605 PRINT 'DC OFFSET STRESS, MPA'I , INPUT Ll(O) 
'::.;: 21610 PRINT 'eR!lAOeANO NOISE (P-P) IN STRESS. MP,,': , INPUT 81 

2161:; PRINT "FPACTION OF TOTAL POINTS Ill" ;C;' CYCLES'; , It'CPUT N2 
21620 RETUPJI 

\ 
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• 22000 REM 
22010 P.EI1 ***** SELECT HINOOW PLOT ***** 
22020 P.EI1 ' 
22030 yas·"" , PRINT "SKIP HINoa.I PLOTS"; , INPUT yas " IF Yas-"Y" THEN RETURN 
22040 Yas-"" , PRINT "HINOOWEO STRESS OR. STRAIN"; , INPUT' yas 
22045 GOSU8 3b0 , R.EM STAAT A GRAPH 'GOSue 8000 , R.EM C01'IENT. 
22048 PHYL(A2,0,F9*100,O,F~*70) - • 
22050 ,IF Yasc"STRESS" THEN GOsue 22100 

REM . 
~ PLOT RECTI'<NGUlAR.LY HI NOCl-lEO STRESS HAVE oIrl<Irlrl< 

, X2~1(N1-1,5) , Y1aM8(1) , Y2~S(2) , GOSUB 1500 'REMINT 
, REM AXES • 

LA~~I~\ •• ~,"TIME, SEC","STRESS, MPA",XS,YS,l) 
22150 FOR IcO 
22155 REM • 

N1-1 , PLOT(A2,VA1(I.S),VA1(I,3» , REM SIMUL(T,SST) 

22160 REM ***** PLOT HA'flING HINOOWEO STRESS WAVE ***** 
22170 INVECCA2) _ 
22180 FOR. IcO TO"Nl-1 'PLOT("'2.VA1(/,S),X(/» , REM SIHUL(T,!W1-SST) 
22l~0 RETURN 

.122500 REM 
22510 REM ***** flNO S'RESS· & STRAIN EXTREMA ~H+'" 
22520 REM 
22530 OIM M8(2),H9(2) 
22540 FOR 1=1 TO 2 , REM MIN, MAX. 
22550 M8(1)~1(O,3) , M9(1)~1eO,4) , REM STRESS & STRAIN. 
22560 NEXT 1 
22570 FOR 1=0 TO Nl 
225BO IF VA1(I,3)CHee1) 
,~~~û IF-ÇA1(1;3»H8(2) 
22600 IF VA1(I,4)<H9C1) 
22610 IF VA1{I,4»H9C2) 
22620 NEXT 1 
22630 RETURN 
22700 REM 

. \ 

THEN H8(1)~1(I,3) 
THEN M8(2)~1(1.3) 
THEN M9(1)~1(1.4) 
THEN H9(2)~1(I,4) 

'REM 
'R.EM 
'REM 
'f<EM 

22710 REM ***** CWJ TO 81N, INTEGERIZE ***** 
22720 REM 
22770 fOR laO TO N1-1 

STRESS MIN. 
STRESS MAX. 
S'TRAIN MIN. 
STRAIN MAX. 

J 
22800 XCI)-INT(32767*X(I» , REM CONV TO SIN, INTEGER1ZE. 
2281.0 NEXT 1 
22820 RETURN 
22~00 REM_ 
22910 REM ***** C(NVERT BACK TO ENGG \NITS *-~* 
22920 REM 
22924 PRINT "SCALEc";X' REM TROUSLESHOOTER. 
22925 FOR. 1-0 TO N1-1 , XCI)-2"X*X(I) , NEXT l , R.EM RESCALE AFTER F~. 
22926 FOR. IcO TO Nl-l , Xel)cXCI)*V9 , NEXT l , REM' UNNORMALIZE. 
22930 FOR IcO TO N1-1 , Xel)-Xef)/32767 'NEXT l , REM BIN/ENGG CONV. 
22950 yasc"" , PP.ttrr "RESTORE OfFSET:; , INPUT YBt. 
22975 If yasc"Y" THEN XeO).XeO)fHeO) , REM R.ESTORES OFFSET 
22980 R.ETURN ' 
23000 REM • 
23010 R.EM *"'*** PREPAR.E fOR PHASE SPECTR.UH +*~+ 
23020 R.EM • 
23030 PRINT "SIN ESTIMATE fRCC1 U1P SPECTRUH"; , INPUT NO 
23160 RETURN 
23200 REM 

, 
23210 REM ****.. PLOT PHASE SpECTI\U1 ~*H* 
23220 REM 

- 23230 TEKHOOE , ERASE 
23240 GOSUS 360 , REM START A GRApH ',GOStlB H,C'';' " p,EM CCM1ENT. 
23250 PHYL(A2,O,100*F9,O,70~F9) \. 
23252 GOSUS 31300 ~ REM MAX AMI'. 
23255 GOSUD 27000 , REM SIN COMMENT. 
23260.GOSUS 470 , REJ1 AXE-S 
23~62 SCALECA2.9.0.1/C2*T1I.0.20PI) 

.', 

1 

, NEXT 1 

, NEXTI 
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1- 23264 LABEL(A2, "FREOIJENCY, HZ" •• PHASE-PAO' .1/HVTl ,PI ,1) 
23270 FOR 1-0 TO Nl-l STEP 2 
23275 GOSUB 26710 , REM PHASE CALCULATIONS. 
23320 PLOT(A2,1/N1/(2*Tl),P) , REM (FREQ,PHASE) 
23325 NEXT 1 

,23326 INVEC(A2) , PlOT(A2,1/3/Tl,O) , PLOTCA2,1/3/Tl,2*PI) 
23330 RETURN 
23500 REM 
23510 REM ***** ARCTf.l.IGENT FOR CONTINUe-us PHI\SE ***-1-* 
23520 REM 
23525 pmO 
23530 S=SGN(X(I»*SGN(X(I+l» , REM >0 fOR IST/3RD, (0 fOR 2ND/4TH. 
23540 1 F S<>O TliEN 23600 
23550 IF X(I+1l>O THEN -!'=PI/2 , If X( 1+1) <(\ THEN' P=-PI/2 , REM IM(X)=(I 
23555 If X(I)=Q THEN P=O , REM RE(X).Q 
2~60 RETURN 

~3600 IF S>O THEN 23700 
23610 IF X(I)(O THEN P=ATN(X(I+l)/x(I»tPI , REM 2ND QUAORf.l.lT. 

~ 23620 If X(I»O THEN P=ATN(X(I+l)/x(I»+2*PI , REM 4TH QUADRANT. 
23630 P.E1URN.- _ 
23700 IF X(I+1l>0 TH.EN P=ATN(X(I+1)/X(I» , f.E11 IST QUADRA'U. 
23710 IF X(I+1)(0 THEN P=ATN.(X<ltl)/X(I »+PI'" REM 3RD QUADRf.l.IT. 
23720 RETORN 
24000 REM • 
24010 RWi***** REMOVE OC OFFSET ***** 
24020 REM 
24500 OIM (2) Y 
24510 M(O =0 

2~~SV FOR I~O TO NI-l' X(I)=X(I)-H(O) 'NEXT 'REM SUBTRACT OFFSET. 
24520 FO 1=0 TO Nl-l )M(O)=H'O)+X(I) 'NEXT 'M(O)=H(O)/Nl 

l 
24535 PRINT M(O) 
l!4:540 RETURN 
24600 REM 
24610 REM ***** NORMAL 1 ZE X( 1) ***** 
24620 REM 
24625 V3=X(0) 
24630 FOR ImO TO NI-l'IF ABS(X(I»>A8S(V~) THEN V~=AeS(X(I» 
24632 NEXT 1 
24635 FOR ImO TO Nl-1 'X(I)=X(I)/V~ '~EXT l' REM NORMAlIZES. 
24640 RETURN 
24700 REM 
24710 REM ***** PLOT SPECTRUM IN RECT COOf<D~ ***** 
24720 REM 
24730 TEKHOOE , ERASE 
24740 GOSUS 360 , REM STA~T A GRAPH 
24744 GOSUS 25000 ~ REM RECT EXTREMA. 
2476:5 PHYL(A2,0,40~F~,O,70*F~) 

, GOSUe 8000 , REM COMMENT. 

247G6 XI-O , XZ=1/2/Tl , YI-H9(2) , Y2=H9(1) 
24768 GOSUS 1500 , REM INT. 
24770 SCALE(A2,0,O,I/2/Tl,Y3,Y4) , REM OVERRIOES PREV!OUS GOSUS •• _ 
247'5 LA8EL(A2,'FREQ, HZ','RE-MPA',I/2/Tl/5,Y5,1) 
24780 GOSUS 470 , REM AXES. 
2479; FOR 1=0 TO Nl-1 STEP 2' REM STEP 2 IMPORTANT. 
24800 PlOT(A2,1/(Nl-1)/'2/Tl,X(I» , REM (FREQ,REAL) 
24810 NEXT 1 
24820 INVEC(A2) , PlOT(A2,1/3/T1,Y3) '~LOT(A2,1/3/Tl,Y4) , REH ~FELINE. 
24830 PHYL(A2,60*F9,100*F3,0,70*F9) 
24840 SCALE(A2,O,O.1/2/Tl,Y3,Y4) , REM OVERRIOES PREVIOUS GOSU8. 
24B50 LA8EL(A2,'FREQ, HZ·,·IM-HPA·.1/2/Tl/~.Y5.1) 
24860 GOSUS. 470 ). REH AXES , 

-24870 rOR 1-0 TO 141-1 STEP 2 , REM STEP 2 1I1PORTAHT. 
24880 PlOT(A2,1/H1/2/Tl,xd+1» , REH CrREO,lHAG) 

ft 24885 NEXT 1 -, 
~ 24886 INVEC(A2) , PlOT(A2.1/3/T1,Y3) 'PLQT(A2,1/3/Tl,Y4) ,'REH SArELINE. 

24900 GOSU8 3800 '. REM ...,.IT THEN CLS 'R(TURN 
2:5000 PEl1 - -.. 
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.. 250 REM *****>'FIHO RECTANGtlt.;'R: EXTREMA H*** 
25020 ~ '. • '. 
25025 SETO /l8(2h~(2l" • .' 
25026 FOI\- 1" Ta. 2 , H8(1)~X(1) :- H!)(I)~X(O) , NEXï"; •. 
25030 FORtl- '"CO N1-1 STEP 2 ; -.. -..;...".. 
25040 IF'X(!»H3(1) THEN.H!)(1)~X(j) , R6H ~EA~ MAx,~:, . ~ ~ 
25050 IF X(1+1»ij~(1) THEN\H80)cXClU) , REH II1I\G MA>;. " / 
~5060 JF.X(I)<H~2) THEN H!)(2)~x11) , REI1 REA~ MIN. 
25071> IF X(I+1)futH2) TIIEN HS(2)cX(I+"1) , REH IHAG I-IIN." 

• 25080 Np(T .1 '..' '. • '. q: 250B;:. Il' IISO»H!)(l) THEN H~(l)=I!S(l) " RE:-: CctfloN·l1AX. 
.. ,25084 IF 1l\j(2)~H!)!2) THEN H!)(2)=H8(.2>O-'lI REH ÇCH1~ ~N. ';-:~ .' 

2SQ!tO RETURN • ~.. / • 
25200 REH . • • ~ fil 

,. 2:5210 l\EH *"kItfll CCM1ENTS ~*** ~ 

. . . 
• 

• l,. 
, 

, . 

• • 
, 

'252?"!I REH, '. '. ''-
• 25230. PRII;fT 'TIT~E'; .' INPW X1~ • " ~ 

25235 PRINT 'MA"tERlé(JIJ; , INPVT "~$ .' . .' 
2524p X2$=~2$+I,-Irl'RCE FilE' '+Cl)t '" 
25256 ~~=STRS(N~ P~INTS, FRED = 'tSTRS(F1)~Ht~~+stR~(C)+' CYCLES,' 
25257 X4Sc·~.= '+~RS(1/2IT1)+' HZ, bF='+STRs~/TIFN1)+' HZ.' 

• 25270 WHOAM~~AS),' X6$c'PGHJ '+A$+' 8Y A.J.GIACOHIN, P.ENG.' ' \ ' 

" 

• 

• 

-. 
"'." '''; ...... 

• 

2~300 GeATE(Y~,H9,O!) , X7\='~T~, '+STRS(Y9)+'-'+STRS(H!)+'!'+STR~t&~) 
.. ~ i 531;' GTIHE(S9,H9,H.901 1-.. X7S=l>'<"i1s'+·.J TINE, '+STRS(H9Jt' ",. RS(H9)+', '+rRS(S9J 

.. ~ 'RETURN l ~ \. ~ • • II' _ ... ,. • ~I 

",. 260 0'" REM- __ .. ) k • # ~4.J \ ' '\. 

• ""6.010 REH. ****,,/pLoT Fi~TERt6 l'MP SPECTRU1 *****' 
~20 REH' • • .. 
2603~TEKMOb.E , ERASE 

• ..(à, 
, REH ccMtI'fr. . 

. , '~ . . 

:c 26040 G,OSUB 360 '\ REl'! START A GMPH '-GOSUB 8000 
26QSO PHYL(~2,O,100*F!)JOJ70*F9r , " 
26055 GOSUB 27000 , j\EH' S/li ccM1<:Nï: • • ' • 
!'G060 .Gosue 31300.' REH.w.x l'MP.' " , , .• 
2~110 S~E(A2,0,OI1/(~1)'OJ1.1tH9) 

, 26120 LAeE~(A2, 'FREQUEN!:',I' , HZ', 'SST 1lMI'''''PA' ,111'o/T~ ,l.1*H9/S.,l) 
~ • 26130... GO'SUB '\70 , REH AXES l '. .. ,> • • 

. 26i45 FOR I~O 1& N1-1 !»EP 2 - ., 
'.~ 2p'lS0 A~~S~6:(1 )-"l2+X(I+Ü~2) ~' , 

211152 IF ..ll.<H!)/N0 THEN A=O' 

" 

,2'~53 Pl:0"'n:A~)I/Nr/2IT1,A) , REH (FRE!(,~P) i ", ." 
~El154 NEl$T 1 ,." ,. • , " 'h ':. '_ • .., 

26180 JNVEI.(A2) ':~LOT(A2,1/(3*Tl),O) 'P~(A2f1/(3*Tl;),l.,l*H9). ,N' 
26190 'ROUPN " .. ' , ~ .,.. • ! /' • • 

... 26700 REM- ""', ,.' fi". . . 
26710.REtt ~*"ï** PHASE CA~C\J:''''lrn ;,.,-h<# ~'. \ ',' 
26720 REH. " '" , , ~ 

0, 26800 GOSUB- 23~,0 h.. - REI1: AACT#lGENT· .OR. CC«T IN1JOUS"PHASE • 
" .' 26810 REH.SÉTS· PHASE: ,TO ::u:lto WHEN A'1P~ITU08'f INS\t;rqIF1~. 
, ' '26820 A'cZ*SQR(X(I )A2+X(I+1)~2) • ' , 1 \ 

; •• ': .26822..lf NSqO "(HEN 26840 ;. ,. • ' '- .... r (/!. 
, ~6e211.)F. A<H9/N0 TSitN. paO ,':'1' : 

, ~e3b Rq1 P~+,PI/2,' REH.c'iW-lGES'·fR«1.(;OS eASEO ïO SIN eASO> FH'. 
• .<:684() IF"P)-2*PI THEN P.P~Z*PI ." • '. • " 
, .... 26850 Rf:!URN l' , , ' '.. - '\ • 

• ' .2,7fJOP ~EH, • ...... ' i 
, 2701.0 REH +1:**1f S/N CCC11ENT **;,.,.,.. , " 

--2,7020 p'fÎ1 "-...... 
• ' , .~o3b 1f'~~S/N .. :+"STR~("I(I)/-'-" ~," ~ 

,.27040CCH1(A2,l;CBS.7S,90). l '~~ .. , . '. 
• 270S0.RETUP.N • ',_ 1« • • .. 

30000 RtI1' , • ',. • ." • ,.. 
. ' 30010 REH +**"<* 'LOAOS fi ~E H~* ••• ; 

C . 30029. R.EH ." .',' ~, •• 
• ~ '~iOO3O .PRJNT "ne-r""",1C' ;~'-. INPUT 'cU. 

3004(' Or'E,N"J;;U, l'OR II~VT AS 1-"1 Lt _1 JI 
.: ':lOOS(\ l'(of< 1.9' 'f0 Hl 

~ L - """ .... 

::' 

. .. 

• ... 
•• " 

. . " .. ' . . At- •• ' 

"' 
,-, • . , - • 

" 
-L , 

... ... • ~ . -
" 

< , .... ,"" . J 

• 

• 

. . 

: 
,"l 

-

," 

.. , 

• 

.,. .-'. 
• • 
' . , 

" 

.. 
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, • " l' , . • -, .. • , 
i' • • . ~ 

" .. ~ 
, . • , , . 

• ... . 
• • • 1 .0( , • 

.~ ~~,. • Jo " 
30060 INPU1~ t1 ;Al ,A6.,~3.A4 ,AS f • #.. l'.. .. 

• '. 

300SQ VA1C:j .1)*~1 , VAl"u ,~)~6 , \lAl0,S)'AS , VA1(\-.4)~A4·' VAl(1.S)~A~ 
30'1)S5 IF ENo U THEM SO).QO • • , 
3'009(1 NEXT 1 :..... • 
30100 CLOSE' U • ,# , , 

20110 RETORN, •• .' ... .. . . • 301-20 REM ~ , 
'31000 REM, • 
31010 REM ~*~PLOT Lqp-AMP SPECTR~~ ***** 
21020 REM • 

. " 

3h>30 TEKtlC10E , 'EIWISE ' 

-' 

31040 GOSUB 360 , REM STÀRT A G~PH 'GOSUS'SOOO,'.REM COMMENT 
31050 PHYL(A2,O,lOO*F9,O,70*F9) , , • 
S1075 GOS~IB 31300 , REM MAX I>t1P. ? " 
31105 YJ.=1~(lNT(LOG10(1I9»+1) , Y2=Y1/106ooo • • .... .. , /' 
31110 SCALE(A2,l,O,l/~IT1,Y2,Y1) ~ 
311?0 LAeEL(A~,'FREC1uEMcy"IjZ','Sgr AMP-I1I'A'" IT1.2,l) 

•• • 31130 GOSUB 540 , REM AXES' '~ 
31140 FOR 1=0 To-Nl-l STEP 2 • 
31150 A=2*SQR(X(I)A2+X(I+l)A2)" ~EM BY OEfN, 
3116d" IF Y2<·0·THEN A=YV1000 , REM FOR ZEROES. • 

400' 

. .. 
448 

, 

, . . ' 
.' ~ . .,. 

,. 
... 

,. 

1 ...... • 
) . 

• 

• 

• :U17q PLOHA2,I/Nl/VTl,'A) , • ~ •• 
31180 NEXT 1 • ' , '. 
31L90 INVEC(A2) '·PLOT(A2,l/3IT1,1.00000E-08; ,p (A2,1/31T1,1,OOOOOE+082 
31200 GO:;Up' 3800 '~EM IoIAIT 'RcrURN ,\ " , ~ 

•• 
31500 J\EM • , 

.-31310 REM .**~ f'lNO$ l''l'V( AMI'. *****-' 
.. ~ 31320 REM J -; ~. \,.. !. , 

• 3132; H'=X(O) ""STARTING yA(UE, , 
313+5 FOR'I=O T -1 STEP 2 

,. , 31340 A=2*SQR(X A2-1;X(I+Ü A2) ~ 
, .. 3r3:;0 1 F"'À>t!9 THEI-j H9·A , REM MAX AMP. • • 
• 31360 NOO l , RcrURN • ~ f> •• 

.31500 REM • .," 
.' 3ISJ.0 REl:! ~ PRINTEO REPORT rn FfT ***** 

31520 REM.. • ' 

. ' 
• . . 

• " 

, , 

... 
31530WPRINT 'REPORT ~~RTHC~ING, CTRL PRT-SC~ TQ PJ\INT' 
3154~GOSU~ 3800 , REM IoIAIT 

" ,. 
3~70, ~RINT 'PRINT '., l'RIKT , 
31580, Pl\INT, 'RE,PORT (N ';xa • 
315~0 'PRINT'". • 

'.' 31600 PRINT X2S ~,PRINT X3$ , !'[{INT xtI$ , 
, ..sf610 PRIf'lT.)(6So ',PRINT X7S \' 

~.~ .~1620 piw(f ·S/.I'I;< '~NO" • 
, ,31630 PRINT ' '., • 

" 316~ PRINT· " .... ") , .,." 

. ,. 

31650 GOSue 3~OO , REM HA:/,,' ~1P, ~ , , " 
31660 PRINt 'F~51, I!Z" ,'Rl!Al.;MPA' ~'IMAG ,NPA' ,:l'HP ,MPA' ,'PHAS~()~ .. 
31:670 ,PRINT '. • 

•• ' 316'a0. fOR I~~)',io fU-l, STE? 2 • 
31~~~A=2*SQR/X(1,A2+X(I+1)A2) , P.E~ AMPl.ITUDE •• 

, 31 'loo 1 f' ~-<tl91N9 't~ 317:10 ,'. A , ' 

.. ' 
'r 

• . 31nÔ'Q(l!;up 267.10 "REM PHAsÉ CALCULATICNt, : • ' 
'( 31720 P~jNT~1N1/VT1.j«I),X(l+1),2*SQf\(X(I}·2';:»<1+1)A2)·,P ,,' ~ 

, ' ,# 31736 N~ l , ' '/"\' , • 
";.' ~740 p.,RlliT 'PRINT.' PRlNT • _"', /' 

31:>50 'GOSUB :l\QO ',({EM 1oIA1T. • _. 
~ 760 PRIr-IT '1'oGGLE CTP.1.-I!RT OFF' , GO!;IJB 3e(o(, , REl;! WAIT 

". 3177f1 RETIJI'<I~. . ~ ~.. • ... 
" "32000 REM ." • .... 

32010 REM ***** STATS: M~ & STI) "EV OF' 1'101 ~t ***** .. 
$2020 ~l;I1 JO. • ~', 

~ 3~C130~ '·N~.O '('N~0l. \. K4.(I "REM I\HT .... ALtlES. 
~~ 3'20.50 • 1"0, TO 'J'Il ~1 STEP 2, • • \ 

• «!!.05S ~ SQR'(~ 1 )A2+x(l+1 )"2) - • ~ •• 

.' 

, 
.. , 

32MO, 1 F A)H~INc) THEN 32078-. • .... • . " .. . . • , • 
" " •• .. .-. 

. • • , 
, . 9, 
, .... 

" .1 '. ~ . " . .' . . . 
.. 4' ."', .' . 
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) 3:;065 NS-N81;XO;+"O+.l).' R01 l'OR RECT HEU~, , •• ), 
32070 b/4-N4+2*SQR(X( 1 )A2+XMltH)A2) , REM FOR POlAR'HEAN, ~. 
32074 K!I-!$4+1 , REM COlNŒR,. 'f . 

• 32070 NEXT l ' _ CI 
320SO'N4-NV.&i , R01 POLAR STAT MEAN. 
32081 NB-N8/VK4 , R01 RECT STAT l1E#I. • 

, , 

'32092 FOR 1-0 TO Nl-l STEP 2 • , , 
32086 N5-Ni+<X(J)-NSVA2+<'SCI+l)-NS)A2 ,,"'(H SU1 SQRS RECT. RESIOS. 
32090 NEXT 1 . ' , • 
32099 NS-NS/VK4 , RD'! VARi'ANCE,. Of' NOl SE IN RECT.· 
-a"lCO ~l.S=?pR(N5/(K4-1) k ',REM lttO. OEV. li-( f'.ECT. C.llOROS. 

~ 321:?-0, fllulir ~POlAR HE#lï"'ôN4;.··. RECT STO O~~ • ;N:l' 
, 32'140 .GOSU8 3800 , R01 l'lAIT. • • 

32150 RETURN ." -, 
n200~ J 
32".!10 R01 ****'" PLOT NOI'SE SUB<AACTEO Mf' SPElTRU1 ~** 
322Ù'REM WITH CONF"lOENCE INTERVALS 

'32220 R01 • " 
32230 TEKHOOE , !i;AASE : ' ..... 

- - .- 32240 G05oo.38O ",' R61 "STAR'r G~PFr', GOSW' etroV".. 'Rai t'CH100 -
, 32250 PHYL(A2,0,100*F9;0,7Ô*F9) ',' • 

32260 GOSlre 27000 , Rf;I1 S/li"C\lM1ENT...' ... ~ 
'32275 GOSU8 '31300 , R'à1 l'IA){'A/1P. • • 

32276 H9-H9/40 , REM HAGNIFY TRlNKS. 
32280 SCALE(~2,0,0,i/2/Tl,~4-2+NS,l,l*H9) • 

'. 

3229b ~8EL(A2,·FREQUENCY. HZ':'SST-HPA·,I/IO/Tl,I.I*H9/S,I) 
32300 GOSUB 470 "1\01 ~ES <-
32360 IMlEC(A2) " PLOT(A2;1/3ÇI ,0) , PLOT<A2,1/3(Tl, l.i"H9) 
1236:; R01 UPPER CONF LIMIT. • 
r,""76 ItMOCCA2) , FOR 1=0 TO Nl-1 STEP~' • • .. 
32380 A=~SQR(XCI)'2+X(I+l)A2)-N4+SDR(2*2*NSA2) '"REM 9S% CONF, 

(
.. 32390 •• PLQTCA2, l/Nl/2/Tl ,A) , REM (FRED, UPPER L'M) • 

32400 NEXT l' *' 
D 1 32410 R01 LGlER CCNf' 'LIMIT. .' ' • 

" 

, 

• 32420 IMlEC(A2) , FOR Is O:.J6l Nl-l STEP.2 • 
32430 A-2*SQR(XCI)A2+X(I+~2)-N4-N5*SQ~2l , REM 9S~ CONf' • 

• '.32440 PLanA'", 1/l:il/2/Tl ,A>.' REM (FRED, LGlER \.IM) 
32450 NEXT 1 ". ;~:~g ~~~~ 3800 , ~~ WAIT 
52500 R01 .., • 
32510 R01 ***** PRINj ,REPORT tu NOl ~6 
~ZS~O R01 • 
3253Q PRINT 'STAT REPORT FORTHCOHING: 
32540 GOWB 3800 , ~ WAI~ 

'>32570 'PRINT 'PRurr 'PRINT .t.... 

-
SUSTR1cU:O.d?ECTRU1 ~ 

I·~."" 1 ~. 

CTRL PRT-SCI\ TO PRINT' 

325eo PRINT''\REPORT ON • ;Xl$ """' 
,3,,58~ PRINT 'COHflOotENTS KN~ WITH AT lEAST 9Sq ~ONf'lOENCE' 

, 32590 PRINT • .: ". , 
_'32~95 PRINT 'POLARWMEAN: ';N4;', RECT STO OEV: ';NS 

,32600 PRI~ X2S" PRINT XSS, , PRINT ~4S ~. ' 
• 326~ PROO • S/Na • ;N(' • ~ ", ! 

• 32 l'R/NT X6~ , ~f<INT X7$ '. ..;: ". 
32 ;<0 PRINT 'PRINT •• , .. 
326:;0 GaSUB .130,0 , RD:! MAX l'liP., • 
32660 PRINT 'rREo,HZ','REAL,HPH','IMAG,HPA','AMP,HPA','PHASE,RAO' 
32680 rOR 1-0 TO Nl-l STEP,2 4 • • ". 
n69~ A-2*SOR(X(I~'2+X(l+1)A2)-«4 ,'P.EM NOISE SUBTAACTEO 1'l1!'. 
32700 IF A(NS*SOR(2)'TAEN ~2730 • 
3~710 GOSue ~67l0 , ~a1 PHASE CALCULATI~~S. 

~ 32720 PRINT l/Nl/2/Tl ,xc 1) ,X(I+1) ,A,P 
3~730 NEXT 1 

c • 32740 PRINT 'PPINT ,PI\INT 
3275(' Gosue 3~ , PEM WAIT " 
~~~:~ f~~!!J~' ?Gl&,C!RL~PRT Ofr'~' GO~Je'33~0' REM WAIT, 
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.. • 
10 W1 
20 REI1 
Z~ REM 
40 REI1 
50 REM 

SPECT~ ANALY.SIS OF ST~IN FÔR OSC~TORY SHEAR . . 
, "" # B?-

A. JEFFREY GIAca1IN 
- 60 REI1 , 

70 REI1 ACKNGaEOGEliENTS: OR. P. CA~., OOSH!. 
!'O REI1 
95 ~RATtACH(2.2.Y9) 
100 T~OOE , VTMODE 
102 PRINT' , PRINT 'TOTAL POINTS «~024)'; , INPUT N1 
105 SETOI~ S(Nl),X(Nl+2) 
1~6 OIM R(2),IC2) 

" 
108 SETDIM UAICNl,5) 
110 SETOIM UA2CNl+2,2) 

- 120 GOSUB 21340,' REI1 SELECT FREQUENCY. .' 
125 GOsua 21230 '-'REH Nlt18ER OF CYCLES S Th 
128 GOSUB 30000 , REI1 REAO DAiA FIL~' 
135 REI1 '~. 
140 REI1 **'rlri: POST TEST PROhSSING *~* 
145 REI1 • 
146 GOSUB ~OO '.REI1 PREPARE ~~S. 
15S GOsua Z4000 , Rq1 R~ OC OFFSET. 
160 GOSUB'~043O" REI1 US~ HANNING WINOOW. 

• 

/ 

• " 

• 

, 

• 

• , 
... 

, 

.. 

• .. 

• 
• 

", 
.16~ GOSUB 22500 , REI1 FINO STRESS & ST~IN EXTR~A. 
1~0 GdSuB 22000' ~ PLOT'WINDOWEO DATA 'GaiVe 3800' REM ~IT THEN CL5. 
172 GOSUB ~4600 , REI1 NORMALIZE X(I) ___ 
174 GOSUB 22700' REI1 CONV T~BIN, INTEGERIZE. 
1 BO OOSUB 20530 , REI1 PERFOR/1 FFT. , 

_ . 185 tlOSUB 22900 , REI1 SCALE, CONVERT BACK TO ENGG u-IfTs":/ • 
),187 .GQSUB 24700 , REI1 PLOT SPECTRlt1 IN RiCT COOROS. • • 

- 190 GOsua 20640 '. REH PLOT l'ffi> SPECTRlt1 .' GOSUB 3800 _, REI1 ~ T "vHEN ÇLS. 

~~~ ~g~: ~ggg ~ ~ ~~A~~G~ P:~~~~Rlt1 \ 
," 

j 

210 GOSua 23200 , REH PLQT CUT-DFF PHASE SPECTRlt1' , GOSUB S800 
220. GOSUB 26000 , REI1 PLOT euT-OFF RlP SPECTRlt1' 'GOSUB 3BOO 
230 GOSUB 31500 , REH PRINT FFT REPÔRT a-I CUT~FF SPECTRlt1. 
240 GOSUB 32000' REI1 STATISTICAL noise _L'\W!.s. " 
~O GOSUB 3~ , REH PLOT ~ 'SPECTRlt1 WITH Ca-IF LIMS:' 
,~ GOSUB 32500' REI1 PRINT REPORT a-I.NOISE SUBTRACTE~SPECTRl~. 

330 STOP - • • ., • 
• 340 ~D ... " • 'i 

" -350 REI1 -;; ~ _ • 
" 3.60 REI1 ~ START Il.oGAAPH 'k1<H<* -. 

370 REI1 " 
-380' TI;1"J10DE , IlTlib!lE '\. E'RINT "VT-240 Cl) 0.ll. PLOTTiR (2)"; " INPUT A2'" 

• 39a 1"9 .. 1 , IF A2-2 'tHEN PIUNT "FRACTIa-i 'O~ULLSIZE (.757'"; " INPUT F9 
400 yas."" , IF A2-1-T~ 'ISO • 
410 1 F A2-2 '{HEN PRINT "PAPER INSERTEO AND PEN REAOY"; , INPuT YSS 
420 1 F YSSO'Y' THEN 410 -: REI1 GOES TO PREV LINE., 
430 IF 1')2-1 THEN TEI"J100ECl.,I) " " 
440 IF"~2-2 THEN GRa-IC2t , IF A2=2 THEN SIZECA2,10S*F9r216*F9) 
450 IWJECCA2).' RETURN .. • " 470 REI1 " • 
480 REM ***** i't(E$ ***** 
490 REI1 
500 AXESCA2,O,O) '\. AXES(A2,l.00000t+oe,I.000QO~tOB) 
510 AXES(A2,-1.00000E+oe,-1.00000E+OB) ~ 
520 t\e:r-tlRN • • 

'530 ' p.(l1 : .. ~ . 
, . 

540 REI1 **'rlri: LOG~ES _**, . 1t, -~50 "REH .. __ - • .. • • . 
~!.I "~:t5 AXESCAZ"O,I)~ ",. " 

56~ AXESCA2,1.000ocl+6e,1.0000attO\l.' AXES(AZ,l.00000E-OB,l.00000E-OB) 
~70 RETURN.:. • 1.' .. ' , \ 
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~. 700 REH • 

701 REH ***** STAATING SCREEN ***** 
702 REH 
?O~, TEl<11.QOE , IITHOOE , HHe<v11 (Às) , PRINT "!,ROGlW1: "lM' PRINT 
710 GIlATE(Y9,HS,091 , PRINT "DATE: ";Y9;"-";H9;"-";09 
720 GTIH(S9,H9,H~' PRINT ·T.H(; ";H9;";";H9;":";S9 'PRINT 
730 PRINT 'ZERO LOA!>, STROKE ANI) SST" 

:t' 740. PRINT 'SET SP~S 1 & 2 AT 0 & l.· , PRINT 
'........ 7!!,O RETURN • , 

1500 REH 
1502 REH ***** INTEGERS FOR SCALE.S *"*** 
1504 REH' • 
1506. REH ~ AUG1ENT SCALING LIHITS .. * .... 
1508 REH 
1510 IF X2&1~2IT1 THEN 1514 , REM SKIP AUGMENT FOR FREO AXIS. 
1512 Xl~1-ABS(XI-X2)~10 '~2cX2+R8S(XI-X2)~10 
L514 YI-YI-A8S{YI-Y2)/10 , Y2=Y2+ABS(YI-Y2)~10 

1559 REM 
1560 REM i<f<I<** AS'SCI SSA MIN ***** • • 
1561 REM 

• • 

. ~. 
'. 

, 1562 IF Xl-O THEN 1566' IF Xl)O THEN 15C5 • 
1563 X3-10"INT(LOG10(ABS~1)j-l)*INT«ABS\X1)/(10AINT(LOG10(AB~~))-1»)+1) 
1564 XS--X3 , GO TO 156B 

, 1565 X3-10"INT(LOGI0(AeS(Xl)~-I)*JNT( (ABS(Xl)/( 1~ INT(LOGI0(ABS(XI) )-l,J) )-1) 
... 1566 -If' XiI:O THEN X3-0 

1567 REM 
1568 REM "**** ABSC 1 SSA M'IX ***** 
1569 REM 
1570'IF'X2.0 1HEN 1574 , IF X2>O 7HEN 1573 

'1571 X4-10"INTeLOG10eABSeX2»-1)*INT«ABS(X2)/(10-1NT(LOGI0(ABS(X2»-1»)-!) 
1~72 X4--XII , 'GO :ro 157S ' 
1573 ~4-10'INT(LOGI0(ABS(X2»-1)*INT«ABS(X2)/(10-INT(LOGl~(ABS(X2)-1»)+1) 
1574' IF X2-O THEN X4=O' . 

( 

" . 

1575 REH • , 
"'1l576 RDi '****le OROIW\TE MIN ***** 

1577 REM. • 
, 4<- • • 

• 1578 IF n-o THEN 15B2 , IF '1'1>0 THEN 1581 _ 
1579 Y3-10'INT(LOGI0(ABS(Yl»-1)*INT«ABS(Yl)/(10AINT(L~10(ABS(Yl»-1»J+l~ 
1:',i80 Y3--Y3 , 'GO, 'FO,1582' , , 

• 1581 Y3-~::(LOG10(ABS(Yl»-1)*INT«Ae~(Yl)/(10-INT(L~O(AeS(Y1»-1»)-1) 
ISB2 1 F n- THEN Y3-0 ~.)' 
1:;'83 .REM A. , : • " 

lo!184 Ret OROIW\TE M'IX -*** " t.. 
1585 REM. • 
ts~6 tf' '1'2-0 THEN 1590 , IF '1'2)0 THEN 1589 " " • " -, -
1587 Y4-10'INT(LOGI0(~(Y2)~-1)*IN7«AeS(Y2)/(10'INT(LOGln(AêS~Y2»)~11\)~) 
ISBB Y4--Y"", 'GO TO 1590' . ' .' t -
1589 Y4-10' 1N1'(LOG10(Ï'oBS(Y2) )~t )"INT( (ASS( 'r 2)~( 10AINT( LOGIQ(ABS(Y2) )-1) ll'+l) 

• 1~90 IF Y2-O'. THEN '1'4-0 ' • -, '1 " .,: " ". .,. \ 
lS91 REM " - "; " \ . • 
1592 XS-ABS(X4-X3)/S , Y5-A~S(Y4-Y3)/S 
1593 IF X2-V2IT1 THEN RETURN , REM DO- NOl:- $,ÇA~E.fOR -FRIO 6CMAIN. 
1594, SCALE(A2',O;X3,X4,Y3,'Y4) , XS-(X~~X3)/S '\ VS-(Y4-Y3)/:;~ ", • , . , , 
15~7~' , • • 
3800 R01 • , ,.~ , ,., 
3BI0 F.7,.wAIT THEN CLS ****" ., ',' • ~. \ 

::....... ~S20 ". + '.... .. .' • .,", • ," " "', t _ 
3B30 8$&'" INPUT YSS , YSSc" " TEKHOOE " VTI100E " IF 112-;2- TIlEl4 Gf<OPf'<.<!1 
3840 RETURN. . .... .' 6· . , . . -

• ~4S00 ROt -;.,~, _. <- ... .', 
6000 REH. . " _ .. ; r: .... ", .. : .. ".. ... . 

:g~':: -- ~sy. PLOT-CCH-I~~~~H; .' '., .... r-
6025 INVEC(A2) , PKYL(A2.(),1()otf'~,6,.u'''''r.~).·\ ·~t(A",O ... O.lo<I[ •• o.rQ") 
:~g-~~~:';~:~:;~~)'~'R~~::~L'~>E~ rP:ÎP., f'" ~ '". " .... ~ .. '" 

• , . 

. . • .' ' . 
.0, 
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....0 6Q40 CCH1(A2;X~,l;n) ~ Rai à~ i. ~~OGRAH' NUieERS. 
j 6045 CCH1(A2,X4S;'- ,88) \. ROi SHIM,THI~SS' , ",' 

GOsa CCH1(A2,X5S,l,84) \. RD1 OPERATOR ... <t--... , ,'," 
6060- Cà't1(A2,XGs,l,80) \. !\EH EXf'(M:HT .:'!;rAA'tN PHE', 
G070' CCH1(A2,X7$,l,76) \. REM HAlJ'C"fc:u:,'Tll'tS. 
G060 CCH1(A2,X8$,l,72) .... !\Pt WHICH CYCLES 1: PTS/CYCLE. 
G065 CCH1(A2,lG$,l,6a> "RD1 LOAO-Ssr-STAAIN RS. " 
6090 ~a-ti(A2,Y5$',l,64) \. ROi LOAO NOISE. 
'~095 CCH1(A2,Y4S,l,60) \. RD1 SST,STR "ISE. 
7010 1ô61fl(A2,Y7S,l,5G) \. ROi DAT.E--'. .', 
7015 ebMH(A2,YGS,l,52) \. REM TIHE. 
70~-~El'om • • 

•• 6000 REM • 
6010 REM ***** ENLARGEO PLOT ~S,"-

• 

• 

, '. 
• 

, 6020 REt!, ' .. • , " 
60so. IWEC(A2) "PHYt..(A2,O ,100*F9,O ,100*F9) , SCALE(A2,O,O,lQO,Q ,1(0) 

'8040 CÇM1(A2,X11-il,iOO} ~ ROi Hl:THOO 1: HOPE, < - ' 

BOSO CCH1(A2,X2S,~,9G) \. ROiI'l4TERIAL NAME Ii,TEMP. 
eO~l CCH1(A2,X~,l,92) \. ROi ~ 1: ~GRAH NtNBERS. 
Q!)S2 CCH1{ê2,)(4~ ,1.86) " REM SHIM THICKNESS. 
80GO CCH1(A2,XE>s,l;80) \. REM EXPCNENT & STRAIN l'HP. 
B070 CCH1(A2.x7s ,l, 7G) , ROi'Ml.FCYCLE. TI/1.t. 
6120 RETURN ' -
B5(1o R01 <:> , 
6510 REM ***** SiWE TO Fl.OPPY **+-H 
B520 RD1 .-
8:;30 tEI<HOOE , VTl100E , 
8540 "as.··· , PRIWT Nl; "MTA 'PTS. SAVE'; , INPUT YBS 
8SS0- li' "'ô$~~ THEN 8GSO- " , 
8S60 PRINT ;Ttsr Flt~E'; " INPUT F1S 

_ 6S?O"F2S .. ·OUU·+F1S 
...... .éS80 AS-F2S \. GOSU6 90eo , REM CHECKS FOR PlU ORS. 
~ BGSO yas-" 'v PRIN'T '"SAVE lST CYCLE'; , .'INP.oT '1'8$ 

6660 IF, ves··N· THEN RETURN 
, )8670 P!tl/{T "lST CYCLE FII.E»'ME·; , INPUT F~ 

.J. " 8G80 F4'$a'OU11"+F~ , : 
6690 AS-F4S" GOSUB ~OOO , REM CHEcis F~ PRIOI\S., 
8700 RETURN • • :' 
9000'REM • 

, , 9010 RI:I1'***** tHECKS"~ ~IORS _" .. ~. 
9020 REM , __ - • _ t. ..-

,> 

.. 
:' 

• 

•• 
" 

9039 FltwFII,I:-~-Ai,s~} \ ROi CtU:CKS~FOR EX)STENCE. 
'. ~I)-Yes-'" ",. S90-B THEN PRINToIf<$;" HAy.Oçlst. t'Jtl'J.<<\ITE'; ,. INPUT Y!lS 

9050 If' y8${)"y' THEN GOSuB 9200.. -
'~060 RETURN , RÊ11 OEFAULtS IHTH RtTVRN. 

9070 REM ' , 
9200 REM •• '" • • 
9210 ~ ***** SAVÉ A FILE T~FLO~~( ***** 

• 

!l220 REM 

r 

9230 OPEN AS fOR OUTPUT~AS F1t.,e' U DOUBl.E f<lJf' 
92'10 'FOR 1"'0 TO Nt-l" PRINT tl.VA10',l),VAl<l.2),VA10,4)"'UO.4).V<.1l,.I.S) 

'92S0NEXTI ", "" ' 
9260 CL9$t- ,. • • , 
92,70 ;ROURN <y' ' , , 

'~OREM ~ 
9510 REM **'rI<*- PRINT REPORT. FOR nu ~I ",-oppy ***"* .i, 
95~ROf' . ,.... " 1 

9;1~-1'RII"\' "PRIN'T ..; ·Pf<.tNT " l''RINT '- l'I\IHT '''EPOH (fi • ,1'2S.· (. • 'f4' 
9!l,40 PRIt7r .II> o!" • ",," " • '. J.'.' . 
,ssa PR1tfT. X2S .X~ • .. • 
9~ri P~~ X4S ,XSs .. J , \; 

" '~570 'PRINT X6S ,X7s .... , n 9:iSO.PRINT Xas,X9S 
'~ 9590 plUt« Y:;S',Y4S' , 
• ~601) pJ\lm Y7S,YGS 

, 9S10 PRIm" 'l.VOT ,P.L- ",Iq~' .IH <) l" U,' 

• " .' ~ • , . 
~ 

r " • ., 
, . . .# , . 

\ 
• 

• 

, . 
• , 

'. , ' , 
~;, 
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/ 
, 

/ \ 
" • , 

'-" ;~ 

c'-' ~620 PRim "LOAO i:A\.- ";K2;' V/KG IfU'IG MASS @ RS 10er..:' 
9630. PRltrr '$ST CAL- ';K3L": V/KG H(NG MASS @ RS"10er..:· 
9640 PRINT 'BEA/1 DEFLECT~U. C(1;(ST~' ;1$5;' Hl'A/KG" 
9650 PRItrr 'CAPÀCIT~ I\ROOE'; \. INPUT VSS 

, 9660 PRltrr ·ATTENUATIQ.I HETHOo"; \. INPUT VSS ' 
S670 PRllff \. PRltrr \. PRltrr \. PRltrr • 
9680 CLOSE \. RETURN ' 
20000 REM 
20430 REM 
204~ REM ***** l'I'N-IING I-IIN~ l'OR STRESS (REf, 14fS) ***** 
20450 REM 

" 

... 
'20451 y~:' \. PRltrr 'HINDC~: HANNING (1) OR RECT (2)'; \. INPlq YB!' 
20455<f'CI!t' IaO'TO Nl-1 • 

.' ;., 

: 

, 

20490 If VSt--"l' THEN X(J)=VA1(I,4)*,5*(1-Cos«~.él*I/(N1-1») \. REli ~ING !-lIN, 
204'1 If YSt-a'2' THEN X(I)=VA1(1 .~) \. REM RECT HINDOH, 
20496'NEXT 1 
20500 Re;ruRN 

'·~3O-REH-
20540 REM ****':! f'Q~?,D ffT *~"H 
20550 REM 
20560 PRltrr "fORHARD fFT IN PROGRESS' 
20570.»00 
20~75 SINSCS,N1) \. REM PRECALCULATES SINE-COSINE TAéLE, 
20SS0 PA~(X(O),Nl) 

• '20590 ffTICO,XCO),X(O» 
2060Q UNPKCXCO),Nl) 

.. 
20620 R(2).2*2~X*X(2*Z)/32767 \. I(Z)=2*2-X*X(2*Z+1)/32767 
20 630 Rt::'rtnW 
~:'ii40·RÜ;J 

~6".,o REM *****' PLOT ~LITUDE SPECTRU1 **""'" 
, 20660 REM 

1 • 

'1': Z06?O TEI<HOPE " <:RASE , 
~, 20680 GOSUB '360 \. REM START.A GMPH \. GOsue eoot! , REM CCHiENT, 

20684 PIIY\.CA:!",100*f9,O, 7.~F9) • . . , '2C/6S~ ûOStJB 31300 \. 'REM ~ p, • • ' 
20686 1\El1,H9aH9/40 \. REM II UP CP.eSTS, • 

"'~068B.~CALE(A2,.o ,0 ,l/(2*Tl) ,<I,l .. V~~) • , 
, 20692 ~(A2, 'fREQtlENC'Y', Hl', :$fPAIN "HP' ,l/10/Tl,l,'l"H'/SJJ 

20696 'GOSUfr 470 " }\E!1 AXES " , ; 'l1li 
, 20704 FOR .1;'0 TO Nl-1 STEP 2 

l!o70ll Aa21<SQR(~( 1) ~2t~q +1 ) ~2) -', \ , 
' .... ' ~71~ PI:OTC~a.,J/N1/2/T,hA) \. ~t1:! (fREP,~P) 

l" ' 207130NEXT t • .'. )" " , . ~"... , 
m16 INV:l:CEA2)- , PLOT(A,2 ,'l/(S*l'1' ,or" 'PL01ï(A2..1/( 3*Tl) ,l,l*H~) 

, 2b}2Q RETlll\N, , '.' , ..., • !'. , 
~--. ", ~ "..... 1. • • 

~820 J'\.U"I" ... ~ ~... " ~ .. "",' • ~.~ ~ 
'. 2OS30 ~EIi .~* ,REAl:J';iMAG, "GAAPIlICS ***" , 

~ 20840"ReH. ~ • ,:. .-.1.... .. 
" ·'20.~, )N<lfC(Aa) _ _ \ • " ..: ' •. 

· ~9a§, T6flIoOE(l,1) 'El',ASE <, 7, -Ii. 
20e~ Pf/i'l.c~~,o.,100,O,98) ,_~ >~. ~, " 
2Q.880 ~~,-.... 2.1:Z'.-.2,.zl''' ,......." " 
20S90 ~ro{~,'~-, ~IMA6INARY·'.VS ,1/S, 1).... .' 
~900 GOSuQ ~380 ":;;~;A>::(i ".. . r·..r • 

• 20'10 FOR._1~1 T.o ~,. wo. ".# ,,' ".'" c .,'" ,-' .--~ 

, . 
• 

1 

• 
-- , 

453 

Q , 

.' 20920 PLVTt~,O~) :-. PI.!l'r(AZ,R( 1) b ('i» ,,':' l " 
..... _-

2P!l30 ~(1,J ,R 1) ,1("):' ,\.', ., .. 
• '20~~NEXT, t "..,'... " .... ... ... 

... .,... "!-- Il , "';'f. y .' 

2,09SO' INFln. ,1\9$' ' , .", " " " ' T' J '" 1. 

~9GO vntOOE .'w '.~'~ ",,':': i~' ". .. •• ". 

'20'70 AlaA1lII(f(l)-/~(~»·'A2'ATN(I(Z.)/R(2» •• ' , 
29I'ElO .saSQR(ll.(.!~A2+i(1)A2) .. '-SQR(l\t2)~2H (2)A'2}' ..... 4 '. 

C 
20m .PRItrr"'~STRAI~ t'HASE c' jAl, 'STRESS, PI'IASE' c' ;A;;":'" .' 
:21.0.00 REM TD .. IS Sr.l.LE F;ACTOI' FOR STRESS' 
~~l010 TO,!l' " ,,-~. 2" .. '" ~'!.....;O • " 

• ·2J,ê'20 ROi 50 I~ '$CALt FACT.(.( re.,.. ~N "' •• 
, .'.,' . , '. 

" 1 .' . • 1 

• 

... 'lo . ~ -.......... : .~~( ... 
". : "::;. -, . 

;" . •• ,'-, 

, , 

" 

, ' 1 

,.~.~ ... r.; 
1" .... : : . _~ .. 

.' . 

" . 

• 

, 

, , 

" 



• 

21030 SOw1 
21040 PRINT ·G'.·;T*TO*CO 
21050 PRINT ' <CR> TO 
::1060 TEKI100E " ERASE 
21070 PHYL(A2,0,100,O,45) 
?1080 SCALE(A2,l,O,40*Fl, 
210~0 LABEL(A2,'FREQUENcY 
21100 FOR Jwl TO Nl/2 
21110 G-TO*SQR(VA2(J*Z,Z) 
21120 PLOT~,J/Nl/T1,G) 
21130 NEXT J 
21140 PHYL(A2,O,100,55,~O 
21150 SCALE(A2,l,O,40*Fl, 
21160 LABEL(A2,'FREQUENCY 
21~7Q FOR J.O TO Nl/2 

, 

(A2-Al)(Sf~r ,'G"·' ôT*TO*SIN(A2-Al )/5/S(' 
INUE'; / UT AS 

01,10)! 
,'G*"1/10/Tl,10,l) 

1 • 
1 

2~(J*2+1,21'2)/SO/SQR(VA2(J*2,l)'2+VA2,J*2+1,2)'2} 

1 • 

.-l~.1 
'., 

0/0'2) 
,'TAN I>ELTA',l/10/Tl,lO,l) 

21180 A-ATN(VA2(2*J+l,2)/VA2(2*J,2»-ATN(VA2(2*J+l,l)/VA2(2*J.l)} 
:2'H§O PLOT-{AZ,J/T1/Nl,A)-- ,--' 
21200 NEXT J 

'21210 GO TO 414~ 
21220 FGSTOP "\ END 
21230 REl1 
21240 REM *"'*** M4TCH TEST'" CAp, fREQUENCI ES l'OR 'l'fT ***** 
21250 REM 
21260 PRINT "f'lU1BER OF CYCt.ES·; "\ INPUT C 
21270 Tl-(c/Fl)/Nl "\ REM DT. 
21330 RETURN 
21340 REM 
213S0 REM ***** SELECT FRd)UENCY ***** 
Z!~O R€H . 
21370 VTHODE "\ PRINT "FREQUENCY, HZ·; "\ INPUT 1'1 
21380 RETURN ' 
21390 REM 
21400 REl1 *"'*** SIMULATÉ CATA IN VAl --
21410 REM 
21420 ~es-·· " PRINT "SKIP SIH\JLATla-I"; "\ INPUT 'l'es "\ IF Yes~·y· THEN RETURN 
~1440 FOR IwO ,0 Nl 
21450 VAl(I,5)al*C/Fl/INT(Nl*N2) "\ REM TIME 
21455 IF I>Nl*N2 THEN 21~OO "\ REM ZERO AfTER C CYCLES. 
21~60 VAl(I,4)*Gl*COS(2*PI*Fl*VA1(I,S» "\ REM STRAIN. 
21470 VAl(,I,4)*Ll(1)*COS(2*PI*Fl*VA1(I,5)+ol(1» "\ REM STRESS FUNDAM8NTA~. 
Z1475 VAl(I,4)aVA1(I,4)+Ll(2)*COS(2*2*PI*Fl*VA1(I,5.+Dl(Z») , REM STRES~, ZND. 
21480 VAl(I,4)wVA1(I,4)+Ll(3)*COS(3*2*PI*Fl*VA1(I,5)+Dl(3» , REM STRESS, 3RD. 
21490 VAl(I,4)wVA1(I,4)+(Bl/2)*(2*RND-l~ 
21495 VAl(I,4)aVA1(I,4)+L1(O) "\ REM OC OFFSET STRESS. 
21500 NEXT 1 
21510 RETORN 
22000 REM 
22010 REM ***** SELECT WINOOW PLOT **~** 

'22020 REM 
1 

22030 y~-"" "\ PRINT "SKIP WINOOW PLOTS'; "\ INPUT y~S ... IF yes.·Y·, THEN RETLIRN 
22045 GOSOB 360 ~ REM START A GRAPH ... GOSUS 8000 "\ REM COMMENT. 
22048 PHYL(A2.0,F9*1~O,O,F9*70) 
22050 IF yesw·STRESS" THOl GOsue '2210. 
'22090 REM .' • 

, ... 
22100 REM ***** PLOT RECTANGULARLY WINOOWE~ ST~$~~E ~+*.~ 
22110 REM 

.r 
" \ 

22120 Xl_1(O,5) 'X2*'JA1(Nl-1,S) , Yl-t1f«l1 , t""1$(<!) "\ GOSve. 1~('() \. foEti IUT 
22130 GOSUB 470 " REM AXES 
22140 LABEL(A2, "TlME, SEC", "SHEAR ST~.AiH· ,:-:5,\:':1) , . 
,22150 FOR 1-0 TO Nl-1 'f>LOT(A?,vA10,S) ,VAl( 1,4)) ,EEM S(,"')I.(T .SST, ,"\ NEJ<TI 

• 2215;; REM . " . , , '. • • 
2216Q REH ***** J>1.0T HAN~IHG !-IINoCWEI> STRESS WAVE ** ...... 
22170 INVEC(A2) : 
221eO FOR 1-0 TO Ni-l .. "LQT(A".VA10,~),X(OI '~El1 SlHULtT._1-SS1;) 

• 22190 RETORN . ' • , • 
2~!lb~ ~ ..... ; . ;..' .. 

": .' ' . " .. " , ~ . " 

'. " . . 
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.' • 



( 

( 

, 

22510 REM ***** F'lNO STRESS" STRAIN ,EXTREW< **"** 
22520 REM 
22530 GIM HS(2) ,1j!1(2) 
22540 FOR 1-1 TO 2 " REM.I1IN, ~. 

> 

22550 HS(I)-vA!(0,3) " H9(1)~I(O,4) " REM STRESS & STAAIN. 
22560 NEXT 1 
22570 FOR 1-0 TO NI 
22580 IF VAl(I,4)(H8Cl) THEN HS(1)EVA1(I,4) 
22590 IF VAl(I,4)>H9(2) THEN'f1S(2)EVA1{1,4) 
22600 I~VA1(I,4)<I19(1) THEN H9(1)EVA1(I,4) 
22610 IF VAICI,4»!19(2) THEN H9(2)EVA1(I,4) 
22620 NEXT 1 
22630 RETURN 
22700 REM 

, REM STRESS I1IN, 
" REM STRESS MAX. 
" REM STRAIN MIN. 
, REM STRAIN HAX. 

22710 REM ***** CONV TO SIN, INTEGERIZE *~*** 
22720 REM 
22770 FOR- I-o-TO Nr-"t-----
22800 XCI)-INT(32767*X(I» " REM CONJ TO SIN, INTEGERIZE. 
22810 NEXT 1 
22820 RETURN 
22900 REM 
22910 REM ***** CONJERT BACK TO ENGG lNlTf ***** 
22920 REM 
22924 PRINT 'SCALED';X " REM TROUBLESHOOTER. 

, 

, , 

22925 FOR 1-0 TO Nl-l " X(I)=2A X*X(I) " NEXT l " REM RESCALE AFTER l'FT. 
22926 FOR 1=0 TO Nl-l " X(I)=XCI)*V9 , NEXT l " REM UNNORHALIZE. 
22930 FOR 1-0 ~O N1-1 " XCI)=X(I)/32767 " NEXY l " REM BIN/ENGG CONV. 
22950 YS$m" " P~INT 'RESTORE OFFSET'; " INPUT YS$ 
22975- IF Y8S··Y· THEN X(O):XCO)fflCO) " REM RESTORES Ol'I'SET 
22geO RETURN 
23000 REM . 
23010 REM ***** P~EPARE FOR PHASE SPECTRUH *~ 
23020 'REM ' 
23030 PRINT 'SM ESTII"ATE l'Ra-! AH? SPECTRu1'; 'l- INPUT NO 
23160 RETURN 
23Z00REM 
23210 REM ***** PLOT PHASE SPECTRUH ***** 
23220 REM 
23230 T.EKI100E "ERASE , 
23240 GOSUB 360 ':- REM START A GRAPH "GOSÙe eooo " REM CCt'tiENT. 
23250 PHYLCA2,O,100*F9,O,70*F9) 
23252 GOSU8 31300 " REM MAX AHP, 
23255 GOSU8 27000" REM.S/N COMMENT. 
23260 GOSUB 470 " REM AXES 
23262 SCALE(A2,O,O,l/C2*Tl),O,2*PI) • 
23Z64 LA8EL(A2~kEQUENCY, HZ·,·PHASE-RAO·,l/10/T1,fl.1, 
23270 FOR J-O t~N1-1 STEP 2 • 
23275 GOSUB 26710 " REM PHASE CALCULATIONS. 
23320 PLOT(A2,I/Nl/(Z*Tl),P) " REK (FREO,PHASE) 
23325 NEXT 1 
23326 INVEC(~2) , PLOTCA2,l/3/TI,O) " PLOT(A2,1/3/Tl,2~PI) 
23330 RETURN ' '. 
23500 'REM • 
23510 REM ***** ARCTANGENT FOR CCNTlNl!OUS PHASE ***** 

'. 23:520 REM 
23:525 P-O' 
'~30 S-SGNCX(I)*SGNCX(I+1» , REM >0 'OR IST/3RO, '(0 FOR :i:UO/4TH. 

540 IF S()O THEN 23600 
2 50 If" XCI~I»O TIIEN P.PI/2 "11"" XJltl)({' THEN P'-I'I/~ , REM 111''10(' 
~3S5S IF X(15-0 THEN P-O " REM RE(Xi=o 
23:560 RETURN' \ 
23600 IF S)O THEN 23700 '\ 
23610 IF XCI)(Q THEN P-ATI~(X(I+l>/x(I)+PI , REM a~D ou.:-OP.tHT. 
23620 IF XCI»O THEN 'P-ATlO/(X( 1+1 )/X{I ))+2*PI " ROi 4TH =_IT, 
23630 IIETURN ' , 
23700 IF X(I+1»l) THEN PoATH(XO+l)/J'{I JI ' RE.i lST ~:"'. 

, 

, 

• 
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• 
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, 

. . 
23710 IF X(I+l}<O TH~ P&ATN(X(I+l)/x(I»+PI '-. REM 3R~ OUAO~~. 
23720 RETURN 
24000 REM 
24010 REM ***** RENOVE OC OFFSET ***** 
24020 REM 
24500 DIH H(2) 
24510 H(O)"O 

'\ H(O)=I1(O)/Nl 24520 FOR 1"0.0 Nl-l '-. H(O)~(O)+X(I) 
~453O FOR 1"0 TO Nl-1 '-. X(I)=X(I)-H(O) 
24535 PRINT H(O) 

'-. NEXT 1 
'-. NEXT 1 '-. REM SUBTRACT ~FFSET, 

24540 RETURN 
24600 REM 
24610 REM ***** NORHALIZE X(I) ***** 
24620 REM 
24625 V9=X(0) 

, 
24630 FOR 1=0 TO Nl-1 '-. IF A8S,X(I»)ABS(V9, THEN V9=AB5(X(I» 
24632 NEXT 1 . 
24635 FOR 1=0 TO Nl-1 '-. X(J)=X(I)/V';, NEXT l '-. REM NORHALIZE5. 
24640 RETURN 
24700 REM 
24710 REM ***** PLOT SPECTktM IH kECT COOH'S ***** 
24720 REM 
24730 TEKMOOE '-. ERASE , 
24740 GOSUB 360 '-. REM STAkT A Gf<.APH 
24744 GOSUB 25000 '-. REM kECT EXTREMA. 
24765 PHYL(A2,0,~0*F9,Ot70*f9) 

'-. GOSUB SOOO '-. kEM CeM1ENT, 

24766 X1=0 '-. X2=1/2/T1 '-. Yl=H9(2) '-. Y2=H9(1) 
2476B GOSUB 1500 '-. REM INT. 
2~;;Ç S~E(A2,0,0,1/~,Y3,Y4) '-. REM OVERklOES Pf<.EVIOUS G~Uo, 
24775 lABEL(A2,'fREQ, HZ','RE-STR',I/2/Tl/5,Y5,1) 
24~BO GOSUB 470 , REM AXES. 
24-790 FOR 1 =0 TO Nl-l STEP 2 '-. REM STEP 2 IMPORTANT. 
24BOO PLOT(A2,1/(Nl;1)/2/T1,X(I» '-. kEM (FRED,REAL) 
24810 NEXT 1 

, 

• 

24820 INVEC(A2) '-. PLOT(A2,1/3/Tl,Y3) '-. PLOT(A2,1/3/T1,Y4) '-. REM SAFELINE. 
24830 PHYL(A2,60*F9,100*F9,O,70*F9) 
24840 SCALE(A2,O,0,1/2/Tl,Y3,Y4) , REM OVEkRIOES PkEVIOt'S Ge'SUe, 
24850 LA8EL(A2,'fREQ, HZ','IM-STR',I/2/Tl/5,Y5,l) 
24860 GOSU8 470 '-. REM AXES • 
24670 FOR 1"0 TO'N1-l STEP 2 '-. REM STEP 2 IHPORTANT. 
24B80 PLOT(A2,I/Nl/2/T1,X(I+1» , REM (FREQ,IHAG) 
24885 NEXT 1 .' 
24B86 INOEC(A2) '-. PLOT(A2,l/3/Ti,Y3, , PLOT(A2,l/3/T1,Y4) , kEM SAVELINE. 
24900 GOSUB 3800 '-. REM WlIT THEN CLS '-. RETURN 
25000 REM 
2~10 REI1 ***** FINO RECT~GULAR 'EXTREMA ***** 
25020' REI1' • 
2502~'SETOIH HB(2),H9(2) 
25026 FOR 1-1 TO 2 '-. H811)=X(I) '-. H9(1)-X(O) '-. NEXT 1 
25030 FOR 1-0 TO Nl-1 StEP 2 
25040 IF X(I»H9(1) THEN H9(l)=X(I) '-. REM REAL HAX. 
25050 IF X(I+l»HB(l) THEN HS(1)=X(I+1) '-. REM IMAG ~. 
25;60 IF X(I)<H9(2) THEN H9(2)=X(I) '-. REM REAL MIN. 
25070 ~F X(I+1)(H8(2) THEN HS(2)"X(I+1) '-. REM InAG MIN, 
25080 NEXT 1 
2S0&2 IF H8(1»H9(1) THEN H~(l)'H&(l> '-. REM COMHON HAX. 
25084 IF H8(2)(H9(2) THO~ H~(2)'H8(2) , REM COMMON HIN. , 
25090 RETURN 
25200 REM 
252-l0 REM ***'<* CQ-t1Et~S .. _** 
25220 REI1 
25230 PRINT 'TITLE", '-. INPUT Xlt- • 

, 
,25235 PR1NT "HATERIP.L"; '\ INPUT X2t-
25240 X~.X2S+·, SOURCE FILE. 'fClt- ~ 
2S2S6 X3S-STRt-{Nll+" POIt~S. FRtO - '+STP1>(Fllf" HZ. ·+STR~.Ç,f· CiCLtS." 
.25257 X4S-·N.f._ "fSTP:tll/Vïl H' HZ. [Jf··+STPt O/Tl/UI 1+" ,,- • 
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\ 

• 
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( 

25270 WHOAHI(A$) 'X6$~"PGI1: 'tASt" ey A.J.GIACCt1IN, P.ENG." 
253~0 GOATE(Y9,H9,09) 'X7s.·OATE, ·tSTR$,,9)t"-~tSTR$(H9)t·-"+STR$(09) 
2531Q GTIHE(S9,H9,H9) 'X7$-X7$+", TIHE. "tSTR$(H9,t":"+STR$(H9'+":'+STR$(S9) 
25330 RETURN 
26000 REM 
26010 REM ***** PLOT f"lLTŒEO 1'(11' SI'ECTRtl1 H<**A 
26020 REM 
26030 TE~OOE , ERASE , \ 

26040 Gosue 360 , REM START A GRAPH ,GOSU" 8('00 , REM CCM1ENT. lO 
26050 PHVL(A2,0,100AF9,0,70AF9) 
26055 GOSU8 27000 , REM ~ COMMENT. 
26060 GOSU8 31300 , REM MAX AHP. 
26110 SCALE(A2,0,0,t/(Z*Tl),0,1.lAH9) J 
26120 LABEL(A2,'FREQUENCY, HZ'.'STRAIN AHP'.1/lQ/Tl.l.l*H9/5.1) 
26130 GOSU8 470 , REM AXES 
26145 FOR 1-0 TO Nl-1 STEP 2 
26150 A·2*SQR(X(I)A2tX(ltl)~2) 
26152 IF A<H9/N0 THEN A=O 
26153 PLGT(A2,1/Nl/2/Tl,A) , REM (FREO,AH!') 
~154 NEXT 1 
26180 INVEC(A2) , PLOT(A2,l/(3*Tl),Q) , l'tOT(A2,1/(~*Tl),l.1*H9) 
26190 RETURN 
26700 REM , 
26710 REM ***** PHASE CALCtlLATlCN ***** 
26720 REM 
26800 GOSU8 23500 'REM ARCTANGENT FOR CCNTINUOUS PHASE" 
26810 REM SETS PHASE TO ZERO J.lHEN fOliPLlTUDE INSIGNIFIO'NT. 
26820 A'2*SQR(X(I)A2tX(I+l)A2) 
26822· IF N5()O' THEN 26840 
26824 1 F A<H9INO THEN P·O 
26830 REM P-PtPI/2 , REM ~GES FRCt1 COS BASEO Ta SIN BASEO FIT. 
2(;840 IF P.>-2*PI TliEN P-P-2*PI 
26850 ROURN 
27000 REM 

REM,***- S/N CCM1ENT ****+ 

XII$_"~'N • "fSTRS(NO) 
lt!:M1(A:2,>(SS, 75,90) 
~ETURN 

300 'Rai 
30010 REM ***** LOADS f' ILE ****" 
311020 REM 
30030 PRINT "FILENAHE"; , INPUT Cl$ 
30040 OPEN Cl$ FOR INPUT AS FILE *1 
30050. FOR 1-11 TO Nl "_ 

, 

30060 INPUT .1,Al,A6",,3,A4,A5 
300eo VAI(I,1)""1' VAI(I,2)=Ae, VAl(I.3)=A3' VAl(I,4)=A4' VAl(I,S).AS 
30085 IF ENO .1 THEN 30100 • 
30090 NEXT 1 
30100 a.OSE U 
30110 RETURN 
30120 REM 
31000 REM 7 
31010 REM *A**** PLOT LOG-fOliP SI'ECTRl~ ***** 
31020 REM 
31030 tE~OE , ERASE 
31040 GOSUII 360 , REM START A GRAl'K " GO$'"'' 8000 , HM Ca'f1ENT 
3105O'~HVL(A2,O,100*F9,O,70*F9) 
31075 GOSUII 31300 , REM MAX AMI'. 
31105 YI-10A(INT(LOGI0(H~»tl) \ Y2cYl/1~OOqO 
31110 SCALE(A2,1,O,1/2/Tl.Y2,Y1) 
31120 LA8EL(A2,·FREQUENCY,~·.·STRAIN AMP".1/10/Tl.2.1) 
31130 GOSU8 540 , REM AXES. ' 
3114p FOR 1-0 to Nl-1 STEP 2 
31150 Aa2*SQR(X( 1 ) "2fX( If1)"2) " REf1 r.Y (tE'N. 
31160 IF A<-O THEN A.Y2 '. REH FO~ ZEI\OES. 

• 

\ 
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'\ 
31170 PLOT(A2,1/N1/ZlTl,A) 
31180 NEXT 1 

.. 

, 

31190 lWEC(A2) "PLOT(A2,l/3/Tl,1.QC10C'Oe:-OS) " PLOHA2.U3/Tl,1.00000E+OB) 
31200 GOSU8 3800 " REM WAIT "RETU~ 
31300 REM 
31310 REM ***** FINDS MAX AMP ***** 
31320 REM • 
31322 H9=X(0) " REM STA~TING ~LUE. 
31325 FOR laO TO Nl-l STEP 2 
31340 A-2*SQR(X(I)A2fX(lfl)A2) 
31350 1 F A>H9 THEN H9=A " REH MAX AMI'. 
31360 NEX"l1 " RETUm 
31500 REM 
31510 REM ***** PRINTEO REPORT CN F"FT ***** 
31520 REI1 
31530 PRINT "REPORT F"ORTHC~1ING: CTRL PRT-SCR Ta PRlh," 
31540 GOSUB 3800 " REM WAIT 
31570 PRINT "PRINT "PRINT 
31580 PRINT "REPORT ON ";X1S 
31590 PRINT 
31600 PRINT X2S " PRINT X3~ " PRINT X4$ 
31610 PRINT X6s " PRINT X7s 
31620 PRINT "S/N~ ";NQ 
31630 PRINT 
31~40 PRINT 

• 

31650 GOSUB 3130a " REI1 MAX AMP. , 
31660 PRINT "FREQ,HZ","REAL,STR","IMAG,STR","AMP,STR","PHASE,RAO" 
31670 PRINT 

• 31680 fOR 1-0 TO Nl-l STEP 2 
31690 Aa2*SQR(X(I)A2fX(lfl)A2) " Re1 AMPLITUDE. 
31700 lF A<H9/N0 THEN 31730 

/~ 31710 GOSUB 26710 " REI1 PHASE CALC\1LATI~S. 
~ 31720 PRINT l/Nl/ZlT1,X(I),X(lfl),2*SQR(X(I)A2fX(lf1)A2),P 

31730 NEXT 1 
31740 PRINT "PRINT "PRINT 
31750 GOSUB 3800 " REH WAIT 

i 31760 PRINT 'TOGGlE CTRL-PRT OFF" " GOSUS 3eoo " REH WAIT 
.., 31770 RETURN 

32000 REM ! 
1 

32010 REI1 ***** STATS, MEI<N & STO OEY OF NOl SE ***** 
32020 REI1 
32030 N4-0 " Ne.o " Nz-a " K4=O " REH INIT ~L\1ES. 
32050 FOR 1-0 TO 1'11-1 STEP 2 
32055 Aa2*SQR(X(I)A2fX(lf1)A2) 
32060 IF A>H9/N0 THEN 3207B 

• 
32065 N8-t1B+X(I )fX<I+1 l...). Re1 FOI\" ReCT ME#!. - ,-
32070 N4-t14f2*SQR(X(I)A2tX(lfl)A2) " REH FOR POLAR MEAN. 
32074 K4aK4tl " REH CO\1NTER. 
32078 NEXT 1 
32080 N4-t14/K4 " REI1'POLAR STAT ME#!. 
32081 N8-t1B/2/K4 " REH RECT STÂT'ME#!. 
32082 FOR I-O'TO N1-1 STE? 2 

- .. 

3~086 N5-N5t(X(I)-tl8)A2f.(X<If1)-tjB)A2 " REH SUi SORS RECT. RESIOS. 
32090 NEXT 1 
3209B N5-t1S/2/K4 " REH ~Rlu-/CE OF NOISE IN RECT. 
32100 NSaSQR(NS/(K4-1»." REH STO. OEY. IN RECT. COO~OS. 
32130 PRINT 'POLAR MEAN, ";N4;", RECT STO OEY: ";HZ 
32140 GOSUB 3800 "REI1 WAIT. 
32150 RET\1RN 

• 32200 REM 
32210 REI1 ***** Pl'1T NOl SE S\1EfCRACTEO AMP SPECTR~t1 ........ * 
32211 REM • WITH CONFïOENCE INTE~~lS 

A 32220 REI1 
\jJi 3223d' TEI<I100E " EPAS!: • 

32240 GOSYB 360 " ~El1 START OPAPH "OOSlI6 "00(' fl"EI1 Cr.t-I1i!'fl' 
32250 PIfYL(A2 ,0 ,100"r::o • ., .7r, .. r::o)· 

• 

---
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" )-~ 3226O.GOSUB 27000' REH SIN COHHtNT. 
32275 GOSUB 31300 , REH MAX AHP. 
32276 H9-H9/40 " REH HAGNlfY TRUNKS. 

, . 
, 

32280 SCALECA2,0,0,1/2/Tl,-N4-2*NS,1.1*H9) • 
32290 LABEL(A2,'FREQUENCY, HZ','sTRAIN',1/10/Tl,1.1*H9/S,1) 
32300 GOSUB 470 " ROi AXES. 
32360 IWECCA2)-" Pl.OTCA2,1/3/Tl,O) " PlOT(A2,l/3/T1,l.1*H9) 
32365 ROi UPPER ca-lF lIHIT. .. 
32370 IWEC(A2) " FOR 1-0 TO N1-1 STEP 2~ 
32380 A_2*SQReX<I)A2+Xel+l)A2)-N4tSQRC2*~5A2) \ REH 9~ CeNt. 
32390 Pl.OTeA2,1/N1Î2lTl,A) , ROi (FREQ, UPPER LIH) 

. 32400 NEXT 1 

;~:~g ~~E~~~~ ~~R L:~~TTO Nl-1 STEP 2' 
32430 A_2*SQReXCI)A2tX(lt1)A2)-N4-NS*SQR(Z) , REH 95~ CONF. 
32440'PLOTCA2,1/N1/2/Tl,A) , ROi (FREQ, LOWER LIH) 
32450 NEXT 1 
32480 GOSU8 3800 " ROi HAIT 
32490 RETURN 
32500 REH 
32510 ROi ***** PRINT REPORT ON NOl SE SUBTRACTEO SPECTRU1 **-Ict:* 
32520 REH • 
32530 PRINT 'STAT REPORT rORTHCOMING. CTRL PRT-SCR 10 PRINT' 
32540 GOsuà 3600 , ROi HAIT------
32570 PRINT 'PRINT "PRINT ' 
'32560 PRINT 'REPORT ON ',xa _ 
32585 PRINT 'COMPONENTS r.NCWI '·IITH AT LEAST 9S'/' CONFIDENCE' 
32590 PRINT 
32595 PRiNT "POLAR HEAN: ';N4;', REeT STD OEV. ';NS 
32600 PRINT X2S , PRINT X3$ \ PRINT X.4S 
32610 PRINT "S/Na ';NO 

( 32620 PRINT X6S " PRINT X7S 
32630 PRINT 'PRINT 
32650 GOSUB 31300 " ROi MAX AHP. 

, 

• 

- 32660 PRINT 'FREQ,HZ","REAL,STR' ,'IHAG,STR' ,'l'l;IP,STR' ,'PHASE,RAO" 
32680 FOR 1-0 TO N1-1 STEP 2 
32690 A_2*SQRCXel)A2tXelt1)A2)-N4 \ ROi NOISE SUBTRACTEO AMP. 
32700 IF A<N5*SQR(2) THEN 32730 
32710 GOSUB 26710 " ROi PHASE CALCULATIONS. 

PRINT l/Nl/2/T1,X(I),X(I+1),A.P 
NEXT 1 
PRINT \. PRINT "PRINT 

3800 " ROi 1-14IT 

• 

'TOGGLE CTRL-PRT orF' " Gosue 3eoo " ROi HAIT 

1 
, 

• 
.. 
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1 

10 REH 
~ 20 REM 

SPECTRAl. ~YSIS 01' TOTAl. FORCE FOR OSCII.I.ATORY SHEAR 
~ ~ ~ 

"f 

•. 1.J 30 REH 
- 40 REH 

50 REH 
60 REH 
70 REH A~l.EOGEHENTS, 
90 REH 

" " 8Y 

A.·~EFFREY GIACÇMIN 

OOSH'J. OR. P. CAIN, S. 
, 

95 GRATTACH(2,2,Y9) 
100 TEKI100E \. VTMODe: 
102 PRINT \. PRINT "TOTAL POINTS «1024)"; \. INPUT Nl 
105 SErOIN S(Nl),X(Nl+2) 
106 OIN R(2), 1(-2) 
lOS SErOIN VAl(Nl,5) 
110 SErOIN VA2(t11+2, 2) 
120 GOSUS 21340 \. REH SEI.EcP FREQ\JENCY. . 
12~OSUS 21230 \. REI1 NlI~Bt1>. Of CYClES'& Tl, 
l~e GOSUS 30000 \. REI1 REAO DATA fllE •• 
135 REH 
140 REM ***** POST TEST PROCESSING ***~~ 
145 REH . 
146 GOSUB 25200 \. REI1 PREPARE COHHENTS, 
155 GOSUS 24000 \. REM REI10VE OC OffSET. 
160 GOSUS 20430 \. REM USE ~ING WIN()Gl. 
165 GOSUB 22500 \. REI1 flNO EXTREMA. 

• 

-

. , 

/ 
170 GOSUB 22000 \. REM PLOT WINDGlED VATA 
172 GOSUB 24600 \. R01 NORMAllZE X(I) 

, GOSU8 380Q \. REM HAIT THEN CLS. 

174 GOSUB 22700 \. REI1 CONV TO SIN, INTEGERIZE. 
160 GOSUB 20530 \. REM PERI'ORH l'fT. • 
1 e5 GOSUS 22900 \. ~E11 SCAlE, CCNJERT ~CK TO ENGG lNl TS. 
187 GOSUB 24700 \. .REM PLOT SPECTRUH IN RECT COOROS. • 

• 

190 GOSUB 20640 \. REM PLOT AM? SPECTRt~ \. GOSUB 3800 \. REH HAIT THEN ClS. 
195 GOSUB 31000 \. REM PL.OT l.OG~P SPECTRUH . 
200 GOSUB 23000 \. REM PREPARE FOR PHASE SPECT~UH , 
210 GOSUB 23200 \. REI1 PL.OT CUT-ofl' PHASE SPECTRUH \. GOSUB 3S00 
220 GOSVB 26000 \. REI1 PL.OT CUT-Ol'I' AMP SPECTRUH \. GOSUS 3800 

-t:23~OSU8 31500 \. REI1 PRINT FfT REPORT ON eUT-OFF SPECTRUH • 
. : ~46" GOSUB 32000 \. REI1 STATlSTICAl NOISE f'NAL.YSIS. 

:'';'50 GOSUS 32200 \. REI1 PL.OT AMP SPECTRUH WITH CONF UNS. 
". 261) GOSUB 32500 \. "EH PRINT REPORT eN NOISE SUeTRACTED SPECTRUH. 

".330' STOP • 
340 END 
350 REI1 , 
360 REI1 ***** START A GRAPH ***** 
370 REI1 -
380 TEKHODE \. VTMC!OE \. PRINT 'VT-240 (1) OR PLOTTER (2)'; \. INPUT "A2 
39~F9*1 \. II' A2=2 THEN PRINT 'FRACTION 01' l'UL.LSIZE (.75)'; \. INPUT tf9 

,~ 400 YSS."' \. 1 l' A2~1 THEN 430 

~ -' 

~10 If A2-2"THEN,PRINT 'PAPER INSERTED AND PEN READY'; \. INPUT Y8S 
420 IF YSS(>'Y' THEN 410 \. REI1 GOES TO PREV L~. 
430 IF A2*1 THEN TEKHODE(l ,1) 
440 IF A2*2 THEN GRON(2) \. IF 12*2 THEN SIZE(A2,10B*1'9,216*F9) 
'ISO INVEC(A2) \. RErURN 
470 REI1 

• 4BO REI1 ***** AXES ***** 
490 ItEM 
500 AXES(A2,0 ,0) \. AXES·(A2,1.00000E+08,1.00000E+OB) 
510 AXES(A2,-1.OOOOOE+OB,-1.00000EfOB) 
520 RErURN' 
530 REI1 .. 
:540 REI1 ***** LOG-AXES ~** 
5:;0 REJ-( 
555 AXES(A2, 0,1) • 
:560 ÀXES(A2,l.00000EfOS,1.00000Ef08) \. AXES(A2,l.00000E-OB,l.00000E-OB) 
570 RErUJN • 

...... - -

( . 
, , . 
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. . ." 
. . 

700 REM • " , 
701 REM ***** srAP.TING SCREOI ***** ; 

'702 REM • , '. 
709 TEKI10llE , ÎJn\oOE: , wÎ«lAl1I (A$) '-PRINT 'PROGRAM, " ;A~ , PRINT 
710 GDATE(Y9,H9.09) '-PRINT 'DATE •• ;Y9;'~' ;H9;'-';D9 

~ 720 GTIHE:(S9,H9,H9) 'PRINT 'TINE, ~;H91·.·;H9;·'·IS9' ~RINT 
;.Ji 730 P~INT 'ZERO LOAD, srROKE AND ssr' .. 

740 J'RINT 'SET SpANS l: t. 2 AT' n , 1.' , PRII'iT 
750 RETURH 
1500 REM 

. . 
15Q2 REM ***** INTEGERS fOR SCAt,ES ***** 
1504 REM • 
1 Sll6 REM ***** AUGMENT SCAL ING L1HITS **** 

• 

• 1508 REM. 
1510 If X2a l/Z/Tl THEN 1514 , REM SKIP AUGMENT FOR FREQ AXIS. 
1512 XI-X1-ABS(XI-X2)/10 , X2=XZ+ABS(XI-X2)/10 
1514 YlaYI-ABS(YI-Y2)/IQ '\ Y2=Y2tABS(YI-Y~~ 
1559 REM 
1560 REM ***** AeSCI~SA NIN ***** 
1561 REM • 
1:562 IF X1=O THEN 1566 , If Xl>C' THEN 1~,'5· 

• , ~ , , , 

1563 X3=Ij)A INT(LOGH'(ABS(XI ;) -1 .' l''Ti. AE<S(XI )/00' INT( LOG10(ABS(Xl» -1» )tl) 
1564 X3=-X3 , GO TO 1568 '". 
1565 X3=10A INT(LOGI0(AE<f(XI) )-1 ) .. II'iT «AeS(XI )/(10' INT (LOGI0 (~S(Xl» -1» )-1) 
1'66 I~ X1=O THEN X3=0 ' 
1567 REM " 
1568 REM ***** AeSCISSA MAX ***** 
1569 REM 

•• 

1570 IF X2=0 THEN 1574 , If X2>O THEN l'S73 • • 
1571 X4DI0"INT(LOGI0{AeS(X2»-I)+IIJT«~eS(X2)/(10"INT(LOGI0(AeS(X2»-I»)-I) 
1 572 X4=-X4 , GO TO l'li75 -' _ • 
1573 X4=10"INT(LOGI0(ABS(X2»-I)*INT«AeS(X2)/(10"INT(LOGI0(ABS(X2»-I»)+I) 
1574 If X2=0 TH~ X4=O 
1575 REM r 
1576 REM ***** ORDINATE NIN H*>* " 
15nREM" . 
1:s<'8 IF Y1=O THEN 1582 , If Yl>O T.!iEN 1581 .,J". ... 

~ 1~79 Y3-10"lNT(LOGI0(AeS(Yl~)-I)*INT«AeS(Yl)/(10"INT(LOGI0(AB~»-1»)+1) 
1 580 Y3Io~Y3 , GO TP 1582 • . 

- 1581 Y3m l0"INT(LOGl.O(ABS(Y!» -1)* INT( (ABS(Yl )/(10"INT (LC'310(ABS(Yl) )-1»)-1) 
1582 IF YI-0 THEN Y3=0 • 
1583 REM 
1584 REM ***** ORDINATE MAX -1.**** 
1585 REM • 
1586 IF Y2cO THEH 1590 , IF Y2)0 THEN 1589 • • 
1587 Y4-10"INT(LOGl~(ABS(Y2»-I)*INT«AeS(Y2)/(10"INf(LOG10(A8S(Y2~)-1»)-1) 

'1588 Y4--Y4 , GO TO 1590 ' ' • 
1589 Y4.10"INT(LOG10(ABS(Y2»~I)*INT«AeS(Y2)~'10tINT(LOGI0(ABS(YZ»-1»)+I) 
lseO 1 F" Y2-0 THEN Y4=0 ' ' " ' 
1591 REM" • " , " 
1592 XS-ASS(X4-X3)/5 \ :!l=ABs(Y4-Y3)/5 -' : 
1593 1 Fe X2-1/2/Tl THEN ETUI'.N '\ REM Ol> NOT SCALE FOR FREQ DOM<\ 1 N. 
1594 SCALE(A2,O,X3,X4, ,V4) '\ y~c(X4-X3)/5 'YS-(Y4-Y3)/5 . 
1597 RETURN 
3800 REM 
3810 REM ***** W<IT THEN CLS ***** 
3820 pP1" , • , • 
3830 y~",. '. ft/l'UT Y~ , Y~=" '. TEK/iOtIE , VTI1QDE , IF" f\2-Z.1"HEN GROfF(2) 
3840 RETUI'.N • • • . • '. 

- 4:S00 REM ,._, 
6000 REM • 
6QI0 REM *fkf<* BUSY PLOT CCC't1ENTS ***** 
6020 REM' '.: , • 

, 

60ZS ImEC(A2) , PHYL(A2.0,100*f9,O,tOO*F9) 'SCAt.E{AZ,O,O,100,O,100) , 
6030 COMH(A2,XI~,I,100) , REM,NETHQj) & NODE.' " 
603S CCM1tA2,X~.,1,96) , REM WlTERIAL NANE & Tq1P. , 
6040 COMH(A2,X3S,1,S2) , REM 8EAN & PROGRAN N~RS, 
60'15 Cf.H1(A2,X4~,1,8B) "'REM SHIH THICKNESS .... -
6050 Cf.H1(A2,X~,l;84) , REM OPERATOR. ' • 

" 

~ 6060 C011(A2,X6~,!.,8() " ~a'H:X.pO'lENT , rORCE l'i1P-N. 
'. 6070 COI't1(A2,X7S,1,76) , REM HALF"CYCLE TINe. . . 

6080 C(H1(Â2(X~,l,72) , REM WHICH CYCLES '·PTS/CYCLE. • 
608S C011(Aj!,XgS,1,68) , REM LOAD-S~-srRAIN RS. 
6090 C011(A2,Y~,l ,64) , REM LOAD NOISE, 
609S C(H1(A2,Y1~,1,60) \ REM $ST,STR NOISE. 
7010 C011(A2,Y7~,l,56) '\ REM OATE. 
701~COI't1(A2,Y6~,1,5Z) , REM TIHE. 
70Z0 RETURN 

• • 
• 

; 
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8000 REI1 1 

• 

• 

. 
• 

SOlO' REI1 ***** ENLARGEO PLOT CCffiENTS i
l S020 REI1. " __ • 
• ~ ,S030 JNVEC(A~) " PHYL(A~,O,lOQ*F"~,O,100*F9) " SCAlE(~,O,O,lOO,O,lOO) 
., S040 .eaff<l<~IXl$,l,lOO) " REI'\ NETHOD & HODE • " 

~050 CCffl(A~.X2S,l,9G) " REI1 ~TERIAL NAHE & TEI1P. 
1I0~1 ClH1(A~.X3$,1,n) " REtf SEAl1 & P.ROGAAH NUiBERS. 

/ 
S05~ ClH1(A~,X4S,1,SS) , REtf SHIM THlcrne;sS • 

. S060 CCffl(A~.XG"..l.SO) , REtf EXP«~ENT & FORCI!: AHP-N. 
8070 CCffi(A2,X7S,1,7G' 'REM K4(;C~r.LE TIHE •. ---
S120 RETURN 
8seO REtf .' 
8510 REtf ****~ SAvE TO F"LOPPY ****~ 
85~0 REI1. 
6530 TEKMOOE 'VTHOOE • 
8540 YSS.·· , PRINT Nl,'DATA PTS. SAVE', , INPUT YSS 
S550 IF Y8S~'N' T~ 8650 
8560 PRINT ':rEST n~e:-, , INPLlI f'1$ 
8570 F2S-'OU1:'+F1S 
8580 AS-F2S.' GOSUe ~ooo , REM CHECKS FOR PRIORS, 

,6650 'l'6h" " PRINT 'SAVE lST CYCLE', , INPUT YSS 
8660 IF YSS~:N' THEN RETURN 
8670 PRINT 'lST CYCLE rILENAME'; , INPUT F3S' 
8680 F4s.·OU1:'+,3S 
8690 AS-F4S , GOSue ~~oo '·REM ~HECK~ FOR PRIORS. 
e70~ETUP.N ~> 

9000 REI1 
9010 REI1 ***** CHECKS fO~ PRIOR~ ****~ 
90~0 REI1 • 
9030 FINOfILE(A$.S~) , REtf CHECKS fOR EXISTENCE. 

• 

9040 YSS",· , If S~<>-8 THEN PRUIT AS;' W<Y EXIST, OVERI<RITE'; , INPUT YSS 
9050 If YSS<>'Y' THEN GOSue ~200 
906.0. RETURN , REH DEfAULTS WITH RETURN. 
9070 REtf 

,. 9200 REI1 
" 9210 REI1 ****t SAVE A fILE TO FLOPPY ***** 

92~0 REI1 
9230 .oPEN AS fOR OUTPUT A' FILE _1 DoueLE SUF . 
9~40 FOR 1-0 TO Nl-l 'PRINT .l,VA1(I,1),VA~I,2),VA1(I,2),VA1(I,~),VA1(I,5) 
9250 Noo 1 • 

, 

.9260 ClOSE 

.9270 RETURN 

.9500 REI1 • 
9510 REtf ***** PRINT REPORT FOR fi LE C« FLOPPY ***** 
9520 REI1 
9530 PRINT 'PRINT.' rRINT. 'PRINT 'PRINT 'REPORT ~ ',F2S;'- & ',f4$ 
9540 PRINT 

'. 9550 PRII{T X2S ,XSS 
9560 PRII{T X4S,X5s 
9570 PRII{T X6S,X7$ 
9580.PRII{T XSS,X~s 
9590 PRII{T Y5s,Y4S 
9600,<PRII{T Y7s,Y6S 
9610 PRII{T 'LVDT CAL- ';K1;' IN 9 10.V.· 
96~ PRII{T 'LOAD CAL. ';K2;' V/KG H~G HASS ~ RS lOOY.· 
9630\PRII{T 'SST CAL- • ;K3;' V/KG H(.NG ~SS ~ RS-100:>" 
9640 PRIN! 'SEAN DEFLECTI~ CC«ST-' ;K51~ HPA/KG' 
9650 PRIIiI' 'CAPACIT~CE PROSE"; \-INPUT YSS 
9660 PRII{T 'ATtENUATI C« HETHOO'; , INPUT. YSS . 
9m PP:II{T "I>RII{T 'PRIN'!" 'PRII{T. .. 
S68!1 CUISE ,- I\ETURN 
200~O REI1 - ' 
20430 REl1 .,' 
20440 REM ***** HANNING VINOC~ (REf. 14,8) ***** 
20450--"R01' • 

.. 

, 

• ,20451' )'SS ... • , PRINT '1-IINoté~: HI=HI1NG U) OR RECT (;!)"; , INpUT Y8$ 

(
20455 FOR 1.0 TO NI';'l .• '. ,_ 
2049P IF Y~-'l' THD~ X(I)-vAl(I.2)*.S*(1-COS(~PI*I/(Nl-l») , REM HANNING WIN. 
204'1 IF Y8~-'2' THEN X(I)-vA1C~,2) , REM RECT WIN~OW. 
20496 Noo 1 _. '. • . 
205o,P_RET~RN •• 

• 20530 REI1 •. , 
2054(1; ,REI1. ****.. l'ORHAR() rn,' "'#*" 
2O~ .. ~EM __ ; . 

_ ;;10:560 ~~Rlm. 'F~'\R[) fr-J JI( PROG6E;SS' . -.. -. 

." 
• , . ....,... .... • 
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20570 X-O , -,â.' ' 
20575 SINSCS IN1) ,~ PRECALCUL~ES SI~E-COSI~E TABLE. 
20580 PACK(X\O).Nl) ~-
20590 fFTI(O.X(O).X(O» • 
20600 UNPK(X(O),Nl) 
20620 R(2)c~2'X*X(<*Z)/32767 , 1(2)m2*2'X*X(2*Z+1)/32767 
20630 RETURN 
206~0 REI1' 
20650 REI1 ***** PLOT AMPLITUOE SPECTRUH ***** • 
20660 REI1 , ) 
2067P TEKMOOE , ERASE . 
20680 GOSUB 360 , REM START A GRAPH 'GOS08 8000 , REM COMMENT. 
2Q684 PHYL(A':I.0.l00*,9,O.70*F9). 
20685 GOSU8 31300 , REM MAX 1'l1?, . 
20686 REI1 H9=H91'40 ',I\El1 BL~ UP CRESTS.· 
20699 SCALE(A2.0,O.1/(2*Tl),O,l.1*H9) 
20692 LABEL(A2.'FREQUENCY, HZ','FORCE AMP-N',l/10/Tl,l.1*H9/.S,l) 
20696 GOSUB ~70 , REM AXES 

\ 20704 fOR 1=0 TO N1-1 STE? 2 
20708 A=2*SQR(X(I)'2+X(I+1)'2) 
20712 PLOT(A2,1/N1/2/T1 ,A) , REI1 (FREQ,AMP) 
20713 NEXT 1 • 
20716 INVEC(A2) , PLOT(A2,1/(3*T1) ,0) , PLOT(A2,l/(3*Tl),l.1*H9) 
207:10 RETURN 
20820 REI1 
20830 REM ****~ REAL/IMAG. GRAPIÜCS **** 
208~0 REM 
208S0 ' INVEC(A2) 
20860 TEKMOOE(l,l).' ERASE 
20870 PHYL(A2,O,100,O,90) 

..... '20880 SCALE(A2,l,-.2,.2,-.2,.2) 
20890 LABELCA2,'REAL',"IMAGINARY',1/5.1/S,1) 
20900 GOSUB 20380 , REM AXES 
20910 fOR 1=1 TO 2 , 
20920 PLOT(A2,(l,O) , PLOT(A2,R(I'), 1 (1» 
20930 MARK(1. l ,R(I) ,1 (1 ». 
209~0 NEXT l 
20950 INPtIT A9S 
20960 VTI100E • 
20970 A1=ATN(I(1)/R(1» , A2=ATN(I(2)/R(2» 
20980 SOSOR(R(1)'2+1(1)'2) , T=SOR(R(2)'2+1(2)'2) 
21000 REM TO 1 S SCALE FACTOR -
21010 TO-1 
21020 REM SO IS SCAL& FACTOR FOR FORCE 

~ 21030 SO-l • 
210~0 PRINT 'G'.';T*TO*CO~(~2-A1)/S/SO.'G'=';T*Tb*SIN(A2-A1)/S/SO 
21050 PRINT ' ,<CR> TO CONTINUE'; , INPtIT A'S • 
21060 TEKMOOE , ERASE 
21070 PHYL(A2,O.100,O.45) 
21U80 SCALE(A2,1.0,40*'l,.Ol,10) 
21090 LABEL(A2,'FREQUENCY' ,'G*' ,1/10/Tl;10.1). 
21109 FOR J=l TO N1/2 

\ 

.. 
\ 

21110 G.TO*S~(VA2(J*2.Z)·2t~2(J*2+1.2)·2)/SO/SQR(VA2(J*2.1)'2~2(J*2~1.2)'2) 
211~0 P~OT(A2,J/Nl/T1.G) • 
21130 NEXT J 
211~ PHY~(A2,O,100,SS,90) 
211~0 SCA~E(A2,1.0,40*rl,-2,2) • 
21160 LABE~(A2,'FREQUENCY'.:TAN DE~TA',1/10/Tl.l0.1) 

# 21170 FOR J-O TO NI/2' , 
21180 AaATN(VA2(~J+I,2)/VA2(2*J,2»-ATN(VA2(2*J+1,~)/VA2(2*J.l» 
21190·PLOT(A2.J/Tl/N1,A) 
21200' NEXT J n 2121t)' Gp TO 4140 

_ 21220 FGSTOP , EllC> 
21230 REI1 , . 

, 21240 REM ****~ HAT(H TEST t ~p fREQUENCI~S fOR FfT ***** i 

• 
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229Sp V~~_"" , PRINT "RESTORE OfFSET', , INPUT Y8$ 
22975 IF Y8S-"V" THEN XCO)=XCO)+HCO) , REM RESTORES OffSET 
22980 RETURN 
23000 REM 
23010 REM ***** PREPARE fOR PHASE 5PECTRlt1 ***** 
23020 REM 
23030 PRINT 'SIN ESTIt'ATE FRCt1 AMP SPECTR\i1', , INPUT NO 
23160' RETURN ..... ~ 

, 23200 REM ." f 
23210 REM ***** PLOT PHASE SPECTRlt1 ~**** • 
23220 REM 
23230 TEKMODE , ERASE 
23240 GOSUS 360 , REM START A GRAPH 'GOSUS 8000 , REM COMMENT. 
23250 PHYLCA2,O,100*F9,O,70*F9) 
23252 GOSUS 31300 , REM t'AX AMP. 
23255 GOSUS 27000 , REM SIN COMMENT. 
23260 GOSUS 470 , REM AXES 
23262 SCALE(A2,O,O,l/C2*T1),O,2*PI) 
23264 LABELCA2,,"fREOUENCY, HZ',PHASE-RAD!,l/10/T1,PI ,1)-
23270 FOR 1=0 TO N1-1 STE~ 2 

.. 23275 GOSUB 26710 , REM PHASE CALCULATI ~S. 
23320 PLOT C A'2 ,11N1/C2*T1) ,P)' ~ REM (FREQ ,PHASE) 
23325 NEXT l ' 
23326 INVECC~2)" ~LOT(A2,l/~/T1,O)~ PLOT(A2,l/3/Tl,2*PI) 
23330 RETURN 
23500 REM 
23510 REM ***** ARCTANGENT fOR CONTINUOUS PHASE ***** 
23520 REM •• 
23525 paO . 
23530 S=5GN(X(I»*SGN(X(I+1» , REM >0 FOR lST/3RD, (0 FOR 2ND/4TH. 
23540 IF 5(>0 THEN 23600 

• 

23550 IF X(I+1»0 TftEN P=PI/2 , IF XCI+l)(O THEN P=-PI/2 , REM IM(X)=O 
23555 IF~CI)=O THEN poO , REM RE(X)=O 
23560 RETURN 
23600 1 F 5>0 THEN 23700 .' • • 
23610 IF XCI)(O THEN P-ATN(X(I+l)/X'h»+PI , REM 2ND QUAORANT. 
23620 IF X(I»O THEN P=A.TN(X(I+1)/X(I»+2*f'1 , REM"4TH QUADRANT. 
23630 RETURN ' 
23700 IF XCI+1»O THEN PcATNCX(I+1)/x(I» , REM lST QUADRANT. 
23710 IF XCI+1)<0 THEN P'cATN(X(I+l)/xCI»+PI , REM 3RD QUADRANT. 
23720 RETURN.. . 
24000 REM ~ 
24010 REM ~** REMWE OC OfFSET ***** 
24020 R<t1 , 
24500 OIH HC 2) 
24510 M(O)=O 
24520 FOR 1=0 TO N1-1 , M(O)=MCO)+XCI) , NEXT l , ~(O)œH(O)INl 
24530 FOR 1-0 TO N1-1 , X(I)=XCI)-HCO) 'NEXT l , REM SUBTRACT OFFSET. 
24535 ijilNT MCO) 
24540 RtTURN 
24600 REM 
24610 REM ***** NORHALIZE XCI) ***** 
24620 REM 
24625 V9-X(0) 
24630 FOR 1-0 TO N1-1 , IF ABS(X(I»)ABSCV9) THEN V9cABS(XCI» 
24632 NEXT 1 
24635 fOR '1-0 TO H1-1 ',XC,I)=X(J)/v9' NEXT l 'REM NOf<M'\LIZES. 
24640 RETURN 
24700 REM 
24710 REM ***** PLOT SPECTRUH IN RECT COORDS ***** 
2472CJ REH 
24730 TEKMODE , ERASE 

( 
24740 GOSUB 360 , REM START A GRAPH, 'GOSUS 8000 , REM COMMENT. 
24744 GOSUS ~5000 , R<t1 RECT EXTREMA. 
24765 PHYLCA2.0,40*f9,O.70*f9) 
24766 Xl-0 , xa-l/2/Tl , Yl-H9(2) , Y2-H9(1) 
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22~5p y~,-"" , PRINT "RESTORE OFfSET', , INPUT Y8$ 
22~75 If Y8s."y" THEN X(O)=X(O)+MeO) " REM RESTORES OFFSET 
22980 RETUf<N ' 
23000 REM 
23010 REM ***** PREPARE FOR PHASE SPECTRU1 ***** 
23020 REM 
23030 PRINT 'SIN ESTIMATE FRCt'! UiP SPECTRÛ1"; " INPUT NO 
23160 RETURN '\ J 

• 23200 REM ." 1 
23210 REM ***** PLOT PHASE SPECTRU1 ~**** • 
23220 REM 
23230 TEKMODE , ERASE 
23240 GOSU8 360 , REM START A GRAPH "GOSU8 8000 " REM COMMENT. 
23250 PHYLeA2,0,100*f~,O,70*F~) 
23252 GOSUS 31300 " REM MAX UiP. 
23255 GOSU8 27000 " REM SIN COMMENT. 
23260 GOSU8 470 " REM AXES 
23262 SCALEeA2,O,O,l/(2*T1),O,2*PI) 
23264 LABEL(A2,,"FREOUENCY, HZ", ·PHASE-RAO!.,l/10/Tl ,PI ,1)_ 
23270 FOR 1=0 TO N1-1 STE~ 2 

.. 23275 GOSUB 26710 , REM PHASE CALCULATI Ct-IS. 
23320 PLOT(A'2,IINl/(2*T1),P)'~ REM (fREQ,PHASE) 
23325 NEXT l ' 
23326 IMlEC(1\2), " ~LOT(A2,l/3/T1,0) ~ PLOT(A2,l/3/T1,2*PI) 
23330 RETURN 
23500 REM 
23510 REM ***** ARCTANGENT FOf< CONTINUOUS PHASE ***** 
23520 REM • 
23525 poO -

;, ", -. 
23530 S=SGN(X(I»*<GN(X(I+1» " REM )0 FOR lST/3RO, <0 FOR 2NO/4TH. 
23540 If SelO THEN 23600 

• 

23550 If X(I+1»O TftEN P=PI/2 " IF X(I+1)<0 THEN P=-PI/2 " REM IN(X)=O 
23555 If '):(1 )=0 THEN poO " REM RE(X)=O 
23560 RETURN 
23600 IF S>O THEN 23700 '.' • • 
23610 IF X(I)(O THEN P-ATN(X(I+1)/X('!»+PI " REM 2N0 QUAORA'IT. 
23620 IF X(I»O THEN P~TN(X(I+1)/X(I»+2*~1 " RENr4TH QUADRA'IT. 
23630 RETURN • 
23700 IF X(I+1»0 THEN P=ATN(X(I+l)/x(I» " REM lST QUADRA'IT. 
23710 IF X(I+1)<0 THEN ~=ATN(X<I+1)/Xel»+PI " REM ~RD QUADRA'IT. 
23720 F\ETURN .. 
24000 REM ~ 
24010 REM ~*** REMC'JE OC OFFSET ***** 
24020 REM 
24500 DIH MC 2) 
24510 MeO)=O 
24520 FOR 1=0 TO N1-1 " H(O)=11(O)+xel) " NEXT l " t-I(0)"f1CO)1N1 
24530 FOR 1-0 TO N1-1 " X(I)=xel)-HeO) " NEXT l " REM SUBTRACT OFFSET. 
24535 ijilNT M(O) 
24540 RtrURN 
24600 REM 
24610 F\EM ***** NORHALIZE X(I) ***** 
24620 REM 
24625 V9-X(0) 
24630 FOR 1-0 TO N1-1 , IF ABS(XCI»)A9SCV9) THEN V9-ABSeXel» 
24632 NEXT 1 
24635 FOR '1-0 TO Nl-1 " XC,Il=X(I )/v9 " NEXT l " REM NORMALIZES. 
24640 RETURN 
24700 REM 
24710 REM ***** PLOT SPECTRUH IN RECT COOROS ***** 
24720 REH 
24730 TEKNODE " ERASE 

( 
24740 GOSUS 360 " REM START A GRAPH, "GOSUS 8000 " REM COMMENT. 
24744 GOSUS ~5000 " REM RECT EXTREMA. 
24765 PHYLeA2,O,40*r9,O.70*r9) 
24766 Xl-0 , XZ-l/2/Tl " YI-H9(2) , Y2-H9Cl) 
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24768 GOSUB 1~OO , REM INT. 
24770 SCALE(A2,O,O,1/2lT1.Y3,Y4) , REM OVERR 
'2477~ LABEL(A2,'FREO, HZ',"RE-N',1/2lTl/5, 
24780 GOSUB 470 , ~EM AXES. • 
24790 FOR 1-0 TO Nl-l STEP 2' REM STEP 2 1 PORTANT. 
24800 PLOT(A2 ,1/(Nl-1)/2171 .X<.I» , REM (FR Q.REAL) 
24BI0 NEXT 1 
24820 INVEC(A2) , PLOT(A2.1Y3IT1.Y3) 'flOT( 2.1/3IT1.Y4) ~ REM SAFELINE • 

• 24B30 PHYl(A2.60*f9,100*F9.0.70*F9) • 
24840 SCALE(A2,O,O,1/2IT1,Y3,Y4) , REM OVE IDES PREVIDUS GOSUB. 
24850 LABEL(A2,'FREO, HZ",'IH-N',l/2IT1/S,Y5,1) 
24B60 GOSUB 470 , REM AXES 
24B70 FOR 1-0 TO Nl-l STEP 2' REM STEP 2 IMPORTANT. 
24B80 PlOT(A2,1/N1/2lT1,X(I+1» , REM (FREO,IMAG) • 
2488S NEXT, 1 
24B86 INVEC(A2) , PLOT(A2,1/3/T1,Y3) , PLbT(A2,1/3/Tl,Y4) , REM SAfELINE. 

-'24900 GOSUB 3800 , REM WAIT THEN ClS ,RETURN 
25000 REM _, ___ '' ____ ' ___ 

---- -250~fI1 ,HA" TINlIRE~ EXTREMA ***-
25020 REM . 

, 

( 

( 

25025 SETOIH He(2),H~(2) 
25026 FeR Icl TO 2, H8(ll=X(1) , H9(1)=X(0) , NEXT 
25030 fOR IcO TO N1-1 STE~ 2 
25040 IF X(I»H9(1) THEN H9(1)=X(I) , REM REAL MAX. 
25050 IF" X(I+1»HS(1) THEN H8(1)~X(I+l) , REM IMAG MAX. 
25060 IF X(I)<H9(~ THEN H9(2)=X(I) \ REM REAL HIN. 
25070 IF X(I+l)<H~(Z) THEN H8(2)=X(I+1~ , REM IMAG NIN. 
25080 NEXT il 
25082 If H8(1»H9(1) THEN H9(1)=H8(1) , REM COMMON MAX. 
25084 IF H8(2j<H9(Z) THEN H9(2)=HB(2) , REM COMMON HIN. 
2S090 RETURN • 
25200 REM 
25210 REM *****' COMMENTS ***** 
25220 REM 
2=i230 PRINT 'TlTLE'; 'r- INPUT Xl$ 
25235 PRINT 'MATERIAL'; , INPUT X2$ 
25240 X2$cX~', SOURCE FILE: 'tC1S 
25256 X3S-STRS(Nl)+' POINTS, FREQ = '+STRS(f1)+" HZ, '+STRS(C)~' cYCLÇS.· 
25257 X4S:'N.F.= "+STRoS(l/2ITIH' HZ, DF.'+STRS(l/Tl/Nll+" HZ.' ~ '. 
25270 HHOAHI(AS) ,X6Sc 'PGH: , +AS+ " BY A.J.GIACOMIN, P.ENG.' 
2~300 GDATE(Y9,M9,09j , X7Sc 'DATE, '+STRS(Y9)+"-'+STRS(H9)+'-'+STRS(b~) 
25310 GTINE(S9,M9,H9).\ X7S=X7S+', TINE, '+STRS(H9)+',"+STRS(M9)+':'+STRS(S9) 
2~330'RETURN 
26000 REM 
26010 REM *_ PLOT flLTERED l't1P SPECTRl.t1 +**** 
26020 REM • _ 
26030 TEKHODE \ EPASE 
26040 GOsuè 360 \ REM START A GRAPH \ GOSUB eooo \ REM COMMENT. 
260~0 PHYL(A2,0,100~F9,O,70*F9) 
2605~ GOSUB 27000 , REM S/N COMMENT. 

• 26060 GOSUB 31300 , R!H MAX ANP. 
26110 SCALE(A2,O,9,l/(2*Tl),0,1.1*H9) 
26120 LABEL(A2,'FREOUENCY, HZ','FORCE ANP-N',1/10/Tl,1.1*H9/5,1) 
26130 GOSU8 470 \ REM AXES 
26145 FOR 1-0 TO Nl-l STEP 2 
26150 A-2*SOR(X(I)'2tX(I+l)A2) 
261~2 IF A(H9/N0 THEN A=Q 
261'3 PLOT(A2,1/N1/2/TI,A) , REM (FREQ,AMP) 
26154 NEXT 1 
26180 INVEC(A2) , PLOT(A2,1/(3*T1) ,0) , PLOT(A2,1/(3*Tl).1.1*H9) 
26190 RETURN 
26700 R~ 
26710 REM ***** PHASE CALCULATION ***** 
26720 REM 
26BOO GOSUB 23SQO '~EM ARCTANGENT FOR CONTINUOUS PHASE, 
26810 REM SETS PHASE TO ze:ao HHEN AMPLITUOE INSIGNIFICANT. 
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; '26820 A-2*SQRCXCI)A2+XCI+1)A2) 

" 26822 IF N500 THEN 26840 
'26824 1F A<H91N0~THOi poO . 

• 

26830 REM P.P+,Pl'l2 , ltEI1 CIW-IGES FRCt1 COS SASEO TO SIN SASEO, FFT. 
26840 IF P>'2*PI THOi P,P-2*PI 
26850 RETURN ' 
27000 REM 
27010 REM ***** SIN CCCflEI:IT ***** 
27020 REM 

- 27030 X~.·SIN D -+srR~CNO~ .' 
.27040 COMM(A2,X8~,75,90) 

27050 RETURN 
3000'0 REM 
3001<1 REI'I ****"" LOADS FILE.***** 
30020 REM 
30030 PRINr 'FILENAME'; , INPUT Cl~ 
30040 OPOi Cl~ FOR INPUT AS FltE .1 
30050 FOR 1=0 TO Nl 
30060 INPUT fol,Al,A6,A3,A4,A5- " • ' 

" 

" 

, ' 

30080 VAl(I,l)·A~ 'VA1(1,2)oA6' VAl(I,3).AS' VAl(I,4)oA4' VA1CI,SioAS 
3008S TF END *1 THOi 30100 ~ 
30090 NEXT l' . ' 
30100 CLOSE U 
30110 RETURN 
30120 REM 
31000 REM 
31010 REM ****** PLOT LOG-~P SPECTRU1 ***** 
31020 REM 
31030 TEKHODE" ERASE 
31040 GOSUB 360 , REM START A GRAPH 'GOSVB 8000 , REM COMMOiT 

~ 31050 PHYL(A2,O,100*F9,0,70*F9) 
31075 GOS\18 31300 , REM l''AX ~P. , 

.. 31105 Yl-10ACINT(LOG10(H9»f1) , Y2=Yl/l00000 
31110 SCALECA2,l,O,l/2/Tl.Y2,Yl) 
31120 LABELCA2,'FREQUENCY, HZ','FORCE ~P-N',l/10YT1,2,1) 
31130 GOSUB 540 , REM AXES 
31140 FOR 1=0 TO Nl-l STEP 2 
~1150 A.2*SQR(X(I)A2+X(I+l~~l , REM BY OErN. 
31160 IF A{=O THOi A=Y2 '-REM FOR ZEROES. 
31170 PLOTCA2,1/N1/2/Tl,A) • 
31180 NEXT 1 
31190 INVEC(A2) , PLOT(A2,l/3/Tl.l.00000E-08) , PLOT(A2,l/3/Tl.1.00000E+OB) 
31200 GOSUB 3900 '-REM ~IT 'RETURN 
31300 REM . 
31310 REM '***** F INDS l''AX ~P ***** 
31320 REM 
31322 H9.X(O) " REM STARTING VALUE., 
31325 FOR 1-0 TO Nl-1 STEP 2 
31340 A'2*SQR(X(I)A2+X(I+l)A2} 
31350 IF A)H9 THOi H9-A , REM l''AX ~. 
31360 NEXT l , RETU,RN 
31500 REM 
31510 REM **** .. l'P,INTEO REfORT ON FFT ***** 
31520 REM ' ~ 

31530 PRINT 'REPORT FORTHCOHING. CTR~ PRT-SCR TO PRINT' 
31540 GOSUB 3800 \ REM ~IT 
31570 PRINT 'PRINT "PRINT 
31580 PRINT 'REPORT ON ';Xl~ 
31590 PRINT • 
31600 RRINT X~ " PRINT X~ , PRIN> X4~ 
31610 PRINT X65 , P~ Ir~T X75 
31620 PI\oINT 'SIN- '~NO 

~ 31630 PRINT 
~ 31640 PRINT • 

31650 GOSUB 31300 , REH MAX ~ • 
.. 31660 PRINT -f'REO .HZ- • -REAL.N· ,"IHAG.N- • -U1P .N· • -PHASE .RAO· 

• 
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31670 p~INT 
31680 FOR I~O TO Nl-1 STEP 2 / 
31690 A-2*SQR(X(!)A2+X(I+l)A2) " R81 AMPLITUDE. 
31700 IF A<H9/N0 THEN.31730 
31710 GOSU8 26710 " REM PHASE CALCUlATIa-IS. 
31720 pRI~ l/Nl/2IT1.Xtl)~X(I+I),2*SOR(X(I)A2+X(I+I)A2),p 
31<.30 NEXT l ' _, " 

,31740 pRINT "pRINT "pRINT 
31750 GOSUB 3800 " REM HAIT 
31760 pRINT 'TOGGLE CTRL-pRT OFF"~ GOSUB'3800" REM HAIT 
31770 RETURN • 
32000 REM 
32010 REM ***** STATS: MEAN & STO DEV OF NOISE ***** 
32020 REM 
32030 N4=O "NB=O "N5'0 " K4~0 "REM INIT VALUES. 
32050 'OR I~O TO Nl-1 STEP 2 

-32055 A'2*SQR(X(I)A2+X(I+l)A2) 
32060 IF A>H9/N0 THEN 32078 
32065 NB~S+X(I)+X(I+l) " REM FOR RECT MEAN,-
32070 N4=N4+2*SOR(X(I)A2+X(I+1)A2) " REM FOR POLAR MEAN. 
32074 K4=K4+1 " REM COUNTER, 
32078 NEXT l ' 
32080 N4~4/K4 " REM POLAR STAT MEAN. 
32081 N8=N8/VK4 " REM RECT STAT MEAN. 
32082 FOR 1=0 TO Nl-1 STEP 2 
32086 NS=NS+(X(I)-N8)A2+(X(I+l)-N8)A2 " REM SOM SORS RECT. RESIOS. 
32090 NEXT 1 
32098 NS=NS/VK4 " REM VARIANCE O. NOISE IN RECT. 
32100 NS~SOR(N5/(K4-1» " REM STO. DEV, IN RECT. CDORDS. 
32130 pRINT 'POLAR MEAN. ';N4;', RECT STO DEV: ';NS 
32140 GOSUB 3800 " REM HAIT. 
32150 RETURN 
32200 REM 
32210 R81 ***** PLOT NOISE SUBTRACTEO AMf> SPECTROM ***** 
32211 REM !-IITH CCNFloENCE INTERVALS 
32220 REM ' 
32230 TEKHOOe: " ERASE """ , 
32240,GOSUB 360 " REM START GRA~" GOSUB 8000 " REM COMMENT 
32250 T>HYl(A2,9-ri~,0,70~) 
32260 GOSUB 27000 " REM S/N COMMENT. 
32275 GOSUB 31300 " REM-MAX ~f>. 
32276 HS=H9/40 " REM HAGNlf'Y TRLNKS. 
32280 SCALE(A2,O,0,1/2ITI,-N4~2*N5,1.1*H9) 
32290 LABEL(Ai, 'FREQUENCY'" HZ' ,'FORCE-N' ,1/10/Tl ,1.1*H9/5 ,1) 
32300 GOSUB 470 " REM AXES~ • 
32360 INVEC(A2) " pLOT(A2,1/3/T1 ,0) " PLOT(A2,1/3/T1,1,1*H9) 
32365 REM UPPER COOF LIMIT. ~ • 
32370 INVECMZl " FOR 1-0 TO Nl-1 STEP 2. • 
32380 A-2*SOR(X(I)A2+X(I+l)A2)-N4+SQR(Z*2*NSA2) " REM 9~ Ca-I •• 
32390 PLOT(A2,1/N1/2IT1,A) " R€H (FREO, UPPER LIM) 
32400 NEXT 1 
32410 R81 LOWER Ca-I. LIMIT. 
32420 INVEC(A2) " FOR 1-0 TO ~1 STEP 2 
32430 A-2*SQR(X(I)A2+X(I+l)A2) 4-NS*SOR(2)" REM 9~4 CCN' •• 
32440 PLOT(A2,1/N1/2ITI,A) " REM (FREO, LOWER LIN) 
32450 NEXT 1 ) 
32480 GOSUB 3eOO " REM HAIT . 

•• 32490 RETURN 
32500 R81 
32510 REM -*** PRINT' REPOl\T a-I NOrSE SUeTRACTeo. SPECTROM __ * • 
32520 REM 
32530 PRINT 'STA~ REPOl\T FORTHCOMING: CTRL PRT-SCR TO PRINT' 
32540 GOSUB 3800 " REM WAIT 
32570 PI\IN1' "PRINT "PRINT 
32580 PRINT 'REPORT ON ',X1S 
32585 pI\INT 'C(t1Pa-IENTS KNC.W-I !-IITH AT LEAST 95Y. CCNFIOENCE' 
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325:10 PRINT 
325:15 PRINT "POl.AR HEA'/: ";N4;', RECT STD DEV: "IN5 • 
32600 PRINT X2S , PRINT X3$ , PRINT X4~ 
32610 PRINT "S/N~ • ;NO 
32620 PRINT X6~ , PRINT X7~ 
~2630 PRINT 'PRINT 
32650 GOSUS 31300 , REM MAX AMP. 
32660 PRINT "FREQ,HZ','REAL,N','IMÀG,N','AHp',N","P~SE,RAD" 
326S0 FOR 1-0 TO N1-1 STEP 2 

• 326!l0 Aa2*SQR(X(I )A2+X<I+1)A2)-N4 , REM NOISE SUBTRACTED AMP. 
32700 IF A(NS*SQR(2) THEN 32730 
32710 GOSUS 26710 , REM PHASE CALCULATIONS. 
327?0 PRINT 1/N1/2IT1,X(I),X(I+1),A,P 
32?-30 NEXT 1 
32740 PRINT 'PR1NT 'PRINT 
32750 GOSUS 3800 , REM HAIT 
32760 PRINT 'TOGGLE CTRL-PRT OFF' , GOSUB 3800 , REM HAIT 
32765 RETURN 
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LIST 

CALI7 

. . 

5-Aus-a6 

. . 

. ~. 
, 

HTS 77~~BASIC vo~.oa. 
io REM 
20 REM 
30 !lEM 
40 REM 
50 Cl'"l 

TRANSO!JCER.,cAL.LBRATI.a-I'.1'ROGMtv 

• ey T. SAHURKAS & A,J.' GIACOM'IN 

60.0lH Nel,l) • 
70 FG~P " AOSTOP , REM A GOOO IOEA 
ao TEKMOl'f ' VTHOOE ,. REM CLEARS SCREEN 
90 WHOAHI(AS) , PRINT 'PROGIlAH, 'lAS \. PRt~ 
95 GOsuà 1500 \. MJ1 GENERAL INFORHATIa-t.' 
100 PRINT 'HOW. MI'«( TESTS' i , INPlIT NI 
110 PR1NT 'HOW HPNY POINTS PER TEST' l , INPlIT N2 , 

.' 

, 

" 

120 N3m(N~I)-1 \. SETOIH A(N3,3) , REM OYNAMIC OIHENSI~lNG 
130 .• N4cN2-1 \. SETOIt1 O(N4,2) , REM BABY CATA ARRAY. ~ • 
140 REM . • 
150 REM ***** CALIBRATla-t HEASUREMENTS ***** ' 
160 REM 1 
170 PRINl 'REAOY 'FOR TEST $' ICl; \. INPlIT Yl$ " -
180 REM 
190 PIUNT. , PRINT 'TOTAL WEIGHT, KG"; \. INPlIT Wl 
200 CKTIHEO, .5,Zl) • -
210 AOTIHEO(l,O,,2,2,l,l) 

~ 220 AOINIT , ADGO' 
236 IF 0'*'2-1 THEN 250 

.... 240 IF 0<N2-1 THEN 240 
250 CI-Cl+l 

.. 
260 AOSTOP , CKSTOP 
270 FOR 1-0 70 N4 
2eo PRINT 0(1,1),0(1,2) 
290 A«Cl-2)*N2+I,l)cELEVEL(0(1.,l» \. REM STORES SS'T. 
300 A«Cl-2)*N2+I,2)cELEVEL(0(I,2» \. ~EM STORES LOAD. 
310 A«Cl-2)*N2+I,3)cWl 
320 NEXT 1 
330 PRINT 
340 FOR 1=0 TO N3 
350 PRINT A(I,l),A(I,2),A(I,3) 
360 NEXT 1 

%~ :~ gi:i~i ~~g: :~~NT 'CALIBRATIa-t CCffi'LETE" 

390 PRINT 'READY FOR TEST $' ICI; \. 'INPlIT Yl$ 
400 GO TO 190 
410 REM 

" . 

420 REM ***** FIND t-.t1AX, LOMIN, LOMAX, SSTHIN, SsTMAX ***** 
430 REM 
440 W2-A(l,3) , Vl.A(l,l) \. V2:A(l,l) \. Pl=A(l,2) , P2=A(l,2) 
450 PRINT·W2,Vl,V2,Pl,P2 \. REM STARTING VALUES 
460 REM 
470 REM DO 'LOOP 
480 REM 
490 J.O ~ 
SOO IF A(J,l)(Vl THEN vl.if(J,l) 
510 IF A(J,l»V2 TH~ V2aA(J,l) 

, 520 IF A(J,2)<Pl THEN Pl a A(J,2) 
530 IF'A(J,2»P2 THEN P2aA(J,2) 

~. 555400 IF A(J,3»W2 TH~ W2'À(~,3) 
_ J-J+l 

S60 IF J<aN3 THEN 500 , REM ENOS 00 LOOP 
;w- ... 
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• 580 REI1 ***** LINEAR REGRESSION OF CA\.I8RATlON I1EASTS. ***** 

( 
" ' 

( 

590 REI1 _ 
.. $;00 REI1 N2*Nl IS THE NttIBER OF DATA POINTS. 
- 610 REI1 SCHEME: CaiPlITE Y(Jt,X,Sl,SZ THEN GET Ba ANO Bl. 

620 REI1 • 
630 OIH Y(Z),X{Z),Sl(Z).S2(2).BO(2).Bl(Zt 
640 FOR Jel TO 2 
650 FOR laO TO N3 
660 Sl(J)-Sl(J)+A(I,3)*A(I.J) 
670 S2(J)-S2(J)+AO ,3)A2 , 
660 X(J)=X(J~+A(1.3) . 
690 Y(J)aY(J)+A(I.J) 
700 NEXT 1 
710 X(J)=X(J)/(N2*Nl) , Y(J)=Y(J)/(N2*Nl) 

• 

720 Bl(J)a(51(J)-N2*Nl*X(J)*Y(J»/(S2(J)-N2*Nl*X(J)'Z) , REI1 Bl(J) 15 LS 
.730 BO(J)aY(J)-Bl(JI*X(Jr , REI1 60(J) 15 LS ESTIMATE OF Y(J)-INTERCEPT. 

740 VTI10DE • 
750 PRINT ·BO(·;J,,·)=·;BO(J);·V.·.·Sl(·;J;·)=·;81(J);·V/IiG,· 

• 760 NEXT J 
640 N8=(VZ-Vl) 
850 N9=(PZ-Pl) 
B60 REI1 
670 GRATTACH(Z,2.Y9) 
B80 PRINT 'VT-240 (1) OR PLOTTER (2)'; , INPlIT A2 
690 IF A2=2 THEN GRON(A2) 

• 

900 IF A2=2 THEN PRINT 'FRACTION OF FULLSIZE (.75)'; , INPlIT F9 
905 IF A2=2 THEN GRON(2) , IF A2=2 THEN SIZE(A2.10B*F9.216*F9) 
~~ IF A2~1 THEN F9=1 
920 REI1 
930 REI1 " 
940 REI1 ***** SST CALI8RATIIX'I GRAPHICS ***** 
950 REI1' 
960 IF A2KI

J
THEN TEKHODE(1.1) 

970 PHYCtA2,0.F9*40,O,F9*70) 
980 5CALE(A2;O,-.1*W2.1.1*W2,Vl-.l*(V2-Vl),V2+.1*(V2-Vl» 
990 LABEL(A2.·WEIGHT. KG·,·SST-OV·.W2/4.NS/S,1) 
1000 AXES(A2.0.0) , AXES(A2.100,100) , AXES(A2.-100,-100) 
1010 FOR laO TO N3 
1020 HARK(A2.1,A(I.3),A(I,l» 
1030 PLOT(A2.A(I.3).BO(1)+Bl(1)*A(I.3» 
1040 NEXT 1 
1050 INVEC 
1060 REI1 
1070 RÉN ***** LOAO CELL CALIBRATlIX'I GRAPHICS ***** 
10BO REI1 
1090 IF A2al THEN TEKHODE(l.l) 
1100 PHYL(A2,5S*F9,9S*F9.0.70*F9) 

, 
l11a ~CALE(A2,0,-.1*W2,1.1*W2,Pl-.1*(P2-Pl),P2+.1*(P2-Pl» 
1120 LABEL(A2,·WEIGHT. KG·,·LOAD-OV·,W2/4.N9/S.1) 
1130 AXES(A2.0.0) , AXES(A2.100.100) , AXES(A2.-100,-lOO) 
1140 FOR 1-0 TO N3 
1150 HARK(A2.1,A(I,3).A(I,2» 
1160 PLOT(A2.A(I.3),BO(2)+A(1.3)*Bl(2» 
1170 NEXT 1 
1180 II'N,EC 
1190 REI1 
1200 REI1 ***** GRAPHI CS Ca-T1ENTS +**"'* 
1210 REI1 
1220 INVEC 
1~30 IF A2Ll'THEN TEr~ODE(l;l) 
1240 PHYL(A2.0,9s*F9,eo*rS.l00*r9) 
1250 AXES(A2.100,100) , AXE5(A2.-100.-100) , REM DRAWS BOX. 
1260 SCALE(A2,O.O,100.0,10) 
1270 GDATE(Y9,H9,09) , OS-STRS(Y9)+'-"+STRS(H9)+'-'+STRS(09) 
1260 GTIHE(59.H9.H9) , TS-STRS(H9)+":"+STRS(H9)+':'+STRS(S9) 
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\~ l~~U C~E·OAI~: -~~., rlM~: ~Tt.T-. ~T: -~~ 

1300 CSS.'.8EAH NO. '+B~+o, PROBE NO. '+P9S+", T~ '+T9S+o C.' 
1310'COMH(A2,C~,lt8) '\ COMH(A2,CSS,l,S) 

--

1320 A9S.'PROG~: '+AS+', '+STRS(Nl)+' TESTS, 0+STRS(N2)+' P~/TEST.' 
1330 COMH(A2,A~,l,2) t 

• 

.. 

1340 INIIEC , 
1350 PHYL(A2,O,F9*100,O,F9*100) 
1360 SCALE(A2,O,O,100,O,100) •• 
1~70 81S·STRS(B1(2)*1~100~L(R6S» '\ VS=' V/KG' '\ C2S=81S+VS-~ 
1375 REM CONV€RTS OV TO V AT RS=100%. c . 

" 

1380 COMH(A2,Ç2S,E;Q ,65) • 
1385 LSS·'RS= '+R5S+""Y.'· , COMH(A2,L5S,5,60) 
1390 B1S=STRS(Sl(1)*10*100/VAL(RSS» '\ C1SFB1S+V$ 
1395 REM CCNJERTS OV TO V AT RS=100%. • 
1400 COMH(A2;C1S,5,65) • 
141G L6S='RS= 0+R6S+' Y.' 'COMH(A2,L6S~60,60) ~ 
14;!0 INPlIT TlS '\ ,IF TlSO" THEN 1420 ' 
1425 IF A2=2 THEN GROFF(2) ! 
1430 TEKMÔOE(l,l)" VTMO~E '\ GO TO 880 
1440 ENO' . 
1500 REM 
1510 REM ***** GENERAL INFO.&'GRAPHICS PREP ***** 
1520 RÉM t-
1530 PRINT !NAHE'; '\ INPUT'N9S 
1540 'PRINT 'SEAN NUMBER'; , INPUT 89$ 

, 
1550. PRlt'f{ 'CAPACJTANCE PROBE'; '\ INPlIT P9$ 
1560 PRINT 'TEMPERATURE, C'; '\ INPUT T9S 
1370 PRINT 'SST RANGE SETTING, %'; , INPUT 1'.5$ 
1580 PRINT 'LOAD RANGE SETTING, %'; '\ INPUT R6S 
1590 RE1'URN 
1600 REM 
161'0 REM ***** PRINTS.LI ST OF HANGING' WEI GHT8 ***** 
1620 REM 
1630 PRINT '\ PRINT ,PRINT 
16<10 PRINT °HEAST NO' ,'I1ASS, KG' 
165,0 PRINT 1,0 
1660 PRINT 2,.5001 

• 
, . 1670 PRINT 3, .9979 • 

1680 PRINT 4,.5001+.~9 
1690 PRINT 5,.9979+.~9 ~ 

, , , . , 

• 

~700 PRINT 6, .,9979+.9989+.5001 
1710 PRINT 7,.9979+.9989+.99B9 
1720 PRINT 8,.~979+.9989+.9989+.5001 
1730 P~INT '\ PRINT ~, PRINT 
1740 REM 

Ready 
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