
-( 

An Analysis of the High Temperature 

Plastic Flow of Copper 

,. 

1 ... 

! 
f' 1 .J. 

/ 

, , . 

'.1 
" 

'1 

~ 

'1 
" , ! 

': , ' 



~~< 1 1" 

~!f1 " f,1 
( \1 

N " 

,;f~~< 

f ! ~: 
" ' t iJ,J,'.r 

:.., 
~ . 1 

" '~ ! 

~\",l' 
,J. 

.f~ ... ! 
t-f ' -,. 
l' 
1)'1 

t"'f:~' 1 
) ~: . 
t.~.J,l,: o ' 

1>:' 
{~\ 
,~ 

" 'T..:, 

~, 

, 
'''-

1 l' 

AN A~LYSIS OF THE HIGH TEMPERATURE 

oPLASTIC FLOW OF POLYCRYSTÂLLINE COPPER 
1 

by ( 

Kenneth C. CADÎEN 
\ " -

1 

- 1 

.. \ 

. 

i , 
A thesis submitted to the Facult~ of Graduate Studies and Research 

in partial fulfilment of the requirements for the degree of 
!Master of Engineer~g ~ 

, . 
f .. 

. - '-

Department <D.f Mining and .Metallurgiea 1 Engineering ~ 
McUil\ University ( 

1 Montreal, ~ Canada 
) 

1 November 1976 

" 
1 

1 

Kenneth C. CADI'EN 
1977 .1 

t 
1 
1 

.i 

1 

! 

\ 
j 
l 
j 

1 

1 

1 
1 

• l 
1 

l 
1 ,. j 
,) 
~ 
~ 

'1 
! 

1 , 
i 
1 

l' 
1 

1 

1 
• 



", " ' ,'r 

.... , , 

. 
.\ 

, , 
" 

" 

? 

, ,1 

\ 

\ 

;. 

1 

, -, 

, \ 

\ 

! 

/ 
1 

1 

, 
1 

/ 

) 

1 

1 

T9 my wife, Betty Ann, 
'whOSf constant encouragement 

was a source of great inspiration. 

-,... ,\ 

/ 

/. 
\ 
1 

i 
\ 

, j 

1 

l' 

1 

\ 

\ 
1 
i 
, 

'" 
" 
1" 

, ; 

\' 

,~~l 
, ~ 

- 1 .,..JI~ :; 

~~'~P--~--~.--...... g.T",.$~,~rs ... n ...... r.a~I""."~,~, ............... ,, ..... __ .g"I'.'.1 .... $I~ .......... YlllllliMllilI1~~II .. IA~I.~~i.W{~~~~~I11~~ 
~ , ... ' 



, ' 
" 

1 

1 
.1 

/ 

1 , . 

- . 

i. 

, 
j • 

Compression, tests were performed on polycrysta,lline samples 
. , 

of OFHC oopper between 500 and 800°C at c,onstant true strain rates 

from 5.2xIO-5 to 5.2xI0-2s- l • 'The stress at which macroscopic yielding .. ~~ 

begins was ~easure~ from the flow curves. These da~a wer,e reduced ~y 

a method'o! activation analysis Ifor elastic obstacles in terms ~f \\ 
) \ 

1 
the modulus-reduced stress. the analytica] scheme leads' to activa-

, \ 
tion volumes in the range 600 to 2800' b3, which decrease with 'increasing 

stress. The ~ero stress value of the activation free energy ~as found 

to be 0.66 ~b3/atom which is rnuch greater than the v~lues reported for 

self-diffusion. It is concluded, from these results,\that the'the.rma1ly 

assisted unpirming ,of 'attractive~ junctions ~ont~ols th~~!a'te o~ di~IO-
l ' 

cation, glide at high temperatures, in copper. In addition, it is 
. 

obsèrved that the pre-exponential factor in the râte equation is inde-

pendent of stress. a~d tempJtature. The\ latt~r observation ïs ratronalized 

by means of a dislocation model based ori\ the distribution of, .segment 

lengths wi~hin the material. \. 
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RESUME \ 

Des essais de compression ont eté effectués 
\ 

echantillons polycristallins dans le domaine 

, 
r; 

les 

l , , ~ 

1 

déformation réelle compris ~ntre 5.2xIO-S e~ 5.2x10- 2 -1 ~t 
rJ 

températures de 500 a soooe. 
- \ 

Les tensions pour lesq 
. , 

limite ~lastique macroscopique est depassée 

utilisant des courbes d'elasticité. par 
, 

une :IDéthode d'analyse de l'activation pour les obs acles,:el 
l ' 

en fonction du rapport tension-module 

~nalytjque conduit -~ des valeurs de 600'a 2800 h3 volumes 

d'activatio~1 valeurs décroissantes par rapport 

des tensions. On a détérminé une valeur de 0.6 
i 

• 1 
\a tens10n nu/Ile, val 

_ 1 

, l'énérgie libre d'ac~ivation pour 
j' 

r dépassant 

largement les valeurs rapportées pour l'autodiffusion. On peut 

conclure de ces résultats que la vitesse de glissement des disloca-

tions aux temperatures élevées,est détérmin~e par le ésancrage des 

junctions favorisées du point de'vue thermique. En on a aussi 

observé que le facteqr pré-exponentiel dont l'équ~ti la vitesse 

ést indépendante de la tension et de la température. On a déduit 

la derni~re observation au moyen d'un mod~le basé s r la distribution 

d 1 d d
t .... 

_ e on gueur, es segments anf le mater1au. 
('h " 1 - '.' ~t:ft~~ 'lt~. 

" . ,). 
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CHAPTER 1 

1 

INTRODUCTION 

j, ... 
i 

The aim of this study was to throw sorne light OK the 

processes that control the rate of defor~tion in metals at high 

temperatures. At present there exists a dichotomy regarding the 

mechanisrn conttolling high temperàture de format ion. On the one 

hand. th~re is a school that argues that the deformation is dif-
1 \ 

fusion'controlled and that the activation enthalpy for creep and 

hot wor~~ng should be that of self-diffusion. ,On the other hand. 

an al,ternative view is that dislocation \ glide is controlled by the 

thermally actlvated unpinning of nodes in the pre-existing disloca-
1 

tian network. In order to assess which of these bypotheses are 

valid a study of the mechanical behaviour of copper was undertaken. 

It was decided that by gathering enough data on the ternpera-

ture and strairt rate dep~ndence of the yield stress, it would be 

possible to cl~àrly distinguish between the two approaches. By a 

consis~ent a~~~cal ~cheme based on the p;operties of linear elastic 

obstacles an~tion rate theory. the activation parameters which ' 

de scribe the propett~es of the rate controJling process can be 
'Jo 

determined. Inlthis way, it is possible to determine the rate 

controlling 'mechanism. 

'Before proc~eding with a description of the method, eqJ~p-
1 

ment and results of this work, a review of the literature relevant 

to Ithis investigation is pre~ented. 

1 
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CHAPTER 2 

A REVIEW OF niE LITERA1URE PERTINENT TO mE 
HtGH TEMPERATURE DEFORMATION OF F.C.C.'METALS , 

2. 

This chapter is a review of some of the literature th'at is 

relevant to an understanding of the present work. The first section 

, 
~J 

.deals briefly with the phenomenology of high temperature flow, and 
. l , 

the generally accepted theories~~a~ have been proposed to explain 

s~ch phenomena. The next topic considered is the thermodynam~ approach 

.to high temperature flow. The final section concerns the shear modulus 

of.polycrystalline cubic metals. 

2.1 HIGH TEMPERATURE-DEFORMATION 

During the past decade several excelient reviews of high 
J' J ' 
temperature deformatlon have been published (1-6). Therefore, the 

" present review surveys ,only briefly the main features of high tempera-
" 

tUTé flow. The various types of flow curves are dealt with first, ' 

foilowed by a discussion of the empirièal flow r~lations. In the final ... 
section a description of sorne models for high tempe rature deformation 

< .-
is present~ 

2.1.1 Phenomenology of Higb Temperature Deformation 
; 

Higb temperature ~eformation is defined as flow that oCcUrs 1 

at ,sufficiently high temperatures 50 that the major restoration processes 
.. 

aet concurrently with straining. There is a temperature limit below 
, 

which these processes occur too slowly to ~ignificantly influe\ee the 

rate of deformation. It·has been estimated that this limit is approxi-

1 
, 
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mately one-ha If of /he ab~olute melting temper~ture (7). 
! 

3. 

The stu~ies of high temperature flow can be divided into 
, .j 1; , 

~wo groups, those carried out at consta~t stress and those at constant 

strain rate. pu~ing constant stress tests either the lo~d or the 

stress is kept constant and the strain produced is measurçd as a 

function of time. The minimum developed strain rate usually does not 

exceed 10-4s-1. This type ôf test is called a creep test. For tests 

at constant strain· rate the dependent variable is the developed stress 

The applied rate of deformation is usually ~n the range 10-6 to 103s-1 

There are four modes of deformation that use constant strain rate~. 

These are to~sion, tension, and plane strain,and axi-symmetric compres

sion. Since only the latter mode was used in this investigation we 

will limit our discussion to results obtained in this way. 

During axi-symmetric compression at constant true strain 
, 

rates, two types of flow curves may be obtained. These are i11ustrated 
. 1 . . 

in Figure 2.1. The metals that exhibit th '-_ .. t 
.. 

(Figure. 2.1a) include zirconium (4-8), a-iron (9-' • ferritic alloys "- . ~ 
, l ' 

(9,11,13-20), a'iuminium (9,21-24) and 1 its a110ys (25,26) and zinc (27); 

For these met.ls the flow stress inereases ~otonicallY wi~rain 
up to some limiting value, the steady state stress. tis type of 

, curve has -been shown to be produced when dynamic r.ec ery is the on1y 
1 

operative restoration process during fl,ow (11). / The second type of 

behaviour is exempiified by Figure 2.lb and is typical of metais such 

as nickel (23,29,30) and nickel-based al10ys (29-31), copper (23,29,99), 

y-iron (36) ~stenitic a1loys (14-18). Here the stress peaks prior 

strain rates there may be several damped oscillations of the stress 
'\ 
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TRUE STRAIN 

(b) 

FIGURE 2.1 Constant strain rate flow curves: 

sP I! 

a) Curves typical of materials that 
recover dynamical1y . ' 

b) Curves typical of materials that 
recrystallize dynamically 
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before steady state fl~w is estabÜsh~d' (29). The strain to the peak 
•• ,~ -1',' . ' 

is dependent upo~ Itemperature an.d strain ~ate; and, in ~ddition., the 

peak height aud t" 5 Wi~th "./ .~~ ~ronounced :' 10w t~mpe~,fiures " 

and high strain tes (1,23). Th1s ttpe of fldw behavlour has,been 

shown to occur when ~amic reclystallization is the domina~t ~oftening 

process at strains superior to the peak value (1,29). Prior to the 

peak st ra in ~ dynamic recovery .is the only' restora tion process. 
o 

Most of the previous experimental work has been carried out 
, , ' 

,. i\ 

by means of creep testing, ,and hence the majority of the theories . 

of high tempepature flow wer~ fo~lated to explain creep data. This 

~~~ns that in aIl ,of the equations that follow the"stre~s rather than 
o 1 

the strain rate will appear to be the independent variable. However~ 

it should be kept ~n mind that in constant strain rate testing the 

stress~is actually the dependent'vari~ 

,. 
2.1.2 Empirical Flow Stress Relationships 

IJ 

St~ess, temperature and strain rate are the three main 

parameter~ that influence high t~mperature deformation. I~ creep 

testfng. stress and temperature have a major influence on the creep 

rate. Of course~ the materials parameters will also affect the strain 
~ - 0 

"\ rate,' but their p~ecige influence is diffioJr~tq. define. The stacking 
~ ': -

fault energy will add,ohe cà~onent, the grain size another~ but the 
, 

largest contributions arise from the dislocation and the sub-boundary 
, . 

density. H~wever~ during steady-state creep 1t is usually assumed that 

the structure factor is cons~ant. 

Most metals exhibit similar temperature, as weIl as stress~ 

dePen~encies that are described br e'mPirically d~termined equations. 

, , 

, , , •• mn raY?s: la Midiiul' l , ___ ,----
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These relationships will now be presented • 

. \ 

'. 
2.1.2.1 Strass dependence bf the strain rate 

If the streSS dependence of the steady-state ~eep rate 
\ 

is considered over a wide range 9f stresses, it is found that there 

are three types of stress depen~encies (1,2). 

At very low stresses, it has been observed that the steady-

state creep rate •• E , varies linearly with stress: 
5 

E - 0.
1

0' 
" s 

C>J 

At intermedÎate stresses the following relation is 

. 
n 

e:s 0.20' 

\ 
At ev en higher stresses. the relaN,on: 

" "- , 

found 

" ~~,~ e;. - Q3exp (a,4<J) s 

\ 

2.1 

tp apply: 

2.2 

2.3 

seems to best fit the data. In addition, it has beeh proposed that 

the two latter relations can be expressed by the equation: 

2.4 

In these eq~ations, the aiS and n are stress-independent coefficients.

The intermediate stress region is usually the one-of-greatest 
o 

interest. We1iil1 restrict our considerations to the simple power law 

.. 
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that describes flow in this region (Equation 2.2). The stress 

e~ponent, n, usually ,has a value between 4 and 5 for pure metals 

and.solid solutions. 
rj 

For precip'i~ation hardened allays the exponent 

is in the range 5-10. In dispersion hardened mterials values up to 

40 have been ohserved. 

2.1.2.2 Temperature dependence of the strain rate 

At elevated temperatures, deformtion is a thermally acti-,. 
, 

vated rrocess that can he represented by an equation of the type: 

E .... B exp (- r,:-r , 

, , 
where B i5 a functipn of (J ,and Q is the activation energy •. 

1 • 

2.5 

At high temperatures the activation energy does not vary 

with temperature or stress, and in creep it closely approaches the 

activation energy for self-diffusion. Under constant strain rate 

testing at high temperatures, however, Q seems to be'stress dependent, 
, - .f 

indicating that the \ self-diffusion act ivation' energy ï"s probahly a 1 
1 ; 

"" limiting case. 

2.1.3 M?dels ,for High Temperature Deformation 

Dislocation models of elevated temperature flow can be 
1 , _ r 

" conveniently classified by whether recovery events or glide processes 

control dislocation motion. In'glide controlled motion it is imagined 
-

that the dislocat~ons move in a steady state manner, 'dragging pinning 
) 

points along wit~ them by diffus ive processes. On the othe,r hand, in 
~ 

recovery controlled processes, dislocation motion is considered to 

" 

, 

'~ 

"1; 
1 

" ., . 
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occur easilY,between barri ers and pinning points, and then a separate 

recovery event ~s required for a dislocation to proceed and produce 
• 

further strain. Without the recovery event, dislocations would glide 

to a barrier~ndlstop. In the following section the dislocation giide 
~ 

theories are described. 

2.1.3.1 Dislocation giide theories 

The major glide the ory is the jogged scrèw dislocation theory~ 

The situation considered in this model is that of two dislocations of 

mixed or screw orientatipn that intersect to form a jog. Jogs on 

screw dislocations are always edge in character •. If the screw dis

location moves, the jog cannot maintain its position in the disloca-

tion by glide on its own slip plane. Therefore, in order for'jogs to 

keep ûp with the dislocations they must move in a non-conservative 

manner by absorbing or emitting vacancies. This gives ri se to a 

chemical force due to the,deviation of the vacancy concentration from 
, . 

equilibriuft. The chemical forces per unit length, f, on a vacancy 

emitting Ce) and a vacancy absorbing (a) jog are given by , 

fe - kT Ce 
-ln-
b2

1 " Co ~ 
2.6a 

and 

f .llin ~ a b2 Ca 
2.6b .: )" 

'.'''''''2.0S «C'"'''7 1·e. _,.t'd " 
, ',1" .. , 
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where C is the équilibrium vacancy concentration in a dislocaU'on-' o 

free crystal, and Ca and Ce are the local concentrations near the 

jog. The steady-state velocities of the jogs, V, can be calculated 
1 1 1 l 

from the concentration differences by using the equations, 

, 
Ve - 4VDVb2(Ce - Co) 2'.7a 

and 

2.7b 

where DV is the diffusion coefficient for vacancies. By considering 
~ 

that the chemical,force is balanced by a force, a~, due to the applied 

stress, the jog velocities can now be express~d as 

'2 
exp(- '!rb d)} 

kT 

Where d is the distance between jogs. 

.' 

2.8a 

2.8b 

Barrett and Nix (37) related the jog velocities to the strain 
<J} 

rate through the Orowan equation, and by assuming t~at the numbers of 

both types,of jogs are equal they obtained the relation 

2.9 

! 11111 -
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where P is the mobile dislocation density and B iSla constant. 
m , 

10. 

The màgnitude and stress dependenc~ bf Pm and d,are not 

known. If it i,s assumed that they are not stress d~endent then 

Equation 2.9 fits the empirical data reasonably weIl. For th!s 

type of model the activation enthalpy is of' the order of the self-

diffusion energy. 

In a more recent tteatment of this model, Nix (28) found 

that the strain rate was related to a hyperbolic tangent stress , 

\ 

\ 
\~ 

functibn similar, to that shown in Equation 2.9, ~ith the sinh replaced 

by a tanh function. However, the tanh l~w is not in agreement with 

experimental observations at h~gh stresses. 

2.1.3.2 Recov'ery-creep theories 
i 

,1 

\ The recovery-creep theories a\l"e based upon t'he knowledge, 
\ 

that materials harden with strain and soften with time. According 

to this approach. under steady state, 

e: - (- !2.)/(~) s _ at ae: 2.10 

"-

where r ,is the recovery rate (- ~) and h,is the strain hardening at 
coefficient. 

Dûring the first stage of creep the dislocation density 

increases with strain, as does the rate of recovery, until a balance , . 

is reached between the recovery rate and work hardeni~g. 'This 
, 

process has been formulated by McLean (38) by means of the Arrhenius 

expression 
1 

1 

" . ' 

Il, • ZTSRfilP1$ m, •• z8nllpm_, '1'\-'\" 
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€ _ ~ exp{-- M{hE - rt)} 
o kT 

2.11 

(where ~o is a pre-exponential factor similar to that in the rate' 

equation for thermally activated flow. 

Lagneborg (6) pointed out tbat this ~odel is oversi~lified' 

because it treats h and"r as constants. He proposed a model (39) that 

takes into account the increase in r and the d'ecrease in b' with strain. 

Furthermore. this model, in accord with diréct observations, also 

considered the'va~iation of rand h with the geometry of the three 

dimens~onal dislocation network. This 'network consists of a distri-
1 1 

,but ion of dislocation segment lengths that varies during creep as .-
a result of three processes. First of aIl, dislocation links are 

released by the thermally activated unpinning of nodes in the network. ' 

This gives rise to a strain increment., The second event i5 work-, 

hardening that occurs because new dislocation segments are created 
" 1 • 

~hen the released links expand until they.are arrested by the network. 
" 

~e last process is recovery, which Lagneborg postulated to occur 

by" the gl'9wth of the large meshes in the. network at the expense of 

the small jOnes. 
• , 1 

The shrinkage of the small meshes.is expected to be 
" \ 

climb-controlled~ This model has been shown to be capable of describi~g 

the dislocation density-time and the st~ain-time behaviour of some 
\ . 

stainless steels (39). 

Weertman (32,33) has propo~ed à r,eco~ery model based upon 

the climb of dislocations." The situation that he considered is that 
1 

of dislocations, generated at a source, which are subjected to strong 

interactions frompile-ups produced by neighbouring dislocation sources 

. ~. 

, ' 

1 

c ,,4.~ 1 ~:,' , • 
','\. 

; ri 
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on parallel slip planes. This leads to the format~on of pile·up 

groups on the adjacent plane~,. 50 that disldcation glide becomes 
, 1 

inhibited. 'The stress acting on the leading d~slocation in the 
\ \ ' 

pile-ups causes these dislocations to cljmb towards One another and 
1 

becoae annihilate4. Upon annihilation, the correspORding sources emit 

new di~locations and the old con~igurati~n is restdted after an 

incrément of strain. For such a process, the strain rate, &, can be 

expressed as 
,r 

Il e: - t 2.12 

. 
where C is the cl~mb rate, g the distance between adjacent p~l~up 

groups, N'the number of dislocation sources, A the Area swept out 
s . ~.\ 

on the s'lip plan~' by the leading dislo~~ion and b the Burgers vector. 

The dislocations cHab at a rate controlled by th;- rate ft which 
, , 

vacancies are supplied or removed, under the 

stress and temperature, 50 that (32,33) 

c -
lJkT 

2.p 

where L is the length of the pile-~p, Os the self-diffusion coef

ficient, CT ~he stress, p the shear mQdulus, k the Boltzman constant 

and T the temperature. 

In order to determine the strain rate, it is necessary1to 
) 

• 1 

estimate the climb'distance, h. This ~n bel obtained from the' 

expression, CT - pb/,4trh, where 'CT 1s the stress required to force two 

. ' 

, 1 

1 / ' 

• ft _ l ,. ,,~ i q-'.·.JJWSmn \ "';',; 
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parallel dislocat,ions past each other. In addition, the length of 

the pile-up groups, L" is required. It can be shown that L2 is 
, . 

proportional to o. With these estimates the r'elationship between 
\ 

~ 

strain rate, stress and temperature~ under steady-state conditions 15: 

'2.14 

r 
~ 

where IJ is • __ J'lcal constant 1: 0.2.-
1 • 

Jhe stress exponentpin Equatibn 2.14 i5 in close agreement 
l " 

with expert.ental observations in pure ~tals and some'solid solu-
l ' 

tions (6). Hovever, many qf the assomptions tend to make thi5 equa-
" 

tion less than attr~ctive. First of aIl, in order to obtain a stress 

eXponent of 4.S'the stress dependence of ~was neglected. In fact, 

it seems likely that ~ would increase with stre~~. Furthermore, 

the stress dependence assigned to L can also be questioned. Also, 

the dislocation pile-ups, which'are the basis of this theory, have 

never been observed in crept metals. On the other hand, th~ activa

tion enthalpy predicted by this model is that of self-diffusion. 

This agrees weIl with enthalpies determined from creep data for cubic 

metals, but the agreement i5 poor in the case of hexagonal close 

packed metals. 

2.2 nIE nŒRMOOYNAMIC APPROAOI TO/nIE ANALYSIS OF HIGII 
TEMPERAnJRE DEFORWtTION 

1 The empirical flow stress relationships are of little use , 
'" ' in th rowing SOIlle light on the rate controllin~ mechanisms of plastic '" 

flow. The dislocation models described_earlier are too mecbanistic. 

/ 

.' 

, l 
1 
~ 
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That is, a specifie mechanism i5 assumed to be operative, and then 

"" 1 
various calcula~ions are made to determine whether or not the assump-

tions give ri5e to the observed stress and temperature dependence of 

the strain rate. The thermodynamic apprpach, however. uses an analytical 

scheme that is based on a simple form of the rate equation and a simple , , 

model Where the dislocations overcome unspecified local obstacles. 

The aim of the analysis is to yield various activation parameters which 

will aid 'the researcher in identifying the rate controlling obstacles to 

dislocation 'motion. 

Inl the following section thermally activated dislocation 
1 • 

glide and the appropriate form of the rate equation __ will be discuslied. 

'This will be followed by a review of the various analytical schemes and 
, l • 1 

a brief discussion of th~ internaI stress at èl~vated temperatures. 
1 

2.2.1 :Thermally Activated Flow and Rate Theory 

Some aspects of the observèd behaviour of metals at'~igh 

temperatures can~e explained-in, terms of ~h~ 'thermally a~sisted motiorr 

of dislocations over localized obstacles. 
1 

• l 

Becker (50), as early as 1925, mède the suggestion that plastic 
, li 

deformation could be a thermally activated process. Eyri~g (51) was 

the first to apply absolute rate the ory ta plasticCdeformatiori. How-
l ' 

ever, these early theories w~e based on bulk-behaviour considerations. 

It ~s not.until th~ advent of the theory of crystal dislocations that 
\ 

Kauzmann (52) and Seitz and Read (53) were able ta formulate a general 
1 

rate theory of plasticity based upon a ''unit of flow", the motion a l 

, 
dislocation segment over a localized ~rrier. It is now generally , 

a~çepted ~hat the ,pla;tic d~formati~ of crystalline solids can be a 

'0 
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thermally activated proèess '(43,45,46,54,-65). 

The obstacles to dislocation motion are due to the inter

action of the stress fields of gliding dislocations with tqe stress 
,1 

fields' of forest dislocations, paraUel,d,islocations, the lattice, 

point defects, etc •• These interactions mey be classified according 

to whether the r~ge of the interaction is short or long. Short \ _ 

range interactions a~t over distances of a few Burgers vectors, while 

1000g r~ge interacÙ~s may have an influence up to several h'undred 

Burgers \ectors. Soma examples of various interactiOns that influence 

diSlocati~ motion are shown in Table 2.1. Long range obstacles, in 

general, ~n be by-passed by gl~ding dislocations under the action 

of the applied stress,alone. Temperature fluctuations play no role in 

this 'process and consequeptlx long~range obstacles have an ath~rmal 

character. 
1 

, Consider a material at a macro~copically measureable con~tant 

tempe~~ture.~ On the atomic,scale there will'always be thermal fl~ctua

tions. If these fluctuations are coherent they can assist the applied 

stress in moving dislocationspast ba~iers (40). However, the proba

,bility of a coherent fluctuation varies ~s s~me inverse function of 

, the distance over' which' the, coherency ~xists. Consequently, these 

fluctuations can only assist dislocations in overcoming only relatively 

short range interactions. Furthermore, the energy available in a 

thermal fluctuat~on is relatively smalt and will ooly signifi~ntly 

"reduce the enérgy that has to be supplied mechanically for low energy 

obstacles. The tel'll "low en~rgy obstacle" refers to those whose total 

str~ngtJt is less than about 50 kT (35). Thus, the stress to bypass 
\ 1 

"1 , 

long rànge obstacles usually depends on temperature onlythrough the 

IL 

~, \ .. ' 

1 

i 
\ 
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TABLE 2.1 

Interactions Which Influence Dislocation Motion 
(alËer !\lts~~tt~r :(~)) 

Inlel'llCtloo 01 the lIidinI taIIII 01 
dillocation witb: intcnctioa 

1. the lattice 
a) Peied.·NabuTo rORlCl Ibart 
b)otber Ibart 

2. paraDeI diaIocadoaa , 
\ 

a)boIa~ JoQ 
b) ..... lcIII. 
c)dfpoIeI Ihart 

r • ~ IIDIII UJJIc bouDdIria Ihart or Ion. 
e) ~Lomer 1Iuricn IODI 

3. ÏDterIec:ÛIII dialocatioal (1 ... ) 
a) Jal lCll'lllldoD aIoDe Ihart 
b) DCIIHOIIIInIIiw ~ lDOIion aIoDe lIIort 
c) nactloal aIoae lIIort 
d) ltRa le1da ... \ . 
e) ~ CJlnteaded dillocaticma 

lem. 
Ihort -. 

... point delecll 
a) vac:ancia or IntmtitiaJa (climb) Ihort or Ion. 
b) clUIICII of vaClllCÏa Ion. 
c) diaIocaJiaa Joopsand tetrabedra lbOrt 
d),ao&ite a'OIIII Ihort or Ion. 
~)_. 1OIl. -

5. aurlacc clel'ecII 
- a)rree~ 1_ 
b)'" bouDtIariII Ihart. 
c) I11II1I aqIe boUDdaries lhartorJoq 
d) twiD bouIldarieI lhartorJoq 
e) lIaCkiq fauJla Ibert 

6. YOIume delecII 
a) cobercDt leCOod phues , Joqorlbort 
b) aon-cohaeat pbues baaorlbort 
c) short ranae arder short 
dl Joq raaae arder short 
c) O •• P. IIODCI , JoaJ or Ibort 
O~ IODI 

J 

16. 

"-
1 . , 



c 

o 

17. 

1 

" shear modulus, white the stress to surmount hort range barri ers is 
1 ~ , 

\~tronglY temperature dependent (41,43). 

l' The rate at which a disl ation segment overcomes short \ '/ ' !,' 1 

ranke obstacles can be derived rom ra~e theory in an intuitive manner . 
(43). Cottrel1 (44) has s gested that the shear ~train rate, y, 

produced by the glide 

is given by 

mobile dislocations of average velocity V 

y - p bV 
m 

2.15 

The ide ve10city is,' in turn, determined by the rate at which thermal 

a ivation allows dislocation s,gments to overcome 10~1 barriers 

(45). For simplicity it is assumed that aIl' of these local barri ers 
, 1 

have the same strength •. It then follows that V is given by 

/"" V -.vP(A/l) \2.16 "\ 

i . is ~h. frequencyat wich the seg"'~lIIPts to overc~ 
th~ obstacle, 1, the net probability of a successful therma~ fluctua

tion in the forward direction of a dislocat~on se~ent of av~rage' 

length t, and A is the av~rage area swept out by a thermally activated 

segment (46). 
..... • ' 1 

The net probability, ~, is ,the differ~ce between the 

probability, 'P, of an activated jump\in the ~orward direction and 

the probability, P', that it would subsequently make a jump in the 
l 

opposite:direction. Hence: 

P - p - pl 2.17 

.. _li!Îi ••••• I .. .,~jWIllil __ "'w_· -----.... =-.-----______ -..... ' ...... -~_ ,-:'-",---,=mttteWOlluq , ... , ...... 
-' \,.~ ' ... - ~ .'" l,'" .,J .. '.~ ~" ,';':.r"'} .i~ ,'_._ ." 
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• 
where pt is, in, genera~,. wch lesf than P (43) and therefore P - P. 

Various authors (47-49) have shown that the probability, 
1 

PT' of a thermal fluctuation having 'an energy greater than a given 

value AG, at a temperature T, is given by ~he Boltzmann function of 

this'energyj that is: 

P -T 
AG exp(- -) 
kT 

If AG i5 the energy required to overco~ the rate controlling 

2.18 

-

, . 

obstacles, then PT·-f. Combining Equations 2.15 and 2.16, we obtain 

2.19 

combining Equations 2.18 and 2.19 the rate equation is then obtained: 
\ / 

2.20 

In this investigation the mode of deformation is axi-symmetric compres

sion and hence the measured strain rate is the normal strain rate, E, 
1 . . 

where E - y/M .(164). For polycrystals, M is,the Taylor factor (105). 

Therefore, we may write Equation 2.20 as follows: 

2.21 

The factor (PmbAv/M9.) is called the pre-exponential factor and will he 

denqted by the symbol EO' 

... .-- , T - " 

) 
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2.2.2 The Analrtical Schemes 

There are at present two schools of thought concerning 

the ~nalysi~ of thermally activated glide. Gibbs (43,56-58) and 

Schoeck (55) have developed· an analytical scheme in which the inde

pendent variabfes are temperature, T, and the applied shear stress, 

t. Here, the thermodynamic system under consideration is the entire 
d 

crysta,l (59). In an eaflier approach, proposed by Basinski (54,66l, 
r 

and subsequently by Conrad apd Wied~rsich (67), and extended by Li 

(60,61,68) and Christian and Masters (69), tne effective stress, T*, 

and T, were used as the independent variabl~s. Here, T* - (t - T.) 
1 

'is the local difference between the applied stress and the internai 

(athermal) stress, ~o. In this analysis the system 1s not the entire 
l 

crystal, but is, instead, a model sub-sy~tem which is.the local~zed , 
region about a dislocation reaction site (59). However, Hirth and 

1. 1- -

Nix (62), Gibbs (59) and more recently Suret et al (63) have reviewed 

the two schemes and have demonstrated that they are self-consistent 

and-mutually compatable as làng as the thermodynamic parameters are 

sonsistently defined in terms of T or T*. The compatability condi

tions between the two approaches have been derived by these autho~s. 

In Equation 2.21, the symbôl used to denote the energy 

require4 to overcome the rate contrqlling,obstacle was âG, which i5 

the Gibbs free energy change during activation. Originally, it WBS 

thought that the activation entropy, âS, was neglagible, and conse-

queptly activati~n enthalpy, AH, was ~sed in place of AG in the rate 
.1 

equation (6). H~wever, v~i~~ authors, Gibbs (43), Ev~ and Rawlings 
1 -

(70), Schoek (55), and Hirth and Nix (62) have shown that for a 

rigorous analysis, AS ~not be neglected. Luton and Jonas and co-

" 
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workers (11-73) have demonstrated the importance of 6S in rationalizing 

experimental results. In addition, Surek et al (63) have shown that 

there are some~important inconsistancies in the Schoeck anàlysis (55), .' 
and have developed a systematic analytical sche~e for analysing experi

mental data in terms of the effective stress. This scheme has been 

used successfully to analyze deformation on Armco Iron and silicon 

steel (5,15), polycrystalline zirconium (64,76), polycrystalline ice 

(76) and magnesium single crystals (76). Therefore, this analysis 

was chosen as the most suitable" to interpret the data in the present 

work and ~ll be rèvjewed here. Before describing the analytical 

scheme its thermodynamic basis will be presented. 

2.2.2.1/ The thermodmamic b~sis 

'The basis of the t~e~odynamic analysis of high temperature 
1 

flow rests on the thermodynamic description of the obstacle-dislocation 

interaction. 

The first law of thermodynamics states that 

u Ha - W 

and 

H - U.+ p'IV 
.' 0 

1 

)/ ' 

/ 

2.22 

2.23 

where U is the ~nternal energy 9f the system, Ha the heat absorëed by 

~~e system, W the work done by the system, H the enthalpy and p and 

V are the pressure and volume, respectively. Furthermore, the Gibbs 
o 

. , , 
'j' 

~: 

. 
",ltt 
t~'i· 
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free'energy, G, and the Helmholtz free energy, P, of the system, ~ 

/ 
/ 

are dêfined in the usual way, as follows: 

G .... II - TS / 2.24 

p U - TS 2.25 

where '5 is the entropy. The Gibbs function s particularly weIl 

, s~ited to the 'st'udy of isothermal, isob c systems, and can, there

fore, be applied to plastic,deform lon (77). In plastic flow the 

free energy of i~e crYstallin system is given ~s (78,79): 

G' - U - S pV 0 - crE - y s'Ae - 2.26 

t) 

where Ys,Ae, cr and € are respectively the surface energy, area," 

applied stress and strain of the system. 
• 

It is possible to ascribe a free energy change to the system , , 

when the disloçation se_t is activated ov~r a local,lzed obstacle to 

glide. The Gibbs free energy change, âG, can b~ associated with'this 

,obstacle. The back stress, ~bJ exerted by the obstacle on a disloca-.., ' , 

tion segment ~f length t is related to the Helmholtz free energy of 
/ 0 • 1 

the interaction, F, at zero effective stress by the relation 

,~ 

:: 2.27 

,/ 

" \' Here, A - tx is the area swept out by a dislocation when it moves a 
1: • .. 
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distance x along, the slip plane. This is shown schematically in 

Figure 2.2. When an effective stres,s is applied to the sy,stem, the 

dislocation segment moves until ~* is balanced by the back stress, 

that i5" it moves from ~ts zero stress equilibrium position, Al' to 

the new stable position Al·; here it i5 assumed that the effective 

stress is acting from left to right. The position'A2* is unstable, 

50 that once the segment moves from AI* to A2• by me~n~ of a 5Uf-\ 

ficiently large the~l fluctuation it will continue to move until 

it is once more opposed by an equal back stress. Due to the localized 

nature ~f ~he~lly activatahle obstacles under consideration, when 

the dislocation reache5 another barder it is no longer infl~limced 

by the back'stress of the previous barrier; that is, the obstacles 

are considered to be widely separated. The free energy profile cor-
- . 

responding to the interaction,When the dislocation is at the position 

Al·' is represented by the curve G in Figure-2.2. Th~ Helmholtz 'free 
1 a , • 

,energy change as~ociated with the rev~rsible motion of a dislocation 

from AI* to A2*, given br 

A2*(T,'t*) 

AFi b S 'tb(A,T)dA " 2.28 \ 

Al * CT, 't*) -
The work done by the effective stress during this event 1s represented 

\ 
br the cross-hatched area, âW, and is given by 

2.29-

a' 
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FIGURE 2.2 Schematic r~presentation of the dislocation
obstacle interaction: 

al The Helmnolt~, free energy (F) a~d the Gibbs 
free energy (G) as a function of the ares 
~wept by the dislocation 

1 

. ________ ----b)---The back stress profile felt br the disloca-
tion in the vicinity of the obstacle as s 1 

,function of slippéd area. 
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'l1le Gibbs f·ree en~rgy change during activation 15 6'G - 6F i - ·~W, 

and i5 therefore 
1 ' 

A2*(T'T·) 

AG - b J' 'bCA,T)dA - b,-A-(T,,-) 2.30 ' 

Al" (T 'T·) 
t 1 

or 

" 
6G - àF.(T'T*) - bT*A*(T,T*) 2.311 

1 

'. 

A*(T,t*) - A2* - AI* i5 defined as the activation area and 

V*(T,t*) - ~* is the so-cal1ed activation volume. 

In the case 'of "linear elastic" obstacles t i1; is assumed 

that the temperature dependence of the obstacle back stress is , 

sim~lar to that of the shear modulus,'p, that is. (63) 

Tb(T) - g(A) • peT) 2.32 

where g(A) is a shape factor det'erminetl by the shape of the free 

en~rgtbarrier, F. Consequently, the first term on the right-hand 

side of Equation 2.30 includes the linear elastic contributions 

"which can arise from partition function terms in the equilibrium, 

and activated states. In addition, the non-linear elastic contribu-

, . 
I,#i 

t Linear elastic obstacles aTe "rigid" (tb + tbh *)) and Tb has a 
~ temperature dependence similar to the shear moaulus (E~uation 

2.32)., , , , 1 . 

l ' 
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rionS have been neglected (63). -
l, , 

The' temp~rature and stress dependence of AF. and A* makes 
,1 

an estimation o~ âG very difficult. However, if we follow Surek et al 

(63) in u~ing the formulism of Li (61) we can write 

" 

where 

_ 1 -T* 

and 

" 

'[* 

~ A*(T,T*)dT* 

o 

2.33 

2.34 

2.35 

AF is the total,reversible work required to overcome an obstacle 
o 

without.the aid of external stress. This is an intrinsié property 

:that is 'Characteristic of the barrier-dislocation interaction,-and 
\ . ~ - ' 

, ' 

is, therefore, the quantity that must be ~erived in order to de ter-

mine the nature of the obstacles that control.dislocation glide. 

The notation of'Suret et aJ (63) will bèused, 50 that âF , the total 
o ' 

• ~'t.' 

free'energy of activation, is called âGo• It is impl{cit in the basic 

assumptions of these authors that the' obstacles are rigide For '~on

rigid,,'barriers, Equations 2.34 and 2.35 would have to be derived for 
.. ~ 

some Tb'(A,T,T*) replacing Tb(A,T). 
" 

________________________ -.~<_;"~~'I:.~- ...... :"'::."'7s .. ~ .. _ :-:--__________ )~ ' .. ~ 
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If the obstacles are linear elastic (that is, rigid) then (63) 

2.36 

which arises from the assumption expressed in Equation 2.32. Having 

comple~ely d~scribed the obstacle-dislocation interaction in this 

way, 'it ~s possible to determine the r~lations~ips between the activa
t 

tion parameters. 
, 
'-

Il 

'2.2.2.2 The-activation parameters in terms of the effective stress 
1 

The activation enthalpy and entropy are given by the 

following thermodynamic relationships (63,77) 

{a~AG/Tl } AH. - ~ 2.37 
T 3U/T) 

'* T 

JAS '* - _- ~aAG) 2.38 l T 
aT '* J 

T 

The activation area and volume are defined as follows (63) : . 

V. - bA'* ir _ _ (iMG) 
T* Tfr Il , 31* T 

1 

2.39 

Suret ~t al (63) have derived an e~tion for âG using Equations 2.31, 

2.32, 2.36 ~d 2.38 and the standard thermodynami~ relationship 
1 

AG ... âH'* - Tâ5*. They fO\Dld AG to be 
1 -

, 1 

1 

.1 
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, \ 

2.40 

in agreement with Schoeckts (55) equation 12b. It should be noted 

that Equati~n 2.40 i5 an intrinsic property of linear elastic inter-

actions. 

In order to determine the activation parameters in terms 
1 

of experimenta~ quantities, the rate equat~on must be used. Rearranging , , 

Equation 2.21, the Gibbs free energy of activation can be expressed as 

•• 1 ., . 
âG(T,T*) - - kTln(t(TJT*)/eo(T.T*»' 2.41 

where the dependencies of the variables are included. ,Combining 

Equation 2.41 vith Equations 2.37 to 2.39 we obtain the' following 

, definitions for the parameters~ 
il' • ..:..... ~ ,-. .;::-u 

1 

and 

'" • UnE' 
V*, ' -- kT~31ne:~ ...... kT(---2.)' 

T* 3T* T - ST* T 

l' 1 1 
.1 

2.42 

2.43 

2.44 

141 J 
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Since th~ activation entropy is not negligible (43,55,62,70-73) it 

, must be included in the calculation of AG. ~.:The Gibbs free energy 
1 

of activation i5 related to the entropy by'the equation 

( 

AG - 41 - TAS 
t* T* 

2.45 

The problem with determini,ng ~he activation parameters 

from e~perimental data lies in the fact that it i5 not possible 

to sepa'rate the dependence of the pre-e-xponential and the Gibbs 

free energy on temperature and the effective- 5tre~s •• Therefore, 
J • 

it is not p05si"le to dete~ine. EO direct'ly from experimental dat'a 

(80). However, there are several approaches that have been developed 

to try and circumVent this problem. 
1 

i) Assume that the pre-exponential is co~stant, that is, 
-

independent of T and T*'. Hencè, Equations 2,42 and 2.44 reduce to 

give 

and 

AH * , T """ -

. 
V* - kT (aInE) 

T* t.. aT* T 

2.46 

2.47 

Therefore, AG can.be~etermined 'in a straightfo~ard manner from 

Equation 2.40. However, Immarigeon (S) has pointed out that Many 

phys~cal models imply a temperature and stress dependent pre-exponential, 
, • 1 

and therefore this assumPtion is not realistic. 

.. • F 
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J 
ii) The pre-exponential can be estimated from specifie 

dislocation model (1,57,64) as in Equation 2.21. A probl m arises, 
, \ 

r 

however, due to the uncertainty concerning the stress and temperature 

dependence of the mobile dislocation density, the segmen .length, the 

attempt frequency and ,the area swept out by the segment ollowing a 

successful activation. 
\ 
iii) Probably the Most general and useful a proach is to . 

assume that E is some function of T*/~, the modulus·r duced effective 
~ 0 , , 

stress. àG can then be calculated directly from Equa ion 2.40 once 
,- , 

~H and A* have been determined from Equations 

~u~stituting these values of àG into the rate 

pos~ible to obtain a matrix of EO values. 

for the validity of the original assumption. 
/ 

2.44. By 

" it is then 

correct then the true activation parameters can be alculated directly 
\ l 

since the stress a~d. t~mperature dependence o~ &0 i known. On the 
. . 

other hand, if & is not a function of t*/~ only, hen the 
o . 1 

procedure proposed by Surek et al (64,76) can be ttied. 

iterative 

• S 
1 

2.2.2.3 Activation analysis in terms of the modulus-reduced 
1 effective stress 

As has been shown in the previous section, a themodypamic 

analysis in terms of the effective stress allows the rigorous deter

mination of thè activation parameters for the case of linear elastic 
" . 

obstacles. There is, however, a more direct rOute!to these parameters. 
, , 

Suret et al è76) have proposed a thermodtnamic scheme of 
\ '. 1 

analysis in terms of the modulus-reduced eff~etivel stress, T*/ll. These 

authors h,ve derived the compatability'conditions /which relate tHe 

respective parameters in the ~* and T·/~ notatiof+~' ,This analysis 
, d 

\ 

, 

, \ ~ ~ 
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l , 

will be presen~ed·bere. 

The first step in deriving,the compatabil~ty conditions is 
, 

,to relate the functional dependencies of a cOlIIIIOn variable as is 
\ 

shown below. Rearranging Equation 2.21, we get 
" 

1 

• • 
ln(t/e:) - - NJ/kT o 

. . 

.. ---, 

In the r* notation ln(t/e: ) - f(T,T*), while in the T*/~ notation 
1 0 

ln(e:/e: ) - g(T,T*/ll). In addition, T*/ll -h(T,T*}., Taking the total 
o l ' 

• 1 ,/ 

different~al of these functions, tbe following ~lat~onS,~r~ obtaine~:, 

and 

\ 1 

• • 
d(ln(e:/e: )) o 

. . 

\ 

d(r*lil) 

• • (/. .....j 

1 

. aln(e:/e: ) ,,' 3In(t/to) , 
- ( "'T 0) dt + ( / ) , d(T*/i.l) 

a T*hv' . T* ~ T 

/ 
1 

/ 

/, 

• • If \ • • 

••••• 2.48 

aln(t/~/) aln(e/to) 
- th ., 0) dT + ( a * ) dt· 

~T t* T T 

••••• 2.49 

2.50 

\ These equations can he rearran,ed br equating Equations 2.48 and 2.'9, 
\ 

"and~bstituting Equttion 2.50 for ~(t*/lJ) in Equation 2.48, viz., 
, . 

/ 
,/ 

1 
\ . 

\ 
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This reduces.simplY ta give 

. . 

••••• 2.52 

,- -
By differentiating Equation 2.50 with respect to t*, at constant 

~ T*/~, it can be seen that 

t.'aT*/)J~ r...!!.-), (3T*) _ _ 1 
\ 'aT* J \aT*/l.I 3T T T* t*/l.I 

Substituting Equation 2.53 in 2.52, it can be seen that 

. \ . 

Equations 2.53 and 2.54 are the compatability conditions. 

Since 

Ali */ T li 

. . 
2 'Un(e/e ) 

- kT ( 13T Q) '[·'lI 

2.53 

• •••• 2.54 

2.55 

~ it c~n readily be shown that 

" ' 

2.56 

Substituting this equation lnta Equation'2.40, an ~quation for AG 

is ~btained: 

~-------------- ----

\ 

,\ 
\ 
.~ , 
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2.57 

An activation volume 

V* _ _!~ aAG) _ V* 
TIll Il ~ T 

2.58 

and activation entropy 

2.59 

e 

can also be defined. 

In order to analyse experimental data, \an assumption has 
l ,'" , 

to be made regarding the stress and temperature dependence of the 

pre-eXponential factor. Following the example of Surek et al (64,76), . 
it is assùmed that & is~ some function of T*/U only. In this instance, 

o ' 
the activation parameters reduce 'to simple equations from which they 

can be deduced d~re~tly from data. For example, ~he equation for 

AH */ is T Il 

AH' */' T Il 
2.60 , . 

SiJÙlarly, AG, AS */ and V*' can be obtained from Equations 2.57 to 
,T Il 

, . 
2.59. To'Check the assumption tpat EO - f(T*/U). the back-substitution 

method described earlier 1s ,used. 

It can be seen"that in this scheme of analysis the activation 

enthalpr and free energy are obtained more readily than in the)T* case. 
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In order to obtain the AH * value the correction term V*T*(T/~)(dp/dT) 
1 T _ 

must be subtr~cted as i5 shown in,Equation 2.56. 

The method described abov~ will be used in the present work, 

the results of which will be presented below. Before an analysis can 

,be car~ied out, however, it is necessary to separate the effective 

• 

, , 
,1 

stress from the applied stress. In order to do this, some knowledge 

of the internaI stress, Li' is required. This subject will, be dealt 

with briefly in the following section. 

" 

2.2.2.4 The internai stress at elevated temptratures 

The internai stress is that component of the flow stress 

that is athermal, that is, it is due to long range dislocationl 

dislocation interac~ions. It is now geqerally accepted that during 
; ,'> 

constant strain rate testing at high te~~res, the strain hardening 
1 . 

portion of the flow curve is partly caused by the build-up of a dis-

location substructure that aèts as an obstacle to dislocation motion 

(5,81). The internaI 'stress is associated with eit,her isolated dis-

locations of the network within the subgrains or with the cell boundaries 

themselves. Hence, aS,deformation proceeds the internai stress increases 

This until it reaches its final value which is independent of strain. 

occur~ when a dynamic balknée between the work hardening and the 

recovery rate is established. The analytical ant exper.iméntal treat-

ments of the internaI stress are co~licated, and there is still much 

confusion as to the actual Dâgnitude of the stress. In the following 
1 ~ 

section on1y a brief review'of the subject, that perta~n~ specifically 
, .. .. 

to the present work, will be presented.' For a more comprehensive review 

the 'reader is referred to Luton (4) and Immarigeon (5). 
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In the present work, yield stress, data wa!J (used in the 
J 

thermodynamic analysis. Luton (4) has shown qualitatively that it 

is reasonahle to assume that the effective stress is much greater 

than the internaI stress a~ the onset of macroscopic yielding. He 

argues that for zirconibm and zirconium-tin alloys the yield stress, 
t .. ' 

that is, the flow stress at 0.1% plastic straln, is approximately 

70% of the steady state flov stress. If one assumes that the yield 

stress at high temperatures is negligihle, and that t,e flow stress 

,at aIl strains is equal to the internaI stress introduced hy the 

deformation, then this 70% of the steady state flov stress has to he 

developed in a plastic strain of,O.OOI. Since the flow stress is 

approximately proportional to the square root of the dislocation 

density, sOt·of the s~eady state density must he introduced in this 

plastic strain interval. AlDO to 10,000-fold increase in dislocation 

density occurs from the initiation of plastic flov to the steady state. " 

Thus a similar increase in density in the first 0.001 of plastic 

strain is required to explain the magnitude of the yield stress. • , 

Whereas, only a further tvo~fold increase in density is required to 

explain the additional increase in flov stress during the next 0.1 

to 0.3 of' strain. Thus, Luton concludes, this explanation of the flov 
pr'; 

-
curve is unlikely to ~e valide 

Luton goes on to argue that it is physically more realistic 
1 ~ 

to consider the yield stress as being equal to the effective stress, 

since at the onset of macroscopic yielding the structure is much closer 

ta that of the annealed material than to the steady state structùre 

(88). In the present worl it will therefore he assumed that the 
, Q 

effective stress is equal to the macroscopic yield stress as defined 

zm.,s· 

( 
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by the ~tress at 0.1% .~c strain. 

'IllE SHEAR MODULUS OF POLYCRYSTALLINE F. C • C. METALS 
ft 

It.ha~ been shown in the preceding sections that in arder 

to accurately evaluàte the activation parameters from experimental 

data, it is necessary to have a knowledge of the apptopiiate shear 

modulus, ~, as weIl as its temperature dependence. 

The shear modulus is defined as the constant of proportion-

ality between the shear stress, ~, and the elastic shear st~ain, y, 

viz.) 

, . 
~ L ~y 2.61 

~The modulii f~r metals are calculated from the elastic complia~ces 

and the elastic stiffness'coefficients. These coefficients are the 

constants of proportionality in the generalized form ot Hooke's Law. . . 
In order to show how these elastic constants arise mathematically, .. 

a brief review of the th~ory,of the elasticity of. crystals will be 

presented; .' 
Essentially, no additions have been made ta the mathematical 

-1 l ' 

the ory of elasticity of isotropie crystals since the publication of 
" . . 0 

Voigt's (82) .treatise in~1928. He considere~'a s~ll cube of material 
, 1 

in a state of, stress, and resolved this stress, irito its nine components 

so that the tractions. which act across aIl piaries passing through a 
• , 0 , 

given point in the solid, could be completely specif~ed. These components, 

shawn in Figure '2.3, are 

'. 
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According to this nomenclature. th~ first letter of the suffie denotes 

the plane of the stress and th~ second 1etter the direction in which- 1 

it is acting. The tensile compdnents, a •. , are aIl- independent, while 
. IJ J 

the six shear components, T •• , have only three independent components. 
IJ ' -

This is because the shearing forces mus, bal~nce so that no to~que is 1 

\ 
applipd to the e~ement, that ~s, T~ - Tyx' TXZ - TZX and t yz - Tzy ' 

Thus, there are a total 0> six inde~endent'stress cQmponents. 

" ,~ 

\ . 
" The concept of ~train comp~nents was'introdùced to uniquely 

specify su11 deformations of the cube. The components of strain act 

in the direction of the stresses. There are six independenl strain 

compop,ents: 

, y 
xy 

t 
Y'I 

, Yzx 

The nomenclature of the suffixes is the 'same as that of the stress 

components. 

"The generalized form of_Hooke's Law states that the stress , . 
component~ are linear functiôns of ~he st ra in component~, viz., 

~ , 

' .. • •• '''1 fi '.1,:' .. , 
>' ;' 

, , ' 

\, 
1 
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, \ 

C C!' CIl C12 cu' C14 clS c16 EXX xx 

C1 
, c2l yy Eyy 

C1ZZ c31 tzz " 

- • 
Txy C41 cij Yyz . - _ ..... 

Tyz CS!. Yzx 
\ 

T c61 'y zx 19' 

1,( 
•••.• 2.62 

The constants, cij ' are callèd the elastic· stiffness constants. 

Conversely, the strain components are linear functions of the stress 

components: 
" 

~ 

E 5U ~12 5
13 

514 5IS 5
16

" 
xx 

4 '. C1XX '1 
f~ 

IÎ 
"., . Eyy 521 , . /, ayy t 
·f <, 

.... 0 

EZZ 531 . .. . , 
...1. 

a~z 
,1 

\~ ;j - • ,3 
,Yxy 541 5 . . lJ 

'Y .' Ssi~---~'~ yz 
-------:-

T ''i! 
'!Ji yz ,1 ' ~ 

1 ' , 

TZX " 
.~ 

\ : 

',' 

zx S61 ~ . 
.... .1 

't'xy 
~:; 1 

•••• • 2.63 -

o 

The constants, Sij' are the elastic co~liances. 
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The matrix of the elastic compliances; (S), and the matrix 

. of the eiasUc coefficients" (C), are the reciprocal of each other 

(83). In addition, symmetry conditions gréatly reduce the n~mber of 

necessary constants. In general (83), 

2.64 

and 

s .. - S .• 
1) J 1 

2.65 

Furthermore, the symmetry of the crys~al under consideration reduces 

many of the constants to ze~o. Thus, for crystals,of cubic symme~ry 
, 

each of the principal axes has a four-foid symmetry, and hence the 

following 1Datrix of elastic coeffi"ents i5 obtained (84,85f: 

. \ 
Cn ' CI2 Cl2 0 0 0 

C12 ' Cn C12 -
0, 0 0 

" ,. 

CI2 Cu Cn 0 0 0 
2.66 

0 0 0 ~44 0 0 1 

0 0 0 0 C44 • ,0 

0 0 0 0 0 C44 

." 

. , 

- '. 
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" 1 

A similar matrix is obtained for the elastic c~Dpliancès. 

The elastic constants refer to single crystals. In poly-
1 

crystalline materials there are many crystals aIl with different 

orierttations with respect to each other. 
1 

There are experimental and 
1 

theoretical problems associated with the prediction of the elastic 

constants of a pOlyerystalline material on the basis of single crystal 

data. Experimentally, it ~s difficult to obtain truly isotropie 
\ 

samples as methods of preparation tend to give a texture to the spe~i-

men. The mqst isotropie samples are those with the smallest grain size. 

However, since the constants are measured by an ultrasonic technique, 

the smaller the grain size the greater th~ contributions due to the 

grain boundary rela~tion effèct and hence the greater the error ,in 

determining the constants. ~o try and eireumvent these problems, 

compacted powders and sintered materials hav~ been used Which are truly 

isotropie. However, thè densities of these materials are, in general, 

lower than ideal and this influences the elastie constants. 

Theoretically, the prQblem arises in making the correct 
, , 

compromise between the dssumption of uniform local stress (86) and 
. 

uniform local strain (87). Po~f.c.e. polycrystalline metals the 
, 1 - , 

\\ assumption of uniform local stress gives t~euss Ayerage, lJR' for 

the shear modulus, 

2.67 

and., the assuaption of uniform local strain gives the Voigt Ave~ge, Py'(' 

~ 

.. ! 

1 -

.. 
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\ 

2.68 

However. it has been, found empir,ically that the actual s~ear modulus 
\ 

of a ~andomly oriented polyerystal tends to cluste~ near the arith-

metie mean of the Reuss and Voigt averages (84). This average is 

referred to as the Hill Average, lln' (89): 
" 

\1H - (Uy + ,11R) /2 2.69 
, ' 

f. ' . 
'.: 

The polycrystalline averages of Reuss and Voigt are the lower and 

upper bounds to tbe polycrystalline modulus. I~thè present work " , 
, 

the Hill Average will be used as the polycrystalline shear modulus • 

" , 

" 

.. 
, , , 
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'CHAPTER 3~, 

E~IPMENT AND EXPERIMENTAL PROCEDURE, 
• 

3.1 MATBRIAL PREPARATION 

3.1.1 Materia1 and Heat Treatment 
, ~ 

The material used in this investigation was OPHC (oxygen-

free high-çonduetivity) copper 5upplied by,Noranda Metal Industries 

of Mont~eal, Quebec. The composition of the OPHC copper i5 given in 
\ 

J • 

Table 3.1. The as-received ~opper had been fully an~~led'and then 

cold drawn from 25.4 to 9.S mm'diameter rod in a single pass. 

The plastic response of polycrystalline metals to deforma

tion at hith temperature is, in general, influenced by the initial , . 1 
grain 5ize (13,90,91,96). ,It is, therefore, of the utmost importance 

~o in sure that aIl of the samples have the sa.e grain size prior to, 

being tested. Of particular importance at high temperatures is the 

éffect of 'grain boundary sli((ing (92-95). Grain boundary' sliding 

contributes to the overall specimen strain. consequent1y,! as, the 
, ,1 

amount of sliding increases the bulk strain rate decr,eases and the 

flow stress is reduced. This, in turn, would-influence the activation 

parameters derived from 'the data. The magnitude of the grain boundary '. 
< • 

contribution to the total strain depends up~n the amount of grain 
. . 

boundary that is present in the specimen. The smaller the grain'size 

the greater the grain boundary sliding contributi~. Thus, in order 

to redqce the influence of sliding it is necessary"to have a relatively 

~oarse grain size. However, since thi~ wor~ pertains ~ the ~tudY of 

polycrystalline copper, ~he grain' size must be' 5mal! enough for there 

" 
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(, TABLE 3.i 

,The Cheaical Cà osition of the OPHC Co e ùsed in this'Investi ation 

Blement œ [ 

Pb 130.0 

Ag 15.0 

As 13.5 

Ca , 2.2 

Fe 300'.0 

Mg 2.5 

Mn < 10.0" 

N 0.1 4. 

'0 
',Ni 25.0 

0 1 4.4 

p 199.0-', .. 

,S 60.0 

Zn 5.0 

Si 10.0 --< 

Cu Ba'1ance (= 99.922 wt%) 

o 1 " 

\ ) 

• , • 1" 
p 

.... 1', •• ,,' 

~ 

1 
~, 

"1 

~ 

:~ 
, 
'; , 

" , 
. , 
.( 
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to be sufficient grains to ensure that the samples are truly poIy-
, \ 

crystailine. It ha~ been,found that if there are at least twenty 

grain~ p~r cross section (91), thi~.condition would be satisfied. 
\ • ' ;'J 

Another factor to be taken into account i5 that the experi-

ments were to be carried out at different temperatures.. And further, 
1 
1 

that the samples were tQ he placed in the test machine ,and held for 

thirty minutes to ~.uow the temperatur~ to equi~ibriate before 

de format ion. The i~itiai grain size referred to in the prevfous 

parag~aph pertains to thë grain size at the ~ of deformation. 
, 

Hence, the annealed grairl size was required to be stable for at least 

thirty minutes at aIl the testing temperatures. , 

ln order to determine the annealing conditions that would 

produce a grain size that meets these conditions, a set of annea1ing 

experiments were carried out. ' 

To ensure that no contaminat~on of the samples took place 
1 • J 

during annealing, a high vacuum annea1ing ~acility was constructed. 
\ 

The main features of the system are shawn in Figure 3.1. The vacuum 

system consists of a fused si1iea tube (0.0. - 60 mm, 1.0.\- sr mm) 
Il • 

which was closed at one end. At the open end a fifteen centimetre 

length of clear crystalline quartz was attached and ground round in 
~ . 

order to facilitate a good fit to the va~m ~nifold. This fit was 

,accomplished by me~ns of a double 'O'~ring seal in a water cooled 
'" , J 

jacket. The jacket'was attached to the manifold by means of a flange 
\ ' 

ln addition, the manifold had four ports, one 

for agas inIet, another for a high vacuum'gate, a third for the 

vacuum pumps and finally ,the backp1ate, whiéh couid be re~oved to 
~ ~ ;' ~~ 

l, 

allow the simples to be inserted into or removed from the system. 

, 

\ ' 
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Purthermore, the thermocouple seal was located in the backplate. 

The high vacuum was measured by means of a Penning gage (Model 6)t. 

The 50 mm diameter pumping port was connected to baffle isolation 

valve that isolated the diffusion 'system from the roughing pumpt 
, 

(Model CD-IOO). The roughing and backing vacuums were measured with 

a Pirani gaget (M?del M7B). The diffusion system consisted of a 

liquid'nltrogen vapour trap and a ;S mm oil diffusion pu~t that 
, 

used silicone oil*. The chromel-alume~ thermocouple was enclosed 

in a 6 mm d!ameter closed end lnconel sheath and was long enough 

to reach the centre of the annealing tube. The sheath served not 

oàly to provide the thermocouple with mechanical strength, but also 
i 

to make a good seal with the backplate. The high vacuum thermocouple 

seal allowed rotational and l'ongitudinàl motion of the thermocouple~ 

This system was capable of maintaining a vacuum of 3x10-7 torr at 

room te~erature. 

The heating ~s achieved by means of a split·Lindberg 

He vi-Dut y 3.4 KW fuma ce (Model 54352A) capable of'continuous opera

tion up t~ 10SOoC. Temperature control was maintained by a Lindberg 

Model 59544 controller. The fuma ce was mounted on a trolley which 
~ " 

ran on miniature railway tracks that allowed easy movement of the 
1 

fuma ce onto and off of the annealing tube. When the furnace was 

rolled over the tube and up to the water cooled jacket, the centre 

of the furnace, that is, the constant temperature zone, was at the 

centre of the tube. During annealing tests, the system was flushed 

t Supplied br Edwards Hlgh Vacuum Co. 

* Type 704, supplied br Dow Corning Silicones Inter-America Ltd • 

..... , .... 11'1(1" 11iitII'jItj11 •• ,e, ' .......... ' 
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with argon and pumped down before the pre-heated fumace was rolled 

into position. 
1 

Using this equip~nt, a set of annealing experiments was 
." 

° carried out at 800 C. This temperature was selected as it was the 

maximum planned deformation temperature. It was assumed, therefore, 

that a grain structur~ that is stable at this temperature would be 

stable at lower temperatures~ 
1 •. ' : 

The as-received copper rods (9.5 mm 

diameter) were sectioned into samples approximately 20 mm long. Two 

samples were each annealed for one and two hours at 800
0e. ~ter 

annealing, the samples were sectioned in a plane transverse to the 

axis along which the ~old drawing ~ad taken place. The sections 

were then ~ounted in bakelite, ground and subsequently polished with 

alumina powder down to 0.3 microns. They were then etched* to reveal 

the grain boundaries. ,. 

The grain size of the- samples was measured using the linear 
\ 

intercept method (98). Approxi~tely three hundred grains were inter-

sected per specimen. The mean intercept length was found to be 0.24 mm 

and 0.25' DDD for the one and two hour anneals, respectivel'. This 

indicated tha'f a one hour anneal produces a stable grain size. Further-

more, a grain size of 0.24 DDD is coarse enough to make grain bçundary 

sliding negligible, and is small enough so that the samples wauld 

behave as a polycrystal. For this grain size there are approximately 

fort y grains across the cross section. Therefore, aIl the specimens 

that were prepared for mechanical testing were given an hour anneal , 

* Etching solution: 800 ml H20. 65 ml conc. H2S04. 16 gms K2Cr20, 
and 3 gms MaCl. 
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at 8000C in vacuum. , 
. 

3.1.2 Specimen Geometry and Groove Design 

48. 

The samples,~ere machined from the available "rads into 

right cylinders 13.1 ~ high and 9.5 mm in diameter as shown in 

Figure 3.2. The diameter was chos~n as large as possible sa that 

·the highest possible load would be developed during compression. 

The end faces of the specimens were grooved, in order to 

retain the glass lubricant used in high temperature axi-symmetric 

compression. The glasses and the temperature ranges of their ... 
applicability ~ave been weIl documented by previous workers (4,5,8, 

Il,99) and will not be mentioned here. The groove geometry was 

based on the work of ,Luton (4), who found that fIat bottomed grooves 

retained the lubricant the best. These grooves were machined by 

using a two teeth~mm thread chaser that had the top 16 ~m ground off 

of the teeth, thereby praducing grooves that are wider th an the ridge 

between them. (" 

3.2 TEST E~IPMENT 

The test equipment used in the present investigation is 

essentially the same as that described by Heritier (8), Immarigeon 

_ (5) and ~etkovic-Luton (99). The only innovations made were in~ 

~adifications to the ~ata acquisition and control computer programs 

written by Luton, and a new data handling program. Consequent~y, 

only a brief des~~iption of the test hardware will be given, while 

the innovations will be described in detail • . 

{ , 
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SPECIMEN DIMENSlbNS (mm) 0 

LENGTH (L) DIAMETER (D) 

'3.' ) 9.~ 

i-
\ . 

GROOVE DIMENSIONS (mm) 

DEPTH SPACING 

1 
0.15 0.46 -

~" ___ E_RA_N_C_E __ ~ ___ 0_.O_2 ____ ~I. 

1 

r 
1 \l) 

\ , 

FIGURE 3.2 Specimen geometry and groove design 
.,' 
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, 
Testing Assernblr '\ 3.2.1 '" .... 

The basic machine in the testing assembly is a stQ.ndard 

1°1,000', ,Kg Instron testing frame (MMel TT-D) that had been modif~d 
, .' , , 

for high ternperature, const~t_ trOe strain rate axi-symmetric compres-
. . 

sion. The Instron was equipped with an extra decade speeq reducer 
, 

that produced a crosshead speed range of 50 cm/min to 0.005 cm/min. 

,~ ~ A cross-section of the cotnpression train within the furnace 

is giv~n in Fi~re 3.3. The train consists of two loadi~g'membersJ 

the upper' and the low~r anvil and support. The water-cooled rarn is 

connected to tre crosshead, while the lowe~ anyil rests on a water-

c?~l~d stainless "steel base supported b: a 2,OOP Kg Lebow load cell 

(Model 3116). Incorporated into the d\;ign pf the lower ,anvil i's a 

q~enching'device which allows the ,test piece to~be quenched within 

, one or two, second; after the completion ~f the test. 

'The( loading members are enclosed in 0 an Inconel chamber which 
- - 1 

is sealed to the ram,at the 4Pper ena and to the,base support at the 

~lo~er end., Both ends 1 th: ,muffle are"water cooieù' to a110w t,he use 

of 'O'-ring assemblies. The .... q,per seal is constructed 50 that the . . 

.. 

ram can ~e independfm,tly of the muffle. The pu;pose of th is retort 

is to p~rmit the testing to be carried out in a controlled atmosphere 
, , c 

over a wide tange-of temperatures. The muffle is surrounded by a 

,Satec three-zone platinum-wound split furnace. 
" \ 

The two ind7pendent variables in uni~xial compression testing . 
are temperature and 'strain rate. Fur~hermore, the testing environment 

, . , 
also plays an important role in high temperature deformation (8). The , 

o 

control of the se thre~ parameters will be described briefly below. 

l , . , 
" . 
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Watercoollno 

-- INSTRON CROSSHEAO 

tj, 

1 Shealh IUAlort plot. Stcllnl... .t,,1 

z Shlath '.11 
3 Split furnGCI Platlnum 
4 Rom Udlmtt SOO 

Il AnYIi Udfmlt,7oo 

• ~mrll .upport Udlmlt 500 
7 Ej.ctlon I.v.r Udtmlt 700 

1 E J.ctar .haft RIII' ~I 
• Wat.r coollng coll. Coppe' 

10 BOil .upport Stalnl •• , ."' 
Il OU.llch· both Wat., 
12 Th,rmocoupl. Chrom.- AhI'II. 

13 EJ.ctlon hand I.v.r Stol ni •••• tlll 

HOT 

COM PRESSION 
TRAIN 

FIGURE 3.3' Sche~tic diagra~ o~ the ,hot ~ompression train 
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. \ 

3.2.2 Testing Environment 
r 

In ord~r to prevent oxidation of the samples it was neces-

sary to carry out the tests in an inert atmosphere,. Although it· is 

possible to operàte the system under a vacuWII, • this was not done for., 

several reasons. Firstly, atmosph~~ic pressure"acting on the rams 

would tend to produee a tensile force at the 1084 cep. SecondlY~1 

it would be necessary to apply pressure to the 'O'-ring seal. thereby 

increasing f~~ction and causing a ,compressive ,load at the load cell 

during loading. By using a small positive pressure of.~rgon in the 

muffle there was no tensile load and no friction since the seal was 

not clamped. . J ~ 

T~ ensure tlat the inért shroud was.established rapidly 
" 

àfter the insertion of the specimen, the testing éhamber was evacuated. 

'" A Prec~sion Scientific (Model 75) two~stage rotary vacuum pump (75 l/min 

capacity) was used for this purpose. 
, \ . 

A vacuum of SxlO-2 torr could 

be reached with~n fort Y seconds, after which, high purity argon* was 

bIed into the system. This procedure was repeated three times and 

. then a positive pressure was maintained in the muffle by bubbling the 

gas thiough an oil trap: 

1 1 

* Supplied br Welding Products Ltd'. MaxillllJll impurities in ppm: 
O2 - 0.1: N2 - 23.0; H2 - ~.O; CO2 - 0.5; H20 - 5.0; total hydro
carbon - O.S. This was further purifièd by passing the gas through 
a catalytic and two drring towers (5,8,99). . , _ ' 
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3.2.3 Te!perature Control 
( , 

As mentioned earlier, the constant temperatures used in 

this work were obtàined br the use of' a three zone furnace. The 
, l , 

temperature was controlled by a current pr~ortioning Leeds and 
'-, 

i Northrup Electromax II controller, which d~ove three Magnetics 'Inc. 

... ' 

' .. 

SeR controllers in, a master-slave configuration. The cdn~rol th~rmo-

couples (Pt/Pt-13% Rh) were located in e~ch of the three furnace 
1 

zones. Since, during a test t~e sample 15 located near the Middle 

of the furnace, only the central zone was ~ontrolled. Eaèh zone 
~ 0 

WBS adj~sted to give a uniform (t 2 C) temperature zone between the 

anvil ends. 

The specimen temperature was measured by means of a chromel-
; l ' 

alumel thermocouple that was attached to the lower anvil, on the same 

plane as ~he sample and about two centimetres away. The thermocouple 
-

was supplied in a superalloy sheath by Omega Ltd. The output from 

'the thermocouple was measured by means of a John Fluke Co. digital 

multimeter CModel 8600A) with a resolution ~f 0.01 millivolts, which 

is equivalent to about'l/40 C. 

3.2,4 Strain Rate Control 
... "-

ln a standard lnstron the crosshead moves at a constant 
, 

speed. But, 1n compression at a constant deformation rate. the strain 

rate would tncrease by a factor of 2.3'in a true strain interval of 
1 0 

,~" 

~ne (5). Since the flow stress of metals is highly strain rate dependent 

at elevated temperatures (101), uniaxial compression requires that the 1 
. \ 

tru~strain rate be constant during a test. The.present equipment was 

equipped with a device (100) that is used in conjunction with an Instron 

l"tiiJY 

• 

, , 
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, 
'\ .. \ 

variable sp~e4 unit to produce a constant true strain rate. The 
f , 

4,esign 'and use of th'is equipllent i5 well documented (5,100) and 
. 

will not he dealt with here. However, the performance of the apparatus 

will be discussed in as much as it influences the precision of the 

mechanical data. 

Luton et al (100) have shown that with the constant true 
, r 1 

strain ~rate appatatus there can be a difference of 40\ between th~ 

specimen strain rate and the nominal strain rate under initial loading 

conditions,. for the fastest crosshead speed. However, for the ,slo~est 
t 

speed the strain rate difference 15 only .of the arder of 5\. Under 

steady sta{e flow conditions the diff~rence 15 gene~lly less than 2\. 

These differences are due to the fact that the probe that indicates 

the change in gage length of the sample i5 attached to the moving 

crosshead. This was d~e bec~use it ,is not possible ta set up a 

reliable !Dechanical linkage J.om within the furn1ace and the environ
"'-

mental "chamber. This means that beçause of the elast1c deformation 
" 

of the loading frame and the compression tools, the specime~-strain 

rate is always lower tha~ thé nominal strain rate. At the onset of 
, 

macroscopic yielding, that i5, at 0.1\ plastic 5~rain, the error in 

strain rate 15 generally ,five times less than the error during the 
, .-

initial loading. In order to determine the influence of th,is 'shoain' 

rate error on the flow stress, the error is multipli~d by the rate 

sensitivity of the material -under test. Since the sensitivity at 
t 

('l... ' _ 

high temperatures is genérally between 0.1 and 0.2, the flow stress 

- error at 0.1\ plastic strain due ta this effect,' 15 usually less 

than 1\. 

\ 
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3.3 TEST CONTROL ~ DATA ACgyISITION 

The test control and the data acquisition are divided into 

two sepents: hardware and computer'i software. The hardware resides , 1 

in two locations: the experimental equipment and the process'control 

comput~r. This is illustrated schematically in Pigure 3'f' 

3.3.1 Hardware 

~!P!!!!!~!!!~!9~!E~~~ 

The Instron control 1er is interfaced to a General Bléctric 

GE/PAC 4020 process control computer. 'The interface ~as d~s,igned to . 
incorporate the normal mOdes of operation 'of the I~stron, namely down, 

stop, return and notmal, into the interface. The normal mode resets 
"-

the machine for manua! use 50 that the ~perator can carTf out the 

initial setting ùp of thë test <manually. Th~ interface consists of 
"-six relays which can be activated by the remote switches of the real 

tim~ computer. In' addition to this interface, the computer is also' 

~inked to the outputs of ~he load and displaeemeht measuring d~vices. 
As mentioned previously, the load i5 measured on a 2,000 Kg 

load cell while displacement is measured by a Hewlett-Packard (Model 

7DCOT-500) displacement transducer with a range of'±l cm, as primary 

elements. The core of the DCDT is attached to the crosshead and the 
r \ f, \., 

"c6il to"th~, lnstron frame. These ,are locatéd 50 that when the anvils 

are in contact, the core would he at its lowes~ position in th~ coil 

(il cm). Hence the maximUm sample height that can be used with ~his 
, 

set-up 15 approximatelr two centimeters. The load cell and the DCDT 

are excited by two Hewlett-Packard series 62000 de power supplies • . 
nte lot' level output of the load cell,' '1s mV/lOOO Kg, i,5 amplified ... 

," 

:t,,- ~~_ .. __ '_"_".~' ____ -;-_t __ 1 1iIô' ~llI8IIJIIt,iitiI",,, •• , ........ n.z •• I.' _'_1 _m .. WIIIItiI" .. trn.'.mllli'tlû.'ilililIIIiilirIlX.W.IITIIlIflfllll1ll •• "'''I1îil.''lilfiiii~'i 
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by a factor of one hundred using an Analog Deviees 605 ~ntegrated 
, ". . . 

1 

amplifier. However, since the output of the DCDT is high level, 
1 '.. r 

2.7 V/cm, it is connected directly to the computer. The two signaIs .. ..' ~ 

are'transmitted to the computer via a 150 m length of communication 
1 

cablet specially designed to minimize noise pickup. 

~!~~~!!_~~n!!~!~~g~!P!l~n! , 

The hardware in the process control computer 1s shawn 

schematically in Figure 3.4 •. The. control inter~ace on the lnstron 
. 

is linked ta the switching group of the Multiple OUtput Controller 

(MOC) on the computer. An -OOT* command at the MOC activate's the TIL 

(transistor-to-transistor log~c) logic Which fires a power transistor 
~ 

o • 

that drives"the reed relays. To switch the mode of operation a new 

OOT command is required. The decision when to switch the, mode, is 

determined'by the logic in the control software. 

The analog outputs from the DCDT and the load ce~l amplifier 
• 

are-measured by the computer via an interface consisting of a multi-

p1exed analog-to-di,gital converting system. The outputs are attached 

to a Vidar 610 low level scanner which fs capable of sampling up to 
l 

1000 channe1s. The scanner is connected.to a Vidar 531 ohms-converter 
. \' 

a • or directly to a Vidar 521 integratÏ:I1g digital vo1tmeter.' In order 

to scan a particular channel, the program sends an OUT command ta ,the 
'\. 

scanning group of the MOC. This then\ac~ivates a TTL logic circuit 

that triggers the low level scanner, giving-instructions as ta what 

t Manufactured by Northern Electric Co. Ltd. 

* Pal language (General Electric assembler language) 

• 11 t _·""M.'.,,,' , •• PCC' SW*"N ••• ts • 
R , ,."" 'lii,trHM,nSyeaW1WWUmt>W 

• :;.: 

" , 

,', ., , 



1 

o 

58: 

function to scan (voltage), on what channel (load, for example), and 

on what range (one ~olt, for example)~ the logic circuit then arranges 
, . 

for tbe s~gnal to bypass.'tbe obms-converter and enter the voltmeter 

directly. The signal enters the cOmputer at the digit~l input scanner 

(DIS) level. An IN command tran$fers the value of the signal to core 
~ ( 

memory. With th!s arrangement, channels cannot be scanned simultaneously. 

The short est time possible between two scans is limited by the minimum 

integra~ing time of the voltmeter, 1.66-ms, and the time it ~akes to 

output the OUT command and generate the IN commando This ail adds 
\ ' 

up ta a maximum scan rate of fifty readings per second., 

" 

3.3.2 Software 
-

. 

Before presenting the control and data acquisition programs, 

a·brief description of the operation of the GE/PAC 4020 computer will 

be given, 50 that the framework within which tbese programs were 

written can be appreciated. 
1 

'Firstly, the GE/PAC 4020 is a process control computer and 
1 

like most computers of this genre, aIl real time execution,is done 

according to â system clock. That is, whi1e a test is running, the 
. 
software and hardware respond to events ~at are t~iggered by the 

system clock./ However. since the GE/PAC aperates on a time-shar~ng 

priority basis, other pro~ms that are running concurrently may delay 

the scanning during the test. For the faster tests, in which time is 

critical, it is possible ta make the system un~~ailable to users 
1 

running from the cardreader or other remote devices~ The maximum 

lOCKout time allowed by the mànagement of the computing facil~ty is , 
ten minutes. 
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In addition, the avail.hle core size is 24,000 octal words. 

Therefore. any program written for this system must he smaller than 

~his size. .For efficient operation with concurrently running p,o

grams the size should he less th_n lS,OOO'octal words. 

The originàl software to run the Instron and acquire data 

was written by Luton. It consisted of three programs that atlowed 

the operator to run regular compression. tests as weIl as int~rrupted 
, 1 

te.t5 (99). In addition, Luton wrote ~oftware to cali~rate the Instron 

ând to handle the data'. The philosophy behind the acquisition programs 
, 1 

wBS to div ide the flow curve into two regions. Region 1 was from 0 

to 0.1 true strain and region II ~as from 0.1 strain to the en~ of 

the test, usually at 0.7 or 0.8 strain'ri", In region l, 80 ta l20--<lata 
t 

pairs were ~cquired at equal time intervals and, hence , equal strain 
. " 

, 1 

intervals, provided that th~ strain rate was slow enough. If the 

strain rate was too fast, as many points as possihl~ were ohtained 

at the, fastest scanning rate. ~In region II the same number of points 

were a cquired' but at a necessarily longer time interval between eaCh 
~ - , 

reading. This ph il os ophy has workéd weIl (8·,99). However, it was 

decided that since the present work reqùire~ an as exact as possible 

yield stress,' and sinè~ the f10~ stress of copper exhihited oscillatory , / 

behaviour, the flow curVe should be hetter defin~ by acquiring more /~ 
data. Furthemore. th'. prosra ... of wton were very large and ~eqUi~' 

'" , il ~ • 

up to 85% of the .core when running. The,~efore they were difficu1t 
- ' 

to use wh~n other users were running c?ncurrently. As a. r~sult of 
• 0 1 

these considerations, the author modified the programs to acquire 
" 

more ,data and the two large programs were divided into four more 

manageable ones. The data acquisition philosophy of Luton was adopted, 

, ...... _ .. _"_J .. ~ ......... ~ ..... .",.,."._ ......... .-,.,_ ..... ________ ,,~_ --- _____ ---I------~--
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but in the new programs 120 to 160 points are acquired in region 1 

and 360. to 400 points in region II,~ 

3.3.3 Rangé of th~ Experimental E9ui~ment 
, 

With the speci~en s~ze.used in ,this inv~stigation and the 

range! of Instron cro$shead speeds described earlier, the range of 

strain rates of the equipment i$ 6.7xIO·6 to 0.67 s·l,' However, 

since the maximum data acquisition rate is only fifty readings per 

second, the fastest strain rate at wbich enough data,points could 

be obt~ined to accurately de;ine the macros copie yield stress is 

4.9xIO-2s- l ; Sinee the measured loads were always under 500 Kg in 

thé present investigation, there was no danger of overloading the 

. 2,000 Kg load cell. 

The amount that a sample can be strained is limited by 

several factors. The first of these 1s the'range of the displace-

ment transducer which has al~eady been ~hown to be ± 1 cm. Secondly, 

the probe on the ~on~tant strain rate device 1s also limited to a 
, 

similar distanceaof travelo Therefore, the màximum sa~le height 
1 

that can, be aceommodated in this equipment is two centime~res. The 

amoünt of deformation is only limited by the range of the load cell 

and by the influence of friction on the deformation behaviour of the 
• '"'c 

l 
specimen. It has been found that at strains greater than 0.8, 

barreling of the specimen ~ecomes. serious enough to cause gross 

in~omogeneity in the deformation. 

- 1 
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3.4 EXPERIMENTAL PROCEDURE 
j 

Before starting a series of tests, the furnace was brought 

to temperature and allowed to reach equilibrium. Then the anvils 

were brought together and the reading of the DCDT was recorded by 
1 

the computer for later use. With the anvils still in contact, various 

crosshead microswitches were adjusted 50 thajt accidentaI overloading 
1 -

of the equipment cou Id n9t occur. In addition, since the anvils 

were in contact, this corresponds to an infinit~ amount of strain, 

and therefore a st~ain rate of zero. Hence. this was used as a cali-

bration point for the constant true strain rate device. The rest of 
~ 

t~e range of this deviceowas calibrated -by using a micr~ter screw 

to simulate the motion of the crosshead. 
1 

It was,found that calibra-

~tion of the strain rate equipment and the zer~ position of the DCDT 

was only necessary ~en the temperature was changed. This happened 

because these devices are very stable, ev en after a period of several 

days of continuous operation. 
., 

To initiate a test, the furnace .. and Inconel muffle-were 

ra~sed on the crosshead and th~ glass-coated sample placed o~ the 

lower anvil. The chamber was then closed as quickly as possible;' 

and the system was succe5sively evacuated and purged with argon. 

This procedure was repeated three times before a constant flow of 

argon was aJlowed ta bubble through the oil trap. During the inser

tion of the sample, the temperature within the muffle dtopped approxi-
a 

mately. 200 C. Thirty minutes were allowed for the specimen to reach 
1 

the test temperature and to stabilize at this temperature. In general, 
-0" 

cv 
it took IS to 20 minutes for the temperature ta reach the test 

temperature. About 20 minutes after the sample had .been inserted in 

, \ 
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the furnace the software operations were initiated. 

Upon completion of the test, 'the sample was removed from 

the muffle via the quench hole in the lower ~nvil. This allowed 

specimens to be quenched within one or two 'seconds sfter the comple-

tion of a test. 

3.5 DATA HANDLING 

~ The data accumulated by" the acquisition programs consists 

of the test parameters and an a~ea with the voltage output from the 

load and displacement transducers, as weIl as the time at which each 

reading was taken. The full time stress-true strain curves were 

obtained by using a data handling pro gram of Luton. By üsing the 
" 

calibration factors for the transducers, 'the uniaxial force and the 

crosshe~d displacement were deduced from thelraw data. However, 

since it is not possible to measure the actual di~placement of-the _ r 

ram with respect to the lower snvil, the displacement readings had to 

be corrected for the distortion of the loading members. Previous 

users of this apparatus (4,5,8,99) have measured this distortion as 

a funcdoÎl oi l,oad, temperature and cros~ead velocity. The results 

of these tests, reproduced from Pe~kovic-Luton (99), are shown' in 
t 

Figure 3.5. ; It is evident that the machïne distortion, d , is not . m . , 
dependent on temperature br the crosshead speed. The data in Figure 3.5' 

fits an equa~ion of the form: 

d 
m 

o 

,1 

, , . 
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where ~o is'the in~tantaneous load and B. C, D, and E,areaco~stants. 
" " 

Theref?re, the t'rue instantaneous sami>le height·" hi' is given by: 

'ho 
1 

3.2 

where h i~ the initial sample he1ght And d. i5 the instantaneous 
o 1 

~ 

crosshead displacement. 
o 

The true strain, E, is given,by the expression 

3.3 

. , 
and the true'stréss, ~, by 

o 1 

. . 
cr 3.4 

.,.. 

wher~ Ai is the cross-sectional area of the compressed sample at an 

instant i and is calculated from tbe relation 

Ah Ih. o 0 ~ 

( 
Here A • is the cross-sectional area of the undeformed specime~. 

o , 

3.5 

This equation is based on the ~ssumption that flow i5 homogeneous 
1 

during compression. 

The second operation of this data handling program was 
,W ~ , 

to plot thé true stress-true strain data on an on-lin~ California 

Computers digital Calcomp plotter. The curve was defined by plotting 

the actual stress-strain data pairs. Two curves w~re plotted'othe 
.' 

full stress-strain curve and an"expanded plot of the initial loading 

, -
, 
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0' 

region, as shown in Figure 3.6: The yield stres's was determined by' 

using the expanded plot. It was defined by the use of the: offset 

method (102) as illustrated schematically in Figure 3.7. The interval 
~ 1 

.,~ is the specified offset of 0.002 strain' in this case. ' The line 
... ."« 

MN is drawn parallel to'the initial loading·li~e CA. The stress at 

which MN intersects the flow curve is defined as the yield stress. 

The problem with the above approach is that dt is tao prone 
; 

ta error. Firstl~, as can be seen from Figùre 3.6b, there is sorne 

scatte~ in the data. Since the yield is.very sensitive to the slope 

of the Îoading line; this scatter can lead to an uncertainty of ± iO% 
\ 

in the yield value. Furthermore, ~uman bias can influence the placing 

, 

of the loading line.' Secondly, the load and the strain r~~dings were 

not'taken simultaneously.· In the treatment of Luton theltime difference , . 
1 : _ 

was assumed ta be negligible. This assumption is èorrect when the time 
\ \ Il· ... 

• .. \. 1 

between eaCh data'reaaing is lo~g. th~t is, at slow scanning rates.' 

However, at high scanning rates the assumption is not valid hnd the 
1 • 

time difference must be taken into account. Finally" the actual strain 

: rate can be calcul~ed from the strain-time readings, pr~viding additional 

precision for the data ta be used in the activation analy~is. 
" 

YIELD, 
i' 

Based on these considerations, the author wrote a program, 

thJt takes the data frgm the bulk storage and calcùlates the . , 

actual true strain rate and the yield stress. In addition, plots of 
, ~ ., 

the work-hardening ver$US stress up to the first peak, and ~n expan~éa-
! c. ~ "'E 

plot of the yield region are draWp. A listing of the "rogram, whiclÎ:';\ 
~'" 

is written for the GB/PAC computer,· is presented in Appendix l. The -:;-' 

sequence ,of oper~tions that take place are illustra,ted by the block 

diagram shown in Figure 3.8 •. 

" 

. . 
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a) full stress-strain cuTte of OPHC copper 

b) expanded plot of the initial loading 
region.of plot (a) 
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r 
The first operation of YIELD 1s to smooth the data. Of 

the two measured variables, only the strain data was amenable to such 

an operation. Sinèe the tests were performed st constant true strain 
" 

rate, the strain-time data must form a straight line.. Hence a 1east 

squares straight 1ine fit was made to the strain versus time data. 

The smooth,ed strain data was obtained by putting the time values into 

the equation of the straight line and ca1culating the strain. The 

strain was then corrected for the load cell and machine deflection. 
() 

1 ) 

The slope of the straight line fit is the actual straln rate and this 

i5 output to the printer, P. The load values, ho~ever, cannat be 

smoothed in this ma~ner since the load is the dependent variable and 
1 

it5 functional form is unknown. The true stress and true strain 

valués were calculated f~om the load and displacement data by using 
~ 

Equat\ons 3.3 to, 3.5. 
.' ". 

The stres5-strain data waS then smoothed by 

" using a thr~e. point smoothing, routin.e ~.imi1a~ to the InM scientific 

subroutine package (SSP),routine SGIS. This routine_does not influ-

• ence the trend of the data, but is designed to'fi1ter-out abrupt step 

shifts ir the dat~ due to noise. Only the ~ata up to the~Jltst peak' 

" '. was considered. • ~ 

,The next task of the pro gram is to determine the Most suit-
" able ~9ading ~ine. The 10gic used to do this is that since~only data 

, , ' 
, 

to the first peak is cons1dered, .then ~he maximum slope must' be on 

the lo~ding line. The computer calculatés the s10pe of the flow curve 

~sing a ç~ntraf difference technique similar to that used in t~~ ~SP 
.r" 

routine DGT3. These.slopes, the ~ork,hardening, are~hen pJotted 

against the flow-strèss on the.Ctlcomp pIotter. The slope of the 
"' . " .. 

loading, line, 1s determined by averaging the three largest values o~ 

. , 

, 1 
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,J 

slope det~rmined by the differentiation rout~e. The line i5 

completely defined by assuming that it passes through the point of 

ma'ximum slope. The ,of'fset stress is' found by simply drawing a line 
• J 0 ,~ 

of the same slope at a 0.002.strain offset. The yield is calculated 
1 

by locating the two data points between whièh the offset line passe~. 

fitting a line ~etween ~hese points and cal~ulating at what ~tress 
-

the value ot this line and the loading line is equal. This value 

of the stress is the yield stress. The program finally plots the 

yield'region of the stress-strain curve, drawing-in the calculated 

loading and offset lines. Examples of the work hardening ~rid yield 
, .. 1 • 

pl~t$ are shown in Pigure 3.9 and 3.10. lt should be noted that the 

data is the same as that shown in Figure 3.6. By comparin~Figures 3.~ 
o 

and 3.9, it can be sèen that the program YIELD accurately determines 

" '1 the yield. 
, , 

The raw data obtained f~m approxirnately 75 compression 

tests will be presented more formal1y in the expe~ime,ntall results 

chapter that follows~ 
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CHAPTER 4 

EXPERIMENTAL RESULTS 

Constant true strain rate co~ression tests were conducted 
, ' -2 ' on OFHC coppe:r at ten different strain rates in the ~nge S'.2xl0 " 

, 
These tests were conducted at constant temperatures " 

'. 
~ . ~ 0 

in the range-SOO to 800 C ~nd at temperature intervals 50 C. Additional 
, " 0 

experiments were also carried out at 575 C. The upper strain rate 

limit was imposed by the available equipm~nt. At testing speeds in 

exc~ss of Sxl0-2s- 1 the pat a acquisition rate was insufficient to 

. permit an accurate determination of th; Y,~eld stress. The high tempera

ture and low strain rate limit were prin~ip~lly determined 'by the limit 

of re~olution of the load cell and the flow stresses developed under 
-

these limiting conditions. The lower temperatu~e bound corresponds 

to a homolo~ous'temperature of 0.57 which suggests that at.least at 

the slower strain rates the flow characteristics should be typical , , 1 
\ 

of high temperature deformation. The samples were aIl deformed to a 
1 

true strain of approximatelY 0.6. This means t~at the fastest tests 

lasted-approximately twelve seconds~while the slowest tests took almost 
,1 

In this chapterOthe information'obtained from these experi

m~nts will be presen~ed: The various tqpics that will be discussed are 

the charac~eri~'tiCS of, the tl'l!e \tréss-t~u~ strainl cl1rves» the 'tempera

ture and stra~n rate dependenëe of the yield st~ess and the détermina-
" 

tion of the~ctivation parameters: 
1 -. "-

( 
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4.1 CHARACTERISTICS OF niE TRUE STRESS-TRUE 5TRAIN FLOW CURVES 
; 

~ 

The influence of the" imposed strain rate on the' tru~ stress-

true strain curves'obtained for copper at 7000c, ~s shown in Figure·4.1. 

Por the sa~ clarity O~lY four of the "te'n ,curves" for this 

temperatur~re shown. The ,effect of temperature on the 

flaw curve at a strpin rate of 1.7xl0·3s· 1 is shawn' 
\ 

in Figure, 4.2. o ' The curves at 575 and 800 C are omitted for·clarity. 
l , 

AIl.of the flow curves obtained in the present work can be ~ound i~ 

Appendix 2 in the form of constant strain rate flow curves at various o 

te.sting temperatures. • " l' 0 It should be noted that at 800 C, tests werè . 

only carried out at the five fastest strain rates. ,~ 

~e pron~ced pe~k at-high s~rain rate~ and the oscillatory 

behaviour of the flow stress at low strain rates cl~arly indicates that 

this material undergoes dynamic recrystallization during straining 

(1,103). Furthermore, if one e~mines the typicalc.flow curve shown 

in Figure 3~6, it can be seen tha~ these curves exhibit three distinct 
1 

regimes of behaviour." At very l~w strains, up,to one or two per cent -.-
strain,' the stress increases almost linearly with strain. This is the 

initial loading regian. After this, there is a rather sudd~n decrease 

in the slope of the curve followed by a 'region during whicQ' the slope 

gr~dually decreases. 
1 

The net work hardening rate, defined as da/dE, 
, 

finally becomes,zero at the first peak • This is called the work . . . . ~ , 
The third regime of flow occurs at and after the 

first peak in the stress, and is called the dynamically recrystallized 

region~ 
. , 

In the fol1owing three sections, thesè regimes of flow will 

be discussed in tum. , 1 

). 
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4.1.1 The Fnitial Loading Regîon 

It is clear from the work hardening and yield plots in 

Figures 3.9 and 3.10, that the initial loading region ·is actually 

èomprised of three regions. Figure 3.9 i? a typical work hardening 

plot for copper under the present testing conditions. At the start 

of loading, the work hardening rate increases rapidly up to a peak 

value and then falls again at the onset of macroscopic plastic flow. 

The maximum work hardening rate is assumed to ~e the slope of the ~ 
, 

i~itial loading line as was described earlier. in Chapter 3. The 

slopes of the loading lines vary from about Y/70 at high strain rates 

and low temperatures l
, where Y is Young 1 s. modulus. to approximately 

Y/125 at low strain rates and-high temperatures. 

The behaviour of the flow stress -dudng the initial loading 

region is due to several factors: microstrain. machine distortion, 

the sample grooves and the gla~lubricant. The large difference 

between the initial loading slope and the theoretical slope for an 

elastically strained specimen is, in part. due to the collapse of the 

sample grooves. The end faces of the sp~cimens were grooved in order 

,to retain the glass lubricant. During the initia~ loading, the grooves 

collapse and the lubricant is ejected at the sample-anvil interface. 

It has been estimated that this can account for one-third of the dif~ 

ference in the slope (4). Part of the remaining discrep~ncy oècurs 

because the instant the sample is loaded, it become~ plastically 

strained, a small amount. This phenomena is called pre-yield microstrain 

(73,104). During the initial loading, howev~r, a signifieant portion 

of the specimen st:ra* rate is due to the elastic strain rate. ,As 

deformation proceeds, the elastic strain rate reduces to zero wh~le 

.. 

\ 

) 

• • 
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t~e ,plastic strain rate increases until it is almost equal to the 

-imposed strain~'"1'a.te. At this point, rnacroscopic yielding occu~ and 

the loading rate drops quicKly. Another factor that reduces the 

loading slope is the distortion of the Instrln frame during the 

initial loading. This distortion causes the initial applied stra~ 

rate at the specimen to be lower than the imposed strain rate. At 

the onset of macroscopic'plastic flow the two rates are about equal. 

It has been found that the grooves and the lubricant have 
1 

a negligible influence on the magnitude of the yield stress (S). 

However, the amount of pre-yield microstrain and the stress level for 

macroscopic yielding are influenced by the previous""therrno-mechanical 

history of the material. Therefore, as described in Chapter 3, ,the 

samples were machined from rods that had aIl been fully annealed and 

then cold worked 85%. They were, then given the sa~e annealing treatment. 

The yield stress was measured by the offset technique that 

was described earlier in this work. The yield data obtained at dif-' 
\1 

f!;~ ent temperatur,:s and str~in rates 

st on rates that are listed are the 
'-\0 

are presented in Appendix III. 

act~al imposed rates measured by 

the program YIELD. J1Ùs data will be discussed in detail later on in 

this chapter. 

4.1.2 The Work Hardening Region 

Although work haTdening a1ways occurs during straining, it 

is not always the dominant process. The regions during which wark 
? J 

hardening is dominant Can be identified by exa~ining the slope of 

the true stress-true strain flow curve~ If the slope is positive, 

The 

then hardening is occuring faster th an any of the restoration processes. 

> 
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In this section, the work hardening region referred to starts at 

the anset of macroscopic plastic flow and termina tes just before the 

first peak in the flow curve. 

On yielding, the slope of the flow curve changes abruptly , 
by a factor o( about ten. The yieJd s~ress, the strain to the peak 

and the peak stress are strongly temperature and strain rate.dependent. 

Therefore, at high temperatures and low strain rates the hardening 

r~gion extends only to 0.07 strain, while at high strain rates and 
; 

low temperatures the region extends to strains of approximately 0.35. 

1t is evident from the work hardening plot shown in Figure 3.9 

that after the onset of yielding the slope of da/dE versus cr decreases 

as sorne negative power function'of the stress. However, near the 

peak in the flow stress this slope suddenly decreases to zero. The 

rapid change in slope can be attributed to the initiation of dynamic 

rec~lliz.tian. This observation is consistent with reports th.t 

the critical strain for the start of recrystal1ization, EC' is slightly 

less than ~he strain to the peak, Ep (103). 

4.1.3 The Dynamically Recrystallized Region 

- The dynamically recrystallized region begins at the first 
4 

~ 

peak in the flow stress and continues to the maximum strain. The 
, . 

"behaviour of the flow stress observed in this investigation indicates 

that as thJ t~mperature i~ increased and the strain ra~e decreased, 

the number of oscillations in the flow stress increases~ At soooe; 

for aIl strain rates, there is anly one peak in the,flow stress. 

Whereas. at 7S00e and at the slowest strain rate, thirteen peaks in 

the flow stress were detected in a strain interval of 0.6. There/Was 

- 1. 

) 
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. 
no indication ~hat the oscillations were being attenuated. 

The shape of the recrystallized region of the stress-

strain flow cut;ve is dctermined by the different dependencies of 

the critical strain for the initiation of recrystallization (Ee) 

and the strain for complet ion of recrystallization Ct ) on strain 
r 

rate and temperature-(29). At low temperatures and high strain 

rates er is much greater than tc' Consequently, before recrystal

lization is complete, 'the regions' of the specimen that recrystallized 

hrst have reached' the critical strain to begin 1eCrystalliZing on'ce 

more. Hence, after the first peak, the recrystallization 'cycles 

superimpose and a constant average flow stress is obtained (103). 

At tbe other end of the st:ain rate and temperature range, Er is 

much less than E. Therefore, once recrystallization starts it is 
c 

completed long before the regions that recrystallized first can wor~ 

harden to the critical level again. As a result of this, deformation 

proceeds in waves of repeated recrystallization followed by regions 

of work hardening. This causes the flow,stress to osqillate. The 

oscillations tend to become damped at hi~h strains because with . , ( 

repeatett cycles of recrystallization, the process, throughout the 

specimen, becomes out 1 of phase. 

4.2 TEMPERATURE DEPENDENCE OF THE YleLD STRESS 

The temperature dependence of the yield stress is shown 

graphically in Figure 4.3 and the ~ata are tabulate~ in Appendix III. 

The strain rates listed on the figure are_the numerical averages of 

aIl the measured strain rates at a given temperature and nominal strajn 

rate. These numerical averages and their standard deviations are shown 
r 
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1 ~ 
~ 

i~ Table 4. i. It is clear from Figure 4.3 that the yield stress 

increases monotonically with increasing strain rate and decreasing , 

temperature. AlI of the curves, except the one at the fastest strain 

rate, are concave upwards 'over the en tire temperature rang'e. Howeve~, 

at a strain rate of 5.2xIO-2s- 1 there is a point of inflection in the 

curve at ap~roximately B5ooK. At lower temperatures the curve is 

concave downwards. This effect probably arises due to a transition , 

from thermally ac~ed to athermal flow as the temperature is 
, 

decreased at the highest strain rate. 

~ 

4.3 STRAIN RATE DEPENDENCE OF THE YIELD STRESS 

The strain rate dependence of the yield stress is shown 

by a semi-Iogarithmic plot in Figure 4.4 and by a logarithmic plot 

in Figure 4.5. ,From Figure 4.4 it is clear that the strain rate 

dependence has a very similar ferm to the temperature dependence of 

the yield stress. However, in Figures 4.4 and 4.5 the transition 

from thérmally activated to athermal flow is not as~pronounced as 

in F igure 4.~ 3 • 

4.4 DETERMINATION OF THE ACTIVATION PARAMETERS 

In the present work, it is assumed that at the onset of 

macroscopic plastic flo~ the internaI stress is negligible, and 

therefore that the effective stress is equal to the yield stress • 

The reasoning behind this assumpti9n has already been discussed in 

Chapter 2. Furthermore, since th:e thermodynamic analysis will be 
\ " 

performed in terms of the modulus-reduced shear stress, TIll, it i"S 

necessary to replot Figures 4.3 and 4.5 in terms of this parameter. 

. " 

4 a 
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TABLE 4.1 

The Average Imposed Strain Rates 

AveraBe Strain Rate. 5 
-1 Standard Deviation 

S.23lxlO- 2 9. 964xl0-4 • 
0 

(, 
1. 735x10 -2 2.819xlO -4 

~ 

8.604xl0- 3 6.479xlO- S 

S.216xl0 -3 5.181xlO-S 
~ 

1.694xI0-3 2.066xl0-S 

8.S49xl0-4 1.032xl0-S 

5.081xl0 -4 4.879xlO-6 
/ 

1. 713xl0-4 3.352x10-6 / 

~ 
8.617xl0-S 1. 171xl0-6 

\ 
5. 153xl0-5 6.701xlO- 7 
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To convert the compressive yield~stres~o effective shear stress. the 

experimentally determined stresses were divided by the average Taylor 

factor M. which takes a value of 3.06 for i,sotropic polycrystaUine / 
\ 

f.c.c. metaÎs (105). The shear modulus and its temperature dependence 
\ 

was determined from single crystal data as is shown below. 

4 .• 4.1 The Shear Modulus of Polycrystalline Copper 
1 

/ 

The temp'erature dependence of the e1astic constants of copper 
\ 

has been extensively investigated during the past thirty years (107-

110,118) •. Most of the work has bee~rfOimed on single crystals 

in the temperature,range 4.2 to 8000 K" ~8,109). Overton and Gaffney 

(108) have measured the temperature dependence of the e1astic stiffness 

coefficients, CIl' C12 ,and C44 , of cOPJer from 4.2 to 300oK. Chang 

and Himmel (109) have determined the temperature dependence of these 

coefficients from 300 to 800~K. These data weré used to obtain the 

cUlVes shown in Figure 4.6. The Voigt, Reuss and Hil~ Averages were 
! 
1 

calcu1ated ~om Equations 2.68, 2.67 and 2.69, respec,tive1y. At 

temperatures above 2500 K aIl of the shear modul1i are linear func-

tio~s of temperature. Since the temperature range of the present 
" 

investigation is 773 to l0730 K, it is assumed that the linear dependence 

of the modulii on temperature extends to higher temperatures. This 

assumption seems reasonable'since it is commonly observed that, if 
\ 

there are no changes in crystal structure, the modulus lineàrly depends 
,~ 

on temperature for al! temperatures above the Debye temperature, 'which 
1 

is 3430 K for copper (65): 

Least squares straight line fits were made to the linear 

portions of the curves to allow extrapolation to higher temperatures • 
• 

, 
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The rcsults of thcsc fits arc .. 

6.104xl04 - 2~.3S7 T '4.1 

4 
~R - 4.516x10 - 16.502 T 4.2 

~" S.310xl04 
- 18.429 T 4.3 

• 

where the units of the modulii are MN/m2 and T is' thei'empcr'ature 

in degr~es Kelvin. The correlation coefficients for aIl of th~se 

fits were better 'than 0.9995. where 1.000,represents a perfect 

correlation. 

In this investigation, on~ the Hill Averàge was used for 

reasons that have been previously discussed in Chapter 2. Using 

this average and the effective shear stress, the modulusJreduced 
~ 

effective shear stress was calculated. The temperature and strain 

rate dependence of this parameter is presented below. 

4.4.2 The Temrerature and Strain Rate Dependence of the Modu1us
Reduced Effective Stress 

The terrtperature dependence of the modulus-.reduced effective 

stress is shown in Figure 4.7 and the strain rate dependence is shown 

in Figures 4.8 and 4.9. In these figures the symbol ~ was used to 

represent the effective stress since we have assumed th~t the effective 

and app1ied stresses are equal. This notation will be used throughout 

the pres~nt work. 

In Figure 4.10 the logarithm of the str~in rate is p10tted 

for constant values of T/~ against inverse temperature. The points 
-b 
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on this plot represent the intersection of constant ./~ lines with 

tne smooth lines drawn through the data in Figures 4.7 and 4.8. The 

data represented graphically in Figure 4.10 is the '\'raw data" used 

ta calculate the activation parameters and is tabulated in Appendix IV. 

It shauld be noted that the constant .l'IJ. lin,es are drawn 50 that they 

intersect at least thre~ empirical curves within th~ experimental 

range. It is felt that at least thtee pOInts were required to properly 

ldefine the eurves in Figure 4.10. There are two salient features 

of this plot that are worthy of méntion. First1y, the 10garithm of 

the straJn rate varies lin~ar1y with inverse temperature at constant 

-~" ~ 
t/~. This observation indicates that tne activation enthalpy, whieh' 

is direct1y proportiona1 slope of the 1ines, is independent of tempera-

ture over the temperature ran~e investigated. The second observation 

is that the slopes of the straight 1ines decrease with increasing,t/~. 

A computer program was written to analyse the data presented 

in Figure 4.10 and Appendix IV. Using these data a10ng with the tempera-

ture dependenee of the shear modulus, the program determines aIl of the 

activation parameters. The'program, cal1ed ACTANL, is 1isted in 

Appendix V. In the fo110wing sections the scheme of analysis used in 

this program is presented. 

4.4.3 Seneme of Analysis 

The theoretical basi's of the analytical scheme used in the 

pro gram ACTANL has been previously presented'in Section 2.2.2.3. To 

initiate the analysis the pre-exponential factor is assumed to be a 

function of T/~ on1y. This permits the direct d~termination of the 

activa~on parameters from experimental data. 

• 
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The first step in the analysis is to determine th~ slopes 

of the lines in Figure 4.10. This is carried out by,perfarming a 

least squares straight line fit of the farm InCE) = BCI/T) T C, 

where B is the slope of the line and C is the intercept. From the 

values of B, the activation enthalpies, with respect to T/~, are 

derived directly from the relationship 

llH 1 = - k(dlnc/al/T) 1 
T ~ T ~ 

4.4 

and the identity ~ 

. 
(iHm:/ôl/T) / 

T ~\ 
B 

• 

Thetctivation free energy. ~G. is related simply to ~HT/~ by the 

relation 

~G = (~/~ )~H 1 
o T ~ 

4.6 
o 

The constant ~o arises because the shear modulus 1s a linear function 

of temperature and of the forro: ~ = ).10 + T(~). The activation 

entropy at constant T/~. as / 1 is related to the free energy in 
T ~ 

the following manner 

4.7 

Using Equation 2.21, stress-strain rate data and the values of ~G 

determined with the aid of Equation ~.6, the corresponding values of 

• • 
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EO ar,c detennincll. These values .. _çan then be examined ln order to . " 

check whethcr the assumption that EO ~ t (T/~) was val id. 
~ 0 

The va lues of the activation vo1ull'e, V*, are determined 

from the relationship 

V* 4.8 

Since.the values of the pre-exponential have already been deterrnjned. 

then al~ tha~ is required ~o calculate V* are the slopes of the ln e: 
p 

versus 7:/~ data at constant temperature.. This is performed br way of 

the SSP subroutine DDGT3. Furthermore, in order to srnooth the values 
2 ,3 

of V*, an equation of the form In(V*) - B - C(7:/~) - D(7:/~) - E(T/~) 

is fitted to the values of V* using the least squares method • 
.:J 

Finally, in ordeT to compare the values of the activation 

parameters with published values, it is necessary to compute the para

meters with respect to the effective stress only. This is carried out 

by using the equations 

4.9 

and 

4.10 

Using th1is scheme of ana~ysis the pro gram ACTANL calculated 

the activation parameters. ~ These parameters are presented below • 

... 

" 
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4.4.4 Act~vation Enthalpy 

The T/~ dependence of the activation enthalpy is shown in 

Figure 4.11. In this figure three curvés are pre~ented. The lowest 

curve is for ~H 1 at aIl temperatures. It is clear that it ik 
T \.l 

stronglyl dependent on T/\.l, especia~ly at high and low values of T/\.I. 

The two uppermost curves show the values of ~H determined from 
T 

Equation 4.9 for the highest and lowest temperatures. ~H is larger 
T / It 

than ~H / because the cornpatability term on the' right-hand side of 
T II 

Equation 4. 9,' V*T(T/~)(d\.l/dT), is negative since dl!/dT < O. At 

T/~ =, 0, ~HT/~ must be equql ta lIH:r for all temperatures.. Fc,>r TI}! > 0, 

lIl1 is slightly temperature dependent as is shown in Figure 4.11. 
T 

4.4.5 Activation Entropy 
1 

The TI\! dependence of the activation entropy is shown in 
'"'!J' 

4.12. It is clear that both ~S 1 and nS are strongly T/\.l 
T l! "[ 

dependens, especlally at low values of "[/l!~ _ The AS"[ values are 

approximately 32 to 35 J/moleoK higher than the L'lS 1 values 
"[ \.l 

over the entire T/l! range. 

The AS values were calculated from Equation 4.10 using the 
r 

values of AHr determined in the previous section. Sfnce lIH
T 

is 

greater than L'lB 1 ' then it follows that AS is greater than L'lS / . 
Tl1 ' T Tl! 

• 
Unlike lIH 1 liS is not temperature dependent when plotted against 

T T 
, 0 

T/\.I. The values of L'lS range from 130.3 to 80.8 J/mol K. From these 
T , , , . 

values, it can be seen that a, high temperatures the activa'tion entropy 

makes an 

example, 

J/moloK. 
, 

had been 

,'] 

ap~reciable contribution to the activation free energy. For" 

at 10730 K and T/l! ~ 7.0xI0-S, L'lH"[ = 308.8 KJ/mol' and ~ST'= 130.3 

Therefore, TlIS"[ = 139.8 KJ/mol and ~G = 169 KJ/mol. If liS, 

neglected then lIG would have been 308.8 KJ/mol. 

• ~ , .' 'r~ .. ... , \ ' 
--, 
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,4.4.6 Activation Free Energy, , 

The modulus-reduced activation free energy. ~G/Ut was 

calcu1ated from Equàtion 4.6 and its dependence on T/~ is shown in 
1 

Figure 4.13. This dependence is similar to the dependence of AH 1 
' T II 

on Till as described earlier. The units of ~G/ll in F1igure 4.13 are 

b
3/atom, where b is the Burger~ vector which has a V1ue of 25.6 nm 

l 

for copper (106). The smooth curve draWn through·the data points ~s 

discussed in the following chapter. 

4.4.7 The Pre-exponential Factor 

The temperature and TIll dependence of the logarithm of the 

pre-exponential factor. ~n(Eo)' is shawn in Table 4.2. There are 

two important observations to be made about thes~ data. Firstly, 

at any value of Till, In(Eo) is approximately c?nstant, that is, 

In(~o) is not dependent on ternperature. Secondly, at a constant 

ternperature, the value of In(E ) appears to be ~ndepe,ndent of TIll. 
. 0 

Hence, from these observations, it is clear that'~he pre-exponential 

façtar has a constann value which is independent of stress and tempera

,ture. This is the trivial case of ~o ex (-Clll)rn. At values of -Clll 

greater than 2.5xlO-4 the pre-exponentiai factor appears to take.values 

that are smaller than those'obtained at lower -clv levels. This upper 

limit probably indfcates the commencement of the transitien'between 

thermally activated and athermal flow. The average ~alue of In(Eo) is 

12.77 with a standard deviation of 0.512. rherefore, Eo takes a mean 

value of 3. 5'2xl05s -1. 
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TABLE 4.2 

The Temperature and t/'.l Dependence of In(col 

0 
T~_erature C 

~ 

500 550 
, 

575 600 651\ 700 750 800 

'" 
- - - - - 12.88 12.76 12.88 . 
- - - - 13.17 13.13 13.16 13.17 

- - - - 12.67 12.68 12.68 12.67 
~ 

- - - 12.48 12.55 12.53 12.55 12.47 
> 

1 

- / - 12.84 12.87 12.88 12.86 12.85 -
1 

1 12.77 12.85 12.94 12.92 12.89 12.77 ,. -
- 13.47 13.59 13.66 13.62 13.48 - -.. 

12.94 12.74 12.'82 13.01 12.94 12.81 - -
13.19 12.95 13.02 13.23 13.09 ~ - -
13.02 12.79 12.85 13.06 12.91 - - .. -1 

, 
13.04 12.89 1.2.89 13.07 - - - -
12.90 12.88 12.76 12.94 - - - -

12.55 12.51 12.41 12.60 - - - -
\ 

. 
11.49 11.56 /11.47 - - - - -. 
Il. 28 11.32 11. 27 - - - - -



4.4.8 Activati~n Volume 
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Slnce the pre-exponential factor is a constan~. the right-hand 

tcrm on the rlght-hand side of Equation 4.8 is zerJ and therefore 

the activatIon volume can be obtained easily. The temperature and T/p 

d~rendenee of the activation volume is shown in Figure 4.14. It can 
-c 

be seen that at constant T/p levels V* is not a funetion of tempera~ure. 

It is. however. a particularly strong function of T/U at low values 

of -r/IJ. The smooth CUrve clrawn through the data ic; the empirical curve 

~hat was described earlier. 
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CHAPTER 5 

DISéuSSION 

. .( 

In the preceeding chapter a set -of results vertaining to 

the temperature and strain rate dependence of the yield stress of 

copper were presented. Furthermore, the activation parameters calcu-

lated from these results were also described. In the present chapter, 
v , 

these data will be analysed and madels will be proposed to explain 

the c;>bserved be,havioùr of the activation free enerp,y and the pre-

exponential f~~tor. However. before going int~ the details of these 

models, we will present a brief discussion of the applicability oL 

the analysis. 

5.1 IJISCUSSION OF THE METIIOD OF ANALYSI S 

The analytical scheme used in this work has been described 

in Chapter 4. Th,é-first feature of this analysis that should be noted, 
J 

lis that there was minimum smoothing of the experimental data. In 

order to obtain the data shown in Figure 4.10, smooth curves were 

drawn through the experimental data points as is illustrated in ~igure 4.8. 

However. these curves'were drawn to allow interpolation between the 

points and they did not influence the trend of the data. It is clear 

from Figure 4.10 that the ln E versus liT data; at constant T/~, fits 

a family of straight !ines ve}y weIl. '! 'The points tend to be randomly 

scattered about the Iines, indicating that the least squares sttaight 

line fit to the data is ju~tified. The activation enthalpy and free 

energy were calCulated directly from the sl~pes of these- lXhes. The 

• 
. ) 

c • 



105. 
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activation volume, on the other hand, was determined from the experi M 

mental data of Figure 4.8 by fitting a Lagran,qian interpolation poly- .1 

nomial, of degree two, to three consecutive data roints, where the 

derivative was determined at the mid-point. 

In discussing the analytical scheme it is of primary 

to know exactly. under what conditions the scheme is applicahle. 

importance 

Sorne l'~ 
façtors which limit the applicability of the analysis used herc are 

disc1,lssed below. 

5.1.1 Applicability of the Analysis 

The activation pa~ameters were determin~d from the experi-

mental data by JlIaking severai aS,surnptions that limit the generality 

of the analytical scheme. Sorne of these assumptions are: (i) only 
-

one di.slocation mechanis,m is rate controlling; (ii) the obstacles 

are linear elastic; (iii) the pre-exponential factor is a single-

·valued function qf T/~; and (iv) the internaI stress is negligible 

at the onset of rnacroscopic yielding. These assumptions will be 

discussed in turn in the following paragraphs. 

In order to determine the activation parameters a strain 

rate equation of the form 

5.1 

\'las used. "This equation is essentially the same as Equation 2.21, 

except here, part of the temperature dependence of the parameters 

is included in the T/~~term. 
"', v 

The use of this equation implicitl~ 

assumes that a single type of activation proceSs is rate controlling. 

(J, 
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Othcrwise, t e strain rate would be given by a sum of terms with 

each term represehtinp, a separate thermally activated process. In 

arder to simplify the analysis, a single glide ~stacle mecha~ism 

was assumed to be rate controlling. If there were. in fact, sev.eral 
, "' .... '1 

rate controlling pro~esse5. then fiG in, Equation 5.1 wou1d actually 
1 

be the proper average of the free energies of activation associated 

with the individual obstacles (111). 

The analysis presented in Chapters 2 and 4 is only applic-
, 

able to linear elastic obstacles. That is, it only applies ta 

obstacles for which the back stress is not a function of the effective 

stress, and when the back stress has the same temperature depenàence 

as the shear modulus. This latter statement implies that the disloca-

tion-obstacle interactions are probably described by the theory of 

linear ebasticity. :It is further assumed that the obstacles are rigid. 

The pre-exp~tial factor is taken to be a single-valued. 

-' 
function of T/U. This assumption is checked by an inductive appro~ch. 

f.] 

In other words. 1f the data is in agreement with such a dependence 

then thè procedure is justif1ied. Further support for the validitl' of 

this assumption is that several of the terms which reasona~~ent€r 

the pre-exponential are generally be1ieved ta be functions of on1y T/P. 

For example. the dislocation segment length (40) and the mobile dis
\ 

location density (112-114) appear ta unique1y depend on T/U. 

Fina11y. it is ~ssumed that at the onset of macroscopic 

yielding the internaI stress is much 1ess than the applied stress. 

Thi~ assumption has already been discusSed in Chapter 2. 
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Within this framework we will now dioscuss the values and' 

functional dependencies of the derived activation parameters, as 

weIl as the physical interpretation of these resu1ts. 

~ 

5.2 THE ACTIVATION PARAMETERS 

The parameters obtained from the activational nnalysis 

~described above will now be discussed in turn. 

5.2.1 The Activation Volume 

The activation volumes determined by numeric~l differenti-

ation of the stress-strain rate data were depicted in Figure 4.14. 

This data was fitted ta an equation of the form V* = B exp{- ex - Dx2 - EX3}, , 

where X = (./ll) (5xl03
) and V* 1s the actïvation volume in units of 

100 b3 • The functional form of this equation i5 the 5ame as that used 

by Surek et al (64). It has no physical significance. It is clear 

from Figure 4.14 that V* i5 a function of ./~ only. The values of 

the empirical constants were found to be 

B - 5.44, 100 b3 D -= .:. 115.53 

c 40.96 E 271. 33 

where C, D and E are dimensionless •. This empirical fit is represented 

by the smooth line drawn in Figure 4.14.' 1t i5 evident that although 

the fitting procedure is effective~in the middle range of experimental 

-4 -4' ./ll'values, 0.7xlO ~ LIu ~ 2.8xlO • the functional form is le5s , 

valid at the_end points. However. the activation analysis was only. 

carried ~ut in this mid-range of ./ll values. At ./ll = 2.8xlO-4 the 
o 
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smoothed value of V* 15 592 b3 while at T/~ = O.7xl0- 4 it is 2826 h3 • 
. " 

Wc will return to these values of V· Iater in this chapter where the 

most likely rate controlling dislocation mechanisms are discussed • 
• 

5.2.2 The Activation Pree Eneru 

The 'functional dependençe of :the activation free energy 

on T/~ has been presented previously in Figure 4.13. _ It can be seen 

from this figure that extrapolation of the data ta T/p = 0 is dif-

fieult because there are no points near zero. Howeyer, since it is 
\ 

nece5sary to know the value of oG at T/~ = 0, in order to identify 

the rate control~ing mechanism, an attempt was made to extrapolate the 

data to zero stress. This was achieved by fitting a series of equa

-.tions to the data using the computer program ~RVEt. The "best fit~t 
" 

was found to be of the form: llG = -C + (X + D) / (E + B (X + D)), where 
, \ 

X = (T/~)xl04 and AG is the activation free en~gy in units of pb3/atom. 

The values of the constants are 

B 1. 022 atomh.lb3 

C = 0.980 atom/pb3 

, . 

D -== 3.758 

, 3 
E = -1. 54·8 atom/pb 

( 

\ 

where D is dimensionless. Th~ 'tota~RMS error in this correlation 
1 

is 1.04%. This is demonstrated in Figure 4.13~ where the smooth line 

t 
This program was written by Professor D. Pfeiffer, Depart~ent of 

Mechanical Engineering, McGill University, Montreal. This program 
fi ts fifteen different functions to the data and chooses the tfbest 
fit" on the basis of a standard deviation'criterion. 

, 
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represents this equation. This expression was then used to determine 

the value of 6G at T/u "'"' O~ 6Go ~ which was found' to be 0.66 llb
3/atom. 

This extrapolation to zero stress is shown by the dotted portion of 
\ 

the c~rve in the figure. Using the temperature dependence of 'Il given , 
o 4 t -3 2 

by Equation 4.3 we 'obtain 6G CT) - 3.494x10 - 12.126 Tt MNb lm atom 

and therefore 6Go(O) ~ 351 kJ/mol. 6Go is the total reversible work 
\ 

required to overcome an obstacle without the aid of an external stress. 

It is an intrinsic quantity that describes the interaction between the 

dislocation and the obstacle. We will return to this value later where 

the rate controlling harriers are identified. 

In Figure 4.13: it c~m be seen that at high values Qf -r/u 

the data tends ta fall below the fitted curve. This prabably arises 

because of the commencement of the transition from therma~ly activated 

to athermal f1ow. 

~.2.3 The Activation Entha1py 

Smooth curves were drawn through the activation enthalpy data 

sho~n in Figure 4.11. TQese curves were extrapolated to T/u = O. 

From Equation 4.9 it is clear that at TIll = O~ 6H 1 = 6H = 6Ho for 
TU, T 

aIl temperatures. 6Ho was found to be app~oximately 350 kJ/mol. 

Therefore~ 6Ho ~ 6GoCO)"which is a necessary condition for internaI 

consistency of the ana1ysis. Furthermore, this value of 6Ho can be 
~ • 1 

tompared with the previous values of th~ activation enthalpy that have 

been publi~hed in the literature. 
1 

-.-

.. 
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The activation enthalpies that can he found in the litera

ture have been10btained in thr~e ways: the 'activation enthalpy fot: 

"self-diffusion, for creep and for hot 'working. Landon et al (174), 

Garafalo (36) and Honeycombe (175) have'determined âHSD ' self-diffusion~ 
, 

for copper to ~e in the range 184- 23
1
4 kJ Imol, while nuMerous workers 

have found ~HC' creep, to be in the range 197-234 k~/mol (36,174-176). 

The activation enthalpy for ho~ workiqg, âHHW , is approximately 301 kJ/mol 

(25). It is evident that the 'activation enthalpy determined~mere is much 

l~rger than 6HSD or 6HCi, but is reasonably close ta ~he hot working 

value. Since t~e 6HUW was determined from steady state'hot torsion 

data, it is not strictly comparable with the enthalpy found in the 

pre~en~ work as it includes a restoration component t~at arises from 
\ 

dynamic recrystallization. 

\ 

The activatio~ entropr has already been discussed in'Chapter 4 
, 

and the pre-exponential factor will be dealt with later on in this 

chapte!". Before-'g-oing on 'to do this, we ~ill discuss the influence 

of sôme extraneous factors, such as'grain bounda~y,sliding and the 

presence of impurities, and their effects on the activation parameters. 

5.2.4 Bxtraneous Factors 

AlI of the specimens used i~ this invdStigation had the same 

initial grain size of 0.24 mm and the same composition as shawn in 

Table 3.1. It is important, however, to consider the possibl~ influence 

these two factors May have had on the mechanical behaviour of this metal. 

It was mentioned in Chapter 3 that grain boundary sliding 
-

occurs during~igh temperature deformation. The amount of sliding 

• • 
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, 1 

depends on grain size, defor~tion rate and the extent of deformation 

. (the amount of strain). We have pointed out thàt the grain size was. 

made as large as possible to minimize sliding. Furthermore, the 

mechanical data used ~n the analysls was the yield stress, 'and there

fore the amountPof plastic strain is small, of the order af 0.001 

strain.' Since grain boundary sliding occurs in arder to accommodate 

strain wVthin the grains, this means that the likelihood of sliding 

occuring is negligible, even ât verY low strain rates. 

-In the OF~c\copper us;d in this inve~tigation there are 

appro~imately 0.08 wt\% impurities, this is a typical' impurity level 
. -

for this material (177)-. The three major impurities are lead (0.013 wt%), 

iron (0.030 wt%) and phosphorous (0.020 wt%). In addition, it is 

clear from Table 3.1 that almost aIl of the impurities are positive 

metallic atoms and hence they are probably present in the copper matrix 

as substitutional or interstitial atoms. or they are located at the grain 
; 

boundaries. It is unlikely that precipitates are present since there 

are very few atoms the metallic atoms, could pr,ecipitate with. For 
t 

example, in tough pitçh copper, 0.04 wt% oxygen, sorne of the oxygen 

is present as the Cu20 precipitate. However, at oxygen levels below 

/' 0.0035 wt% this precipitat'io\This unlikely te:> occur. In the copper 

used in this workO:·the oxygen level was only 0.0004 wt%.· 

Although there probably are no precipitates present, it is 

possible that.the impurities could influence the mechanical properties 

of the copper. Si~ce we are especially interested in ascertaining how 
. 

these impurities would influence thermally activated flow, it is important 
1 

to know whether they would ~ontribute to the long or short,range stress 

fields. The impurities that are substitutional or interstitial atoms 

\ •• ,~ '",.~ r>~'''''''' J ... A~""""~ .......... <:-""·,J(_,."'~_.J~tt_,jbJ" ....... l~'''''',,,,,,~~.Mf.~~~:''''''''~ - .... - ........ ~~ , 
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" would have short range stress fields. But, sin~e the activation 

enthalpy is sa much greater than the self-diffusion enthalpy, it is .. 
, 

probable that such obstacles would be relatively transparent to the 

\. 1 dislocations. That is, these atoms would be dragged along by the 
o • 

dislocations. The i~urities at the grain' boundaries would proba~ly l' 

hav~ long range stress fields and therefore would,not interfere with 
\ 

the t)lermal,ly assistcd motion of the dislocations. However, grain 
\ . 

boundarie'S lan aet as a source or sink of dislocations and therefore 
, ~ ~ " 

play a maio)\ role in ;etermining deforuation DehaViour., If ~ 
indeed the c~se then the. segregation of impurity atoms to the grain 

boundaries could significantly influence the deformation behaviour. 

5.3 THE PR~SENT RESULTS IN TERMS OF RECOVERY-CREEP AND DISLOCATION 
GLIDE MODELS 

So far, we have described the temperature and strain rate 

dependence of the yield stress, and have presented the activ~tion 

parameters that characterize the' deformation mechanism. This informa-

tion will now be used to propose a model that explains the observed 

" high temperature behaviour of OFHC copper. 

The purpose of the present section is to examine the . 
. 

applicability of the various modeis for high temperature deformation 

to the present data. 

5.3.1 Dislocation Climb Models 

Dislocation climb models require that since climb is dif-

fusion controlled, then the activation enthalpy must be of the same 
r 

magnitude as 6HSD and the activation volume must be of the order of 

\ 

c sa 
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1 b3 (70). In this investigation, V· ·was found to vary from 600 to 

2800 b3 over the T/p range of 2.8xl0-4 to 0.7xlO-4, respcctively, 

o a,nd. fllJ is much greater t~an AH~D.' ,In addition, climb models pre-

dict 'that the enthalpy is independent 'of stress, whereas we have 

found AH ta be strongly stress dependent. Furthermore, climb theories 

were postulated to explain steady state creep behaviour and cannot 
, \ 

be extended, without modification, to explain yield behaviour of a 
, . 

hot worked metal. 'Therefore, based on these facts we can say that 

the disloca~ion climb model is not applicable to the present investi-

gation. 

5.3.2 Jogge1 $crew Dislocation Models 

The measured activation volum~s are in reasonable agree-

ment w~th the requirements of the jogged screw dislocation modeis. 

However, since jog atagging is diffUSIon controlled. once more the 

activation enthalpy should be th~t for self-diffusion, AHSD' and 

independent of stress. From the previous section we know"that AHo 

is mucA greater than AHSD in this case. Therefore. we can conclude 

that neither the climb nor the jogged screw dislocation mode,ls are 

applicable in the case of the hi~~ temperature deformation of copper. , 

5.3.3 Network Recovery Models 

The network recovery models (see Section 2.1.3.2) agree' 

weIl with the microstructural observations made on hot deformed 

materials. Work hardening can be equated with the contraction of the 

dislocation network, while reco~ery can be re~arded as arising from 

network expansion. Such a concept can be used as a basis1for th~ 
1 
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1 

undcrstanding of the observed behaviour in the transient region of 

the flow éurves. In this way, the barri ers to dislo~ation motion 

can be considered ~o be the nodes in the three-dimensionâl disloca-

tion network; and the rate controlling step to be the unpinning of 
f 

these nodes. In order to determine whether or not such a model is 

applicable to the pr~sent results, the properties of dislocation 

nodes will be considered in more detail helow. 

5.4 THE NETWORK RECOVERY THEORY AS A MECHANISTIC MOOEL , 

When a dislocation, gliding along its slip plane, encounters 

a forest dislocation the elastic stress fields of these dislocations 

interact and the dislocations form a junétion~ These interactions 

are either attra~tive or repulsive, depending on the magnitude of 

the Burgers vectors of the dislocations and the an~les between the 

intersecting dislocation lines. ~~e junc~ions can obviously act 
, 1 

as barri ers to dislocation glide and can furthermore be overcome by 
, 0 

the cooperative action of the effective stress and thermal fluctua-

tions. Due to the flexible nature of the dislocation line, attractive 

junctions are approximately four times stronger than repulsive junctions 
, 

(119). Therefore, the ,unpinning of attractive junctions is more likely 

to be rate controlling at high temperatures, especially since the 
\ 

repulsfve junctions'are commonly invoked as the barriers to giide 

at low temperatures (135). Consequently, attention will ~ow be 

focussed on attractive' junctions. 
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"'l,' 

5.4.] The t\ttrnctive Junction 

hll i llustl'ation of the formation of an attractive, junction 

is shawn in Figure 5.1 for unextended straight dislocations. The 

stress fi~ld of LL' interacts with MM' over a relatively short length 

that increases as f decreases ,(120). Upon completion of the inter-
)' , 

section process jogs are generallY forJiled. If. the,' elasÙc stress 
o 

fields are 5uch that the dislocations attract each other, then extra 

work has to be done-to separate the dislocations after they have,been , 

drawn together. This attr~ction constttutes an addlt\onal component 

of the energy weIl. Furthermore, there is a 1Îart~cularly large reduc-

( 

tion in energy at the attractive junction when a dislocation reaction ",P-

ocours that teduces the total length) of dislocation line. A typical 
1 

reaetion of this type is shown in Figure' S.l (c) and 5.1 (d) for the 

intersection of two screw dislocations. Here th~ dislocations bl and 

b2 react to form a third dislocation NN' with a Bùrgers vector b3 • • 
The configu~ation shown in Figure 5.1 (d} is called anode (121). 

The types of dislocation reactions that give a local reduction in 
, 

energylhave been weIl catalogued for cubic materials (122-125). In 

addition, nodes have been observed by uSing electron microscopy 

(126-128) • 
\ 1 

Iri arder for a dislocation to be unpinned from an attractive 

junction, the junction must be unzipped along pp' (see Figure 5.1 (d)) • 
.. 

However, in low stacking fault metals such as copper the dislocations 

tend to be dissociated. These dislocations form extended nodes within 

the partial ~P'. Hence, at elevated temperatures, it is to be expected 

that the overcomïng of the extended nodes in the network would be 

rate controlling. These extended nodes are more complicated than the 

ones discussed above and will therefore be dea!t with below. 

',~ 

. , \ , 

c c. 

\ll, 
1 

i 

\ 

0\ 
.-/",~ , , 

" • ;1 



( 

i' 

1 

\ 
f 

~ (. 
~ 
" 

" j 

t 

FlGURE 5.1 An illustration of the formation of an . 
attractive junction (after Hull (~19)) 

a) dislocation LL' moves towa~ds MM' 
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b), c), and d) LL' and MM' react to ~' 
,form a new dislocat~ pp' 

, -

~ 
..... ,'" ~ ~ ~ >l' " )"'1' > .... _ :..~_ .... '_ .... <t.J... ...... 8 , ,. _..: ........ -- .« 

/ 



( , 

" 

( 

117. 

5.4. 2 Ext end cd Node..! 

Extended nodes were first observed by Whelan (129) and 

l8ter by Swann (130). More recently, these nodes have been observed 

by Ruff (Hl), ,Gallagher and Washbum (132) and Gallagher (133). A . ' 

schematic representation of an attractive junction formed from two 

dissociated disloc;tions is shoWn in Figure 5.2. Sastry et al (134) 

and Tangri and Sastry (135) have shown that the unpinning of such a 

junction is probably the rate controlling mechanism in the high 

temperaturé deformation of Zr-Sn alloys (134) and nickel (135). 

According to Sastry et al there are three components to the energy 

required to overcome su ch an obstacle. These are illustrated in 
" 

Figure 5.2 and are the inter~ection energy, 6G., the constriction 
l 

energy, ~Gc' and the recombinati,on energy, 6Gr . 

The intersection energy is the energy required to rêunite 

two threefold nodes . , 
(the distance XV in Figure ~.2), ~herefore o 

to allow unpinning of the node. Saada (1$6) has shown that,this 

energy is given by 

5.2 

where 61 is the length of the combined dislocation between the two 

nodes and e is a constant with a range of values but is assumed to 

" be, 0.1 (134). In Chl.\pter 2 it was noted that therma 1 fluctuations 

can only act coherently over small distances, hence widely separated 

node~ would be athermal in'nature. The stress required for the un

combined portions of the mobile dislocations to bow out around the 

junction, t BOW' is given by 

,. 
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, 0 

FIGURE 5.2 A. schematic representation of the attractive 
junction for the ~ise of two dissociated dis
locations Cafter Sastry et al,' (134)) • 
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5.3 

Hère E is a constant with a value between 0.1 and 2, and 1 is the 

average length of the forest segments. Saada (136) has shown that 

~1 decreases with stress and is of the order of t/20 at bow-out: 

But ut elevaterl temperatures the developed stress is weIl below 
r~ - - , 

't BOW and bow~~ut does not~ in general ... occur. In the presence of 

a stress, therefore~ the threefold nodes are separated by a distance 

of the order of 1/20. For short fore st segments, this means thàt 6t 

will not be more,than a few Burgers vectors in length. If thèrmal 

fluctuations are of sufficient magnitude, then, for such short seg-

ment lengths, thermally activated unpinnirlg of .. the "junctions is 

possible. The magnitude of slJch fluctuations is given by Equation--'§. 2. 

Setting 61 equal to 3b (say), we obtain 

6G. = O.3ub3 
1 

, 

_ ... \.~ 

5.4 

It should be noted that this value of 6G. represents the magnitude 
, 1 ' 

, 
of th~ thermal fluctuatIon required to replace bowing by intersection 

when the dislocations are perfecto To this energy must be added the 

constriction and recombination energies of the partiais. 
) " 

The constriction energy is associated with the area C'A'X 

.' 

, 
in Figure 5.2. Stroh (137) has caiculated this "energy ta be approxirnately 

1 

5.5 

,. where r is the ~Cking fauit wfdth. 
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The recombination energy~ associated with the areas C"XY 

and A."XY in Figure 5.2, has been calculated to be (138) 

5.6 

total 'activation 
1 

The energy for the unpinning of an attractive junc-

tion i5 th en given by 
,) 

âGr âGi + t\G + âG + 6G. 5.7 c r J 

The term, 6G., is due to the jog that is 'left behind in each inter
J 

secting dislocation after they have intersected. McLean (38,139) 

, 
" 

, 
1 

has discussed the jog resistance for the case of attractive junctions. 

He considers that only one-half of the jog energy has to be supplfed 

during breaking. Th~ value of ÔG
j 

is approximately 0.04. b3• Since 

this term i5 much less than the othez terms that comprise t\Gr it 

will he neglected. 

In conclusion, therefore, AGr is given by 

:f 3 1/2. 6G = O.30~b + O.016r~b (ln(r/b)) 
T 

... .• S. 8 

/ , 

B~fore an estimate of the magnitude of t\Gr can be made, it is neces

sary' to determine ,the value of r, the stacking fauit width. 

, \ 

Il 
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5.4.3 The Stacking Fault Width in Copper 

The stacking fauit width can be calculated from the 

stacking fault energy, A, br using the method of ~idenreich and 

Shockley (140,141). They proposed that a dislocation in ~ f.c.c. 

Ilattice ~issociates into two~partial disloeations, Shockley partials, 

separat~d by a stacking fault. The dislocation reaction is as 

follows:" 

l' 1 

where a is the lattice parameter. The Burgers veetors of aIl three 

dis~ocations lie. in the same (111) plane. There are two forces acting 

upon the partials, the force of repulsion due to the fa et that they 
" 

have the same sign, and the force of attraction due to the stacking 

fault energy. When the partia1s are sepàrated.by a distance, r, the 
\ 

" ( 2 
force of repulsion t ,per unit length of each is approximately a 1l/24nr. 

This repulsive force is, in tum, balanced by the staçking fault 

energy. Hence, at equilibrium we may write 

2 
A ... !.JL 

~ 24nr 
or 5.9 

a2 
r·- 24;A 

'. 
" 

For copper, the lattice,parameter, as is 36.15 nm and II is S.146xl04MN/m2, 

the Hil} Average value at OOK. The value of the stacking fald t energy, 

however, is n~t known precisely. Table 5.1 lists the values of A for 
1 

copper and the methods of determination in chronological order, star1:'ing 
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( TABLE 5.1 

Thè Stacking Fault Energy for Copper 

Method 

2 x coherent twin energy 

2 x coherent twin energy 

T3 

extra~olated node data 

2 x coherent twin energy 

recalculated node data 

normalized fauit probability 

absence of extended nodes 

T3 

tetrahedr~ stability (scaIed) 

tetrahedra stability 

fauited dipoles 

fauited dipoles 

tetrahedra sta~ility 
1 • 

normalized fauit probability 

extrapolated node data 

'weak beam electron micr~scopy 

> 

- 1 

'" 40 

r", 42 

163 

102 -+ 165 

'" 40 

'ù 24 

70 ± "10 

67 ± 17 

~ 31 

50 

78 

73 ± 15 

~ 59 

150 ± 30 

58.,5 

70 ± 15 ,. 

AS ± 10 

41 ± 9 

.. .v"'~"'.Wt~"'~"~!l~l(~.Mo.~~~""I('~~----"·~ -
;-

. - 1 

• • 
'-1 
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l 
j 
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~ 

Reference .' 

143 ~1; 

144 

145,146 

147 

148 

149 

151 

152 

153 

154 

155 

156 

157 
. 
158 

159 

160 q 
161,162 
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,~ 1 

with the earliest determination of the st~ckinr. fault energy. Although 

there is a wide range of values, for A, the most 'recent results seem 

to fall randomly about some mean va~ue, except for the vaiue of A of 

150 rnJ/m2 deter~ined by Steeds (157). Gallagher (163) has stated 

that the consensus of these findings is that the stacking fault energy 
2 1 

for copper i9 approximately 55 mJ/m. Consequently, this value i9 

used ta calculate the stattking fauU width. Substitutin~ in E~ua~ion S.~· 

we obtain r ~ 6.4 b. 

We are now in a position to calculate the total energy 

r~quired to unpin an attraétive junction in copper. 

5.4.4 The Rate Controlling Mechanism 

Set,ting the stacking faul t width equa 1 ta 6.4 b- and 
J 

6i = 3 b, we ~btain 6GT - O.6Iub3/atom. This value agrees very 

weIl with the value of O.66ub3/atom ~bta~ned for ~Go from the ~experi
mental data. 1t should be noted that the value obtain~d for 6GT is 

• 1 
on1y approximate since the values for r and 6~ could only be' estimated. 

Furthermore, th'e value of 6Go is also very rough since the extrapola-

tion of the experimental data to zero stress i5 only an approximation. 

Despite this~ the fact that ~GT and ~Go are in such gOO' agreement 

does imply that the rate controlling mechanism of high t~mperature , 

flo~ in copper is the tbermally a~tïvated ~n~i~g of at\ractive 
• ) f~· \ 

junctions. . " 
\ 

\ 

As shown earlier, this mechanism was suggested by assuming 

that the network recoyery modeis apply ta the hot working of copper • 
,\ 1 

Another aTgument for this mechanism is an argument of omission •.. None 
\ 

gf l th~ ot;her models. are compatable wi th the activation parame t,ers that 

have been determined. 
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~ 
Having determined the rate controlling obstacle. it is 

now necess~ry to attempt to explain the behaviour of the pr~-exponential 

factor in terms of a dislocation model that is consistent with the node 

unpinning model for the activation free energy •• 
" 

5.5 A MaDEL FOR THE PRE-EXPONENTIAL FACTOR 

There are two salient features about the experimental values 

of the pre-exponential factor. ,These are Ci) the pre-exponential is 

not dependent on T/~ or temperature; and (ii) this constant v~lue' of . 
thé pre-exponentia1 is approximately 3.5xlOSs- 1 • 

.... / 

We can estimate the consistency of the value of E from o 

Equation 2.21, that is • 
b\lA 5.10 EO Pm MR. 

The mobile dislocatio~ density, P , can be estimated from this equa
m 

tion by making sorne 'assumptions about the terms in this expression. 
\ 

Firstly. we assume that A, the area swept out by a dislocation seg
. 2 

ment. R., after a successful activation event, is equal to R. , (64). 

Therefore, Equation 5.10 becomes 

There are two wa1s of determining 

lead to differenn values of p • 
1 m 
1 

• 5.11 

the attempt frequ~ncy, v, that 

1 1 

, \ 

1 
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1 
Friedel (40) ~s assumed that the pinned segment attempts 

to surmount the obstacle with a frequency of vnb/l, where v
D 

i5 the 

Debye frequency. Substituting these terms into Equation 5.11, we 

obtain 

5.12 

\ Using the value of vD - 1013
5-

1, the average value of ~ , 3.5xlOSs· l , 
. 0 

corresponds to a mobile dislocation density of approximately 1.6xl012m- 2 • 

Kocks et al (&5), ~n the other hand, have used another 

apuroach tb estimate the attempt frequency. They have 'pointed out 

that th~ limits of v are the atomic frequency, w, and the dislocation 
1 

~round' state fréquency, wb/4t. The atomic frequency is defined as 

the ratio of the speed of sound ino a ma.-terial to the Burgers yector of 

the rnaterial. -2 -1 For copper, w is 8.4110 s (65). Granato et al (166) 
. 

have 'showo that· v is a property of the obstacle and the dislocation 

line tension, but not 9f the obstacle spacing. Kocks et al have used , 
, 

these findi~gs to show that v generally pas the following range of 

values: 

5.13 

, . 

'or, Assuming that 1 '" III p and . m 

using these values for v, we obtain a range ~f vàlues for R - : 1.8xl09 
m • ~ Pm ~ 1.~xIOl~m-2. 

, 
.} 
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The value of p determined by using Friedel's assumption m 

i5 somewhat higher than the density one would expect for a weIl 

, annealed polycTystal. However. the range of values obtained by 

using Kock's method give a more reasonable value for the mobile dis-

location density. In addition, from 8 mechanistic viewpoint, Kock's 

method is more precise than Friedel's. The finding that the mobile 

disl~cation density at the onset of macroscopic yielding is approxi-

~tely the same as that in a weIl annealed polycrystal, supports 

our contention that the internaI stress is neylig~b~e at the anset 

of macroscopic yielding. Furthermore, this finding ~grees with the . \ -
observed stress and temperature independence of the pre-exponential 

factor, because a constant € impljes a constant p. This proposi-
1 0 m 

tion is plausible when one considers that all~of the snecimens had 

the same thermo-mechanical treatment prior to testing. 

The model leading ta Equation S.lO is appropriate for cases 

where changes in the applied\ stress are exp~ctp.d ta lead to different 
1 

substructurés. and therefore to differen~ total and ~obile dislocation' 

densities (64). This situation arises in\steady state creep and hot 

working. The present data, however, apPlies] to the yield stress. 
; 

TIterefore. it is better to consJder a pre-exponential model that 1s 

based upon a dislocation structure whidh is approximately constant 

st the onset of macroscopic,yielding., 

5.5.1 A'Pre-Exponential Model Based on a Distribution of Dislocation 
Sepent Lengths 

,A môgel for the pre-exponential factor. based on. a distri-
-

bution of~dislocatio.n segment lengths; was proposed by Surek et al (64)' 
• 

- . 
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and subsequently by Immarigeon (5). This model was used to expl~in 

the t/~ dependence of th~pre-exponential factor observed in the 

hot working of zirconium (64) and Armco iron and silicon steel (5). 

However, this model can be used to explain the behaviour of ,the pre-

expone~tial factor determined in the present investigation, as will 

be shown below. 
, 

Fopowing the example of !DIII)S.rigeon, we aS,sume that the 
1 1 

dislocations in, the copper at the onset of'macro'scopic yielding are 

arranged in a manner similar ~o a Frank net (165). It is further 

assumed that this network can be described by a population of link 

lengths occurring, in a spectrum of -link'lengths. The final assump

tion is that the strain rate is produced by a density of mobile', 
1 

dislocations, Pm' which depends on the distribution of segment lengths 1 

- . 
and on the effective stress. Now, according to this model, at an 

JI 
arbitrary value of the effective stress only a narrow range of segment 

lengths will'be thermally activatable. The upper limit of the length, 

lmax' is defined by the mini~m length that can bow ~ut between the 

local obsta~les without th~ aid'of theî~ a~vation. Generally,

,lmax is ptoportional ta the inverse of the·modulus-reduced effective 

stress. Hence, the h~gher the stress' the lower the value of lmax. 

In principle. aIl segment lengths less than! can be thermally 
'. ~ max 

, activated. However, at length's below sorne value. 1 . • the segments min -

are sa short that the w~it time for thermal activation i5 excessively 
1 

long. These very short segments can therefore be considered immobile. 

Hence, the mobile dislocation density is due to those segments with 
~ . 

lengths, \1, such that: ~min ~ 1 ~ lmax' Th~ dislocation density 

available for thermal activation is given by the expression 
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\ . . 
) 5.14 

where E:(i) is the number of link 1engths per unit volume and per 

unit interval of segment length. Therefore, C(t)dt is the number 

of segment lengths per unit volume with lengths between t and ~ + di. , 

It should be noted that aceording to this model" the total dislocation 

'density, PT' is given by: 

J
CD J 

~T - 0 lE:(l)dt 5.15 

Thl'? density of activatable sites~ N. is N = ph., and'given 
m 

that dN/dp =: 1ft then it follows that 
ln 

J'max r N = F; (.~)dt 5.16 
l min 

Immarigeon.has approximated this integral with the expression 

5.17 

where ~(1*) is the average distribution factor which is given by: 

~(t*) 5.18 

\ 

Here 61* is the difference between 1 and 1 .• and t* is the max nu.n 

average segment length of those segments that are longer than t . mln 

and shorter than 1max. 
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The equation for the pre-exponential factor, Equatron 5,10, 

can be rewritten as 

f: 
o 

N~ 
M 

5,19 

where aIl the ~crms have the usual meaning, The area swept out after 

• 
activation, A, is equal to 1*1 ,where 1av is the average se~ent 

av 

length in the network, Using the value of v ohtained by Kocks et al 

(65L we obta'in 

11 
e: '" "f(i*)llR.*1*R. ~ 
o av M 

The quantity i lOllb/M can be regarded as constant sin~e it is 
av 

5,20 

assumed that the overall structure and network length distri~ution, 

at the commencement of plastic flow, remains essentially the same 

as the unstressed material, Therefore, in order for e:o to be constant, 

~(i*)AR.*i* must also be independent of ~tress and temperature. In 

order to see how this could arise we will now consider the stTess and 

temperature dependence of each of these terms, 

From Equation 5.18 it is clear that any stress dependence 

l of ~(i*) will arise bécause of the stress dependence of i* (5)., 
j 

) 

Stat ist~ca1 treatments of obstacle-dislocation interactions (167-169) 

show that i* takes a ~tress dependence of the form ; 

5.21 

where c < 1. 
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Fri'edel (167) has a:r;gued that as the stress in,creases. the 

dislocation contacts more obstacles thereby reducing ~*. Sueh an 
\ 

analysis lcads to a value of 1/3 for the stress exponent. c. Koeks 
-, 

(168,169), in a more complex analysis. found that c incr,eases from 

-1/3 to 4/5 as the obstacle strength increases. Final1y. for athermal 

obstacles, c is equal to 1. 

The dependence of t(1*) on 1* is similar to that of ~(~) 

on i. I~ has been found from internaI friction studies (170) that 

~(l) and tare related by an expression of the form: 

i 
t(1) '" (.!.) 

1 

where i ranges from 3 to S. 

- 5.22 

This relationship has been confirmed .. . 
by observations made of the link length distribution using electron 

~icroseopy (171,172). However,' these studies indicate that i varies 

from a value of 2.5 in unstressed materials to a value of 6' or 8 at 

large, valJ.les of strain. Silice, in the present work, only the macro-

scopie yield stress was considered, a value of i ~ 3 was considered 

appropriate. 

The stress dependence of rCl*) can be deriued from that of 
., 

1 *, .and is ",found t'o' be 

5.23 

where j, =- c • .i. 
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ln ortler' to completely describe the T/IJ dependencc of the 

pre-exponential, it is only left to determine the stress oependence 

of t,i,* •. It is assumed that this d~pendence has the form 
r -

., 
\ 

5...24 

Since t,t* ~ t - 2, • , an appr6ximate value of n can be ohtained 
max mln 

by investigating the stress dependencies of t and 1 .. i,max is max rllln 

the critical segment length above which the segment bows out under 

the action of the effective stress only. It is related to the stress 

by an Orowan type expression (173) 

" 
! 

max . 5.25 

where b is the Burgers ve,ctor and 0 is a numerical constant of about 

O.S. !. ~s the minimum length for which_.the wait ti~e for thermal 
mln -

activation is not excessively long. It is difficult to estimate the 

stress dependence of 2, • • However, we know that i, >!. for aIl 
mln max mln 

/ 

, ~ . 

T/IJ. a~d that as the temperature decreases and the,strain rate increases 

th~ flow stress becomes athermal. When the flow is completely athermal, 

t .. and t. must be equal to zero. That is. when ·r!ll takes a va,lue max mln 

so thqt plastic flow is athermal then à!* - O. It is cl~ar. therefore, 

that n in Equation 5.24 must be negative. Furthermore. the stress 
1 

dependence of t .. in .lDUst be les's than the dependence of ~max '50 that. 

if 2,. is represented by the following function mw 

5.26 

\ 

\ 
lj . 

, ... ,. 
" 

• 
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• 
1 
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1 

, 

, . 

Cl 

, . 

, " 
'. ' 

then 0 < f < 1. Consequently, it is reasonable to assume that â~* 
" 

has, a- similar S'}ress dependenc~max' that is, ~ s~ould tbe approxi-' 

mately equal to -1. .. ' 

~rom Equati~ns 5.20, 5.21, 5.23 and 5.24, it is possible 
... 

to estimate the stress,dependence of the~rre-exponential factor. 

is, 

5.27 

where m = c.i ~ c ... n which is equal to é(i - 1) ... n. If 1/3 <: c < 4/5, 
t 

'",--i ~ 3 a# n ~ -1 we obtain m .... 2c - 1, that is, -1/3 < m\< 3/5. This 

~~ng;' of values ~f m is Comp~b.le wi th a constapt pre-èxponential factor. 

The analysis of the pre~ent experimental data has shown 

" " that mis close to zero. This result is clearly consistent with,a ..,.. 
'node unpinni~g model where th~ p~e:~xponential factor is determined 

/ 

by the properties of a distribution offlislo~ation segment lengths. 
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CHAPTER 6 

CONCLUSIONS 

, , 
1 

Uniaxial compre~sion tests ha~e been carried out on poly-

crystalli~e OFHC copper in the a temperature range 500 ta 800 C and 

ranging from S. 2xl 0- 2 to 5. 2x,1 0-5s -1. 
'\. 

at constant true strain rates 

The temperature ,~nd strain rate dependence of the macroscopic yield.' 
J ' 

• stress data, obtained from these experiments, has,been interpreted 

in terms of ~he thermally assisted motion of dislocations over 

locaÙzed elastic obstacles. This study has' led to a number of 

conclusions regarding ihe high temperaturr de!ormation behaviou~ of 
a 

copper. 

1. The,true stress-true strain curves of topper are 

typical of a m~tal that recrysta~lizes dynamically. The oscillations 
1 

in flow stress ... observed at h~gh 'strains, increase with increasing 

ternperature and decreasing strain rate. The strain ta the first 
~ , 

péa~ ~nd the width of this peak decreases with increasing temperature 

'. and decr~asing strain rate. 

" \:\ 2. At the s'tart of loading the flow curves exhibi ted :an 
. .1) . 1 • 
int~al of initial loading. the extent of which is strain rate and 

j. 

• temperature dependent·. 
• 1 

Tne end of this region is marked by an abrupt , 

change "in the worJélbarden:\.ng rate. The slopa of the flow curve 
, 

decreasés br a factor of approximately ten at this point~, The hi~h 
! , ., 

temperature yield stress, as defined by the 0.2% strain offset, is 
~ , ..... j ... 

. strongly temperature And strain' rate sensitive. 

~ 1 
'.1 

.' 

•• 1 

... 
'ilO"",.,,,, -"W' ., lE ij 

• % , 
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3. The yield stress data were reduced by a method of 

activation analysis for linear elastic obstacles in termS of the 

modulus-reduced effective stress. The analytical scheme leads to 
~ 1 

activation free energies an~ volumes that are functions of the 

modulus-rèduced effective stress only. as required for such obstaclés. 

Of particular interest are the fol1owin~ observations: 
~ 

(i) The pre-exponential factor in the rate equation 

is constant and independent of temperatur~ and the modulus
\ 

reduced stress. 

(ii) The activation enthalpy is strongly dependent 

on the modulus-reduced stress. In the absence of str~ss, 

o 'this enthalpy is much greater than the activation enthalpy 
~ 

for self-diffusion. 

·(iii) 

600 b3 at 

/ '~. . 
The. activation volume varies from approximately . . 

~/~ ~ 2.8xlO- 4 to 2800 b3 ~t ~/~- O.7xlO-4 • 

(iv) In the ~bsence of ~tress, the activation-free 
3 -

" energy' is 0.66 }.lb /atoin. 
r 

, 
These observations precludè th~ possibility of the rate 

cont!olling mechanism'being dislocation climb or the,dragging of jog~ 
" 

in screw dislocations. . , 
4. 1 It i~ concluded ~rom the above ,observa~~ons that the, 

~r 

obstacie to dislocatio~ ~lide thaJ is rate controlling is the thermally ~ . , 

activated,unpinning of attractive junctions.- It ~s-shown that,4lich 'a ~ 
< . 3 ' 

process requires thermal fluctuation~ ,of approx~~teï~ 0.61 }.lb /atom 

in the absence of stress. , 

~ 1 

, ". 

• 0 

~? , 
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o 

5. 'The stress and temperature independent pre-exponential 

factor is consistent with anode unpinning model for dislocation glide 

where the behaviour of the pre-exponential terrn is deterrnÏned by the ~ 

properties of a distribution of dislocation segment lengths. 

",'. 
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APPENDIX l 

'Listing of the Data Handling Computer Progra~ YIELD 
3 

-<. 

, 

• 

.'* 1 

.. 

u 

" 145 . 

4 • 

1 

i 
l 
J 

\ 
~ 
" ~ 
j 

, 

1 • 

'J 

" 



-> ' 

) 

0' 

. 
~ 

, i 

• 

... , 
l' 

" ' 

, 1 . ' 

, , 

( iJ08.STARTaI0303 
~B.RE~VE.VIELD 

0001 
0002 
0003 
0004 
0005 
100ft 
0007. ' 
IQ()g 1 
iOO9( 
0010' 
011 
0012 

, .ol3 
0() 1 4 
.olS. 
0016 
017 
oQ.18 
0() 1 9 
1020 
0021 
'022 

.. 0023, 

.... 024' 
'025 
'026 
'027 
02S 
0029 
030 
'031 
''132 
·033 
,034 
0035 
0036 
-037 
'038 
'0:;9 
'04(1 
'()41 
'042 
'04:~ ., 
'044 
004!.) 
0046 
0047 
,048 
0049. 
0050 

. , 

"JOB.COHPILE.VIELD.NOLIST 
C ••••••••••• ~~ ••••••••• * •••••••••• * ••••••••• * •••••••••••••••••••••• 
C •••••••••••• t ••••••••• **.* ••••••••• * •••••••••••••••••••••••••••••• 
C~ • 
C 
C" 
C 
C 
c' 
ë 
C 
C 
C 

IC 
C 
C . 
C 
C 
C 
C 
C 
C 
C 
c,,, 

C 

C 

S2 

S3 

......... 
• VIEL~ • 
............ \J 

••••••••••••••••• *.,~ ••• * •••• * •••• *.*.**** ••• ** ••••••••••••••• * ••• 
• ~!.*~ ••••• * •• *.* ...... **.** •• ***** •••• **.***~* ••••• *.*.*** ••• * •• *.* , . 

- ,. ~. ., 
, \ 

* •••• **.*.** ..... ~ •••••• ~ •••• *.* ••••• ** •••• *.* ••••••• * •• * •• ~**.* ••• 
'THIS FROûRAM TAKES DATA FROM THE DISC-SCRATCH FILE AREA AND 
PRODUCES A,VIELD PLOT OF THE DATA. ·'THIS IS ACCOMPL1SHED SV 
CALCULATING THE AC1UAL APF'LIED S,TRAIN RATE FROM THE DATA, 
THEN THE STRAINS ARE RECALCULATED ON THE EA51S OF THIS NEW RATE 
,THE TIME DIFlft:F.ENCE, IN THE LOAD . , STRAIN READINGS IS ACCOIJNTED 
FOR' ' 
.****.*.** ........... **.* ••• ~* •• ***~ ••• * •• *** •••• * •••• * •••••••• * 

, 
DOUBLE F'RECISION DT-J/'tE. DSTRN, SUHX. SUMV. SUMX2. SUM~V. EDOTAF'. EINT 
DIMENSION .c( 4 ). NOTEST( 2 1. TSTNUI'I( 20 'D ""?' ~' ",' 

DIMENSION SLKSZE( 1 ).DATAD( l'.NTVPEC 1 I.TES~NO(2",PRe:TTC f),TE':'TT( 1 1. 
lSRT( 2 1. MATER( 8), CHSTC 1 1. RTNSPD( 1 " LSCALE( 1 1. OSCALE( 1 ), LOFFSTC 1 " DI) 
2FFSTC l'l, HC 1,), DC 1 l, EJe 1 ). ETC IJ. DELAY( 1 " TESTAR( 1 ).DESTAR( 1 y, f\E';TAfic 
31 ). NDATEC 3 ,. RLJ( 1 1. LQNGPLC ,1 1. NRESL Tt 1 " f\ESUL TI 1938 1. DUMI1V( 9 1 

DIMENSION. STATBLC 128 l "t. 1 j 
INTEGER ELKSZE.DATAO.TESTN~RETT.TESlT.&RT,TESTA~,OESTAR,RESTAR.R 

lL..J. STATEL. TSTNUM '," " 1 

REAL,LSCALE;LOAD.LOFFST.LfAC ~~ ( 
LO':,I~L ISSW" , '" ;" , . 

DATA C/'3, 947563E-03". 8~S124E-Ot.,3, 48'4678E-04. 5 613456E-02/. LF~C/2 
+. 13603E4/. [IF AC/O. S94579/ 

CALL FACH IP, lR l ' { 
IP'l~IP+,H)Z.p 
CALL MS&REP( IP1. lR,'22. 22HTAPE • 1 

, ~NS"ÛT. ITWO)(,O TO 1 
0< 0 (2. 3), IAN~ , 
, R PAL 
LDA TAPCAT 0/ 
ERU *+2 , 
LDA TESCAT 

.... , 
.' 

TEST .... 2? • IANS.lCTI, 

'. 

, , 

p 
~ 

... ,~ 

t 
~ 

1 \IJU 

~11' 
'\~ 

.,. 
1: 
" 
l 

',' ,4 1 

il' 

\ -, 

,-, 

" 



'l ." 

• oOSI . 
00~2 
-0~3 
1O~4 
I()~~ 

1OS6 
I()S7. 
-058 
oO~9 
'060 
-061 
-062 
ot)63 
-064 
>06S 
·066 
-067 
'0613 
1()69 
,070 
te7! 

,-072 
'073 
0074 

'. Ô75 

'~076 
'077 
- 7'8 
-079 
,oao 
-0131 

~ .082 
'083 
-094 
'Q8S 
'086, 
~08' 
-01313 
'089 

"090 
0091 
,092 
.093 
0094 
'095 
.096 
1097 
'C)98 
J()99" 
1100 . 

(

'\ ,: 

4 

\' 

RIk 23 _ 
STA STATIN 

.$PB DTRC02 TRANS STATUS FILE INTO PGH 

.~DK STATIN LABEL OF THE TRANSFER DESCRIPTOR 
l SP" DELC30 ,DELAY U:5TH AND REPEAT IN TRANSFER FAlls' 
LEÀVE PAL '< 
, CALL HSGTVP('.lPl. 9. 9HLlSTINO 7) 
CALL ANSWER( IR. IANS. JERR) 0 

GO TO (5. 4. 4. 1000 ,. IERR .' 
S GO'TO (30.6). tANS 
6 NTEST .·1 
,U CALL MSOTVPC IPI. 13. 13HTEST NVM~E~ 7) 
7, CALL IN~Cl0( IR.2.NOTEST.ICHAR) , 

IFe ICHAR. GE, 0) GO TO ,,8 
IERR • -ICHAR 
00 TO (9.9,1000~ IERR 

8 IFCICHAR.EQ. orGa TO 10' 
IFCICHAR.NE 6' GO TO'9 
TSTNUHeNTEST) - NOTESTC 1) 
TSTNUH( NTEST+l ) .. NOTESTC 2" 
NTEST - NTEST + 2 
IFe NTEST GT, 20) .GO TO 10 0 

9 ~ALL HSOTYP( IP1,7.7HNEXT 7 ,) 
00 TO,'" 

10 NTEST • NTEST - 1 
CALL HSGTYPC.U:', 12. 12HDATA REQUEST) 
ENTER PAL ~ 

- LXK 0,7 
~ _ LDA TS TNUM. 7 

STA NOTEST 
. L[j~ TSTNUM+ 1 i 7 

ST A ,.NOTES T + 1 
LM IP 
SPB OURC20 
LDK 1'ISOI 
BRU .1000 
INlC 2,7 
LDA 7 
SitNTEST 
'f: '3 

. B .-12-, 
LEAV,E PAL 

- 1 

11 èALI., HSGTVF'C IP1, 16. 16H15 REQUEST OK? , 
CALL ANSWERC IR.IAN5.IE~R) 
GO TOC 12, 11. H. IQOO'. IERR~ 

12 JF(lANS EQ. 2) &0 TO b 
00 ~OO ~ = I.NTEST.2 
NOTEST< 1 • .,. TS TN'JI'1( .J,J ) 
NOT~STC '2~) = T$ TNUM( .J,J+ l ) 
GOITO 321 

f 

,-

, 
, , 

'" 

o 

1 



. , 

f 

[ . 

Je·} 
-

• 

l 

" 

'101 
'102 
'103 
'104 
'''03 
,r06 
'107 
'108 
'109 
'HO 
'111 
'112 
.Il~ 
'114 
1113 
'116 

. 'U7 
'118 
1119 
'120 
'121 
'122 
'U3 
"124 
.12"5 
'126 
'127 
1128 
1129 
'130 
'ISI 
'132 
1133 
'134 
'13~ 
'136 
'137 
'138 
,~139 
'140 
'141 
'142 

"'143 
1144 
.145 

~ 1146 
11.47 
'1403 • 
'149 
'150 

no 

13 WRITE( IP.14)NOTE~T 
14 FORMATC lH • 12HTEST NUMBER 

00 TO 400 
• 2A3. 12H NOT ON FILE) 

ENTER PAL 
LXI< 0.7 
~DA $TATBL+3, 7 
STA NOTEST 
LDA STA'[BL+4.7 
STA NOTE~T+l 
LDA IP 
SPEe OURC20 
LOI< J'lSOl 

. BRU $1000 
'INX 5.7 
LDA 7 
~UB STATBL+/l77 
TOD 23 
BTS <11-12 
BRU .6 
LX~ 0.7 

·LDA STATBl+3.7 
sue NOTEST 
TIE. 

1 "BTS *+7 
II\IX ~.7 
LDA 7 
sue STAT8L+I177 
TOO 23 

, 

ASSION THE FIRST 3 CHARS. 
OF TEST NAME TO NOTEST. 
ASS 1 ON THE SECOND 3 CHARS. 
OF THE TEST NAME TO NOTEST+l 

. , 
WRITE OUT, THE TÉST NAME 

CHECK IF AlL TESTS HAVE E:EEN 
lISTED 
IF NOT WRITE OUT THE NEXT 
OTHERWÎSE GO TO NEW REQUEST 

CHECK IF,I'THE 
,FIRST ;) CHARACTERS OF TEST NUMBER 1 

CORRESPOND TO THE REI~UES TED NUMBER 
fF ~O CHECK THE NEXT 3 CHARACTERS 
OTHERWISE INDEX 7 SV 5 1 " 

• t 

f~ECK WHETHER ALL RECORDS HAVE 
BEEN CHECKED 

"/ 

BTR .13 ' 
BRU *-9 

IF SO WRITE THAr REQUIRED TEST NOl' ON FILE 
OTHEf\WISE f\EAD NEXT TEST NUMBER 

LDA STATE;L+4.7 
sue "No.TEST+l 
TZE 
BTR *-9 
'LDA SJATBL+l.7 
STA DATAIN 
LDA STATBL.7 
STA DATAIN+l 
SPB DTRC02 
lDK DATAIN 
spa DELC30 

CHEC.K IF THE 
SECOND 3 CHARACTERS CORI::ESF'OND 

l , 

IF NOT INDEX 7 AND CONTINUE SEACH 
OTHERWI~ THE TEST DATA 1:; FOUND SO 
~TORE~IfDOf\ESS OF ST ART OF ~ILE 1 

STOf\E SIZE OF' [IATA BLOCtC' , 
TRANSFEij'REQUESTEO DATA INTO Pf\OGRAM 
lABEL OF TRAN';FER DESCRIF'TOR 
DELAV l/5TH AND REFEAT IF TRAN;FER FAllS 

\J lE~VE PAL 
50 CONTINUE 

C 
C 
C 
C b 

C 
C 
C 

1 *** ••• *** •• ****.*************************************** •• *.***.**~ 
CALc.uLATE STf\ESS. STRAIN.TIME AND THE MAXIMUM STRESS 

X=TI/'IE 
V=STRAIN 
Z"LOAD 

j\ 

-" -'~ 

• • 

" , 



1. 

. 
( 
~:. "'1 

,lS2 
,7 '153 
\ 1154 
;. '155 

'156 
'157 
',:58 
'159 
'160 
'161 
1162 
1163 
'164 

\ '16:5 

• 1166 
Il '167 , 

'lb8 
'169 
'170 , ·171 

f '112 
/ '173 
1 '174 
\ 

'175 ~ 

J 

1176 
'177 
'178 
117'9 
'180 

~ '181 

I~ 'le2 

~" 
'IS3 

'1 1184 
/e '185 ... 
~ 'le~ 

11S7 

-, 'l~a 
'189 
'190 
'191 

t 1192 
'193, 
'1 '94 
,195' 
'196 
1197 

" of 
'198 

, '199 r -\ 
1200 

1 
1 

lit' 

c * ••••••••••••••••• ~ •••••••••••• * •••••••••••••••• ** •• * •••••••••••• 
C 

62 

61 

60 

1 
100 
C 
C 
C 
C 

IFe ISSW( 21 ))GO TO 61 
CALl MSGTYP( IP.20.20~UT-OFF STRESSCHPA)?,· 
CALL KFREAO( IR. 1. DEOUC. 3, IERR' 
00 TO (61.62,62,999',IERR 
SUMX-O ODO 
SUt1Y-O.ODO 
SUI1X2-0.000 
SUHXY-O. 000 
SUMW-O.O 

• SUMR=O 0 _ ., 
SUMWR"O 0 
SUt1R2=O.0 
NN=NRESL Tc' 1 , 
MKa::O 
Ka::O 
N=-1 
IF( [lSCALE( 1) GT 1. O'N=1 
DEDUC"( 3. 14159.0( 1 '**2 ).DEDUC/27. :57904 
DO 100 Ja::l.NN,3 . 
IFCN OT 0'00 TO 60 
LOAD=e RESULTe J H.OFFST( 1 , '.LSCALÉe 1 )/1000.0 
DISPMT=( RESULT( J+l )-OOFFST( 1 ) )*DSCALE< 1 , 
00 T065 . 
LOADcC RE SUL TC J)-LOFFST( 1 ')*LFAC/LSCALE( 1 )/1000 0 
DISPMi.:( F.E)SULT( .. .1+1 )-DOFFST( 1 ) >*DFAC/DSCALEC 1) 1 
IF(LOAD. LT DEOUC)OO Ta 100 \. 
MK=MI~+l 
K=( MK-l )*3+1 

\ 

.( 

IFe (RESULTe ~+2 )-RESULTI K-l » OT 60. )RESULTC K+2 )=RESULTe K+2 )-53410 
RI::SUL TI K+2 )=RESUL TC J+2 '+0 04 
TTIME=RE~ULTCK+2) 
RESoUL TC K )=LOAD 
HO=H( 1 )-DISFMT 
STRN=ALOO(H(ll/HO' 
DTIME=TTlME 
DSTRN=STRN < 

SUMX=SUMX+DTlME 
SUM{=SUMY+DSTnN 
SUMXV=SIJMlCY+OS H,N*DT'IME 
SUMX2=SUMX2+DTIME*DTI/'1E 
IF( MK EQ 1 )00 TO 100 
VF( (RESIJL TC ~ )-r..ESUL T( ~-3» L T. -0.010 )GO 'TO 101 
IF(STr..N GT 0 3)60 TQ 101 

l (.ONT lNUE 
, 

*.** ••••• * ••• ** •• ***.****.* •• *.*.*** •• **.***********.***.****.*** 
STRAIN=EINT+ECn)TAF'*TIME . 
LOAO=(ALOAD/TTIME>+~LOAD 

\, , 
1 

II 

'{I J l4.:f~ilt;i\iulj+o!f~Iff.w~'fW" eÏemern" 1 • WTe~flSm ri. $,....,...02' , p; •• , 
\ ' 

-. 

\ \ 

" , 

,. 

, , 

\ 

.. 



( 

(. 

Cf 

1201 • 
1202 
1203 

~ 120~ 
1205 
1206 
1207' 
'208 
1209 
'210 
1211 
'212 
1213 
'214 
1215 
121~ 

'217 
1218 
'219 
'220 

, '221 
1222 

.... '223 
1224 
'225 
'226 
.227 
'228 

,'229 
'230 
1231 
1232 
.233 
'234 
'235 ' 
'236 
'237 
'23S 
·2::'9 
'240 
1241 ' 
'242 
'243 
1244 
12:45 
.246 
12:47 
'248 
,'249 
.250 

c 
c 
c 
c 
c 
c 
C 
C 
C 

101 

201 
C 
C 
C 
C 
C 

.C 

39 
38 
36 
35' 
116 

c 

--

1 l ' 

NOTE THE STRAIN FIT WAS l'tADE TO THE UNCORRECTED 
DATA. THAT 'IS, IT WAS NOT COARECTED FOR THE 
DEFLECTION OF THE LOAD CELL. 
THE' TRUE $TRAIN WAS THEN RECALClLATED USINO DEL .•. 
RESULT(N'-STRESS 1 

R~SULT(N+l '-STRAIN 
RESUl.Te N+2 )aTTII'IE 

• 

•••• ~ •••••••• * .................... ~ •••••• ** •••••••••••• * ••••••••• , 

EINT-e SUt1X*SljttX,V-SUHK2*SUtlV )lC C SUtlX •• 2 J-SUI1lC2*t1I< , 
EDOTAP.ISUl'lY-EINT*~)/SUMX 
EINTER-EINT' . ' 
EDOT-EDOTAP 
lCLN-ALOGC EDOT , 
/'II(-/1K.3 0 J. 

Bt1AX-O.O 
DO 201 IN-l,MK.3 
STijAIN-EDOT*RESULTCIH+2'+EINTER 
LOAO .. RESUl. TC IN' 
DEL-CC 1 )*( LOAD+CC 4 ) )uce 2 '-CC 3 ) 
RATIO-HI 1 )/EXPCSTRAIN) 
HJ-RATIO+DEL 
RESULTe IN+l )=ALOOIH(l )/HI' 
AI-S 14159*HCl '*DC 1 )**2/4 O/HI 
RESULTe IN'=LOAD*6 S9476/AI 
IF(RESULT(IN •. GT. &MAX'BMAX-RESULT( IN' 
JJNcIN-S 1 
CONTINI,./E 

***************************************************************** 
SMOOTh THE STRES~-STRAIN CURVE 
seE SSP SUBROUTINE S013 
.****** •• **.******* •• ***.**************************************** 

DO 116 1=7, .JIN, 3 
lCM=O 33333.33*1 REWLT( 1-51,+RESULT( 1-2 )+RESIJLT( 1+1)' 
VM=O. 3333333*( RESUL TC 1 -6 '+RESUL TC 1-3 )+RESlIL TC 1 • ) 
Tl~RESULT( 1-5)-XI'1 
T2=~ESULT( 1-2)-KM 
T3=RESULTC 1+1 )-lCl1 
XM=Tl*Tl+T2*T2+T3*T3 
IFC XM )38. '3::'. 39 
XM=CTl*(~ESULTC 1-6)-YI'1)+T2*(RESULTC 1-3'-VM)+T3*CRESULTC I)-YM,)/XM 

" 1 

IFC 1-7)::'6,,36,3'5 
HH=Xf1*Tl+VM 
RE SUL TC 1 -6 )=HH 
HH=Xf1*T2+VI1 
RESULT(.JIN-3):HH 
RESULT(.JIN)=XM*T3+V~ 

) 
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c 
" 

l' 

1251 
1252 
1253 
'254 
'255 
'256 
'251 
.258 
'259 
.260 
.261 
.262 
.263 
'264 
.265 
·266 
1267 
'268 
• 269 
.270 
1271 
.272 
·273 
'274 
.275 
1276 
'277 
.27a 
.279 
'280 
'lSl 
'2B2 
'28.3 
'284 
'285 
1286 
'2S7 
.288 
'28~ 
'290 
1291 
1292 
1293 
1294 
1295 
129b 
'297 
1298 
.299 
1300 

c 
c 
c 
c 
C 
C 
C 

34 

93 
C 
C 
C 
C 
C 
C 

15 
16 

303 

u 

" ................................................................. 
THIS SECTION FITS A STRAJOHT LJNE TO THE JNITIAL LOADtNG 
CURVE. n THEN CALCULATES THE STRAIN At -STRESS-O. O. 

. THIS YALUE OF S TRAIN (TINT ~ IS THEN SUBTRACTED 
FR~ ALL RESULT( 1+1 ) VALUES. . •••••••••••••••••••••••• * ................. ~ •••••••••••••••••••••• 
DO 34 II'''1. 13.3 
W-RESUL TC II , 
R-RESULTC II+l ) 
SUHW-SUMW+H 
SUHR-SUMR+R 
SUMWR-SUI1WR+W-R 
SUMIU-SIJ/'1R2+R.R 
CONTINUE 
Tl""T=( SI.II'IR.SUMWR-SU/'1R2.SUMW J/( (StJr\R**2 '-SLII'IR2.5 0) 
SLOPE=( SU"'W-T1NT~:O )/SUHR ' 
TINT=-TINT/SLOPE 
DO 93 I=I • .JIN.3 
RESULT(I+l )=RESULT( I+l'-TJNT 
CONT}NUE 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••• ** ••• ,. 
CALCULATE THE WORK HARDENING RATE USING A PROGRA'" SI"'ILAR TO 
THE SSP SU~ROUTINE DGT3 
•• * •••••••• **** ••••• * .................... * ••••••••• * ••• ** ••••• * •• 

AMAX=O. 0 
A=RESUl, TC 2 ) 
B=RESIJL TC 1 ) 
DV2=RE5UL T( :5 )-A 
DV2=(RESULTI4)-S)/DV2 
DO 17 1=7 • .JJN.3 
A=RESULTC 1+1 )-A 
1 Fe A EQ. 0 0 )GO TO 17 
A=eRESULT( 1 )-e)/A 
E:=I'\ESLILTC 1+1 )-RESULTC 1-,2) 
JFeB. EQ 0 O)GO TO 11 
[.Vl=DV2 
DV2=( RESUL TI 1 )-RESUL TC 1-3 ) )lB 
DV3=A .' 
A=RESUL TC -(Ç.2 ) 
B:nESIJL TI 1-3 ) 
JF~ 1-7 >15. 15. 16 
RESULT(3)f6Yl+0Y~-OV2 
"'ESULT( 1-1 )=OY1~DV2-DY3 
IF(RESULT( l-l1;GT.AMAX)GO TO 303 
GO TC 17 
AMAX=RESULTC 1-1 ) 

r lNT=J-3 

. , 

c • 

• 



c 

'301 
.302 
.303 
'304 
'305 
.306 
'307 
'30S 
'309 
'310 
'311\ 
'312 
.313 
'314 
'315 
'316 
'317 

.' '316 
'319 
'320 
'321 
'322 
.323 
.324 
'325 
'326 
.32:7 
.326 
·329 
'330 
'331 
'332 
.333 
'334 
'33~ 
1336 
.337 
.35::. 
'339 
'340 
1341 

-, ''342 
'343 
'344 
'34!.:i 
'346 
1347 
'348 
• 349 
·3'30 

. , . , ... 
J 

(J 

/0 

17 

C 
C 
C 
C 
C 

981 

756 

982 

979 
C 
C 
C 
C 
C 

403 

402 
203 

204 
1004 ' 

1003 

1001 
100~ 

CONTINUE 
RESULTC~IN+2)·DV2+DV3-DVI 

••••••••• * ••••••••••• * .......................................... . 
CALCULATE'THE VIELD STRESS ................................................................. 

, . 
AVO-(RESULTCINT+5'+AMAX+RESULTCINT-l»/3.0 
BB-RESULTe INT )-AVO.RESUL TC INT+! ) 
DO 981 1=.1, ~IN, 3 . 
X-RESULTC 1+1 , 
VcAVG·CX-o.OO~'+BS 
IX-J '.' /' 

, 

IFC'V. GT. RESULTe 1 »)GO TO 982 --_....---
CONTINUE \ _ 

. ~ITEC IP. 7:56) 
FORMATe lH ,40HERROR ••• OFFSE~ DOES NOT INTERCEPT CURVE' 
GO TO 999 . 
SLP.(RESUL~(tX)-RESULT(IX-3')/(RESULT(IX+l '-RESULTtIX-2» 
UcRESULT( lX-2) [ 
VlaREStJL:T( lX-3' 
X-CSLP.Xl-VI-O.002.AVO+SS)/(SLP-AVO' 
VIELD-AVO.X-O 002*AVG+SS 
WRITE(IP,9S9'TE~TNO.VIELD,XLN.EDOT 

-----' 

FORMATe lH .2A3,3X.4HYLO-.F6.2,3X.9HLNCEDOT)D.F6.3.6H EOaT=,E10 ~) 
WRITEC IP.979)AVO '. 
FORMATe IH, 10HW KSLOPE",E9.3) 

•••••••••••••• ** ............... * •• * •••••• * ••• * •••••• *~~ •••••••• 
DRAW THE AXIS". 'ô ~~ ................................ * ............................... . 

- 1 

IF( ISSW( 12 ) »GO Ta 133 ,. 
CALL HSGTVF( IP,5,5HPLOT?' 
CALL ANSWER( IR. JANS. IERR' 
GO Ta (402,40'3, 4()3. '999', IERR 
IFC IANS.E~ 2)&0 Ta 400 
CALL HSGTYPC IP, II. I1HYIELD PLOT?) 
GALL ANSWERC IR. IANS. IE~R' 
GO TO (204, .203. 203. 999 ), 1 ERR 
IF( IANS EQ 2)&0 TO 205 
CALL HSGTVPC IF'. 25. 25HX-AXIS (PERCENT STRAIN) ?, 
CALL I<FREADC IR. O. IOX. 3. !ERR) " 
GO TO ( 1003. 1004. 1004.-999), lEM 
XIDX .. FLOATC ,IDX )/100. 0 
DO 1001 Ilc!.JIN.g 
NON: 1 1 
IFe fiE'SULT( II+!). GT. XIDX)GO T~ JOO2 . 
CONT 1 NUE , 1 
CALL PLOTe 0, O. 0 ) 

----------~..--~ -

~ 

----~ 



• c • . 
, J 
" ~ 1 • 

l 
.. 

(:, , <.' 

," • () 

r--' 
\ 

13S1 CALL PLOT(2.0, .-l1 
~ 13:52 CALL PLOTe 4. O. 0' 

f 
1353 CALL PLOTe O. O. 0 J 
1354 CALL PLOT(2.0.1. 76. 

,;\ 1~:5~ CALL PLOT(4.0 j 0) 
'356 CÂlL PLaTe o • • 0' '.' 13S7 NXD-l l', 

~ 1358 XP-S. 906 1 

"' 
~ 1359 XN-O.O _ ~ ~ 

t- • 1360 _--.. -'tP-?~ 

f 
1 .36(- -- YN-O. 0 > 
:~ 

\ 
'.362 NYD-4 
j3~3 IVX-O 

1 
\ .364 IVY-O ,:",. J' 

ic-~ )/4. 0 >+1 .~5 IDY.IFIX(~ES 
.366 SX-l.O ' , , 
1367 SY-I.O ~ Î 1368, NLX-1S 
1369 NLV-15' • i ,370 SLX-l.3 l '371 SLY"I.3 ( 

1 '372 CALL LAXIS(XP.XN,VP.YN,NXD.NYD. rVX.IVY.IDX.IDY.SX.SY,NLX.NLY.SLX. 
'373 +SLY. 1~STRAIN. PERCENT, 1SHSTRESS. HPA ) 

" .374 C 
1375 C ••• *.** •• *.* ••••••• ** •••• ** .. * ••••• * ....... *.*.* ••••••••• ***.* ••• '~ 

1376 C PLOT THE DATA ~ J 
1'Ji77 C· , ***********************************.*.*************.***.** •• ***** 

, 
.378 C' '#:' 1379 1 .JX"1 

io 13S0 7004 X=RESULT(.JX+l ).loo.0*XP/FLOAT( IDX-NXD) 
f.381 Y-RESUlTC.JX).7.874/FLOAT(IDY.4) 
13$2 IF(X O~ XP)GO TO 7003 
1383 ,CALL' PLOT(2.X.Y) /. 

1 1384 tALL SVMPLT( 1 •. 25 •. 25.2) 

l 1385 .JX=..JX+3 
1386 IF(.JX GT. KlIGO Ta 7003 
1387 GO TO 7004 ! 
138a- • 7003 CALL PLOT(2.3 ~43. 1181) 

,r. • 

1389 XT=XP+5 906 1 

1390 CALL LETTEF\( 2, 1. l, 1. 1, TEt TNO. 6 ) ~' J 
1391 CALL PLOT(2.3 543.0 787) ! -13il CALL LETTERI2, 1 1.1. 1. 4HYLD-. 4) 
1393 CALL NUMBR( 2, 1. 10 1 1,6,2, YIELO) 
1394 y .. o. 0' 
1395 Je-( Y-E:B VAIIG, 
139b X-X*590.6/FLOAT( 10X' 
1397 CALL PLOTC 2. X. V ) 
)398 " y.,AVCo*XIDX+88 \ 
1399 IVP-l$.l.X )/4 0 )+1 1 
1400 V=V*7. S74/FLOAT( lYP*4) : 1 

l 

" t ~ 
'il 

"-
.il 

-<'0 

'\ 
J1 

\ l 
1 • ,1 .. 

'. 



c • 

-) 1 
i 

.401 IF( Y. OT. 7. 874)QQ TO 309 

.402 CALL PlOTe3,'. 906. y, • ,g 
1403 00 TO 310' 

1 
.404 309 Y-FLOAT( 1 YP.4 ) 
140' X-( Y-BB '/AVG 
1406 X-X.S'0.6/FLOAT( 1DX' 1 
'407 CALL PLOT(S.I,7.S74) 

1 1408 310 X--(6B/~VO)+0 002 
lIo! 

.409 X-X.S90. 6I'FLOAT( IDX , 
+, '410 CALL PLOT( 2. X. O. 0 ~< 

1 

;. ~ 

A."J '4 Il Y-AYO.LXIQv-O O~ 
1412 Y-Y.7 874I'FLOAT( IYP.4) 

..: '413 IF(V. OT. 7. 874'00 TO 395 
)414 CALL PLOTe3.5. '06, y) 
14 as GO TO 306 ' 
1416 305 Y-FLOAT( IYP •• , 

1s7 X-«Y-BB'/AVG)+O.OO2 
18 X=X.590 6/FLOAT( IDX, 

'419 CALL FLon 3. X. 7.874' 
.420 306 CALL PLOTe 2. O .• O. ) 
'42i CALL PLOTe2.XT,~ ) 
1422 CALL PLOTC4.0,O, 
.423 C 
1424 C •••• *.*** ••• * ••• *** .................... * ••••••••••••••••••••••••• 1 .425 C PROURAM SEGMENT TO DRAW THE AXIS FOR THE WORK HARDENINO PLOT J -'::426 C •••••••••• * •••••••••• * •• *.* ......... * ••• * ••••• * •• * ••••••••••••••• 
1427 (. \ 

' . 
1428 205 (ALL "SGryp( IP. 20. 20HwORK-HARDENING PLOT?) 
1429 CALL ANSWER( IR. IANS. IERR, 

~! ; '430 1 GO TO e 207. 205. 205. 999 ,. IERR 
1\1; 1431 207' IF( IANS EQ 2 >GO TO 400 j 
~l 
~. ChLL Pt4JT( o. O. 0) 

, 
1432 133 ' 1 

i: 14~3 XP'" 906 \ 
1434 , XN-o.b 1 

1435 VP=7.874 

\ 
14'36 VN=O. 0 ~ 

1437 NXD=5 
'43S NVD=4 
1439 IYX=O 
1440 IYV~O 

1 
1441 0 IF( ISSW( 21 ,)GO TO .335 

l , 1442 IF( ISSW< 20 ))GO TO 333 
144~ GO TO 334 
1444 333 CAt.L MSVTYP( IF', 21. 21HTYPE l'IAX J THEN MX y, 

1 144~ CALL ~F~EAD( IR. l.XAX. I.VAX.3.JER' 
1446 GO TO(338.3'33.333,999'. 1ER 

1 1447 338 BMAX=XAX 
1448 AMAX=YAX 
1449 GO TO 3'34 
1450 335- IDX~IFIX(XAX/NXDI+l 

• 



l, 

,0 

r-. 
~, 

[ 
f 
t·' 
t~ 
'il 
'~, i;, 

... 

1 r 

c 

" ' 

14~1 
14~2 
14~3 
14~ 
14~5 

1456\ 
'457 
1458 
1459 
1460 
1461 
1462 
1461 
1464 
1465 
1460 
• 467 
.468 
1469 
1470 
1471 .' 
1472 
1473 
1474 
1475 
1476 
1477 
1478 
1479-
14S0 
1481 
1482 
1483 
1484 
14o~ 

1486' 
1487 
1488 
1489 
1490 
1491 
.492 
14n 
1494 
149':' : 
1496 
1497 
149.:; 
.419 
'~.Of) 

, 334 

336 

IDV-IFIX(Y~X/NYD'+lO 
GO TO 336 
IDX-IFIX(BMAX/NXDI+l 

,IDY-IFIX(AMAX/NYDI+10 
SX-l. '0 
SY-l.O 
NLX-1S 
NLY-20 
SLX-l 3 
SLY-l . .3 
CALL LAXIS( XP. XN. YP. YN. NXD. NYD. IYX. IYV. IOX. IDV.SX.SY.NLX.NLV.SLX. 

, +SLY.l!5HSTRESS. MPA .'2QHDSTRESS/DSTRAIN. MPA) 
C 
C 
C 
C 
C 

*······**···*·*·················*1··*·····t*t .•....•........ * •••• PLOT THE WORK HAROENINO DATA ' 
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
~IN-.JIN-3 
DO 301 .Jal • .JIN.3 
X=RESULTf.J).XP/FLOAT( IOX*NXD) 
V"'RESUL T( .J+2 ).VP/FLOAT( ID"*NVD 1 
IF( V L T 0 O)GO TO 30i 
IF( V GT. VP >GO TO 301 1.' 
CALL PLOT(2.X.Y) - . 
CALL SYI'IF'Ln 1. 2~. 25.:2 r'" 
IF( ( BMAX-f\ESUL TC .J 1 1. L T 0 05 )GO TO 302 

_301 CONTI NIJE 
302 CALL PLOT(2.0'394, 1 ·lS1) 

XT=XP+5 906 
CAlL lETTER(2. 1 1.1 1.TESTNO.ô) 
CAlL PLOTC2.0 .0 ) 
CALL PLOT(2.XT.0 } 
CALl F-'LOTC 4. 0.0) 

400 CONTINIJE . 
991 CALL MSGTVP( IF'. 17, 17HVIELD IS NOW.OFF' ) , 
100C} (ALL FA(2( IP. IR) 

STOF 
o ENTER FAL 
STATIN ESS 1 

FOR O. /200 
[I~L O. STATE.L 

ClATA 1 N. E-';'; 1 
as; 1 
[IEL O. tL":SZE 

EN[tAOl Ef~L 17 2(,~7(JO 
I1SCoI [IEL 1). FMTl 

FI1T1 

TEMF 

, [lFL 1), NljTE;' T 
E-C[J 6.2.1. 0.0 
CON 0,-1 
E.;·; 1 

\ 

" ' 

( 

! 
Î 
j 
,1 
1 

~ 
1 
\ 
1 

1 
1 

, l 
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1 

, 

1501 TAPCAT CON G. TAPkAT 
'~2 TAPKAT EQL 17146100 
'503 TESCAT CON O.TESKAT 
~4 TES~AT EQL 17205700 
~~ DELC30 LIB 
'506 OURC20 LIB ' 
'507 LEAVE PAL 
'508 END 
~9 SU6ROUTI~ ANSWERC IR. 1 ANS. IERR) 
"10 DATA IYES/3HYES/,INO/3HONO/. 1/3HOOOI 
'511 'IANS-IREFLY( IR. 256. IERR )+1 
'~12 GO TO (10.~O.~O.~0), lERR 
'513 10 IF' JANS NE IYES>GO TO 20 
'514 IANS-, 
.515 00 TO ~o 
'~16 20 IF( IANS NE INO JGO TO 30 
'517 IANSa:2 

. '518 GO TO ~ 
~19 30 JERR=2 
'~20 ~. RETURN . 
/~21 END 
/522 J(lB. RELEASE. YlELO 
/523 JOB. END 

-- -------------....:-------_ .. "\, 
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AP~ENDIX II 

The Temperature and Strain Rate Dependence 
Bof the Flow Curves of Copper' 
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High Temperature COmpression Data for OFHC Copper 
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. c 
;~ ... 
t 
li 
fi . 

~ 
• .-

.., 

~ c 

1 
Temperature Measured Strain Rate .'Yield s~ress 

Oc ' s·,1 MN/m ,-

. 
~ , 

500 5.14xl0·2 45.00 
~ "l 

-; 500 1. 73xl0·2 38.74 
~ 500 ,8.S4xlO·3' 35.20 
,\ 
)1 500 5.17xl0·3 . 32.98 
~"'- 500 L 72xlO·3 28~91 
li' SOO 8.4SxlO·4 26.74 ~ 

500 5.06xl0·4 25.54 " 
'" '1.68xlO·4 ï SOO 23.56 

500 
0 

8. 66xlO·"S 22.43 
500 .. 5.0SxlO·S 21.89 _ f 

550 5.37xl0·2 37.56 ~ 
550 '1.. 79xlO·2 30.96 
55Q -8.62xlO·3 1 

28.15 
550 5.26xl0·3 ].6.97 

~ 550 1.68xl0·3 23.92 , 
. S.66xI0:! i 550 22.20 

I~ \ 550 21.40 ' ~ r ' 5.09xl0 4 
~ 550 1. 78X10· 19.15 

'\ l 550 8.!l4XI0:~ 17.78 f ' ., 
SSO 16.77 " 

~ 
'5.25xl0 , 

i , 
" , 

·575 5.15xl0·2 33.37 f 575 1.73xl0·2 28.52 
575 .8.66xl0 .. 3 25.85 ~ • 575 

. 3 
-24:61 i 

t 5~~10:3 i 

575 21. 78 ~ , 1.69xl0 4 " 
575 8.49xl0:4 20.48 \ 575 9 5.01xl0 4 18.92 
575 1. 71)(10· 5 16.40 .~ 

575 s.4ix1O: s 15.19 j 515 S.O xl0 13.99 .\ 

6.00 S.20xl0·2 29.08 , 
600 1. 75xl0·2 24.90 • l 

t 600 8.63XI0·; 22.95 \ 
600 22'.00 . ,5.17xl0· 1 

f 600- 1.67xiO·~ 19.42 

,. 600 . ' 8.42xl0·4 17.61 
600 5.0Sxl0·4 ,16.80 
600 1.69xlO·4 14.62 
600 8.61xl0·S 13.24 
600 5. 16xl0·5' 11.93 

~ 

••• · •• Ccdnt·d.) 

·0 ". 

/-Jo 

:' :' ~ 

, 
~ "." . 

; . , . 
" 

1 , . 7 
L', ~.-f ,",W, )0 y ~ 

.rt~I-r.- , .f è -',' ' 1'1 ... • I, " 1 " • ~'fJ .. ' ,1' "Ii ,~, .;:.~~\' 1 'II~' ~ J " " " ' . ~( .. • _t .. , .... r," ,., . _J~! '" ._"" ....... ......., , ' 



• sc 

l' 

f , 

Temperature 
Oc 

Measured S~rain Rate Yie1d Stress 
5 ' MN/m2 

650 5.,30x10- 2 24.42 
650 1. 72x10-2 21.35 
650 8.67x10-3 19.57 
650 5.19x10-3 18.46 
650 
650 

r.68xlO-3 15.84 
8.S9x10-4 14.14 

650 5.16xlO-4 13.09 
650 
650 

1.72x10-4 10.63 
8.65xlO-S 9.87 

650 1• 5'. 19x10-S 9.30 
',~ 

. 700 
700 

5.37x10- 2 20.25 
1. 74xlO-2 17.29 

700 8.55xl0-3 , .,14.96 
700 5.30xlO-3 13.99· 
700 
700 
700 ,. 

1.69x10-3 11.58 
8.69xl0-4 10.56 

1 
0 

5.12x10-4 9.84 

• 700 
700 

c 

, 700 

1.69x10 .. 4 8.25 
'f 

8.81x10-S 7.44 
·5.14xl0-5 6.96 

,-
" r 

, '. 

750 
• 

5.17x10-2 16.78 
750 
750 

1. 71x.10~2 13.66 
8.66x10-3 12.06 

, 
; 

750 
750 
750 
75.0 
750 ' 
750 
750 

5.27xlO-3 11.15 
, 

-! /. 

1.69x10-3 3.78 ' , J 

8.54x10:~ 8.10 \ 5.08x10 7.42 1 
1.72x10-4 6.53 " 

'd 

8.50x10-5 • 6.00 ~ 
5. 19x10:S 5.88 .' ~ 

i . , 
8"00 
800 
800 
800 
800 

" 

5.15x10-2 13.31 f 

1. 7lxl.0- 2 010.53 ~ • 
8.50x10-3 9.10 ~ 

'~ 

5. 18xl0.,3 l' 8.38 i 

1.nx10-3 --'-~- -6.99 1 
,1 , 

. , 1 
- ~, 

. 
.. Q, , 1 

, . 

. 
---'41 . 0 
~ 

, ') . . 
." .. 
1. 'i,-. _ .I.".,~. l '. . _. ~. 
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r 
~ (, 
11 
~ . ~ , 

~ 
} 
i 

,.",. 
10-5 TIll. 

'f 
1 

" 7.0 

8.5 , 

10·9 

11:5 
. 

13.0 

14.5 

16.0" 
-' 

17.5 

19:0 

,. 1 20.5 
" 

22.0 1 
i\ 
'-
~ 

~ 23.5' . 
" ... r, 

i-

25.0 ~ , ~ 

A , 
1 

,26.5 
t 

28.0 
t 
f ,t~ 

t 
" 

; \; , 
t""" , 
t 
\ 
, 0 
; 

1 ( 

t 

. il 

. 
r Temperature Oc 

" ~ 

5'00 550 '575 600 650 700 750 

«1' - - - - -9.167 -7.667 

• - .. - - -9.633 -7.950 -6.367 
::> 

- - - - -8.567 -6.950 -5.~00 -. 
- - - ' -9:367 -7.600 -6.100'-4.700 -- . 
- - -9.400 -8.467 -6.800 -5.333 -4.000 

1 , 
-6.006 ~4.600 -3.433 - -9.-533 -8.533 -7.5~S 

. , , . 
-8.775 ':'7.733 -6.800 -5.250 -3".967 - -

-9.600 -7.,933 -7.000 -6.000 -4.600 -3.400 - ; 

( 

-8.733 -7.150 ~6.2?O -5.267 -3.967 • - -
-7.916 -6.400 -S.55~ -4.600 -'3.367 - -" -1 

-7.200 -5.667 -4.900 -4.000 - - - ' . 
, 

-6.600 -5.000 -4.383 -3.500 - - - . 
• . 

-6:000 -4.500 ~3.900 -3.0to 
, 

- - -, , 
-

1 ~ -5.533 -4.050 -3.500 - -';-:.- -- - -. 
-5:100 -3.700 -3.133 
~ 

,. 

;,. '. .. 

-. 

" . 

- -

Q 

-

) ',°" 

o 

• ce 

800 

" 
-6.067 

l 

-4.950 

-4.200 

-3.533 

-
-
, 0 

-
0 -
-. 
-
-
-

, - o 
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-, 
-
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• 'APPENDIX VI 

l' 

Listing of the Analytical Computer P.ro~ram ACTANL 

''II 

.. ' 

r 

, ' 
1 

, ~, 

....... 

/ .. . . 
• < ., l. 

". ;,l, 

0' r' 
• Co No' 

" ' ' . ~ ." ,. 
• '.' .... 

~,' • , 

\. f, 
,> •• .' "'," 
~ - \ ' 

Î~ •• )t,~ 
o 

" 
" ., , , \. . ' 

~ .).. ~ 

i 
4 1. . .' . , 

-. " ;t>; ,0 .. ' . ,'". 

" '. , 
" , ~ .. l, -'1' F 1 lIl!I kapr ptt t rxrlimÎsmt 's ~~_'t!.. ... ..u.\. 

... 



.. -; 

1 
2 
3 

4 
5 
6 
7 
e 

9 
JO 

( 

" 
j 

.... / 
r 

, 
1 

'Y b> 

IWATP IV 
C "1" t ..... 

- ACTANl .. C 
C 
C 
C 
C 
C 
t 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C. 
C 
C 
C 
C' 
C 
C 
C 
C 
C 

C 
C 
C 

9?9 

Il ........ . 

, 
THIS ~RCGRAM _AS WRITTEN py K!~ CAOIE~. JUN! 15. 191~ 
IT 15 THE AI~ OF THIS pROGRA~ TO CALCULATE TH~ ACTivATION 
PARA~ETEPS FOR THE HIGH TEMPf:.p4TU~E FLOW OF O.F.H.C. (ooO:R. 
~~O~ A THER~ODYN4~IC4L A~A~YstS OF COMPRESSIV~ YIELO STESSS OAT" 

SEGMENT TO INPUT THE DATA. 

RAW DATA MATRIX .,.. 
SIGMACJ,II-COMPRESSIVf: YIELO !lTR!'SS. 14N/ .. "·2 
T4UONUCJ,l).~OOULUS-RFOUCEC YIELO STess 
lNEOOT(J.1 )aLUGARITHM OF THé IMOOSED TRUE STRAIN PATE 
TCII_TEMPERATURE • CEGRF.ES KELVIN 

••• CROSSPLOT RAw DATA MATRIX .... 
LETCJ.II:LN STRAIN RATE REAO FRO~ THE K-PLOX 
TINVII)cl.0/TEMP REAO FROM T~Ë X-PLOT 
TOU(llcAT CCNSTANT ~COULUS-PE~JCEO YIELO STRESS 

~ •• CONSTANTS ._. 

eKwBOlT1~ANN'S CONSTANTaS.J14J J/MOLE ~ 
TFACzTAYLOR FACTOR 
SV- BURGERS VECTOR FOR COPPER 

MU_SHfAR wCDULLS . 
MIJZERC1' INT!RCEPT OF MU liS TEMP AT T=O K 
MUSLOPs5LCPE CF MU VS TEM~ 

IMPLICIT REAL eCA-H,L.M,O-ll 
R~AL.8 MUNAME/8H HILL 1 
01 ",ENS\.ON T ''3) .SIG"'''' 1'). S) .LNEOOTI 1 0,1\1, T_UOMU( 10.8' ,Toue 15'. 

f, 11 NV CI;) • LE Tel 5.81 • A ( .3 • 1 S) ,IH 3 • 1 5 1 .0 H (1 5 ) • li Cl 0 l ,y ( 1 0 ) • weill. 
f,A9C 4.51. 0 (01411( 15 Jo PRt:)(p ( 15.8 t, 0 G( 15.8). Sllf 7 t .0 SI 1 5.81 • SW C 4t • 
f..U C 4.41 .PBC .1 .. Z( 15) • VST AIH 10," l, Lt. V, 161. OST Cl6), OHT ( el 

TAVFAC=J. 'DG 
BV-2.SS 
BKaS • .:!14JOO 
MUZEROa5.~097D04 
MUSLOP:-I. (l42QOOI Î 

••• oqlNT '~E l~pUT CC~STANTS ··1 
p~ INTQQCI, "'UNA"'E. MUlERO .M\"SL(lp. ~I(." AyF"C. '3. 
FOR"'AT C '1' ,1"" O' .3X. 'SH~AH ,"OOULUS :'. ''''.1' 0'.3)(. 'MUZERO"".O 1 10 5· 

li 

\ 

r 

-1 . 
. \ , 

• 0 

l 

\ 
~ 
\ , 
1 
1 

~ \ 
j, 

J 

·1 " 

l 1 

.~ 
. 

1, 
.1' { 

;, 



1 

t 
1 l, 

l 

,1 
1 

1 

'Il 
12 
13 
1" 
IS 
16 
17 

18 
19 
20 
21 
22 
23 
~4 

25 
26 

, 27 
28 
29 
30 

31 ' 

32 
33 
34 
35 
3f 
37, 
~8 
39 
"0 

41 
42 

, 43 
44 
45 
46 
47\ 
4" 
4Q 

C 
C 
C 

9 
C 
C 
C 

13 

12 
C 

-€ 
14 41; 
15 

17 

16 

IR 

19 

20 
21 
C 
C 
C 
C 
C 
C 
C 

~ 
2 
5 

." 

,,' /IIN/" •• 2,',I'O-,3X, '/IIU51.0Pa',012. 5,' ~N'I( -' •• 2',I'O'.l., 
,'eOl.TZ",,lNhlS CCNSTANTa',F6.'", J/MOL.E 1('''''O',3.,'T''YI.OI< O'ÂCTOR.' 
'."4.2,I'O~.~X,'eURG!q'i YECTOA.',F".2,' ANG'STAOIo4S., 

.-. INPUT AA. DATA "ATRlx • " 

00 9 t'!l.e 
RfAD,TCl1 
"'U./IIOZERO."'USI.Op~TCtl 
Of) 9 Jal,IO 
READ,SIG"A(J,I) ,'-NEOOTCJ,tl 
TAUDMU(J,tt·StG"'AfJ.II/C"'U~TAYFACI 
CONTINUE 

••• INPUT CROSS~pLOT ~AT .. MATRIX .~* .. 
Of) 12 la" e 
TINYCII-I.OOO/TCII 
IFCI.GT.IIGO TO 13 
READ,TOU 
00 12 Jal,lS 
REAO,L~C J.I 1 
CONTINUE 

••• DRI~T ~ur THE INPUTTED DATA ~~. 

J'QINT 1" 
Ft)~"'AT (t 1'.1'.', SCX, 'RAW DATA ~AT" IX' ,1".' ,OS4X,'TEI4PEQATUAE 1(' 1 
PA t"N T 1 5 , TC 1 ) , ,. C 2 ) , T n ) ,'T fil) ,T f 5 ) ,T ( 6 , • T (7 l , T ( 8 1 
FORIo4ATC' ',9X,8F14.11 
DO 16 Jal,lO 
l'QI NT· 17, C SI GIIA C J, 1 ) ,1 .. 1 ,8) , C '-NEDCT (J, l , ,1=' ,/1 l, (T AU DMU ( J,II, 1 = l ,8 

&l 
FnQ"'AT('O'.IX,·SIG~A',3X,8FI •• 2/I'+'.IX,''-NEOOT',2X,AFl .,311'.',.x 

C, 'TAUO"U' , 2X,!lfl'l, 31 
CONT INUE 
PRINT 18 
FORIoIAT ".' ,1'0' ,50X, 'CROSS-PI.OT I)ATA' ,1/'0' .54X,' TE,.P';:Q4TUQE 1('" 
PA 1 NT 1 CI, T (1 l ,T ( 2 , ,T ( '3 ) , T' " l , T ( 5 ) , T C 6) , TC 7) , T ( Il) , 
FOR~AT(' ·.~X,'TAUDMU',8F12,11 
00 21 Jo: 1 • 15/.' , 
PR 1 NT20 • TOU (" 1 • (,-ET ( J. 1) • t= 1 • CIl 1 
FORIo4ATC'O'.2X.09.3.FIO.3,7F12,3' 
CONTINUE • 

S~G"'ENT TO CA'-CULATE THE ACTIVATION ENTHALPY,FREE E~EQGY, ENTROPY, 
VOLU~~ , AND THE PRf-ŒXPCNENTIAL FACTOR 

>~ 
'}}j"~l Jal, 1!5 ~ 

"'KeU:! 1 al .8 
"'" Il.TtNY( Il 

Y( Il.LET (J, rI 
W(J)=1.0DO 
CONTINUE 
SUNXaO.ODO 
SU~Y=O.ODO 
SUMXY=O.OOO 

,f 

,1 

1 

\ 

\ 

i 
1 
\ 

i 
~ 

1 

G , 



\! 

.. 
1\ 

" 

. , 

l' 

f 

, 

1 

f 
t , 
~ 
" ~ 
\ 
l 

1 • 
! 
1 
1 • 

1 
t 
1 

( 

(} 

• 

\ 

---../ 

so 
lU 
S2 
53 
54 
55 
56 
57 
!5 .... 
!59 
60 

-t 
, 63 

U 
6!5 
66 
67 
68 
69 
ro 
71 
72 r:s 
74 
75 
76 
~ 
78 

19 
80 
81 
"2 
83 
84 
'15 
86 
er 
R8 
89 
90 
91 
92 
93 
94 
95 
96 
97 ge 
99 

1 00 
101 
102 
103 
104 
1O!; 
10f> 
107 

6 

j 

7 

8 

1 

32 

31 
30 

39 

\ 
,.. 

\ 
t 
l 

1 
1 
~ 
,\ 
'. 

.. 
1 

' .. 



c 

lOS 
109 
110 
III 
112 
113 
lU 
US 
116 34 
li? 
liS 
119 38 
120 ]3' 

121\ 
122 36 
123 35 
12· 
125 80 , 
&26 
12? 
128 83 
129 al 

c 
c 
C 
c 
c 
C , c 
C 
C 
C 
C 

130 
131 
132 4 

133 
13. 

fi' 
1 ) 

-~\ y/' 

''''-v 

135 
136 
137 
Il/l 
139 
140 
141 

C 
142 
143 47 

1.4 .9 
'45 
146 
'47 
14e 
t49 
150 .0 
151 

.. 

.. 

. ' 
t'1oI0L! ',II' +' ,!!" Il,' TE ~ÇERATURE 1(' .11' .' ',311,' TAUOMO' .9 F12.1 , 

DO 35 J-Io 15 
DO 33 1-1,8 • 
IFCLET(J.II.GT.-I.OOCIGO TO J4 
141J-/IIUZERC+MUSL('P"TCII 
OG(J,II·O~(JI·~U/WUlE~O 
PP!IIPCJ.I,-COGCJ,III'IBI(.T! 1")+LETe.l.I' 
OS(J.112-e~U5I.CPI'~UI·OGCJ,l' 
GO TO 38 
OC;(J,I'*O.OOO 
PRExPCJ.I'-O.OOo 
051.1.1 '-0.000 
OGeJ.II-OGIJ,II'I.003 
CONTINUE 
PRINT l~,TCUIJj,eDG(J, IJtI=I,a',IPr;EXPCJ.II.I-I,8' 
FOR"-A T( '0' ,2 le ,09. 3 ,FJ 0.2. 7F 12,2' l'.' ,"911. 8FIZ." , 
Ct'NT (NU! . 
PR 1 NT 90. T (lI. T 1 2 , • T ( 3 " T (. ) , T ( !5 1 • T C ~ ,. T 1 7 ) , T' BI • 

• FOR/IIATC'1',II"O',40X,'ACTIVATION ENTAOPY /IIATRlx eJ./MOI.E KI', 
,"O',!4X,'TEMPERATUAE l('II"",)X,'TAUO/llU'.SF1Z.1' 

00 81 J-l,U! 
PRINT 8~,TOU(JI.IOS(J.I),I.I,81 
FOR/IIAT C' 0' ,2)( .09.3 ,01(1.3, 7012, 3' 
CONTINUE 

/ 

PROGRAI4 SEGMENT THAT CALCUI.AT~S T~! ExPERIMENTAL ACTIVATION VOLUME 
FRt/ll THE FiAW CATA~ Tt-EN THIS \)ATA 15 FITTED TO THE eQUATlIJN:~ . 
V * Ar,EXPCB"'TOU.C"'TOU=lIl2+0·TOU"~3' 

1400lFiEO TO : _/ 

LN 1 V 1. A' +flltTO"U+C,.TOU' *.a4:0':'rou." 3 

K*l 
SI( Il' .,o.OCO 
SIIC 2'-0. 000. 
SI( (3 ,=O.oco 
SX(.,*O.OOC 
SI( C!5 ,,,,O.OOC' 
SX(6'=0.000 
51((7'*0.000 
S.(I,·o.oeo 
sw ( 2 1 .. O. 000 
swe 3,.,0.0[10 
SW(. ,so.ooo 

PR 10\( T .. 7. T ( IloT C 2'. T ( '! , • Tt .\ , , T ( 5' • T ( 6' • Tl 7) • 11 'H 
FOR"'ATC'l',I'O' .30X,'ExP. ACT. VO\. •• (K,TI'MU' ((0 I.~E()OTl/I() TAuD" 

'U" AT CON ST. T ••• UNITS O~ YST~R : 100 e~-3/ATO'" 
, '1"+'.54X,'Tf"PE~ATURE K'/I"t'.15X.9F12.1' 

PO l"'aO 
0040J='H10 l 
XIJ):TAUOlolUe.l,ICI "\ 
~eJ'-LNEO(lTeJ,n 
IFIYIJI.GT.-l.000'r,o TO 40 
ND 1 MaNO 110\+1 
CeNT INUF 
SXll,-SX(I,+OFLOAT(NCIN, 

______ ~~============~~----------~-------_-L-

'"' 

j 
J 

l 

1 

" , 

~-: 

I~ 
r ?II 

" , 
t';.t;" 

, '~ 
't::,/ 

1l 
1~ \' t) 

'" 
')~ , -, , ,-



( 

152 
153 
15.' 
155 
, '56. 
I!U' 

C 
c 

.<: 

15& .. 
1S9 

.160 
161 61 
162 
163 
l 'l. 63 
165 U 
166 
11-7 
168 
169 

,170 
171 
172 
173. 
11. 
175 
17" 
177 
178 43 
179 
180 
181 
182 
1~3 .5 
18. 60 
1"5 
186 
187 
185 
1~9 
19C 51 
Iql 
192 50 

193 
19. 
195 
196 
197 
19" 
199 

C 
C 
C 

91 

90 

C 

./ 

, 

J' 

.J 

DIFFe~fNTIATION 5tG~!NT C SSP ,uqROUTINe OOGTl' 

CALL DDGT~IX,Y,Z,NDI~,leRI\ 
~.~ZfAO+~USLo~rTCKI ~ 
FAC-YI<"TIK'/IIU 
XFAC·FAC·9.~qec6Do 
00 ". 1-I,NOlv 
VSTARCI,K'.ZII'.CXFAClI.OOO.' 
CONTINUE 
IFCNDI~.LT.IO'GO TO 61 
GO TO 62 
NO-NDI"'+1 
DO 63, t-"'O,I Cl 
V!T~RCL.K'=O.ODO 
CON'rINUE 
Oil .3' l~l,NOI'" 
WXaOLOG(V5TAQ(I,~I' 
XCI'all!I'1.0003 
SlCI 2'.5)14 21+X( 1 1 
SICCl)-$K(31+X( Il''2 
'ICC.)·5XI.'+XCI'~·3 
SX CS).S K ( ~ , +X CIl" .. " 
SXC61-5KI61+K( Il' 5 
SK( 7).5X( 71+K( 1 I."~ 
sw ct ,-sw ct I+WlC 
'W(21-5w(2l+wX_KII' \ 
SW(3)-5wI:! I+WI(. KIl ' .... 2 
SWI"'1-5wI" I+wx' Xl II~ "'3 
CONTINU!! 
1(="+1 
IFI tC.LE. '!l,GO TC 49 .. 

(. 
1 • 

00 60 Jel.IO . 

, . 

PRINT .5.fTAUO"'UIJ. Il,1001 ,el. IV5TAPIJ, Il,1-1.81 , 
FORMA' C • O',:!x. '!'AUDMU' ,6x ,801 ?311' +' ,. x,, VST "R' .6X ,8FI2.2' 
C'lNTINUE 
00 50 lai ,. • 
DO 51 Jal •• 
N·J+I-l 
A"II .JlaSxl ~I 
IF (J.GT. 1 l "AI l, J I=-AAI l, J 1 
CONTINUE 
BBI l'=SW( Il 
CONTINU! 

SET UP W"TRIX AB FOR SUBROUTINE SOL~TX 

01) qo la\oA 
00 91 Jal •• 
AfH 1 • JI-A AIl , J , 
CONT INUE 
AD( 1 .5) .. tiN Il 
CI)NTlNUE ,"' .. 

1 

\ 

J 

C SUB~OUTINE 50L~TX SOLVES A SET OF LINEA~ EQUATIONS 
C 

200 
201 
202 70 

.. 

CALL SCL""X(AE.N,~B) 
PA INT 70 
FORIoIATI'l',IIII·O'.lOX.'COEFFI'IENTS fF THE eoUATIO~ FITT:O TO T~e 

\1 

, 
~'~"~~J.I\1{ .. ;j,12 r ~~~t-St';'I.",~,\",,~,;t"";~ 

( 

" 
1 

1 
! 

~ 
1 
f 
i 



c 

t 
l 

, . 

'/ 

li 
1 

\ ( 
! ., 

" 

\... 

t,rlOl 
20" 

205 1 
206 
207 
208 
209 
210 
211 
2>1 2 
213 

21" 
215 
216 

217 
218 
219. 
220 
2Z1 
222 
223 
22" 
225 
226 

-227 
22'1 

239 
240 

71 

200 

101 
100 
C 
C 
C 
C' 
C 
C 
C 

.. 

pqOGRAN SEG~!~T TO CALCULATE THE VALues 
OF THE ACTIVATION ENTHALI>Y -'NO ENTAOPY ~ 
WITH RESPECT TC THE SHEA~ STR!SS. 

1 

lCal 

1 

\ 
\, 

400 
pq 1 NT 4 00', T ( 11 ,T' 2' ,T C JI ,T C ", ,T' 51 ,T C 6 , , T ( 7 , ,T C 8 , 
~Oq~ATI'l"'/~+',l~X.·OS ••• OH MAT~lx ••• UNITS OF OH A~F. K.J"~OLE. 

'.UHITS OF OS aPE J"~CLE K 'J.W,R.T. TAU'.//'+',54~,'TEMPEPATU~E 

301 

300 

777 

c 

&1t'/I'+'.3X,'TAUDMU'.8F 12.11 ~ 
DO 300 Jal.8 , 
OHTCJ'a'OHIK'/l.00j'-1.0IC400<LNVCK'. OU(R'·MUSLOP~T(J' 
DST(J)=(OHT(JI-DGCK.J,'tl.0D~/T(J' 1 

IFCDGC k,J,.LT.I.OO-JIDSHJ '=0.0100 , ' 
,""ONT lNue 
j!lR1NT 36.TOU(K,.(OHTC 110 1"1.8'. (OSTII'I.I"'I,8' 
l(al(+1 
I~CK.LE.15'GO TO 301 
PRINT 777 
"OR~ATC'I·f 
~OP ~. 
END " 

SURROUTINE SOLMTXI".N"c'! 
IMPLICIT REAL~8IA-H.0-l' _ 
OI~ENSION SOLIS ,.x(4'.al4.5,.PIVI!5'.AN~I",5',"14.5' 
INT~GEqw4 SIGN.CDL.RO •• PER~UTI51.PEPO.I!51 
HN-N+I 
wRITEI6.5C6, , 
WR 1 T E ( 6 ." 0; 9 , 1 1 .. ( l, J " J = 1 • N NI. t'" 1 • N 1 

C ~~.r .. ~, .. IHITIALIZATION OF THE VARIABLES 
SI GN-l 

c 
c 
C 
C 

00 100 Jal.N 
PEROW (J'sJ 

1 00 P~R'MUT C J,-J" 
IJET,.=I.DO 

_ •• ~ •• T~;'MANIPULATI0N OF MATRICES IA,B) 

. . '. 

\ 

't 

j 

~ 
1 ., 
~ 

i 
J 

~ , 
, 
1 

.' 
-



.. - .. ._--

, ' 

/ 
, 

'C-~ 

(~ 
~ 

~ 

, i , 
241 1)') " lt-loN 

C • 1 
C 1. 'C ~, r ;, : .... 1 NI) THE PIVOT , i .242 00 7 laI( 0 N , 

,~ .243 00 7 JaK ... . , , 
2A. 7 S ( l ,J '-A CIo J' ( 
245 \ IFCK.EOoN'GO TO 66 , 
'.6 CALL PIVOT (S,I(,N,ROW,CqL,AMAXI 
2.7 PIV"cla"~AII 
2*11 G'J TO 67 
'2U 66 A14AXaBCN."., 
250 PlV ( 1( , aA "A X 
251 GO TO 3J~ 
2'52 67 CONTINUE 

C 
C ~~à~ •• *+'.REARRANGE T~E ~ATRICES 

253 CALL REOROCA,K,N,RCW,CCL,SIGN' 
25. IFICOLoEO.I<'GC TO 1 
-2~!' TE14lh:PE~MUTC CIlL' 
256 PERMUT(COLlaPEPMUT(K, 
257 P'!RMUTlI(' =1EIoIP 
.25" 3 IFCPOW.EOoK'GO TO 33 . 259 TENPaPEAO-.CRCW) 
260 PEROW(ROW'zpERCwIK' 
261 pEROw (K 'liT E!4P 
262 33 Q,O 6 1-1 ," 
263 l10 6 Jal,NN 
21:4 tFCl.EOoK,GO TO 6 

? 265 r~~J.EQ.I('GO TO ~ 
266 AN W ( l, J , .. A ( l ,J ,- A ( l, K ) ... '" K 0 J , "Pl V ( ~, 
267 6 CONTINUE 
2611 00 5 J" 1 • "N l' 

t 269 '5 ANEWCK,J'=A(KoJ I-/pIV(1( 1 

~ 
~ 270 00 77 1 =1, N 
~ 271 77 ANEWC I,K)=-A( I,KI.lPIV(KI 

f. 
272 ANEW(K,K'=1.000"PIV(K' 
273 DO 13 1 =1 ," 

t 27. DI) 13J:rI,NN 
27~ 13 ACI,J'=ANEwCl,J' t 276 oF.TAaOETAISIGNoPIVeK, 

~ 277 8 CONT lNVE 
278 00 11 10:1 ," ; 279 11 SOL C J , .. A( 1 .N+l' 

~ 
2BO DO 12 1 =1 ,N ' 
2Al L=PERIoIUT( l' 

r 282' 12 X CL laSOL C Il 
Il C 

" 
C ..... OISENTAf\GLE AOWS 

\ 
28~ 00 1 r"l. N 2". L"pER"'UT ( 1 1 
285 DO, 1 J=I.N , 286 ANEWCL.JI=A(loJI 

'b t 287 Ct'NTJNU~ 
281'1 00 99 1-=I,N 
289 00 99 J"I,N 
290 99 A ( l ,J '"' AN n, ( l , J • 

C 
C ~oJSFNTA"'GLE COLU""S 

291 2 J1I1.N 
292 LaPEROW(JI 

1 ': '" \ 
~>' . \ ~ 
l
t !, 

~ \ 
1~ ~ 

r ./ 
. \ 

~! 

'-1 ( 
'-." 

" 1 j~1 
l~ ~~~ 
'ft . j -. " .,{~~ 
" 

'i rf' i 



, 1 

" 

c: 

"--\ 
293 
29. 
295 
296 
297 
29,. 
n9 
300 
301 ' 
302 
303 
J04 
305 
306 
307 

308 
309 

310 
3U 

-t 312 
JI3 
31. 
315 
316 
3.17 
318 
319 
320 
321 
32Z 
323 

1 324 
325 

32a 
327 
328 
3Z9 
:no 
331 
332 
33~ 

~34 
:!5 

3:!6 
337 , 338 
33Q 
340 
341 
3~2 
343 
3 •• 

, ! 
.. 

1 

( 

00 2 1-1,"1 
A ... Ewll,LI.AC I.JI 

2 Col"lT1NUF. 
WRITE(6,507/«(ANEW(r,JI,J-'.HI.r_t,NI 
WAITEC6. Q OOIDETA 
W~IT!t6.9CII . 
W~ITEI6,902IC.(LI.L-l.41 
W~JTEI6.5cel \ 

499 FOl:llolAT(I··,·IoI1TI:III( AQ'.,ICSOI1.811 J 
506 FOAIIATC '1' .""'TI0 ,20C' ',,'1. • RI! SU\. TS·. 20C.··.,' 
~01 FORIoIAT( ·-·.·I~VEqSE CF T~E ~ATRlx A"C401~.e)J 
50" FtlJ:IoIAT (1-' dOO ( Il,. " , 
900 FOAMAT('-',TIO,'DETF.P~tN~~T.',Ot1.!1 ~ 
901 FORIoIATC'-'.T5.·SOLUTIO~S OF THE SYSTE"'-') 
902 FOAIoI"T(l0·.T20.')( .'.017.8" ',TZO,'Y .',017.8,' '.TZO,'Z .. '~:)l7.e 

l" ',T20,'1II .',bI7.IH 
A!:TUAN 
ENO 

SU~ROUTINe 01VOT(6,K,N,ACW.CCL,"MAX' 
114PLICIT ~e"L·e(A-H.C-ZI 
DIMENSION BC4,51 
JNTEGEqa. COL,RO. 
AO.aK 
COl·K 
AIoI"X.~(K.1C ) 
DO 1 I-K." 
lY.)'I Jal("N 
IF(O~~S(eCI.J,).LE.A~AXIGO TO 1 
RO ... r . 
COL2J 
,lA4A x-ac 1 • J 1 
CONTINUE 
A!TURN 
END 

svaROUTINE R!O~D(",K.N.r~lII.cnL,SIGNI 
11oI~ICIT ~e"L'Pll-H,C-ll 1 

DlloIENSlcN AC4,5) 
rNTEGER.' '::OW,COL.S IGN 
IFC~Ow.EO.K)GC TO 2 
SIGIII2-SIGN 
IIIN"If+1 
DO 1 Jal." .... 
TE"'PP." (Aow, J) 
A(ROW.J)=/lCK,J) 

1 A(K,Jt=TI:,",PA 
2 IF(COL.EO,KIGO TO 3 

SIGN.-SIG .... 
DO 4 'lel.N 
TE"'PC=A( I.CCLI 
"C 1 .COLI =ICl.K) 

4 AC hl( t.TE~·PC " 
J RETURN ~ 1 
~D 

SC/IT/I 

.' . 

') 

,YI l,' 

/:, 
, 1 
,0/,\ i' .. 

• 1 


