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/ . ABSTRACT :

/. . ¥

Compression, tests were performed on polycrystalline samples .

of OFHC copper between 500 and 800°C at constant true strain rates

, o

- -2 .1 . , PR i

from 5.2x10™5 to 5.2x10 2s 1, The stress at which macroscopic yielding M
’‘ , - l jé

begins was measured from the flow curves, These data were reduced\g< ¥
a method of activation analysisjfor elastic obstacles in terms of \ 1 f

\

{
the modulus-reduced stress. The analytical scheme leads to act1va~
AN
tion volumes in the range 600 to 2800 b3, which decrease with 1ncreas1ng\

¥

stress. The zero stress value of the activation free energy was found

NG

to be 0.66 ubslatom which is much greater than the values reported for

self-diffusion. It is concluded, from these resuits,\that the "thermally

- AN
assisted unpinning of -attractive junctions controls the'rate of dislo- ‘
| LN s

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

observed that the pre-exponential factor in the rite equation is inde-

’ ' J
pendent of stress and temperature. The\latter observation 'is rationalized
| [

\ . .
by means of a dislocation model based on: the distribution of segment

lengths within the material. . : \
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, 1'énérgie libre d'activation pour

1 .
de longueur des segments dans le matériau.

' RESUME
\ ; \ ~

déformation réelle compris ®ntre 5.2x10~5 et 5.2x10-2 -1 e

i’

o -
températures de 500 3 800°C. Les tensions gour lesq 1les’ 1

utilisant des courbes d'elasticité. On avobtenu les donneég par

en fonction du rapport tension-module d'élasticité, Le schema

E

analytique conduit & des valeurs de 6003 2800 b3 pour les volumes

d'activation, valeurs décroissantes par rapport § l'augmentation

des tensions. On a détérminé une valeur de 0.66 ub3/ato pour

/
{? tension nulle, valeur dépassant
§ ) 3 i

largement les valeurs rapportées pour l'autodiffusion. | On peut

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

- °

tions aux temperatures &levées est détérminée par le dé€sancrage des

junctions favorisées du point de vue thermique. En plus, on a aussi
observé que le facteur pré-exponentiel dont 1'équation de la vitesse

| P .
ést indépendante de 1la tension et de la température., On a déduit

&

la derni8re observation au moyen d'un mod&le bas& sur la distribution

o '
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7 \ ' ”:
\ {
, » INTRODUCTION . o

The aim of this study was to throw some light or the
processes that control the rate of deformation in metals at high
N
temperatures. At present there exists a dichotomy regarding the
mechanism controlling high temperéture deformation. On the one
hand, t‘ere is a school that argues that the deformatlon is dif- !
fusion controlled and that the act1vat10n enthalpy for creep and
hot working should be that of self-diffusion. .On the other hand, ‘jg'
an alternative view is that dislocation'glide is controlled by the
thermally activated unpinning of nod?s in the pre-existing disloca-
tion network. In order to assess which of these hypofheses are
valid a study of the mechanical behaviour of copper was pndertaken.
It was decided that by gathering enough data on the tempera-
ture and st£;iﬁ rate depgﬁdence of the yield stress, it would be
poséible to clgérly distinguish between the two approaches. Py a
consistent an t1cal scheme based on the propert1es of linear elastic
obstacles an reajtion rate theory, the actlvatlon parameters which
describe the properties of the rate controlling process can be
determined. Inithis way, it is poésible to dgtermine the rate
controlling ‘mechanism. | | N

'Before proceeding with a description of the method, eqdip-
!

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

to this investigation is presented.

1




CHAPTER 2 b
N )

A REVIEW OF THE LITERATURE PERTINENT TO THE
HIGH TEMPERATURE DEFORMATION OF F.C.C. METALS

' " "

This chapter is a review of some of the literature that is
relevant to an understanding of the present work. The first section
.deals briefly with the phenomenology of high temperature flow, and '
the éenerallylaécepted theories =that have been proposed to explain
such phenomena. The next topic considered is the thermodynamﬁfﬁapproach

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

of. polycrystalline cubic metals,

"o

-

2.1 HIGH TEMPERATUREtDBFORMATION

During the past decade several excellent reviews of high

femperature deformation have been published (1-6). Therefore, the

”“x\ present review surveys only briefly the main features of high tempera-

Eure flow. The various types of flow curves are dealt with first, °
followed by a discussion of the empirical flow relations. In the final

( -

section a description of some models for high temperature deformation
. i *
is presentéat\\\\\\\\

2.1.1 Phenpmenologz of High Temperature Deformation

‘ ) .
High temperature deformation is defined as flow that occurs

at sufficiently high temperatures so that the major restoration processes

act concurrently with straining. There is a temperature limit below

which these prdcesses occur too slowly to significantly influé%pe the

G

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

] * i



B
-

i s/ 3.

‘;4 < :
% ( v mately one-half of the absolute melting temperature (7). ,
i ! ®
@ / . The studies of high temperature flow can be divided into
s:,l i v"' )

two groups, those carried out at constaﬁ% stress and those at constant
strain rate, During constant stress tests either the load or the

’ 3
stress is kept constant and the strain produced is measured as a ‘

') - . i
¥~ function of time., The minimum developed strain rate usually does not
i exceed 10"%s™, This type of test is called a creep test. For tests

4 ~at constant strain rate the dependent variable is the developed stress.

The applied rate of deformation is usually in the range 10°% to 1035‘1.‘ ~

There are four modes of deformation that use constant strain rates. 1

b e

These are togsion, tension, and plane strain and axi-symmetric compres-

B2 iy
i Loy

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 optained. These are illustrated

in Figure 2.1, The metals that exhibit th irst type of Behaviour'6

ST e - B e

(Figure 2.la) include zirconium (4-8), o-iron (9-1%), ferritic alloys

N
N N , | N
(9,11,13-20), aluminium (9,21-24) and' its alloys (25,26) and zinc (27).

kS

For these metals the flow stress increases monotonically withi strain

LY

up to some limiting value, the steady state stress. is‘type of

SO S L s W

' curve has been shown to be produced when dynamic recovery is the only

. |
operative restoration process during flow (11)./ The second type of

v

=

behaviour is exemplified by Figure 2.1b and is typical of metals such
as nicke1~(23,29,30) and nickel-based alloys (29:31), copper (23,29,99),

y~iron (36) ghd\ggstenitic alloys (14-18). Here the stress peaks prior

strain rates there may be several damped oscillations of the stress
: AN
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before steady state fléw is est?biishgd'(zg).r The strain to the pgak
is dependent upon hemperature and strain rat;; And, in addition, tﬂe '
peak height apd its width are more éronounced at low temper&%ures.
and high strain tates tl,zsif This type of fidw behaviour has been
shown to occur when dynamic recrystallization is‘the dominant §oftening
process at ;trains superior to the peak value (1,29). Prior to the
peak strain, Hypamic recovery }s the only restoration process.

Most of thg p?evious ;xperipental work has been carried out
by means of creep tésting,,and hence the majorgty of the theories -

v

of high temperature flow were for@ulated to explain creep data. This
\geqis that in all.of the equations that follow the.stress rather than’
the strain rate will appeér to be the independent variable. However,

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

stress is actually the dependent- variable.

< . °
2.1.2 Empirical Flow Stress Relatiomships

14

Stress, temperature and strain rate are the three main

v

parameters that influence high temperature deformation. In creep

testing, stress and temperature have a major influence on the creep

rate. Of course, the materials parameters will also affect the strain
-’ "‘..vrio
\\rate,‘but their precise influence is diffi .to. define, The stacking
u 3

¢

fault enefgy will add ohe cdmponent, the grain size another, but the

largzst contributions arise from the dislocation and the sub-boundary

density. However, during steady-state creep it is usually assumed that

A

the structure factor is constant.

Most metals exhibit similar temperature, as well as stress,

L

deﬁen@encies that are described by éﬁbirically determined equations.

e = e ——

.
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These relationships will now be presented. o
o

‘e

2.1.2.1 Stress dependence dbf the strain rate

i If the stress dependence of the steady-state sheep rate
\

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

are three types of stress dependencies (1,2).
At very low stresses, it has been observed that the steady-

state creep rate,,es, varies linearly with stress:

2.1

: n
€ a,0 2.2
, L
At even higher stresses, the relation:
—-— L} \\ hY -
- 1] ~ .
. \\ - t
. e 2.
) e asexp(a4c) \\\\\\\‘\\ i ’ 3

seems to best fit the data. 1In addition, it has bee% proposed that

the two latter relations can be expressed by the equation:

, ‘ o
= as{smh(%o)}’ , 2.4

sooe

€

S
°

In these equations, the a's and n are stress-independent coefficients.

The intermediate stressaregion is usually the one of greatest

interest. We-will restrict our considerations to the simple power law



] ‘A?‘
"‘) - -
X ' ’ '
'

= . ' that describes flow in this region (Equation 2;2). The stress
e;pénent, n, usually has a value between 4 and 5 for pﬁre metals

and -solid sslutions. For preciéipation hardened alloys the exponent
is in the range 5-10, In dispersion hardened materiglé values up to

2

. . 40 have been observed.

» . 1

\§ 2,1.2.2 Temperature dependence of the strain rate l
[ *
At elevated temperatures, deformation is a thermally acti- -
4 -

I

; . vated Process that can be represented by an equation of the type:

'

e = B exp(- %T-)j : 2.5 ,
| where B is a funczipn of ¢ and Q is the activation energy..
. ) .
N - : 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
teéting at high temperatures, however, Q seems to be’ stress depﬁndent,
indicating that the‘self-diffusion’activatiop'eneigy is proﬁdbly a,

.

~
limiting case, ‘

R
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2.1.3 Models for High Temperature Deformation

D= oe
[ .

Dislocation models of elevated temperature flow can be
1 .

conveniently classified by whether recovery\events or glide processes

3

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

oo,

s

that the dislocations move in a steady state manner, dragging pinning

3

e e e

J
- points along with them by diffusive processes. On the other hand, in

g - 8
recovery controlled processes, dislocation motion is considered to .

e o
gl s i ST
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occur easily between barriers and pinning points, and then a separate

L

recovery event is required for a dislocation to proceed and produce

further strain. Without the recovery event, dislocations would glide

x

toa barrier:?ndlstop. In the following section the dislocation glide

theories are described. : !

4

2.1.3.1 Dislocation;g}ide theories

The major glidé theory is the jogged screw dislocation theoryt
The situation considered }n this model is that of two dislocations of
mixed or screw 6rientatipn 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, ih order for jogs to

1

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

manner by absorbing or emitting vacancies. This gives rise to a
chemical force due to the deviation of the vacancy concentration from

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

emitting (e)'and a vacancy absorbing (a) jog are given by

-
£, = l;%"m;:- _ . 2.6?
and J ‘
£ KL in fﬂ ’ 2.6b _
3 b2 Ca ’
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where co is the équilibrium vacancy concentration in a dislocation-’
free crystal, and Cé and Ce are the local concentrations near the
jog. The steady-state velocities of the jogs, V, can be calculated

. ; .

from the conceqfration differences by using the equations, \

A

v, = 41rDVb2(Ce - C,) ' 2.7a
v Qnd
o ‘ V. = 4"0‘,1;2(‘0a -¢c) 2.7b
* . a | ‘
o, where Dv is the diffusion coefficient for vacancies. By considering

that the chemical force is balanced by a force, o%q. due to the applied
b o .

stress, the jog velocities can now be expressed as

:
. ’ 2 ) ’ \i
1 ' 2 . b d ' )
N \ Ve = 4xb CoDv{exp(I'-]-&-) -1} 2.8a ‘3
1 l N 1‘2(
2 " 1
V., = 4nb%C D {1 - exp(- 29y} 2.8b

. a = C AR '

.

where d is the distance between jogs. :
. ' t

Barrett and Nix (37) related the jog velocities to the strain N
Q -

v

rate through the Orowan equation, and by assuming that the numbers of

both types of jogs are equal they obtained the relation

- M

o S s of d : \
€ BDsp ms inh (—l—(—T-—) L 2.9

\




™ |

(F where L is the mobile dislocation density and B is a constant.

The magn1tude and stress dependence of n and d. are not

Ean

" known, If it is assumed that they are not stress dependent then

o]

Equation 2,9 fits the empirical data reasonably well. For this

P~ oty

A

% .

: type of model the activation enthalpy is of the order of the self- \\\

H ! , ‘

g diffusion energy. N , \\\\

A ~ ' .
é In a more recent treatment of this model, Nix (28) found

t»

3

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

functidn similar to that shown in Eﬁuatlon 2.9, w1th the sinh replaced

by_a tanh function. However, the tanh law is not in agreement with

e a A, g YL

experimental observations at high stresses,

.
'
| v

e

2.1.3.2 Recovery-creep theories '

SRR e s YN

\ The recovery.creep theories are based upon the knowledge.

\
' that materials harden with strain and soften with time. According
. to this approach, under steady state,
: |
N - ‘
- . a
. € ( )/(ae) ~ 1/h u 2.10 }
; . , i
1 A " N &
: where i\;s the recovery rate (- %%J and h-is the strain hardening

coefficient. :
e , .
During 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 hardening. ' This

p}ocess has been formulated by McLean (38) by means of the Arrhenius {_

» ' . 1

expression

i
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e = ¢ expl- M- 1t); 2.1 ‘

&here €, is a pre-exponential factor similar to that in the rate’

équation for thermally activated flow. ) !
Lagneborg (6) pointed out that this model is oversimplified- ’
because it treats h and,r as constants. He proposed a model (39) that
takes into account the increase in f and the decrease in h with strain.
Furthermore, this model,‘in accord with direct observations, also
considered the-variation of r and h with the geometry of the three
démensional Qislocation network. fhis~network consists of a distri-

)

bution of dislocation segment lengths that varies during creep as

) I
a result of three processes. First of all, dislocation links are

released by the thermally acfivhted unpinning of nodes in the network.
Thi§ gives rise to a strain increment. The second event is work-
hardgqiﬁg that ;ccurs’beéause new dislocation segmgnts are created
when the released 1inks expand until they.are arrested by the network.
Tﬁe last process is recovery, wh;bh Lagneborg postulated to occur
byﬁtﬁe growth of the large meshe; in the.network at the expense of
the small ones. The ;hfinkage of the small meshes, is expected to be

; l B -
climb-controlled. This model has been shown to be capable of describing

' i

the dislocation density-time and the strain-time behaviour of ome
(IS : ‘ ) -

‘stainless steels (39). ‘ .
Weertman (32,33) has proposed a Tecovery model based upon

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

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

-

interactions from pile-ups produced by neighbouring dislocation sources

P
. d
o - . '
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on p;rdllel slip planes. ‘This leads to the formation of pile-up
groups on the adj;cent planes, so that diéldcafioq glide becomes
inhibiteé. "The stress acting on the leading dislocation in the
pile-ups causes khese disloFations to climb towards one another a£d
become annihilated; onn annihilation, the correspondiﬁg sources emit

new dislocations and the old configuration is restdred after an

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

expressed as . —
| e = bAN'sE o {2.12
g

where C is the climb rate, g the distance between adjacent p}l@tup

~

groups, Ns'the number of dislocation sources, A theggifa swept out
: g

=~ on the slip plané‘by the leading dislocapion and b the Burgers vector, -

-

The dislocations climb at a rate controlled by the rate gt which

vacancies are supplied or removed, under the actigw of the applied

y ' stress and temperature, so that (32,33)

. ZDsasz4
l C == -——-ﬁ?— 2.!.3

where L is the length of the pile-up, Ds the self-diffusion coef-
ficient, o the stress, y the shear modulus, k the Boltzman constant

and T the femperature.

[

In order to determine the strain rate, it is necessary 'to
J

4

. s l .
estimate the climb distance, h, This can be! obtained from the
I . -

expression, o = yb/4rh, where ¢ 'is the stress required to force two -
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C ! ‘
( parallel dislocations past each other. In addition, the length of

, the pile-up groups, L, is required. It can be shown that 12 is
proportional to o, With these estimates the r'el\ationshi.p between

v !
~

strain rate, stress and temperature, ‘under steady-state conditions is:

, ' 4.5 ‘ '
- Bpsc . o 9.

-I ~ ‘2.1‘4
bb/2N;1/23 Sy

I

® : .
where B is a numerical constant = 0.2,

111}0 stress exponentéin Equation 2,14 is in close agreement

with experimental observations in pure metéls and some -solid solu-
| 0

\ tions (6). However, many of the assumptions tend to make this equa-

tion less than attl:'gctive. First‘ of all, in order to obtain a stress
exponent of 4.5 the stress del;endence of N;was negle'cted. In fact,
:{t seems likely t‘;lat Nsv;ould increase v;lith stresls. 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, the activa-‘
tion enthalpy predicted by this model is that of self-diffusion.

This agrees well with enthalpies' determined from creep data for cubic
{netals, but the agreement is poor in the case of hexagonal close
packed metals,

’

2.2 THE THERMODYNAMIC APPROACH TO'THE ANALYSIS OF HIGH .
TEMPERATURE DEFORMATION

1

The empirical flow stress relationships are of little use
P ) ‘ .
in throwing some light on the rate controlling mechanisms of plastic

flow., The dislocation models described earlier are too mechanistic.

e Ttfig
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That is, a specific mechanism is assumed to be operative, and then
N

various calculations are made'to determine whether or notlthe agsuﬁp-

tions give rise to the observed stress and temperature dependence of

the strain rﬁte. The thermodynamic approach, however, uses an analytical

;cheme that is based on a simple form of the rate equation agd a simple

model where the dislocations overcome unspecified local obstacles.

The aim of the analysi; is to yield various activation parameters which

will aid the researcher in identifying the rate controiling obstacles to

dislocation motion. : ' N
}In'the kollowing section thermally activated dislocation

glide and the appropriate form of the rate equation will be discusged.

'This will be followed by a review pf the variouilanalytical schemes and

a brief discussion of the internal stress at elevated temperatures,
! ¢ —

3

<

2.2.1 'Thermally Activated Flow and Rate Theory ' ’ ]

Some aspects of the observed behaviour of metals ai‘bigh
" temperatures canl%e explained ‘in terms of the thermally assisted motion
of dislocations over localized obstacles.

o . \ .
Becker {50), as early as 1925, made the suggestion that plastic

éeformation could be a ther;ally activated process. Eyring (51) was
. the first to apply absolute rate theory to plastic‘aeformatioﬁ. How-
ever, these early theories wggelbased on buli-behaviour considerations.
It was not until the advent of the theory of crysta} dislocations that
Kauzmann (52) and Seitz and Read (53) were able to formulate a general

t
rate theory of plasticity based upon a "unit of flow'", the motion a

dislocation segment over a localized barrier, It is now generally

accepted that the plastic deformation of crystalline solids can be a

Al ey

5 i ro
e Baasty bl
S et
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ﬁ thermally activated proc¢ess '(43 ,45,46 ,54‘-'65).
, \
The obstacles to dislocation motion are due to the inter-

action of the stress fields of gliding dislocstion$ with the stress
fields of forest dislocations, parallel.dislocations, the lattice,

_ point defects, etc.. These interaction; may be classified according
\ to whether the raqge of the interaction is short or long. Short !

. ;, range interactions act over distances of a few Burgers vectors, while ‘

long range interacfibns may have an influence up to several hundred

-,

Burgers vectors. Some examples of various interactions that influence
dislocation motion are shown in Table 2,1, Long range obstacles, in
4 general, érn be by-passed by gliding dislocations under the action

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

thié‘process and consequently long range obstacles have an athermal
character. ey
{ v N . ‘ '

. Consider a material at a macroscopically measureable constant

température.g On the atomic.scale there will always be thermal fluctua-

\ tions. If these fluctuations are coherent they can assist the applied
stress in moving dislocations past barriers (40). However, the proba-

bility of a coherent fluctuation varies as some inverse function of \

13

- N the distance over which the coherency exists. Consequently, these

1

fluctuations can only assist dislocations in overcoming only relatively

N

short range interactions. Furthermore, the energy Qéailable in a
thermal fluctuat#on is relatively small and will only signifiéantly

4

‘reduce the energy that has to be supplied mechanically for low energy
obstacles, The term "low energy obstacle" refers to those whose total
strength is less than about 50 kT (35). Thus, the stress to bypass

4 ‘
long range obstacles usually depends on temperature only through the

EaY

‘ ) ‘ | v
) -
i
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TABLE 2.1

Interactions Which Influence Dislocation Motion

“(after Altstetter (74))

' i ’

Interaction of the gliding range of
dislocation with; - interaction
1. the lattice
a) Peierls-Nabarro forces short
b} other _short
2. parallel dislocations N
a) haolated loog
b) pile-ups long
©) dipoles short
, . @ small angle boundaries short or long
¢) Cottrell-Lomer barriers long
3. intersecting dislocations (forest)
a) jog formation alone short
b) non-conservative jog motion alone short
¢) reactions alone short
d)mﬁcldsalom ‘ long
e)eomtrialonof:xtended dislocations short ‘
4. point defects Cs .
1) vacancies or interstitials (climb) short or long
b) clusters of vacancies long
¢) dislocation loops and tetrahedra short
d) solute atoms short or long
¢) ioas.- long
S. surface defects
. 8) free suzface long
b) grain boundaries short,
¢) small angle boundaries short ox long
d) twin boundaries short or Jong
¢) stacking faults short
6. volume defects
8) coherent second phases’ long or short
b) non-coherent phases long or short
c) short range order short
d) Jong range order ' short
€) G.-P. zones . ' long or short
1) atmospheres long

- . '
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\

. shear modulus, while the stress to surmount short range barriers is

- The r%te at which a dislocation segment overcomes qhort

ranLe obstacles can be derived from rate theory in an intuitive manner

: 2.15

activation allows dislocation segments to overcome local barriers

(45). For simplicity it is assumed that all of these local barriers
, |

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

¢

/ NV = VP(A/2) . / 12,16

Here v is the frequency at which the segmeqt mpts to overcome

. the obstacle, P. the net probability of a sdccessful thermal fluctua-

tion in the forward direction of a dislocation segment of average
length £, and A is the average area swept out by a thermilly activated
segment‘(46). The net probability, ?} is the difference bét;éen the
probability,'P, of an activated jumpin the forward direction and

the ﬁrobgbility, P', that it would subsequently make a jﬁmp in the

opposite. direction. Hence:
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where P' is, in general, ;mch lesls than P (43) and therefore P = P.
Various authors (47-49) have shown that the probability,

| .
PT, of a thermal fluctuation having an energy greater than a given

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

this’ energy; that is:

. G
PT exp (- kT 2,18

If AG is the energy required to overcome the rate controlling

obstacles, then P, =P, Combining Equations 2.15 and 2,16, we obtain

y - (pmbA/IL)v'f" ’ 2.19

¢

\

Combining Equations 2.1\8 and 2.19 the rate equation is then obtained:

MG
Y = (?mbAv/z)exp(-i-,]—. N 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, €,
Ay I
where ¢ = y/M .(164). For polycrystals, M is .the Taylor factor (105).

Therefore, we may write Equation 2.20 as follows:

. AG
e = (oghhv/Mexp(- 1) 2.21

The factor [pmbAv/Mz) is called the pre-exponential factor and will be

dengted by the symbol e,

f is S
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2.2.2 The Apalytical Schenes

i
There are at present two schools of thought concerning

i ot ot o\ ot e ‘,{:..—_._.

~ the gnalysis of thermally activated glide. Gibbs (43,56-58) and e
~Schoeck(SS) have developed:an analytical scheme in which the inde-
pendent variab‘es are temperature, T, and the applied shear stress,
T. Here, the thermndynamig system under consideration is the entire

crystal (59). In an earlier approach, proposed by Basinski (54,66),

O

andrsubsequently by Conrad an Wiedersich (67), and extended by Li

(60,61,68) and Christian and Masters (69), the effective stress, t*,
] o

\ 1

and T, were used as the independent variables. Here, t* = (T - ri)

is the local difference between the applied stress and the internal

e oo e v gy a7 "

(athermal) stress, Ti' In this analysis the system is not the entire

crystal, but is, instead, a model sub-system which is.the localized
' ) L 4

[ o S e

region about a dislocation reaction site (59). However, Hirth and
I ! ’
Nix (62), Gibbs (59) and more recently Surek et al (63) have reviewed

-

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

and ‘mutually compatable as long as the thermodynamic parameters are

. consistently defined in terms of t or ¢*. The compatability condi-
. . ) ' ‘tions between the two ;pproaches have been derived by these authogs.
In Equation 2.21, the symbol used to denote the energy
required to overcome the rate contrqlling\obstaﬁle was AG, which is
the Gibbs free energy change during activation. Originally, it was
thought that the activation’entropy, AS, was negiﬁgible, and conse-

quently activation enthalpy, AH, was used in place of AG in the rate

‘o equation (6). However, viéioﬁé authors, Gibbs (43), Evans and Rawlings ¢
b
(70), Schoek (55), and Hirth and Nix (62) have shown that for a |

rigorous analysis, AS cannot be neglected. Lutoh and Jonas and co-
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1

workers (71-73) have demonstrated the importance of AS in rationalizing

e o

ey

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

*

there are some-important inconsistancies in the Schoeck anélysis (55),

MR T

and have developed a systematic analytical scheme for analysing experi-

AL,

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

e

used successfully to analyze deformation on Armco iron and silicon

y

FRRNES

steel (5,75), polycrystalline zirconium (64,76), polycrystalline ice
(76) and magnesium singlée crystafs (76). Therefore, this analysis
was chosen as the m;st suitable’ to interpret the data in the'present
work and yjll be reviewed here, Bef;re dgscribing the analytical

scheme its thermodynamic basis will be presented.

o !

]
i
]
%
’

2.2.2.1 [ The thermodynamic basis
' The basis of the tqermodynamic analysis of high temperature b

flow rests on the thermodynamic description of the obstacle-dislocation
interaction,

~

The first law of thermodynamics states that

z"sv
—— ﬂ%&fw%ﬁj«ﬁ‘ﬁﬂw’: By e
B
c

£y

U = Ha - W 2,22

R -
- .

and

Y

H = Uy pV 2.23

1
where U is the internal energy of the system, Ha the heat absorbed by

(f& the system, W the work done by the system, H the enthalpy and p and

Vo are the pressure and volume, respectively. Furthermore, the Gibbs

- -z #
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free energy, G, and the Helmholtz free energy, F, of the system,

are defined in the usual way, as follows:

v N 1

/
Y

2.25

G = H-TS

F'=U-TS

The Gibbs function ji5 particularly well

where 'S is the entropy.

LT

2.26 é%

‘ ~ 5 3

where Ys’Ae’ o and € are respectively the surface energy, area, @
applied syress‘and strain of the s}stem. . i \ %
It is possible to ascribe a free energy change to the system %

when the diélocation segight is activated over a iocayized obstacle to E
glid;. The dibbs free energy change, AG, can be éssociated with‘tpis é
obstacle. The back stress, T exerted‘%y the obstacle on a disloca- %
2

tion segment f length % is related to thé}Helmholtz free energy of 4 ¥%
‘ i

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

2.27

3
o

Here, A = £x is the area swept out by a dislocation when it moves a

. «
-

Pt pidatn B oL L
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i 1

\

distance x along the slip plane. This is shown scheyatically in
Figure 2.2. When an effective stress is applied to the system, the
dislocation segment moves until t* is balanced by the back stress,
that is, it moves from jts zero stress equilibrium position, Al' to
the new ;table position Al*; here it is assumed that the effective
stress if acfing from left to right. The position‘Az* is unstable,

so that once the segment moves from Al* to A_* by means of a suf-

2

ficiently largé the;mal fluctuation it will continue to move untii
it is once more oppdsed by an equal back stress. Due to the localized
nature df {herm;lly activatable obstacles under consideration, when
the dislocation rgaches another barrier it is no longer inflﬂenced

by the back’stress of the previous barrier; that is, the ébstacles

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 9 in Figure:2.2. The He}mholtzlfree

|
energy change associated with the Yeversible motion of a dislocation

/
from A)* to A,*, given by
Ap*(T,1%)
AF, = b Tb(A,Tj‘dA . 2.28

Al*(T,t*) b

The work done by the effective stress during this event is represented

by'the cross-hatched area, AW, and is given by

AW = BreA®(T,x*) = ° 2.29.
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FIGURE 2.2 Schematic representation of the dislocation-
obstacle interaction:

a) The Helwholtz free energy (F) and the Gibbs
free energy (G) as a function of the area
swept by the dislocation

: —mb&-"1ﬁe back stress profile felt by the disloca-
tion in the vicinity of the obstacle as a

function of slipped area.
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The Gibbs free energy change during activation is A AFi - W,

and is therefore

) ' ’ ‘

AT
AG - bHY -rb(A,T)dA - br*A*(T,1") ) 2.30°
AT, |
or . ¢ ! . ' J
N AG = AF_(T,*) - br*A%(T,%) 2.31
1

1

1 te
\ v

‘A*(T,-g*) - Az* - Al* is defined as the activation area and
V*(T,;*) = bA* is the so-called activation volume,
In the case of "linear elastic" obstacles’ it is assumed
that the temperatg;e dependence of tﬁe obstacle back stress is
+ similar to that of the shear modulus, u, that is, (63)

| L

LM =g um . 2.32

~

! . where g(A) is a shape factor determined by the shipe of the free
1 energy’ barrier, F. Consequently, the fi}st 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-

.
1 o

.,
T
Linear elastic obstacles are "rigid" (‘b % 1, (*)) and 7, has a

“  temperature dependence similar to the ~shear modulus (Equation
2.32).' . ' : \

2
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: c / fions have been neglected (63). ~

ﬂ L Thé'tempgrature and stress dependence of AFi and A* makes

,Eir 3 . )

g. an estimation of AG very difficult. However, if we follow Surek et al

(63) in using the formulism of Li (61) we can write

' .
"

: o AG = AF (T) - bAT* 2.33
o |
"i where '
‘: - ™ |
i 'y 1
: A(T, ) = = | A*(T,t*)dr* 2.34
! t .
il o
£ and ‘
r Az(T) I -
TOF (T) = b T, (A,TYA 23S
T - “
; 1 :

! 1
AFo is the total reversible work required to overcome an obstacle
without. the aid of external stress. This is an intrinsic property
‘that is characteristic of the barrier-dislocation interaction, and

. | N
is, therefore, the quantity thit must be derived in order to deter-

’

n;ine the r{ature of the obstacles that control dislocation glide.

The notation lof‘Surek et al (63) will be used, so that AFO, thg total

free energy of activation, is called AG x It is impl;a‘;.cit in'the basic
assumptions of these authors that the; obstacles a;'e rigid. For '"non-

' rigid" barriers, Equations 2.34 and 2.35 woulci have to be derived for

some rb'tA,T,r*) replacing i-b(A,T).
" ¥ f
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If the obstacles are linear elastic (that is, rigid) then (63)

-—

| AR (T) = AG (T) '= constant . u(T) 2,36
4 Il s \

~ which arises from the assumption expressed in Equation 2,32. Having
completely described the obstacle-dislocation interaction in this

way, ‘it is possible to determine the rqlationshipé between the activa-
‘ -

) ' )
tion parameters. )

~
[y ~

{
2.2.2.2 The activation parameters in terms of the effective stress

!
The activation enthalpy and entropy are given by the

following thermodynamic relationships (63,77)

7

: 3(AG/T ' ~
AH - } - . 2,37
™ /1) '
~ * )
T
ASe = - G | Y ‘ 2.38
/ T
)'\ . \ i
The activation area and volume are defined as follows (63):4
e 9AG
v = DA* i e = [ 2.39
ol Tt* [\ (31*)T N ,
, N

1

Surek et al (63) have derived an equation for AG using Bquations 2,31,

2,32, 2.36 and 2.38 and the standard thermodynamic relationship
/ ‘

A6 ™ AH* - TAS*. They found 4G to be

! ° _£
\ .

“
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M «t bA*t*l-gTr‘i
A = X u 2.40

fay

t
=~
ale

#
i

in agreement with Schoeck's (55) equation 12b, It should be noted
that Equation 2.40 is an intrinsic property of linear elastic inter-
actionﬁs.

.~ In order to detemine the activation paran?e\ters in terms |
Of'v experimental quantities, the rate equation must be used. Rearranging
Equation 2,21, the Gibbs free energy of activation tan ‘be expressed as

J S
ty

8G(T,T%) = - knn(é'(T,r*)/éo(T,r*))‘ 2.41

gy

£

R . vhere the dependencies of the variables are included. _Combining

.

Equation 2.41 with Equations 2.37 to 2.39 we obtain the following

definitions for the parameters:

\

-~ = »

‘ ' smne © 3lne | i B :

MBH, = - k(=) *+ k(—2 2.42 ;
| ™ (BI/T)T* [31/T )T* - 2
] E - . ‘§
! s e ° ‘, alne b

) AS , = kla(e/e ) + kTCLE) . kT 2.43 1

t T o aT T* \aT T* \ §
anld %

AN . 31m':' ‘ ! “

. dlne , :

Ve, = KT a‘;*)T.,--, k'r(—s-)-r-;-?’-)T ‘1 2.44 :

s
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Since the activation entropy is not negligible (43,55,62,70-73) it

"must be included in the calculafion of AG. ,The Gibbs free energyr

|
of activation is related to the entropy by the equation )

P -

'
N

t
AG = M, - TAS 2.45
T T*

The problem with determining the activation parameters

from eﬁperimental data lies in the fact that it is not possible

Y R Ry N S

to separate the dependence of the pre-exponential and the Gibbs
free energy on temperature and the effective stress. ° Therefore,
it is not possible to determine. € directly from experimental data

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

-
PR 2 PR PORNRE >

to try and circumvent this problem.
[

i) Assume that the pre-exponential is constant, that is,

-

independent of T and 1*. Hence, Equations 2,42 and 2,44 reduce to

give ' ‘ - ?
Ine
A - xedlrey . 2.46
Mo ™ - Xoo
and
' )
v, o= kT(___g:':e) ' 2.47

& T . v
. - [ P

Therefore, AG can be determined in a straightforward manner from

Equation 2.40. However, Immarigeon (5) has poiﬁted out that many

WS Lo T R

physical models imply a temperature and stress dependent pre-exponential,

. , . !
and therefore this assumption is not realistic.

L owEe

ot St
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substituting these values of AG into the rate equati

29,

3

dependence of the mobile dislocation density, the segment length, the
attempt frequency and ‘the area swept out by the segment following a

successful activation,
iii) Probably the most general and useful approach is to

assume that € is some function of t*/u, the modulus-reduced effective
\ ' 1
stress. AG can then be calculated directly from Equatiion 2.40 once

AH and“A* have been détermined from Equations 2.42 and 2.44, By
, it is then

possible to obtain a matrix of £ values. Fhese can then be tested

o

for t%e validity of the original assumption. If the assumption is

correct then the true activation parameters can be calculated directly
\ L .

since the stress and temperature dependence of“eo is known. On the

other ﬁand, if €y is not a function of t*/u only, then the iterative

-

procedure proposed by Surek et al (64,76) can be tlied. '
- & /

2,2,2,3 Activation analysis in terms of the modulus-reduced

1 effective stress '

[ \ . . . .
As has been shown in the previous section, a thermodynpamic

analysis in terms of the effective stress allows the rigorous deter-

mination of the activation parameters for the case of linear elastic

-

obstacles. There is, however, a more direct rdutefto thesé parameters.
- Surek et al f76) have prqﬁosed a thermod}namic scheme of

analysis in terms of the modulus-reduced effpctive;stress, t*/u. These

authors have derived the conpatability‘conditionslwhich relate the

respective parameters in the t* and T*/y notatiop . .This analysis

.
N
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/ ‘
@ ! will be presented- here.

The first step in deriving the compatability conditions is
to relate the functional depeﬁdencies of a common variable as is
\

N e

shown below. Rearranging Equation 2.21, we get
|

1n('e/l:°) - - AG/KT

{

In the T no?ation ln(EIe ) = £(T,t*), while in the t*/u notation

1 . ln(;:/; ) = g(T,t™/u). In addition, r*/u = h(T, r*} Taking the total
d;fferent)]al of these functions, the f.ollowmg relat:HOns are obtained:

i

E ! * »

f T aln(e/eo) an(e/e )
d(ln(E/e J) T ) datT +(——-——) d(r*/u)
oT ™/ */u
/.
e 1 T eee..2.48
31n(e/ea) K 31n(e/e )
(ln(E/e N .= (‘*——-——) dT +(-—-—--) dt* ‘
. T* T
ceees2.49
and ‘ '
deeeny = @l /“) a1+ @Sl /“) ar* 2.50

\ f . #
\\ These equations can be rearranged by equating Equations 2,48 and 2.%9,
*'and /shbstituting Equation 2.50 for d(r*/p) in Equation 2,48, viz., ~

/

/. ' P T e e o ) ’
Gnteleg) *(ﬁn(e/eo) ‘ )
e O ) de*
aT '[* - AT T T
. S ammesey an(e/c,)

- ) T ) (& )H+ﬁL%hﬂ
ceneels 51, T
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This reduces. simply to give

/

aln(é/; ) aln(e/e o) 'aln(é/é o). 3
oT =, -5 3T = b ot/ (a; /u)
. ™ ™/ T T

000052.52

¢

By differentiating Equation 2.50 with respect to 1%, at constant

AN T*/u, it can be seen that

at*/y ,;
. ¢ Y ) (81*/u) ( ) */ -1 . . 2.53

Substituting Equation 2,53 in 2.52, it can be seen that

dn(efey) 81n(e/e o) 31n(e/e ) 3
( ) - G—-'"r-‘ﬂ « t (- )( )
?T ™/ at* M ™/
..‘l.2.54
Equations 2.53 and 2,54 are the compatability conditions,
~ Since AN
. | )
aln(e/e ) )
BH ,, = sz(-—-—-L) 2.55
; T /u 3T ‘t*/ll i '
(’ it can readily be shown that ' f —
AH - M+ Vg ' 2.56
T MLV 5 /
Substituting this equation into Equation 2.40, an equation for AG \
is obtained: ) \ o ,\
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’ T, du
G =AM /-G 2.57
\ A / T*/u (u)(d'r) . |
An activation volume
‘ 1 354G
v* - - V* 2.58
t/u BT Ju)T
and activation entropy
- . Lldy. ' '
AST/u ok dT)AG : 2.59

can also bé'defined.

"

In order to ana}yse experimentai data,\gn assumption has
to be made regarding the stress and temperature depe;dence of the
pre-exponential factor. Following the example of énrek et al (64,76),
it is assumed that ;o isfsome function of t*/y only. In this instance,

the activation parameters reduce to simple equations from which they

’

can be deduced direqtl? from data. For example, the equation for

AHT*/u is i

- 2 31ne
- = kT 2.60
AHT'/“ :( all )T*/u . - °

}

Similarly, AG, &ST* and V* can be obtained from Equations 2.57 to

/u
2,59. To 'check the assumption that €y = f(t*/u), the back-substitution
method described earlier is used.

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

enthalpy and free energy are obtained more readily than in the\t* case.
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\

In order to obtain the AHT* value tﬁe correction term V*t*(T/y) (du/dT)
must be s&btmacted as is shown inquuation 2.56.

The method described above will be used in the present work,
the results of which will be presented belo;. Before an analysis can
‘be carxie? out, hqwever, it is necessary to separate the effective

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

of the internal stress, T is required. This subject will be dealt

with briefly in the following section.

<

2.2.2.4 The internal stress at elevated temperatures

<

X The internal stress is that component of the flow stress

Fagd

that is athermal, that is, it is due to lbng range dislocation/

dislocation interactions. It is now generally accepted that during

o o

constant strain rate testing at high tem%%§;k‘res, the strain hardening
. .
portion of the flow curve is partly caused by the build-up of a dis-
location substructure that acts as an obstacle to dislocation motion
(5,81). fﬁe internal ‘'stress is associated with either isolated dis-
locations of the network within the subgrains or with the cell boundaries
themselves. Hence, askdeformﬁtion proceeds the internal stress increases
until it reaches its final value which is independent of strain. This
occurs when a dynamic balance between the work hardening and the &
recovery rate is established. The analytical and experiméntal treat-

ments of the internal stress are complicated, and there is still much

confusion as to the actual magnitude of the stress. In the following

L TR WU

section only a brief review of the subject, that pertains specifically

-~
‘to the present work, will be presented. For a more comprehensive review

.
..
e,

the ‘reader is referred to Luton (4) and iunarigeon'(S).

plighe
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P

‘ In the present work, yield stressn‘ data was ,used in the
thermodynamic analysis. Luton (4) has shown qualitatively thaé it
is reasonable to assume that the effective stress is much greater
than the internal stress at the onset of macroscopic yielding. He

argues that for zirconitim and zirconium-tin alloys the yield stress,

that is, the flow stress at 0.1% plastic strain, is aﬁprbximately

70% of the steady state flow stress. If one assumes that the yield
. stress at high temperatures is negligible, and that t?e flow stress

at all strains is equal to the internal stress introduced by the

deformation, then this 70% of the steady state flow stress has to be
; developed in a plastic strain of 0.001. Since the flow stress is
‘ N

3 approximately proportional to the square root of the dislocation

1 density, 50% of the steady state density must be introduced in this

<

+

CRE PR T

% - plastic strain interval., A 100 to 10,000-fold increase in dislocation !

D

density occurs from the initiation of plastic flow 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 two-fold increase in density is required to
e :

explain the additional increase in flow stress during the next 0.1 ‘ . g

J to 0.3 of strain. Izpqs, Luton concludes, this explanation of the flow. !
curve is unlikely to Be valid.

Luton goes on to argue that it is ph}sically m?re realistic ;

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

since at the onset of macroscopic yielding the structure is much closer
to that of the annealed material than to the steady state structure
(88). In the present work it will therefore be assumed that the

Q

effective stress is equal to the macroscopic yield stress as defined

it
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by the stress at 0.1% piq.’ip strain.
. ~

', 2.‘ THE SHEAR MODULUS OF POLYCRYSTALLINE F.C.C. METALS y
It -has been shown in the preceding sections that in order
to accurately evaluate the activation parameters from experimental

data, it is necessary to have a knowledge of the appiop;iate shear

v

modulus, u, as well as its temperature dependence,

’

. The shear modulus is defined as the constant of proportion-
ality between the shear stress, t, and the elastic shear strain, v,

u Viz. 1] * '

\. o ‘ \
TL’IJY. ‘

\
\
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“* The modulii for metals are calculated from the elastic compliances
; .\ and the elastic stiffness coefficients. These coefficients are the

| \ constants of proportionality in the generalized form of Hooke's Law.

N

In order to show how these elastic constants arise mathematically, ™ ’ i

a brief Teview of the theory of the elaéticity of. crystals will be

> L}
presented.

R .
= ¥,

o ) Essentially, no additions have been made to the m@thematical
¢ L 3 & ' \

theory of elasticity of isotropic crystals since the publication of
’ o ) * < N -

Voigt's (82) .treatise in 1928, He considered a small cube of material 7
n | '

K in a state of stress, and resolved this stress into its nine components
so that the tractions, which act across all planes passing through a

given point in the solid, could be completely specifjed. These components,
/ ’ ' *-
shown in Figure 2,3, are

\ " b

€ /
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‘l[ xx * yy ?* T2z

Txy ' TYZ ’ Cax

\ /
AN [ :
TYx » sz ] sz i

\
{

|

According to this nomenclature, the first letter of the suffic denotes
the plane of the stress and the second letter the direction in which
it is acting. The tensile components, °ij’ are all«indepepden%. vhile

the six shear components, Tij, have only three independent components.

v

\

This is because the shearing forces must balance so that no torque is,

appligd to the element, that is, T Ty ™ Ty 80 Ty, =T

Xy - Tyx? "xz z yz zy
Thus, there are a total o; six independent' stress components. ’

" \) * - ' . - -
* . The concept of strain components was introduced to uniquely

.

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

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

compopents: -

! N ny ? sz » sz I

'
R - N
\ 1
v

v . )

<&

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

i

components. - . ' Lo .

- The generalized form of Hooke's Law states that the stfess
' - : -

component$ are linear functions of the strain components, viz.,
. - | , .

’ . [
§ '
\ 1

«
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The constants, Ci" are called the elastic stiffness constants.
J

Conversely, the strain components are linear functions of the stress

components:

r 9
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necessary constants.
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The matrix of the elastic compliances, (S), and the matrix

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

(83). In addition, symmetry conditions greatly reduce the number of

In general (83),

Cij - Cji | 2,64
and . .
Sij - sji / 2,65

i

)

Furthermore, the symmetry of the crystal undef consideration reduces

many of the constants to zero. Thus, for crystals-of cubic symmetry

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

following matrix of elastic coeffidients is obtained (84,85):

o 1
v {% G2 G O 0 0
M I
|
C C C 0 0 0
12 "tz i 2.66
. 0 0 0 €4 0 o0 ‘
& . ¥
(4] 0 0 0 C44° 0 t ) ﬁ
i 0 0 0 0 0 C44 o
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A x I
A similar matrix is obtained for the elastic compliances.

Thg elastic constants refer to single crystals. In poly-
crystalline’matgrials there are mahy crystals all with different
orientations with respect to each other. There are experimentil and

theoretical problems associated with the prediction of the elastic

' cohstants of a polycrystalline material on the basis of single crystal

data, Experimentally, it is d1ff1cu1t to obtain truly isotropic

\
samples as methods of preparation tend to give a texture to the speci-

men. The most isotropic samples are those with the smallest‘grﬁin size.
However, since the constants are measured by an ultrasonic technique,
the smaller the grg}n size the greater the contributions due to the
grain boundary relaxation effect and hence the greater the error in
determining the ;onstantsi To try and circumvent these problems,
compacted powders and sintered ma;erials haQe been used which are truly
isotropic, However, the densities of these materials are; in general,

3

lower than ideal and this influences the elastic constants.

>

Theoretically, the problem arises in making the correct
compromise between the ﬁssumpéion of uniform local stress (86) and
uniform local strain (87). For\f.c.c. pblycrys;alline metals the
assumption of unlform local stress gives t{p~ﬂeuss Average, Up» for

the shear modulus,

=, 5/(4S); - 45, + 35

12 48) o267

¥R

and, the assumption of uniform local strain giveé the Voigt Average, My

™
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o | . X
( oW (cn-cni-'scu)/s  2.68

However, it has been found empirically that the actual shear modulus

' - |
of a randomly oriented polycrystal tends to cluster near the arith-

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

A
.

referred to as the liill Average, ) (89):

N

W - (uv+ ,pR)/z \ 2.69
{ ~ . i . K N .
The polycrystalline averages of Reuss and Voigt are the lower and

upper bounds to the polycrystalline modulus. I the present work

the Hill Average will be used as the polycryst\alline shear modulus.

7S
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‘CHAPTER 3,

EQUIPMENT AND EXPERIMENTAL PROCEDURE,

3.1 MATERIAL PREPARATION

3.1.1 Material and Heat Treatmenf |

The material used‘in this investigafion 555 OFHC (oxygen-
free high-conductivity) copper supplied by Noranda Metal Industries
of Montreal; Quebec. The composition of the OFHC copper is given in
Table 3.1. The as-received copper had been fully annggledfané then
cold drawn from 25.4 to 9.5 mm diameter rod in a single pas;.

The plastic response of polycrystalline metals to deforma-
‘tion at hiéh temperature is, in general, influenced by the initial
grain size (13,90,91,96). It is, therefore, of the utmost importance
to insure that all of the samples have the same grain size prior to
being tested. Of particular importance at high temperatures is the
effect of\grain boundary sliding (92-95). Grain boundary sliding
contributes t; the overall specimen strain. Coﬁsequently,)asithe
amount of sliding increases‘the'bulk strain rate dészeases and the
flow stress is reduced. Tﬁis, in turn, would-influence the activation
parameters derived from the data. The magnitude of the grain boundary .
contribution\to the total strain depends upon the amount of grain
boundhry that is present in the specimen. The smaller the grain\siie
the greater the g?éin,boundary sliding contribution, Thus, in order )
to reduce the influence of sliding it is necessarybto have a relatively

)barse grain size. However, since this work pertains f% the study of

polycrystalline copper, the grain size must be‘smalf'encugh for there
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‘[} TABLE 3.1

The Chemical Composition of the OFHC Copper used in this Investigation

|
Element T ppm :
Pb, ) 130.0
Ag . - 15.0

As 13.5

Ca \ b 2.2

Fe 300.0

1 Mg 2.5

.q.h
= Vi sl Lt

< 10.0.

v N \\Ni . . 25.0

13
7
3
SRR T

p 199.0°, .
-S ’ 60.0 . . :
Zn ) 5.0

Si <' 10.0

Cu ' Balance (= 99.922 wt%)

IR S T T U SR Y
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to be sufficient grains to ensure that the samples are truly polye
crystalline. It has been_found that if there ;re at least twenty
grain; per cross section (97), thiqzcondition would be satisfied.

~ Another factor to be\t;kén into account is that fhe experi-
ments were to be carried out at different temperatures. And further,
that thblsamples were to be placed in the tesé machine .and held for
thirty minutes to gilow the températurg to equilibriate before

deformation. The initial grain size referred to in the previous

paragfaph pertains to the grain size at the start of deformation.

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

4

thirty minutes at all the testing temperatures.

N\

In order to determine the annealing conditions that would

' produce a grain size that meets these conditions, a set of annealing

experiments were carried out. .

To ensure that no contamination of the samples took place .
duri;g annealing, a ﬁigh vacuum annealing facility was’constructed.
The main features of the system are shown in Figure 3.1. The vgcuum
system consists of a fused silica tube (0.D. = 60 mm, I.D,|\= 51 mm)
which was closed at one end. At the opé; end a fifteen centimetre

N AN

length of clear crystalline quartz was attached and ground round in

order to facilitate a good fit to the vacuum manifold. This fit was

-accomplished by means of a double"O'lring seal in a water cooled

N !
jacket. The jacket was attached to the manifold by means of a flange

and an 'p'-fing seal. In addition, the manifold had four ports, one

for a gas inlet, another for a high vacuum ‘gage, a third for the
vacuum pumps and finally the backplate, wﬁiéh could be reﬁoved to

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

-
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Furthermore, the thermocouple seal was located in the backplate.

Y

The high vacuum was measured by means of a Pennink gage (Model 6)+.

The 50 mm diameter pumping port was connected to baffle isolation
valve that isolated the diffusion 'system from the roughing pump+
(Model CD-100). The roughing and bacging vacuumé were measured with
a Pirani gage* (Mgdel M7B). The d{ffusion system consisted of a

liquid\nitrogen vapour trap and 3 25 mm oil diffusion pumpff that -

P

used silicone 0il*. The chromel-alumel thermocouple was enclosed

—

in a 6 mm diameter closed end Inconel sheath and was long enough

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

oA TEm RN

only to provide the thermocouple with mechanical strength, but also
t .

to make a ‘good seal with the backplate. The high vacuum thermocouple
seal allowed rotational and longitudinal motion of the thermocouplel
This system was capable of maintaining a vacuum of 3x10'7 torr at

room temperature,

S

The heating was achieved by means of a split-Lindberg

rr Deomde e

Hevi-Duty 3.4 KW furnace (Model 54352A) capable of continuous opera-

SN

tion up to 1050°C. Temperature control was maintained by a Lindberg

\

LY

Model 59544 controller. The furnace was mounted on a trolley which
» )

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

Vs 74

furnace 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 annealiné tests, the system was flushed ' -

' Supplied by Edwards High Vacuum Co. . " ;

* Type 704, supplied by Dow Corning Silicones Inter:America Ltd.

I
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with argon and pumpéd down before the pre-heated furnace was rolled
i;to Rosition. ‘

Using this equipment, a set ofnannealing experiments was
carried out at 800°Ct This temperature was selected as it was the
maximum planned deformation temperature. It was assumed, therefore,
that a grain structure that is stable at this temperature would be
stable at lower temperatures. The asg;e;eived 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°C. After
annealing, the samples were sectioned in a plane transverse to the
axis along which the cold drawing had taken place. The sections
were then ﬁounted in bakelite, g§onnd and subsequently polished with

t

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

\

the grain boundaries. s

The grain size of the samples was measured using the linear

intercept method (98). Approximately three hundred grains were inter-

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

and 0.25 mm for the one and two hour anneals, respettively., This

Y

indicated that a one hour anneal produces a stable grain size. Further-

more, & grain size of 0.24 mm is coarse enough to make grain boundary

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

behave as a'folycrystal. For this grain size there are approximately

forty grains across the cross section. Therefore, all the specimens

that were prepared for mechanical testing were given an hour amneal

4

* Etching solution: 800 ml Hy0, 65 ml conc. HyS04, 16 gms KCrq04
and 3 gms NaCl.
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( at 800°C in vacuum.
\

°

3.1.2 Specimen Geomettiugnd Groove Design

A

The samples Were machined from the available rods into

ST SR o FTWR T AR
<

. : :
right cylinders 13.1 mm high and 9.5 mm in diameter as shown in ™

[ V9

Figure 3.2. The diameter was chosen as large as possible so that :

e A A
nhe el

*the highest possible load would be developed during compression.

5N eran s BTR »

o2

The end faces of the specimens were grooved in order to

retain the glass lubricant used in high temperature axi-symmetric

i

compression. The glasses and the temperature ranges of their
applicability Have been well documented by previous workers (4,5,8,
11,99) and will not be mentioned he;e. The groove geometry was
based on the work of Luton (4), who found that flat bottomed grooves 2
retained the lubricant the best. These grooves were machined by

-using a two teeth/mm thread chaser that had the top 16 um ground off

PRIITCR 3 AT RLDP, D
»

of the teeth, thereby producing grooves that are wider than the ridge

N

(a oompIn FERREEY
*

between them, e

3.2 TEST EQUIPMENT

The test equipment used in the present investigation is

\

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

3 _(5) and Petkovic-Luton (99). The only innovations made were inz

modifications to the data acquisition and control computer programs . "

written by Luton, and a new data handling program. Consequently,

4 only a brief description of the test hardware will be given, while "

(:) ‘ the innovations will be described in detail, ' )

i dn X
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I3 'l .
!
: \ SPECIMEN DIMENSIONS (mm) |
| L " LENGTH (L) | DIAMETER (D)
! .
l 13.) v 9.8
GROOVE DIMENSIONS {mm)
DEPTH SPACING
| .15 0.46
|
0 ' MRERANCE 0.02
-t
f \
Specimen geometry and groove design
\ 0
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- one or twonsecondg after the completion of the test.

3.2.1 Testing Assembly . - , . \'
. + "

The basic machine in the testing assembly is a standard
10,000 Kg Instron testing frame (Mbdel TT-D) th;t had been modiﬁigd
for high temperature, constapt true strain rate axi;symhetric compres-
sion.' The Instron was equipped with an extra‘decadé speed reducer
that préduced a crosshe;d speed range of 50 cm/min to 0.00§ em/min,
. .+ A cross-section of the compression train within the furnace

is givén in Fiéure 3.3. The train consists of two loading members, %'

k>
[ 4

the upper and the lower anvil and support. The water-cooled ram is

connected to the crosshead, while the lower anyil rests on a water-
cooled stainless ‘steel base supported by a Z,OOP Kg Lebow load cell
(Model 3116). Incorporated into the aﬁsign of the lower anvil i's a

quenching ‘device which allows the test piece to'be quenched within '

P
) The' 1loading members are enclosed in an Inconel chamber which g
is sealed to the fam_at thé‘upper end and to the_bas; support ét the %
lower end. Both ends of the mffle are water cooled’ to allow tﬁe'use , %”
of '0'-ring assemblies. 1?;;§4pper seal is constructed so that the ;
ram can “e :{ndependén\tl).' of the n}uffle. The purpose of this retort s
is to permit the testing to be carried out in a contrblléd atmospﬁere L ;
ovef a wide range of temperat&resj The muffle is surrounded by a _ | <€
<Satec three-zone platinu;-wound split furnace. ’ - . %
The two indgpendent variables in uniaxial compression testing R 'Q;
are temﬁeratufe and -strain rate. Fu;ghermore, the testing e;vironment }ﬁ

also plays an important role in ﬁigh temperatﬁre deformationL(S). The

2}

control of these three 5arameters will be described briefly below.
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10 Base support Stainless stee!
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3.2,2 Testing Environment

In order to prevent oxidation of the samples it was neces- y

4

sary to carry out the tests in an iqeit atmosphere. Although it is
possible to oféréte the system under a vacuum, this was not done for
several reasons. Firstly, atmospheric pressure-acting oﬁ the rams
would tend to produce a tensile force at the load ceil; Secondly, -
it would be necessary to apply pressure to the '0'-ring seal, thereby
increasing fzj_ictic;n and causing a compressive load at the load cell
during loading. By using a small posit:'we pressure of -argon in the

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

not clamped. /

‘ To ensure that the inért shroud was.established r;pldly
’after the msertion of the specimen, the testmg chamber was evacuated.
A Prec1s:.on Sc1ent1f1c (Model 75) two-sta;e rotary vacuum pump (75 1/min

i

capac1ty) was used for th1s purpose. A vacuum of 5x10 2 torr could
be reached within forty seconds, after which, high pur1ty argon* was | ‘f

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

iz

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

P

gas through an oil trap. . '

R
e e 1R

Supplied by Welding Products Ltd. Maximum impurities in ppm: i ’

0y = 0.17 Ny = 23.0; Hy = 2.0; COp = 0.5; Hz0 = 5.0; total hydro- S

carbon -0, g This was further pur1f1ed by passmg the gas through :»,

a catalyt1c and two drying towers (5,8,99). . ol
A)
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, is equlvalent to about 1/4°C.

§3.

3.2,3 Temperature Control

As éentioned earlier, the constant temferatures used in
this work were obta}ned by the use of a thr?e zone furnace, The
temperature was controlled by a Furrent p;pportioning Leeds and
Northrup Electromax II controller, which d%;ve three Magnetics inc.
SCR controllers in a master-slave configuiation. The cdn;rol thermo-
coﬁples (Pt/Pt-13% Rh) were located in each of the three furnace
zones. Since, duriné a test the sample ;s located near the middle
of th; furnace, only the central zone was controlled. Each zone
was adjusted to give a uniforﬁ ( 2°C) temperature zone Setween the

s

anvil ends. \ | -
The specimen tem;erature was measured by means of a chromel-

alumel thermﬁéouple fhat was attachéd to the lower anvil, on the same

plane as the 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

mltimeter (Model 8600A) w1th a resolution of 0.01 millivolts, which

3.2,4 Strain Rdate Control

9 -

In a étandard Enstrop théicrosshé;d moves at a constant
speed. But, in coﬁpression at a constant deformation rate, the strain
rate wPuld increase by a f;ctor of 2.3°in a true strain interval of
one (5). Since the flow stress of metals is highly strain rate Eépendent
at elevated temperatur;s (101),‘uniaxia1 compression requires that éhe (
trué-strain rate be constant during a test. The present equipment was

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

151@/
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variable spéeq hﬁit %o produce a constant true strain rdte. The :
design and use of this equipnent is well documented (5,100) and
will not be dealt with here. However, the p;rfo?mance of the apparatus
will be discussed in as much as it influences the precision of the
mechanical data.

L Luton et ngSIOO) pave shown that with the constant true
strain rate appa¥ratus there can be a difference of 40% between the
specimen sfrain rate and the nominal strain rate under initial loading
conditions, for the fastest crossiead speed., However, for the_slayest
speed the strain rate[difference is only of the order of 5%. Under
steady sta{e flow conditions the diféérence is generally less than 2%,
These differences are due to the fact that the probe that indicates
the change in gage length of the sample is attached to the mo;ing
crosshead. This was done becg@se it is not possible to set up a
reliable mechanical linkage ﬂaom within the furnhce and the environ-
mental bhamber?\ This means that because of the elastic d;formation
of the loading frame and the ;ompression tools, the specimen” strain
rate is always lower than the nominal strain rate. At the onset of
macroscopic yielding, that is; at 0.1% plastic strain, the error in
strain rate is generally five times less than the error during the
initial loaéiAé. In order to determine the influence of this‘sprain"
rate error on the flow stress, the error is multiplied by the rate

sensitivity of thﬁ material under test. Since the sensitivity at

high temperaturés is generally between 0.1 and 0.2, the flow stress

“error at 0.1% plastic strain due to this effeét,’is usually less

-

than 1%,

AL
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3.3 fEST CONTBOL/AND DATA ACQU}SITION o ! i

The éest control and the data acquisition are divided into
two éegnents: hardware and computer software. The hardwafé resides
in two locations: the experimental equipment and fhe procéss-control

computf;. This is illustrated schematically in Figure 3.4.

[

3:3.1 Hardware
Experimental equipment

Thé Instron controller is interfaced to a General Electric

GE/PAC 4020 process control cqyputer. ‘The interface pﬁs designed to
incorporate the\normhl modes of operatibn'of the Instron, namely down,

sfop, return and notmal, into the iﬁterf;;e. The normal mode resets

the machine for manual use 50 that the operator can carry out the
initial setting up of the test ‘manually. The interface consists of
six relays which can be activated by the ;;moée switches of the real
time computer. In addition to this interface, the computer is also’ - -

linked td:the outputs of the load and displaceme%t measuring devices.
As mentioned previously, the load is measured on a 2,000 Kg

load cell while displacement is measpred by a Hewlett-Packard (Model
IDCDT-500) displacement transducer with a range of 1 cm, as primary -

elements. The core of’the DCDT is attached to the crosshead and the
“coil to,théAfnstron frame. The;é,are locatéd so that when the anvils

are in contact, the core would be at its lowest position in the coil

. (1 cm). Hence the maximum sample height that can be used with this

set-up‘is approximateix two centimeters. The load cell and the DCDT

are excited by two Hewlett-Packard series 62000 dc power supplies.

The 1oy level output of the load cell, 15 mV/1000 Kg, is amplified I

A
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FIGURE 3.4 Block diagram illustrating the procedures
for data acquisition and computer control
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. ' {
“or directly to a Vidar 521 integrating digital voltmeter.” In order f

byfg factor of one hundred using an Analog Devices 605 integrated
amplifier. However, since the optput'of the DCDT is high level,
2,7 V/cm, it is connected directly to the computer. The two signals

4

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

1.

cable’ specially designed to minimize noise pickup.

Al

The hardware in the process control computer is shown
schematically in Figure 3.4. . The control interface on the Instron
is iinked to the switching group of the Multiple Outpﬁt Controller ™
(MOC) on the computer, An OUT* command at the MOC‘activate% the TTL ‘ ?
gtransistor-to-transistor logic) logic which fires a power transistor
that drives the reed relays. To switch the mode of operation a new
ouT commgnd is required. The decision ;hen to switch the mode, is
determined by the logic in the confiol software.
The analog outputs from the DCDT and the load cg}l amplifier

\

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

plexed analog-to-digital converting system. The outputs are attached
to a Vidar 610 low level scanner which is capable of sampling up to 4

1000 channels. The scanner is connected to a Vidar 531 ohms-converter f

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

N . .
scanning group of the MOC. This then activates a TTL logic circuit

P T 3

ALY

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

e e

¥ Manufactured by Northern Electric Co, Ltd.

e At Y

* Pal langﬁage (General Electric assembler language)

-
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4

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

on what range (one volt, for example), The logic circuit then arranges
for the signalnto bypaésfthe 5hms~c0nvertef and enter the voltmeter
directly. The signal énters the computer at the digital input scanner
(DIS) level. An IN command transfers the value of the signalito core
memdryc Wifﬂ this arrangement, channels cannot be scanned simultaneously.
The shortest time possible between two scans is limited by the minimum
inteéra;ing time of the voltmeter, 1.66-ms, and the time it takes to
output the OUT command and'generate the IN command. This all adds

| .
up to a maximum scan rate of fifty readings per second.

3.3.2 Software\ ’ . ’ -
Before presenting the contro]l and data acqui;ition programs,

a- brief description of the operation of the GE/PAC 4020 computer ;ill

be given, so that the framework within which these programs were

v

written can be appreciated.
!

'

‘Eirstly, the GE/PAC 4020 is a proééss control computer and
like most computers of this genre, all real time execution is done
according to a system clock. That is, while a test is rumning, the
éoftware";nd hardware respond to events that are triggered by the
system clock. However, since the GE/PAC operates on a timé-sharjng

piiority basis, other programs that are running concurrently may delay

" the scanning during the test. For the faster tests, in which time is

critical, it is possible to make the system unavailable to users

, .
running from the cardreader or other remote devices. The maximum
lockout time allowed by the management of the computing facility is

N
ten minutes.

e
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In addition, the available core size is 24,000 octal words.
Therefore, any program written for this system ﬁust be smaller than
this size. FPor efficient operation with concurrently running pro-
grams the size should be less than 15,000 octal words.

The original software to run the Instron and acquire data

was written by Luton, It consisted of three programs that a&lowed

the operator to run regular compression tests as well as interrupted

tests (99). In addition, Luton wrote software to calibrate t&e Instron

4

and to handle the data, The philosophy behind the acquisitioﬂ programs
was to divide the flow curve into two regioﬂs. Regi;n I was fr;m 0
to 0.1 true strain‘and region II ug§ from 0.1 strain to the end of
the test, usually at 0.7 or 0. é strain% In region I, 80 to 120-data
pairs were acqulred at equal time 1ntervals and, hence, equal strain '
intervals, provided that thelstrain rate was slow gnough. If the
strain rate was too fast, as many points as possible were obtained

at ;he\fastest scanning rate. °“In region II the same number of points
were acquired but at a nece§sarily longer time interval between each
re;ding. This philosophy has worked well (8,99). ﬁowever, it wés
decided that since th; present work ;eqﬁires an as exact as possible

yield stress,’ and since the flow stress of copper exhibited oscillatory

behaviour, the flow curve should be better defin&d by acquiring more

" data. Furthermore, the programs of Luton were very large and require

ﬁp to 85% of the core when ;unﬁing. Thexrefore they were difficult
to use when other users were running céncurrently. As a result of
these éonsiderations, the authoromodified the programs to[acquire
more data and the two large programs were divided into four more

manageable ones. The data acqu151tion philosophy of Luton was adopted,
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‘: but in the new programs 120 to 160 points are acquired in region I

and 360 to 400 points in region II,

\

3.3.3 Range of the Experimental Equipment

With the specimen s%ze-uged in this ianstigaﬁian and the
range/of Instron crogshead speeds described earlier, the range of
" strain rates of the equipment is 6.7x10‘6 to 0.67 s'l,~ However,

since the maximum data acquisition rate is only fifty readings per ;

second, the fastest strain rate at which enough datalpoints could

be obt&ined to accurately define the macroscopic yield stress is
4.9x10'25'1; Since the measured loads were always under 500 Kg in
% phé 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 4 ;
A} E
i

* X 7 k]
v several factors. The first of these is the'range of the displace- .
V4 ment transducer which has already been shown to be + 1 cm. Secondly, :

. the probe on the constant strain rate device is also limited to a

P " similar distance-of travel. Therefore, the miximum sample height
e 4 5

that can_be accommodated in this equipment is two centimetres. The w
amount of deformation is only limited by the range of the load cell
1 . and by the influence of friction on the deformation behaviour of the

specimen. It has been found that at strains greater than 0.8,

barreling of the specimen becomes serious enough to cause gross

inhomogeneity in the deformation.
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3.4 EXPERIMENTAL PROCEDURE

Before starting a series of tests, the furnacé was brought
to temperature and allowed to reach equilibrium. Then the anvils
were brought together and the reading of the DCDT was recorded by
the cgmputer for later use. With the anvils still in contact, various
crosshead microswitches w;re‘adjustéd SO thgﬂ accidental overloading
of the equipment could not occur. In addition, since the anvils
were in contact, this correspends to an infinite amount of strain
and therefore a strain rate of zero, Hence,'this was used as a cali-

Q

bration point for the constant true strain rate device. The rest of

s N

the range 6% this device’was calibrated -by using a micrometer screw
to similate the motion of the crosshead. It'was,found that calibra-

otion of the strain rate equipment and the zero position of the DCDT
was only necessary when the temperature was clianged. This happened
because these devices are very stable, even after a period of several
days of continuous operation, .

To initiate a test, the furnace.and In;onei muffle were

raised on the crosshead and the~glass-coafed sample placed on the

«
<

u a FRRY

lower anvil. The chamber was then closed as quickly as po;sible{
and the system was successively evacuated and purged with argon. .

This procedure was repeated three times bgfoge a constant flow of 7
arkon was q}lowed to bubble through the oil trap. During the inser-
tion of the sample, the temperature within the muffle dropped approxi-
mately.ZOOOC. Thirty minutes were\allowed for the specime? to reach
the test temperature and to stabilize at this temperature. In general,

T
it took 15 to 20 minutes for the teiperature to reach the test

temperature. About 20 minutes after the sample had been inserted in

i,
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tion of a test.
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3.5 DATA HANDLING

the furnace the software operations were initiated.

the muffle via the quench hole in the lower anvil,

¥

62,

Upon completion of the test, the sample was removed from

This allowed

specimens to be quenched within one or two 'seconds after the comple-

., The data accumulated by the acquisition programs consists

) ‘ of the test parameters and an area with the voltage output from the

load and displacement transducers, as well as the time at which each

reading was taken. The full time stress-true strain curves were

obtained by using a data handling program of Luton., By using the
&

-

- N
S L IR R AR TR
v

g

calibration factors for the transducers, the uniaxial force and the
crosshead displacement were deduced from the Iraw data. However,

since it is not possible to measure the actual displacement of-the

be corrected for the distortion of the loading members. Previous

users of this apparatus (4,5,8,99) have measured this distortion as

a functioh of load, temperature and cros§head velocity., The results

S

R of these tests, reproduced from Petkovic-Luton (99), are shown in

>

fits an equation of the form:

A

{
%
x
;

E
d BW(F°+ C)* -

©
s

D g e oo bk e o by TS SR b oS i prom Faveey G TR

Figure 3.5. » It is evident that the machine distortion, dm, is not

ram with respect to the lower anvil, the displacement readings had to

dependent on temperature or the crosshead speed. The data in Fighre 3.5
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where F is the 1nstantaneous load and B, C, D, and E.are * constants.

Therefore, the true instantaneous sample height, hi’ is given by:

[
. ~

’h.-h‘-l-d - . 3.2

' " . where h is the 1nitlal sample height 4nd d, is the instantaneous ) B
. (|
. crosshead displacement., The true strain, ¢, is given by the expression

o

. o= . 1n[ho/hi]K‘ e 33 P

. [
and the true stréss, o, by
o . ’

o - FO/Ai

. *
where A. is the cross-sectional area of the compressed sample at an

+

N

3

N

i

"
.

£y
“\ 0
» o N ‘

. instant i and is calculated from the relation * : . '

. ) . ‘ 2

X -

. A, .= Ah /h, - 3.5 ) .

. 1 00 “» N . 3

£ l v

b s

3 . . ) \

; l - Here Ao'is the cross-sectional area of the undeformed specimen,

% N .

: , This equation issbased on the assumption that flow is homogeneous

{ duelng compression. ‘

¥ ° L3 » - '

é .. The second operation of this data handling program was ,
N A ’ * . '

§ to plot the true stress-true strain data on an on-line California 7,

e N "é;

H 3»14

Computers digital Celcomp plotter, The curve was defined by plotting

‘

the actual stress-strain data pairs. Two curves were plotted; the &

full stress-strain curve and an expanded plot of the initial loading

’ « \

1
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. region, as shown in Figure 3.6. The yield stress was determined by

using the expanded plot. It was defined by the use of the’ offset

OM is the specified offset of 0.002 strain’ in this case. ' The line
.4
MN is drawn parallel to the initial loadingtllne OA. The stress at
. which MN intersects the flow curve is defined as the yield stress.

The problem with the above approach is that 4t is too prone

3}

to error. Firstly, as can be seen from Figure 3.6b, there is some

method (102) as illustrated schematically in Figure 3. 7 The interval ?
scatter in the data. Since the yield is.very sensitive to the slope ) j
i

of the loadlng 11ne, thls scatter can lead to an uncertainty of + fb%

in the yield value. _Furthermore, human bias can influence the placing
of the loading line. Secondly, the load and the strain readings were
not'takenqsimultaneously.’ In the treatment of Luton theltime dlfference
was assumed tolbe negligible, Th1s assumpt1on 1s correct when ‘the time ¢ g
. \ ¥

between each data’ reading is long, that is, at slow scanning rates.’

e 2T m s

However, at high scanning rates the assumption is not valid and the , -

- S

time difference must be taken into account. Finally, the actual strain \

rate can be calculated from the strain-time readings, providing additional

E]

precision for the~data to be used\in the activation analyais. ‘
Based on these considerations, the author wrote a progtam, |

YIELD, thJ; takes the data fggm the bulk storage and calculates the

actual true strain rate and the yjeld stress. In addition, plots of

< v
the work-hardening Qersus stress up to the first peak, and an expanded "

plot of the yield region are drawn. A listing of the ‘progranm, whidﬁi

ol
5

is written for the GE/PAC computer,-is presented in Appendix I. The
X " sequence of operations that take place are illustrated by the block .

diagram shown in Figure 3.8.
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The first operation of YIELD is to smooth the data, Of
the two measured variables, only the strain data was amenable to such
an operation, Since the tests were performed at Sonstant true strain
rate, the strain-time data must form a straight line. Hence a least
squares st}aight line fit was made to the strain versus time data.
The smoothed strain data was obtained by putting the time values into
‘the equation of the straight line and calculating the strain. The
strain was then corrected for the load cell and machine deflection.
The slope of the straigh; line fit is the gctual strain rate and this
is output to the printer, P. The load vdlues, hoye?er, cannot be
smoothed in this manner since the load is the dependent variable and
its functiona; form is unknown. The true stress and true strain
values were calculated from the load and displacement data by‘using
Béuat%pns 3.3 to 3.5. The stress-;train data was the;.smoothed by
Jsing a thrqp‘point smoothing, routine iimila? to the IBM scientific
subrouti;e paékage (SSP) routine 5613; This routine does not influ-
ence the t1tend of th‘e‘ data, but is designed to'filter-out abrupt step
shifts in the data due to noise. Only the data up to the gt peak ’

A -

was considered. ° ; i . . P

.The next task of the program is to determine the mdst suit-

2

able lgading line, The logic used to do this is that since:only data

to the first peak is considered, .then the maximum slope must be on

the loading line. The computer calculates the slope of the flow curve

using a géntra; difference technique similar to that used in tﬁé Ssp

routine DGT3. These slopes, the work hardening, are ‘then plotted

against the flow .stress on the Calcomp plotter. The slope of the
: . ). 5 T s

+

loadinglline.is determined by averaging the three largest values of
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slope determined by the differentiation rout%@e. The line i{
completely defined by assuming that it passes through the point of
maxi;um slop;. The~offset stress is found by simply drawing a line
of the same slope.at a 0,002 strain offset. The yield is calculated !
by locating the twoldata points between which the offset line passes,
fitting a line between gbese points and cal?ulating at what ?tress
the value of this 1ipé4and the loading line is equal. This value

of the stress is the yield stress. The prograﬁ finally plots ‘the

yield'region of the stress-strain curve, drawing-in the calculated

loading and offset lines, Examples of the'work hardening and yield
plots are shown in Figure 3.9 and 3.10, It should be noted that the
data is the same as that shown in Figure 3.6. By comparing Figures 3.6

and 3.9, it can be seen that the program YIELD accurately determines /
the yield,' : - . B R

The raw data obtained fr%m approximately 75 compression ! ’ ;

tests will be presented more formally in the experimental results

'
1 ) s

chaptér that follows, ' | - N

%
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L ( . ‘ | ' _ CHAPTER 4 .

EXPERIMENTAL RESULTS

'

Constant true strain rate compression tests were conducted
\ ¢

on OFHC copper at ten different strain rates in the range 5-.2x1()'2 "

¥
.
I

Ry s

to 5.2x10"5s™1, These tests were conducted at conmstant temperatures
in the range-500 to 800°C and at temperature intervals 50°C. Additional 1
experiments were also carried out at 575°C. The upper strain rate

limit was imposed by the available equipment. At testing speeds in N
2

, o exégss of 5x10° 5-1 the data acquisition rate was insufficient to
4

- permit an accurate determination of thg yield stress. The high tempera-

UL, ey -

ture and low strain rate limit were principally determined by the limit /

2 : of resolution of the load cell and the flow stresses developed under /

these limiting conditions. The lower temperature bound corresponds /{ /

to a homologous- temperature of 0.57 which suggests that at- least at

Ay

JUNRIPRIVEPINSPA €

the slower strain rates 7he flow characteristics should be‘typical
" )
: of high temperature deformation. The samples were all deformed to a
' q

true strain of approximately 0.6. This means that the fastest tests

.
.

lasted -approximately twelve seconds while the slowest tests took almost
— - | .
31 Rours.

In this chapter°the information-obtained from these experi-

.

ments will be presented. The various topics that will be discussed are

“ °

. ) J
the characteristics of the true \stréss-trué strain’ curves, the tempera- |

[

-
i

ture and strain rate dependence of the yield stress and the determina- ; g

{
N

tion of the activation parameters:

AL N
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4.1 CHARACTERISTICS OF THE TRUE STRESS-TRUE STRAIN FLOW CURVES

»

1 The influence of thq,impSSed strain rate on the' true stress-

true strain curves ‘obtained for copper at 700°C, és shown in Figure 4.1, ‘ )
For the sake-of clarity only fo&r of the ten curves'for this

temperature. are shown, fﬁe,éffect of tempefaturé on the

flow curve ;t:a strgin rate of 1.7x10"3's"1 is shown - ‘

. .
in Figure 4.2. The curves at 575 and 800°C are omitted for -clarity.

2 ‘. o
All.of the flow curves obtained in the present work can be found ip

B O R . i VW ot

Appendix 2 in the form of constant strain rate flow curves at various,

testing temperatures. It should be noted that at 800°C, tests were'

only carried out at the five fastest strain rates. .

. The pronoég;ed peak at ‘-high stra%n rate; and the oscillatory
behaviour of the flow stress at low qtréin rates clgarly indicates that
this matérial undergoes dynamic recrystallization during straining
t1,163).' Furthermore, if one examines-the typical. flow curve shown
in Figure 3.6, it can be seen that ihese curves exhibit three distinct L
regimes of behaviour.’ At very low strains, up: to 25? OT two per céﬁt . ) *
strain, the stress increases almost linearly with strain. This is tﬁe
initial loading region. Aéterwthis, there is a rather sudden decrease Yo
in the slope of the curve followéd by %'region during which the slope
grqduailyndé;reases. The net work hardening ra;e, deéiﬁed as do/de;
finally becomes.ze;o ;t the fi;st peak. This is called the work wﬂ\a
hard;ning°régj6n. The third regime of flow ;cchs at and after xﬂé , "’

first peak in the stress, and is called the dynamically recrystallized

region. In the following three sections, these regimés of flow will

L ; : \‘\_
be discussed in turn. ° ! ‘ . W . _
* v . 1" 2]
"‘\}:
) ) i ) }:;J
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4.1,1 The Mitial Loading Region

It is clear from the work hardening and yield plots in
Figgres 3.9 and 3.10, that the initial loading region.is actually
c0mpri;ed of three regions. Figure 3.9 is 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 be the slope of the >
ipitial loading fine as was described earlier, in Chapter 3. The
slopes of the loading lines vary from about Y/70 a; high strain rates
and‘low temperatures/, where Y is Young's.modu1u§; to approximately
Y/125 at low strain rates and- high temperatures.

-

The behaviour of the flow stress during the initial loading
region is due to several factors: microstrain, machine distortion,
the sample grooves and the glass~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 specimens were grooveé in order
ito retain the glass lubricant. During the iniéiai loading, the grooves
collapse and the lubricant is ejected at the sample-anvil interface.
It has been estimated that this can account for oné—third_of the dif-
ference in the slope (4). Pa;t of thé Temaining discrepancy occurs
because the instant the sample is loaded, it becomes plastically

strained,a small amount., This phenomena is called pre-yield microstrain

(73,104). During the initial loading, however, a significant portion

of the specimen straﬁb rate is due to the elastic strain rate., As

deformation proceeds, the elastic strain rate reduces to zero while

! -

- ‘ , »
: O\




{ the .plastic strain rate increases until it is almost equal to the

imposed strain‘'rate. At this point, macroscopic yielding occurs and

*

the loading rate drops quicily. Another factor that reduces the
loading slope is the distortion of the Instren frame during the
_initial loading. This distortion causes the initial applied straéﬁ(
rate at the specimen to be lower than the imposed strain rate. At
the onset of mhcfoscopic~p1astic flow the two rates are about equal.

It has been found that the grooves and the lubricant have

)
~

a negligible influencé on the magnitude of the yield stress (5).
However, the amount of pre-yield microstrain and the stress level for
macroscopic yielding are influenced by the previous.thermo-mecﬁanical
history of the material. Therefore, as described in Chapter 3,  the
samples were machined from rods that had aii been fully annealed and

then cold worked 85%. They were, then given the same annealing treatment.

- %

The yield stress was measured by the offset technique that

was described earlier in this work. The yield data obtained at dif-
¥ ) .
férent temperatures and strain rates are presented in Appendix ITI. The
. .

\ striyn rates that are listed are the actual imposed rates measured by
’f'l\ N

the program YIELD. This data will be discussed in detail later on in

this chapter.

4

A

! 4.1.2 The Work Hardening Region

‘ Although work hardening always occurs during straining, it

is not always the dominant process. The regions during which work
& N J

hardening is dominant can be identified by examining the slope of

the true stress-true strain flow curve. If the slope is positive,

then hardening is occuring faster than any of the restoration processes,

~

~
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In this section, the work hardening region referred to starts at '
the onset of macroscopic plastic flow and terminates just before the

first peak in the flow curve,

-

On yielding, the slope of the flow curve changes abrug;ly
by a factor of, about ten. The yield stress, the strain to the peak
and the peak ;tfess are strongly temperature and strain rate dependent.
Therefore, at high temperétures and low styain rates the hardening
region extends only to 0.07 strain, while at high strain rates and
low temperatures the region extends to strains of approximafely 0.35.
It is evident from the work hardening plot shown in Figure 3.9
that after the onset of yielding the slope of do/de versus g decreases
as some 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 thelinitiation of dynamic
recrystdllization. This observation is consistent with reports that

the €ritical strain for the start of recrystallization, €cs is slightly

less than «the strain to the peak, €p (103).

4.1.3 The Dynamically Recrystallized Region N

The dynamically recrystallized region begins at the first
) : "
peak in the flow stress and continues to the maximum strain. The

- t
‘behaviour of the flow stress observed in this 1nvest1gat10n indicates
that as thJ temperature is increased and the strain rate decreased,
the number of oscillations in the flow stress increases.' At SOOOC;
for all strain rates, there is only one peak in the flow stress,

Whereas, at 750°C and at the slowest strain rate, thirteen peaks in

the flow stress were detected in a strain interval of 0.6. There-was
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no indicatio; ,that the oscillations were being attenuated.

The shape of the recrystallized region of the stress-
strain flow éﬁpve is determined by the differént dependencies of
the critical strain for the initiation of recrystallization (ec)
and the strain for completion of recrystallization (er) on strain
rate and temperature.(29). At low temperatures and high strain
rates ;r is much greater than €.t Consequently, before recrystal-
lization is complete, the regions of the specimen that recrystallized
first have reached the critical strain to begin iecrystallizing once
more. Hence, after the first peak, the recrystallization 'cycles

superimpose and a constant average flow stress is obtained (103).

At the other end of the strain rate and temperature range, e, 1s
- r

-

much less than ec. Therefore, once recrystallization starts it is
completed long before the regions that recrystallized first can works
harden to the critical level again. As a result of this, deformation
proceeds in waves of repeated rec;ystallization followed by regions
of work hardening. This causes the flow stress to osgillate. The
oscillations tend to become damped at/high strains because with
repeatet cycles of recrystallization, the process, throughout the
specimen, becomes out'of phase.

b

4,2 TEMPERATURE DEPENDENCE OF THE YIELD STRESS

The temperature dependence of the yield stress is shown
graphically in Figure 4.3 and the data are tabulated  in Appendix III,

The strain rates listed on the figure are the numerical averages of

all the measured strain rates at a given temperature and nominal strain

rate. These numerical averages and their standard deviations are shown
&
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iq Table 4.1. It is clear from Figure 4.3 that the yield stress
increases monotonically‘with increasing strain rate and decreasing
temperature, All of the curves, except the one at the fastest strain
rate, are concave upwards over the entire temperature range. However,
at a strain rate of 5.2x10"%s! there is a point of inflection in the

curve at approximately 850°K. At lower temperatures the curve is

’

concave downwards. This effect probably arises due to a transition

. .
from thermally activated to athermal flow as the temperature is

<

decreased at the highest strain rate.

ki

hd ’

4.3 STRAIN RATE DEPENDENCE OF THE YIELD STRESS ‘

The sérain rate dependence of the yield stress is shown
by a semi-logarithmic 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 form to the temperature dependence of |
the yield stress. However, in Figures 4.4 and 4.5 the trans;;ion
fro& thérmally activated to athermal flow is not aspronounced as

in Figure 4.3.

4.4 DETERMINATION OF THE ACTIVATION PARAMETERS

\

- )

In the present work, it is assumed that at thé onset of
macroscopic plastic flow the internal stress is negligible, and
therefore that the effecti;e stress is equal to the yield stress,
The reasoning behind this assumption has already been discussed in ’
Chapter 2. Furthermore, since the thermodynamic analysis will be

performed in terms of the modulus-reduced shear stress, t/p, it is

' necessary to repiot Figures 4.3 and 4.5 in terms of this parameter.




TABLE 4.1

-~

N

The Average Imﬁosed Strain Rates

Average Strain Rate, s~

A

1 Standard Deviation

5.231x10"2
1.735x10"2
8.604x10"3
5.216x10"° ‘
1.694x10°3
8.549x10™4
5.081x10™%
1.713x10"%
8.617x10"°

5.153x10™°

]

9.964x10™%
2.819x10™%
6.479x107°
5.181x107°
2.066x10™5
1.032x107°
4.879x107°
3.352x107°
1.171x107°

6.701x10"

'
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To convert the compressive yield‘stressx;o effective shear stress, the

experimentally determined stresses were divided by the average Taylor

factor M, which takes a value of 3,06 for isotropic polycrystalline '
\

f.c.c. metals (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 )
/ .
The temperature dependence of the elastic constants of copper
|

has been extensively investigated during the past thirty years (107-

110,118)., Most of the work has been performed on single crystals

in the temperature range 4.2 to 800°K tl 8,109). Overton and Gaffney
(108) have measured the temperature dependence of the elastic stiffness
coefficients, Cyy, Clz,and Caa» of copper from 4.2 to 300°K. Chang
and Himmel (109) have determined the temperature dependence of these
coefficients from 300 to 800°X. These data were used to obtain the
curves shown in,Figure 4.6, The Voigt, Reuss and Hil%yAverages were
calculated %gom Equations 2.68, 2.67 and 2,69, respecéively. At
temperatures above 250°K all of the shear modulli are linear func-
tions of temperature. Since the temperature range of the present
investigation is 773 to 1073°K, i; 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 lineéray depenq§
on temperature for all temperatures above the Debye temper;ture,'which
is 343°%K for copper (6g)i \

Least squares straight line fits were made to the linear

portions of the curves to allow extrapolation to higher temperatures.
Ed

%




s

87.

0 200 200 600 . 800
TEMPERATURE ,- °K -

FIGURE 4.6 The temperature dependence of '
selected shear modulij N

o/




\ .

{” The results of these fits are ’

4

6.104x10° - 24.357 T ‘4.1

<
‘I

- 4.516x10* - 16.502 T : 4.2

by T 5.310x10% - 18.420 T 4.3

-
where the units of the modulii are Mw/m2 and T is’thes)emmcrhture
o /// in degrees Kel;in. ‘The correlation coefficients for all of these
fits were better’than.0.9995, where 1.000 represents a perfect
correlation. g
In this investigaéinn, on{; the Hill Averdge wa; used for - - A
. reasons that have been previously discussed in‘Chapter 2. Using
thiiaaverage and the effective shéar stress, the modulusareducéd
effective shear:stress was calculated. The temperaturé and strain

rate dependence of this parameter is presented below.

4,4.2 The Temperature and Strain Rate Dependence of the Modulus-
Reduced Effective Stress ‘

The temperature 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. iﬁ these figures the symbol t was used to
represent the effective stress since we have assumed that the effective
and applied stresses are equal. This notation will be used throughout
the presént work.

(~ In Figure 4.10 the logarithm of the strain rate is plotted

. for constant values of t/u against inverse temperature. The points
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on this plot represent the intersection of constant t/u lines wi€h
the smooth lines drawn through the data in Figures 4.7 and 4.8. ihé
data represented graphically in Figure 4.10 is the "raw data'" used
to calculate the activation parameters énd is tabulated in Appendix IV:
It should be noted that the constant t/yu lines are drawn so that they
intersect at least three empirical curves within the experimental
range., It is felt that at least three points were required to properly
‘define the curves in Figure 4,10, There are two salient features
of this plot that are worthy of mention., Firstly, the logarithm of
the strain rate varies linearly with inverse temperature at constant
1/u. This observation indicates that the activation enthalpy, whi ch~
is directly proportional slope of the lines, is independent of tempera-
ture over the temperature range investigated. The second observation
is that the slopes of the straight lines decrease with increasing.t/u.
A computer program was written to analyse the data presente&
in Figure 4.10 and Appendix IV. Using these data along with the tempera-
ture dependence of the shear modulus, the program determines all of the
activation parameters. The program, called ACTANL, is listed in

Appendix V. In the following sections the scheme of analysis used in

this program is presented.

4,4.3 Scheme of Analysis

The theoretical basis of the analytical scheme used in the
program 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/p only. This permits the direct determination of the

activag?on parameters from experimental data.
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The first step in the analysis is to determine the, slopes
of the lines in Figure 4.10. This is carried out by performing a
least squares straight line fit of the form In(e) = B(1/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/u, are
derived directly from the relationship
.—‘/ ' , !

AH = - k(3Ine/?l 4,
o k(3lne/31/T) ) S 4

b))

and the identity

31ne = B 4.5
( lns{allT)T/u§ f
The activation free energy, AG, is related simply to AHT/u by the

relation
AG = AH , 4.6
(u/uo) T/u

The constant ¥, arises because the shear modulus is a linear function
of temperature and of the form: u = Mo + T(%#J. The activation
entropy at constant t/yu, AST/u, is related to the free energy in

the following manner

#

3

AST/u = - (AG/u}(du/dT) 4,7

z

Using Equation 2.21, stress-strain rate data and the values of AG

-

determined with the aid of Equation 4.6, the corresponding values of




o~

€, are determined. These values..gan then be examined in order to
L)

check whether Ehe assumption that e ==to(r/u) was valid,
. o )
The values of the activation volume, V*, are determined

from the relationship

i

Ve = (KTAu)((3lne/dt/u), - (alnéola-c/u)T) 4.8

Sinces the values of the pre-exponential have already been determined,

then all thaa is required to calculate V* are the slopes of the In ¢
&~

versus T/u data at constant temperature., This is performed by way of
the SSP subroutine DDGT3. Furthermore, in order to smooth the values

of V*, an equation of the form In(V*) =B - C(t/u) - D('r/u)2 - E(f/u)3

is fitted to the values of V* using the least squares method.
a . -
Finally, in order 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

by using the equations

AH = AH - V*T(t/u) (du/dT) 4.9
T 1 T/u , ’

and

I

-
AS_ = (aH, - AG)/T 4.10
Using this scheme of analysis the program ACTANL calculated

the activation parameters. These parameters are presented below.
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4.4.4 Activation Enthalpy

Thé t/u dependence of the activation enthalpy is shown in
Figure 4.11. In this figure three curvés are presented, The lowest
curve is for AHt/u at all temperatures. It is clear that it is
strongly' dependent on t/u, especially at high and low values of t/u.
The two uppermost curves show the values of AH_ determined from
Equation 4,9 for the highest and lowest Efmperatures; AHT is }arger
than AHr/u because the compatability term on the right-hand side of (
Equation 4.9; V*T(t/p)(du/dT), is negative since du/dT < 0. At
/v =0, AHT/‘J must be equal to AHI for all temperature%., For t/p > 0,
AHT is slightly temperature dependent as is shown in Figure 4.11.

{ ’

~ S

4,4.5 Activation Entropy

. |
The 7/u dependence of the activation entropy is shown in
- k ‘
Figure 4.12. It is clear that both Asr/u and AS_ are strongly t/u

dependen& especially at low values of t/ui The AST values are
approximately 32 to 35 J/mol1e®k higher than the AST/u values
over the entire t/u rﬁnge.

The AS_ values were calculated from Equation 4,10 using the

values of AH_ determined in the previous section. Since AH_ is

greater than AH then it follows that AS.r is greater than AST

/v’ /v
Unlike AHT, AST is not temperature dependent when plotted against

t/u. The values of AST range from 130.3 to 80.8 J/mo1®°k. From these

Vo

values, it can be seen that at high temperatures the activation entropy

makes an appreciable contribution to the activation free energy. For -

5

example, at 1073%°K and t/u = 7.0x107°, AH_ = 308.8 KJ/mol and AS ‘= 130.3

J/mo1°K. Therefore, TAS_ = 139.8 KJ/mol and AG = 169 KJ/mol. If aS_

* had been neglected then AG would have been 308.8 KJ/mol.

-

!
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.4.4.6 Activation Free Energy

The modulus-reduced activation f;ee energy, AG/u, was
calculate? from Equation 4.6 and its dependence on t/u is shown in
Figure 4.13. This dependencg is similar to the dependence of AHr/u
on 1/u as described earlier. The units of AG/u in ﬁigure 4.13 are
b3/atom, where b is the Burgerg vector which has a yglue of 25.6 nm

for copper (106). The smooth curve drawn through-the data points is

discussed in the following chapter.

4.,4.7 The Pre-exponential Factor

The temperature and 1/pu dependence of the logarithm of the
pre-exponential factor, in(;o), is shown in Table 4.2, There ére‘
two important observations to be made about éhese_data. Fi}stly,
at any value of 1/yu, ln(;o) is approximately constant, that is,
ln(;b) is not dependent on temperature. Secondly, at a conspant ’
temperature, the value of ln(;o) appears to be .independent of t/u.
Hence, from these observations, it is clear that'the pre-éxponential
factor has a constant value which is independent of stress and tempera-
fure. This is the trivial case of éoc (t/wv)™. At values ofarlu
greater than 2.5x10~% the pre-exponential’factor appears to take values
that are smaller than those ‘obtained at lower.T/u levels. This upper
limit probably indicates the'commencement of the transition between

thermally activated and athermal flow. The average value of ln(eo) is

12,77 with a standard deviation of 0.512. Tﬁerefore, €o takes a mean
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TABLE 4.2

The Temperature and 1/u Dependence of Inf(e )

101.

Temperature °c
/v, 1075 s00 950 's7s 600  6sB, 700 750 800
7.0 - - - - 12.88 12.76 12.88
8.5 - - -7 13,17 13.13 13.16 13.17
10.0 - - - 12.67 12,68 12.68 12.67
11.5 z - 12,48 12.55 12.53 12.55 12.47
13.0 - " 12.84 12,87 12.88 12.86 12.85 -
14.5 ,// 12,77 12.85 12.94 12.92 12.89 12.77 -
16.0 - 13.47 13.59 13.66 13.62 13.48 - -
) 17.5 12,94 12.74 12.82 13.01 12.94 12,81 - -
19.0 13.19 12.95 13.02 13,23 13.09 - - -
20.5 13.02 12.79 12.85 13.06 12.91 , - - -
22.0 15.04 12.89 12.89 13.07 - - - -
23.5 12.90 12.88 12.76 12.94 - - - -
"zs.o 12.55 12.51 12.41 12.60 - . - -
# | 26.5 11]49 11.56 .11.47 . - - - - o
- 28.0 11,28 1132 11.27 - - - -
C ) '
{ ~F
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4.4.8 Activation Volume

Since the pre-exponential factor is a constant, the right-hand
term on the right-hand side of‘Equation 4.8 is zerd and therefore
the activation volume can be obtained easily. The temperature and t/up
dependence of the activation volume is showﬁ in Figure 4,14, It can
be seen that at constant t/p levels V* is not a fgnction of temper&ture.
It is, however, a particularly strong function of t/u at low values

\

of t/u. The smooth curve drawn through the data is the empirical curve

that was described earlier. .
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CHAPTER 5

. DISEUSSION

. . o

In the preceeding chapter a set.of results pertaining to

* the temperature and strain rate dependence of the yield stress of

d

copper were presented. Furthermore, the activation parameters calcu-

lated from these results were also described. In the present chapter,

these data will be aﬁalysed and models will be prOpose& to explain

&

the observed hehaviour of the activation free energy and the pre-

exponential factor. However, before going inteo the details of these

models, we will present a brief discussion of the applicability of.
the analysis.
- .

5.1 DISCUSSION OF THE METHOD OF ANALYSIS

The analytical scheme used in this work has been described

r

in Chapter 4. The first feature of this analysis that should be noted,
) ¢

,is 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 éxperimental data points as is jllustrated in Figure 4.8.

»

However, these curves”were drawn to allow interpolation between the

points‘and they did not influence the trend of thé data. It is clear
from Fig&re 4,10 that thg In é versus 1/T data;'at constant t/u, fits
a family of straight lines very well.” The points tend to be randomly
Scattered about thé lines, indicating that the least squares straight

line fit to the data is justified. The activation enthalpy and free

energy were calculated directly from the slopes of these l¥hes. The

3

i »
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activation volume, on the other hand, was detefﬁined from the experi-
mental data of Figure 4.8 by fitting a Lagrangian interpolation poly- ~
nomial, of degree two, to three consecutive data points, where the
derivative was determined at the mid-point. -
In discussing the analytical scheme it is of primgry importance
to know exactly under what conditions the scheme is applicable. Somel VW/Qi ,

factors which limit the applicability of the analysis used here are

discussed below. :

5.1.1 Applicability of the Analysis . ) ’

‘

The activation parameters were determin%d’from the experi-
mental data by making several assumptions that iimit the generality

of the analytical scheme. Some of these assumptions are: (i)‘only

one dislocation mechan{sm is rate controlling; (ii) the obstacles

are linear elastic; (iii) the pre-exponential factor is a single-

-valued function of t/p; and (iv) the internal stress is negligible

at the onset of macroscopic yielding. These assumptions wili be

discussed in turn in the following paragraphs. l ' '
In order to determine the activation parameters a strain -

rate equation of the form -

e(T,1/u) = e (T,x/wexp(~ AG(T,t/u)/KT) s
.7 ’ ° . NN
was used. “This equation is esséntially the same as Equation 2.21,
except here, pért of the temperature"dependence of the parameters

is included in the t/p term. The use of this equation implicitly

assumes that a single type of activation process is rate controlling.

. , ] ’

a .
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each term repreqenting a separate thermally activated process. In
order to simplify the analysis, a single glide 2Pstac1e mechanism
was assumed to be rate controlling. If there were, in fact, ;evefal
rate controlling processes, then AG in.Equation 5.1 would ac€3§11y

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 asplies to
obstacles for which the back stress is not a funcfion of the effective
stress, and when the back stress has the same temperature dependence
as the ;hear modulus, This latter statement implies that the disloca-
tion-obstacle interactions a;e probably described by the theory of

linear elasticity. Tt is further assumed that the obstacles are rigid.

The pre-expéﬁéﬁiial factor is taken to be a single-valued,
function of t/u. Th;sé?s;umption is checked by an inductive approach,
In other words, 4f the data is in agreement with such a dependence ¢
then the procedure is justified. Further support for the validity of A
this assumption is that several of the terms which reasonab{;:gnter
the pre-exponential are generally believed to be functions of only t/y.
For example, the dislocation segment length (40) and the mobile dis-
location density (112-114) appear to\uniquely depend on ;/u.

Finally, it is assumed that at the onset of macroscopic

&ielding the internal stress is much less than the applied stress.

¥

Thi% assumption has already been discus$ed in Chapter 2.

”

. [
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\

Within this framework we will now diécuss the vaiﬁeé and
functional depeﬁdencies of the derived activation parameters, as

well as the physical interpretation of these results,
’

3

5.2 THE ACTIVATION PARAMETERS

The parameters obtained from the activational analysis

Jdescribed above will now be discussed in turn.

5.2.1 The Activation Volume

The activation volumes determined by numerical differenti-

ation of the stress-strain rate data were depicted in Figure 4.14.

2

This data was fitted to an equation of the form V* =B exp{- CX - DX" - Ex3},

where X x=(1/u)(5x103) and V* is the activation volume in units of
100 b3. The functional form of this equation is the same as that used
by Surek et al (64). It has no physical significance. It is clear

from Figure 4.14 that V* is a function of t/u only. The values of

the empirical constants were found to be -

B = 5.44, 100 b° D = < 175.53 .

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. It is evident that although

the fitting procedure is effective.in the middle range of experimental

4 < t/u s 2.8x10"4, the functional form is less

’

valid at the.end points. However, the activation analysis was only.

carried out in this mid-range of {/u values. At t/u = 2.8x10™% the

o
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smoothed value of V* is 592 b3 while at t/p = 0.7x10"% it is 2826 b3,
We will return to these values of V* later in this chapter where the

most likely rate controlling dislocation mechanisms are discussed. .
°

5.2.2 The Activation Free Enerpy

The functional dependence of the activation free energy
on t/y has been presented previously in Figure 4.13. _It c;n be seen '
from this figure that extrapolatidn of the data to 1/1L1'=‘= 0 is dif-
ficult because there are no points ne?r zero. However, since it is
necessary to know the value of AG at t/u = 0, in order to identify
the rate control}jng mechanism, an attempt was made to extrapolate the

data to zero stress. This was achieved by fitting a series of equa-

L

jtioﬁs to the data using the computer program CURVET. The "best fit"

was found to be of the form: AG =-C + (X +D)/(E+4+ B(X+ D)), where
’l %

X ===(t/u)x1()4 and AG is the activation free energy in units of ubS/atom.

The values of the constants are
{
B = 1.022 atom/ub>! D = 3.758
C = 0.980 atom/ub®  E — -1.548 atom/ub’ ‘
where D is dimensionless. The total RMS error in this correlation
N ! i

is 1.04%. This is demonstrated in Figure 4.13, where the smooth line

This program was written by Professor D. Pfeiffer, Department of
Mechanical Engineering, McGill University, Montreal. This program
fits fifteen different functions to the data and chooses the '"best
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 AG at 1/u = 0, AG°, which was found to be10.66 ubS/atom.
This extrapolation to zero stress is shown by the dotted portion of
the curve in the‘figuré. Usiﬁg the temperature depeﬁaence of u given
by Equation 4.3 we ‘obtain AGO(T) = 3.494x10% - 12.126 T, ‘MNb>/m%atom
and therefore AG°(0) = 351 kJ/moi. AG° is the total reversible work
required‘to overcome an obstacle without the aid of an external sStress.
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 can be seen that at high values of t/u
the data tends to fall below the fitted curve. This probably arises
because of the commencement of the transition from thermally activated

to athermal flow.

5.2.3 The Activation Enthalpy ‘ o

Smooth curves were drawn through the activation enthalpy data
shown in Figure 4.11. These curves were extrapolated to t/u = 0.
From Equation 4.9 it is clear that at t/u =0, AHT/u ==AIHT = AHY for
all temperatures. AH®° was found to be approximately 350 kJ/mol.
Therefore, sl R AGO(O},.which is a necessary condition for internal
consistency of the anmalysis. Furthermore, this value of AH® can be
. . .

4
compared with the previous values of the activation enthalpy that have

{

been published in the literature. \

L
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‘ The activation enthalpies that can be found in the litera-

ture have been!obtained in three ways: the activation enthalpy for

A A e~ ot

_self-diffusion, for creep and for hot 'working. Landon et al (174),

\

Carafalo (36) and Honeycombe (175) have determined AHSD’ self-diffusion])

-
o3

s

-,,%é;;

for copper to be in the range 184-234 kJ/mol, while numerous workers

have found AH., creep, to be in the range 197-234 kJ/mol (36,174-176).

AT - g

The activation enthalpy for hog working, AH.., is approximately 301 kJ/mol

(25). It is evident that the 'activation enthalpy determinedwhere is much

e

e

.
L2y o L

larger than AHSD or AH,; but is reasonably close to the hot working
value, Since the AHyy was determined from steady state ‘hot torsion
data, it is not strictly comparable with the enthalpy found in the -

present work as it includes a restoration component that arises from

T
P4

:

, \ &
¢

dynamic recrystallization. {
| - . \ - j:

. The activation entropy has already been discussed in'Chapter 4

and the pre-exponential factor will be dealt with later on in this
chapter, Before‘éoing on ‘to do this we will discuss the influence
of some extraneous factors, such as grain boundary sliding and the

presence of impurities, and their effects on the activation parameters,

,
v

5.2.4 Extraneous Factors ,
l -

. All of the specimens used iﬁ this invélstigation had the same

T Emomeer el TNt I D e e T

initial grain size of 0.24 mm and the same composition as shown in
g Table 3.1. It is important, however, to consider the possible influence -

these two factors may have had on the mechanical behaviour of this metal,
4

‘ (:, It was mentioned in Chapter 3 that grain boundary sliding

occurs during high temperature deformation. The amount of sliding &

. ’3&
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depends on grain size, deforhation rate\and the extent of deformation
(the amount‘of strain). We have pointed out that the grain size was.
made as large as possible to minimize sliding. Furthermore, the
mechanical data.qsed in the analysis was the yield stress, ‘and there-
fore the amount”of plastic strain is small, of the order of 0.001
strain.” Since grain boun&ary slidiﬁg occurs in order to accommodate ,
strain within the grains, this means that the likelihood of sliding
occuring is negligible,leven at very low strain rates.

“In the OFHC}capper used in this investigation there are
appro;imately 0.08 wt% impurities, this is a typical impurity level
for this material (177). Thexfhree major impurities’are lead (0.013 wt%),
iron (0.030 wt%) and phosphorous t0.0ZO wt%). In addition, it is
clear from Table 3.1 that almost all of the impurities are positive
metallic atoms andvhence they ;re probably present in the copper matrix
as substitutional or interstitial atoms, or they are locatgd at the grain

S

boundaries. It is unlikely that precipitates are present since there
are very few atoms the metallic atoms, could precipitate with. For

' ( 4
example, in tough pitch copper, 0.04 wt% oxygen, some of the oxygen

is present as the Cu20 precipitate, However, at oxygen levels below

~ 0.0035 wt% this precipitatiogbis unlikely to occur. In the copper

i

used in this work“the oiygen level was only 0,0004 wt%.-y>
Alfhough there probably are no precipitates present, it is
possible that.the impurities could influence the mechanical properties
of the copper. Since we are especially interested in ascertaining how
these impurities wouid influence therma{ly activated flow, it is important
! |

to know whether they would ‘contribute to the long or short range stress

fields. The impurities that are substitutional or interstitial atoms
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would have short range stress fields. But, since the activation

enthalpy is so much greater than the self-diffusion enthalpy, it is

probable that such obstacles would be relafﬁvely transparent to the ‘

\

© dislocations. That is, these atoms would be dragged along by the

dislocations. The imRurities at the grain‘boundaries would probébly
/ -

have long range stress fields and therefore would not interfere with
} :
the thermally assisted motion of the dislocations. However, grain

\ .
boundaries &an gst as a source or sink of dislocations and therefore

{

/

1)

play a major role in determining deformation behaviour.. If this is
Lse then the.segregation of impurity atoms to the grain

indeed the ¢

boundaries could significaﬁtly influence the deformation behaviour,

5.3 THE PRESENT RESULTS IN TERMS OF RECOVERY-CREEP AND DISLOCATION
GLIDE MODELS

a

So far, we have described the temperature and strain rate
dependence of the yield stress, and have presented the activ%tion”
parameters that cﬂaracéerize the deformation mechanism., This informa-
tion will now be used to propose a modél that explains the observed

: high temperature behaviour of OFHC copper.
The purpose of the present segtion is to examine the,

applicability of the various models for high temperature deformation

to the present data.

5.3.1 Dislocation Climb Models

Dislocation climb models reqﬁire that since climb is dif-
fusion cpntrolled,'then the activation enthalpy must be of the same

magnitude as AH_._ and the activation volume must be of the order of
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1 b3 (70). In this investigation, V* ‘was found to var} from 600 to

e 17

2800 b3 over the 1/p range of 2.8)(10"4 to 0.7x]0’4, respectively,

o % s s TiF T

and AH® is much greater than AHSDJ .In addition, climb models pre-
b : .

dict that the enthalpy is independent of stress, whereas we have

-2

found AH to be strongly stress dependent. ,Furthermore, climb theories
were pqsfulated to explain %teady state creep behaviour and cannot

be extended, without modification, E: explain yield behaviour of a

hot worked metal. Therefore, ﬁased on these facts we can say that
theudislocagion climb model is not applicable to the present investi-

gation.

5.3.2 Jogged Screw Dislocation Mndels

The measured activation volumes are in reasonable agree-
ment w.th the requirements of the jogged screw dislocation models.
However, since jog dtagging is diffusion controlled, once more the
activation enthalpy should be thﬁt for self-diffusion, AH

S
independent of stress. From the previous section we know that AaHO

D’ and

is much greater than 8Hgp in this case. Therefore, we can conclude
that neither the climb nor the jogged screw dislocation models are

'applicable in the case of the high temperature deformation of copper.

|

5.3.3 Network Recovery Models

The network recovery models (see Section 2,1.3.2) agree’

well with the microstructural observations made on hot deformed

Y

materials, Work hardening can be equateﬂ with the contraction of the
dislocation network, while recovery can be regarded as arising from

network expansion. Such a concept can be used as a basis:for the
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understanding of the observed behaviour in the transient region of
the flow curves. In this way, the barriers to dislocation motion

4 » .
can be considered to be the nodes in the three-dimensional disloca-

e

tion network; and the rate controlling step to be the unpinning of
) . v '
these nodes. In order to determine whether or not such a model is

- M,

A

applicable to the present results, the properties of dislocation

nodes will be considered in more detail bhelow,

oo mee

|

-

5.4 THE NETWORK RECOVERY THEORY AS A MECHANISTIC MODEL

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 junction, These interactions

e <

are either attractive or repulsive, depending on the magﬁitude of

the Burgers vectors of the dislocations‘and the angles between yhe
intersecting dislocation lines. These junctions can obviously act

as barriers to dislocation glide‘énd éan furthermore be overcome by
the cooberative action of the effective stress and thermal fluctua-
tions. Due to the flexible nature of the dislocation line, att;active

junctions are approximately four times stronger than repulsive junctions

El -

(119). Therefore, the unpinning of attractive junctions is more likely

to be rate controlling at high temperatures, especially since the

i ) |
repulsive junctions are commonly invoked as the barriers to glide |

at low temperatures (135). Consequently, attention will now be

|
focussed on attractive junctions. .

| -
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An illustration of the formation of an attractive junction

5.4.1 The Attractive Junction

is shown in Figure 5.1 for unextended straight dislocations. The I
stress fi€ld of LL' interacts with MM' over a relatively short length :

that increases as ¢ decreases‘(IZO). Upon completion of the inter-
) .

. o
section process jogs are generally formed. If the;elast&c stress
fields are such that the dislocations attract each other, then extra (/

work has to be done-to separate the dislocations after they have .been .

e e e b < -

drawn together. This attraction constitutes an additional component .
of the energy well. Furthermore, there is a ffarticularly large reduc-

tion in energy at the attractive junction when a dislocation reaction #

v

occurs that reduces the total length’ of dislocation line, A typical

AR =

reaction of this type is shown in Figure 5.1 (c) and 5.1 (d) for the
intersection of two screw dislocations. Herg the dislocations bl and
b2 reacf to form a third dislocation NN; with a Bﬁrgers vector P3'
The configuration shown in Figure 5.1 (d) is called a node (121).

The types of dislocation reactiéns that give a local reduction in
energ;\have been well catalogued for cusic materials (1221125). In
addition, nodes have been observed by using electron %icroscopy
(126-128). ‘ S )

It order for a dislocation to be unpinned from an attractive

o

junction, the junction musﬁ be unzipped along PP' (see Figure 5.1 (d)).
Héwever, in low stacking fault metals such as copper:the dislocations
tend to be dissociated. These dislocations form extended nodes within
the partial PP', ‘Hencé, at elevated temperatures, it is to be expected
that the overcoming 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 dealt with below. . k
i v
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FIGURE 5,1 An illustration of the formation of an .

attractive junction (after Hull (119))
a) dislocation LL' moves towards MM'

b), ¢), and d) LL' and MM' react to
form a new dislocatign pPP!
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5.4.2 Extended Nodes

Extended nodes were first observed by Whelan (129) and
later‘by Swann (130). More recently, these nodes have been observed
byARuff (131),lGallggher and Washburn (132) and Gallagher (133). A

| schematic repre;entation of an attractive junction formed from two
dissociated disiocations is shown in Figure 5.2. Sastry et ;1 (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). o

According to Sastry et al there are three components to the energy
requi§ed to overcome such an obstacle. These are illustrated in
Figure 5.2 and are the intersection energy, AGi’ the constrictign
energy, AGC, and the recombination energy, Aér.

The intersection energy is the energy required to reunite
fwo threefold nodes (tge distance XY in Figure 5.2), amttherefore
to allow unpinning of the node. Saada (136) has shown that  this

energy is given by
2, - gubZaz " 5.2

where A% is the length of the combined dislocation between the two
nodes and B 1s a constant with a range of value; but is assumed to .
be 0.1 (134). In Chapterlz it was noted tkat thermal fluctuations
can 6n1y act coherently over smali distances, hence widely separated
nodes would be athermal in nature. The stress required for the un-

combined portions of the mobile dislocations to bow out around the

junction, Taow? is given by

e e o o KAt s M e
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Hdre E is a constant with a value between 0.1 and 2, and 2 is the
average length of the forest segments. Saada (136) has shown that
AR de;reases with stress and is of the order of 2/20 at bo&-out:

But at elevated temperatures the developed stress is well below

TROW 5ndgk;;;qut does not, in general, occur. In the presence of

a stress, therefore, the threefold nodes are separated by a distance
of the order of 2/20. For short forest segments, this means that A2
will not be more,than a few Burgers vectors in length. If thérmal
fluctuations are of sufficient magnitude, then, for such short seg-
ment 1ehgths, fhermally activated unpinning othhe“junctions is
possible. The magnitude of such fluctuationsris given by Equationmg.g.

- e

Setting AL equal to 3b (say), we obtain
26, = 0.3ub° y 5.4

It should be noted that this value of AG; represents the magnitude
of the thermal fluctuation required to replaéeobowing by intersection
when the dislocations are perfect. To this energy must be added the
constriction and recombination energies of the partials.
. ) .
The constriction energy is associated with the area C'A'X
in Figure 5.2. Stroh (137) has calculated this}energy to be approximately

[

=

A6, = 0.016xub2 (2n(x/b)) /2 5.5

where r is the‘gzzéking fault width.
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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)
U ub3 T

AG. = A — In(y) 5.6
r 32 F

The total activation energy for the unpinning of an attractive junc-

tion is then given by
H 2

-

AGT = AG; + AGC + AGr + AGj ) 5.7

o
-

The term, AGj, is due to the jog that is left behind in each inter-
secting dislocation after they have intersected. McLean (38,139) ‘
has discussed thg jog resistance for the case of attractive junctionsf
He considers that only one-hélf of the jog energy has to be supplied
during breaking. Tbe value of AGj is approximately 0.04_b3. Since
this term is much less than the othef terms that comprise AGy it

will be neglected.

v 7 In conclusion, therefore, AGyp is given by

26, = 0.30ub> 4 0.016Tub> (In(r/b)) /%

ubz r
+A23—2——1ﬂ(-5') ' ceseen.8

-

Before an estimate of the magnitude of AG, can be made, it is neces-

T
sary to determine the value of r, the stacking fault width.

LS
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5.4.3 The Stacking Fault Width in Copper |

P > e e s ke -

The stacking fault width can be calculated from the
stacking fault energy, A, by using the method of Héidenreich and
Shockley (140,141). They proposed that a dislocation in a f.c.c. '

\lattice dissociates into two.partial dislocations, Shockley partials,

R RS

separated by a stacking fault., The dislocation reaction is as

H

follows:®

zafur] -1 a[’fz'f];{ 1a [117] | -

“

‘ s 8
where a is the lattice parameter. The Burgers vectors of all three

dislocations lie in the same (111) plane. There aredtwo forces acting :
upon the pértials, tpe force of repulsion due to the fact that they
have the same sign, and the forée.of attraction due to the stacking
fault energy. When the partials are separated.by a dgstance, r, the
force ;f repulsionﬁper unit length of each is approximLtely azu/24wr.
This repulsive forée is, in turn, balanced by the stacking fault

energy. Hence, at equilibrium we may write

or 5.9

-

For copper, the lattice parameter, a, is 36.15 nm and y is 5.146x104MN/m2, !
the Hill Average value at 0°k. The value of the stacking faglt’energy, ) N
however, is not known precisely. Table 5.1 lists the Valués of A for

copper and the methods of determination in chronological order, starting

"
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TABLE 5.1

The Stacking Fault Energy for Copper

.

Methoc’i‘ : A, mJ/m2 ' Reference . D

2 x coherent twin energy ~ 40 ' ‘ 143 ' ’
2 x coherent twin energy ° (M 42 ’ 144 .

3 163 145,‘146

Ty ) 102 » 1653 147

extrapolated node data 40 / 148

2‘x coherent twin energy . v 24 149

recalculated node data ) 70 £°10 1150

normalized fault probability 67 £ 17 " 151

absence of extended nodes 331 ‘ 152

Ty '.: 50 153

tetrahedra stability (scaled) 78 154 -

tetrahe;ira stability' 73 £ 15 155

faulted dipoles . \“. < 59 ’ 156

faulted dipoles 150 = 30 157

tetrahedra stability 58.5 . 158 |
normalized fault probabilit‘y ) 76 £+ 15 159

extrapolated node data 48 + 10 ) 160 Q
- weak beam electron micrpséopy 41+ 9 161,162 N
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with the earliest determination of the stackiﬁg fault energy. Although

)

there is a wide range of values for A, the most ‘recent results seem

. to fall randomly about some mean value, except for the value of A of

150 mJ/m2 determined by Steeds (157). Gallagher (163) has stated

that the consensus of these findings is that the stacking fault energy
1 .
for copper is approximately 55 mJ/mz. Consequently, this value is

used to calculate the stacking fault width, Substituting in Equa;ion 5.9

we obtain r % 6.4 b.
We are now in a position to calculate the total energy

required to unpin an attractive junction in copper.

5.4.4 The Rate Controlligg‘Mechanism

Setting the stacking fault width equal to 6.4 b>and
AL = 3 b, we obtain AGT -0.61ub3/atom. This value agrees very
well with the value of 0.66u53/atom obtained for AG® from the experi-

mental data., It should be noted that the value obtainéd for AGT is
! [ - v

only approximate since the values for r and AL could only be estimated.

'

Furthermore, the value of a6° is also very rough since the extrapola-

tion of the experimental data to zero stress is only an approximation.

¢

Despite this, the fact that AG and AG® are in such goo§ agreement
does 1mp1y that the rate controlllng mechanism of high tqmperature

flow in copper is the thermally actlvated uniiﬁp%ng of at*ract1ve
. %
e .

junctions.

i}

As shown earlier, this mechanism was suggested by aésuming
that the network recovery models apply to the hot working of copper.
Al 1

Another argument for this mechanism is an argument of omission. - None
n > \
of ,the other models are compatable with the activation parameters that

'

¥ °

have been determined.
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)( Having determined the rate controlling obstacle, it is

PR B a2

now necessary to attempt to explain the behaviour of the pre-exponential

?

N ‘ factor in terms of a dislocation model that is consistent with the node " 11
\h.' 4 - | ‘3:
w - unpinning model for the activation free energy. ' ' u

&

S ' L
2 .
¢

5.5 A MODEL FOR THE PRE-EXPONENTIAL FACTOR

There are two salient features about the experimental values
éf the pre-exponential factor. -These are (i) the pre-exponential is
not dependent on t/p or temperature;.and (ii) this constant vdlue' of
thé pre-exponential is approximately 3.5x10°s™L. |

We can estimate the consistency of the value of € from

Equation 2,21, that is

. ¢ ©
. . T bvA . .
; /// Eo pm ME . 5.10

The mobile dislocation density, oy Can be estimated from this equa-

11wyt e,

. tion by making some assumptions about the terms in this expression.

4

Firstly, we assume that A, the area swept out by a dislocation seg-

. . ’ . -
ment, £, after a successful activation event, is equal to & . (64).

i

Therefore, Equation 5.10 becomes

e e M
pm 0 bvg

;
! \
>

There are two ways of determining the attempt frequency, v, that

o 5.11

lead to different values of P ,
' !

T

.
PRI T0 AT UL W9 g T g 2 oS SRANOIE ORI S A1 T

T : ;

! : ‘}i’?‘t

. ,f;l%}

3 -

/ . ,'-i%ﬁﬁ

e ww»mwmwv-mw&%wﬁ%%tﬁw
.

«




| 125,
\
Friedel (40) hys assumed that the pinned segment attehpts
to surmount the obstacle with a frequency of va/E, where v, is the

Debye frequency. Substituting these terms into Equation 5,11, we

-

obtain -

1

5.12

L

\ Using the value of v 135-1

D = 10""s °, the average value of ;o’ 3.5x1055“1,
corresponds to a mobile dislocation density of approximately 1.6x1012m'2.
Kocks et al (65), on the other hand, have used another )
aporoach to estimate the atteﬁpt frequency.' They have pointed out
that the limits oé v are the atomic frequency, w, and\the dislocation
ground’ state fréqhenéy, wb/4%. The atomic frequency is defined as
the ratio of the speed of sound in- a material to the Burgers vector of
‘} the material. For copper, w is 8.4}10-25_1 (65). Grapato et al (166)
have shown that v is a property of the obstacle and the dislocation
' line tension, but not of the obstacle spacing. Kocks et al have used

these findings to shbw that v generally has the following range of

values:

w [)
Taaa-s v £ 700 . ‘ 5.13
-1
. 'or, typically, 1010 115

€ v e lo . Assuming that 2 ~ 1// p, and
using these values for v, we obtain a range of values for P 1.8x10°

$
<p < 1.8x101m2,
- m Q 3

PO
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The value of Pm determined by using Friédel's assumption
is somewhat higher than the density one would expect for a well
annealed polycrystal. However, thé range of values obtained by
using Kock's method give a more reasonable value for the mobile dis~
location density. In addition, from a mechanistic viewpoint, Kock's
method is more precise than Friedel's. The finding that the mobile
dislpcation‘d?nsity at the onset of macroscopic yielding is approxi-
mately the sa;e as that in a well annealed polycrystal, supports
our contention that the internal stres; is negligible at the onset
‘oﬂ macroscopic yielding. Furthermore,.fhis fipding agrees with the
observed stress and temperature independence of the pre-exponential

factor, because a coqstant €o impljes a constant pm. This proposi-

tion is plausible when one considers that all of the specimens had

v

A

the same thermo-mechanical treatment prior to testing.

The model leading to Equation 5.10 is appropriate for cases

where changes in the applied! stress are expgcted to lead to different
| ;
substructurés, and therefore to different total and mobile dislocation’

. densities (64). This situation arises in'steady state creep and hot
. | .

working. The present data, however, applies to the yield stress.
Therefore, it is better to consider a pre-exponential model that is

based upon a dislocation structure which is approximately constant

\

at the onset of macroscopic yielding.,

/

5.5.1 éiPre-Exponéntial Model Based on a Distribution of Dislocation

Segﬂent Lqu;hs .

A model for the pre-exponential factor, based on a distri- ;

i

¢ t

bution of dislocation segment lengths, was proposed by Surek et al (64)

i

»
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and subsequently by Immarigeon (5). ,Thisimodel w;s used tgﬁexplgin
the t/u dependence of the~pre—exponential‘factor observed in the
hot working of zirconium (64) and Armco iron and silicon steel (5).
However, this model can be useé to explain the behaviour of the pre-
exponential factor determined in the present investigation, as will
be shown below.

Fq}lowing the example of Immarigeon, we assume ;hét the

l

dislocations in, the copper at the onset of macroscopic yielding are
arranged in a manner similar to 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

disloﬁations, P which depends on the distribution oflsegment lengths '
; R T

and on the 5ffective stress. Now, hccordiné to this model, at an
arbitrary value of the effective stress only a narrow range of segment
lengths will be thermally activatable. The upper limit of the length,

koax? is defined by the minimum length that can bow out between the
' <

- .

local obstacles without thé aid of therma%~ztt?vation. Generally,-

Liax is proportional to the inverse of the modulus-reduced effective

e

stress. Hence, the higher the stress the lower the value of Lmaxe

In principle, all segment lengths less than lmax can be thermally

-

-activated, However, at lengths below some value, % . , the segments

min

’are so short that the wait time for thermal activation is excessively
\ . . .

long. These very short segments can therefore be. considered immobile.

Hence, the mobile dislocation density is due to those segments with

lengths, '2, such that: fnin € ¥ € 2pa The dislocation density

max

"available for thermal activation is given by the expression

. [

~
-

L

P




¥

2 ™ . . \'-
T -=-S maAX pr(2)de . ) 5.14
- m L .
mi .

n

) ’

!
where E(2) is the number of link lengths per unit volume and per

unit interval of segment length., Therefore, £(2)dR is the number
of segment lengths per unit volume with lengths between 2 and % + df.

It should be noted that according to this model, the total dislocation

‘density, Pps is given by:

[« ] J .
pr = S LE(L)dL -+ _ 5.15
0

¢

The density of activatable sites, N, is N ==pm/2, and ‘given

‘

that dN/dpm:= 1/2 then it foilows that '

zmax - '
N = . E(2)de ‘ 5.16
min . |

Immarigeon. has approximated this integral with the expression

N = E(2*)as* .o 5.17

\

where EIQ*) is the average distribution factor which is given by:

T*) = £(2)dsg 5.18

Here ae* is the difference between & and 2 . , and 2* is the
‘ ma x min .

»

average segment length of those segments that are longer than Emin

and shorter than gmax‘

i
;
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l; The equation for the pre-exponential factor, Equation 5.10,

\
\

\ can be rewritten as '

- 9
o

€ = N-— 5.19

where all the terms have the usual meaning. The area swept out after
L}
activation, A, is equal to &*% v’ where £,, is the average segment
a :

length in the network. Using the valuée of v obtained by Kocks et al
\ (65), we obtain
L 1 %

. 1

- b10
~ * *0*

e = E(AMALA AL

5.20

The quantity lavlollb/M can be regarded as constant since it is
assumed that the overal} structure and network length distributidn,
at the commencement of plastic flow, remains essentially the same
as the unstressed material. Therefore, in order for éo to be consfant,
T(R*)AL*2* must also be indebendent of stress and temperature. In
. ‘ order to see how this could arise we will now consider the stress and
temperature dependence of each of these terms,

From Equation 5.18 it is clear that any stress dependence
of £(2*) will arise beécause of thg‘stress dependence of 2* (5)..

, Statist%gal treatmé%ts of obstacle-dislocation interactions (167-169?
, show that g¢* takes a stress dependence of the form

5

' 2* « (t/u)"¢ 5.21

%

where ¢ < 1.
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Friedel (167) has argued that as the stress increases, the
dislocation contacts more obstacles thereby reducing 2*. Such an
‘ .
analysis leads to a value of 1/3 for the stress exponent, c. Kocks

(168,169), in a more complex analysis, found that c increases from

1/3 to 4/5 as the obstacle strength increases. Finally, for athermal

obstacles, ¢ is'equal to 1,

The dependence of £(%*) on &* is similar to that of £(2)
on &, It has been found from internal friction studies (170) that
£(R) and % are related by an expression of the form:

1 i
E(2) = (EJ ’ - 5.22

where i ranges from 3 to 5. This gslationship has been confirmed
by observations made of the link length distribution using electron
Eicroscopy (171,172). However, these studies indicate that i varies
from a value of 2.5 in unstressed materials ;o a‘value of 6 or 8 at
large values of strain. Since, in the present work, only the macro-
scopic yield stress was considered, a value of i = 3 was considered
apprépriate. o - n

R The stress dependence of'f(l') can be derived from that of

2*, .and is found to be

3

@) « (/) | 5.23

where j = c.i .
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In order to completely describe the t/u dependence of the

pre-exponential, it is only left to determine the stress dependence
.

—
of AL*, " It is assumed that this dvpendence has the form :
x
i
l
per « (/)" 5.24
Since Af* = 2 - £ . , an approximate value of n can be ohtained
max min
by investigating the stress dependencies of Lmax and zmin' Lmax 1S

!

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)

-1
2 = Db(t/u) 5.25
max

where b is the Burgers vector and D is a numerical constant of about
0.5. 1min is the minimum length for which the wait time for thermal

activation is not excessively long. It is difficult to estimate the

S

stress dependence of ¢ . . However, we know that 2 > 4 . for all
min > max min
t/u, and that as the temperature decreases and the strain rate increases

the flow stress becomes athermal, When the flow is completely athermal,

r . . - u N
% nax and Emln must be equal to zero. That is, when t/u takes a value

so that plastic flow is athermal then AL* = 0. It is clear, therefore,
that n in Equation 5.24 must be negative., Furthermore, the stress

/
dependence of fmin Must be less than the dependence of L oax SO that,

if %in is represented by the following function

-f
tpip = /DT , 5.26
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g ‘ then 0 < f < 1, Consequently, it is reasonable to assume that AL*
has. & similar stress depegdendé‘!’pzmax, that 15,‘2.shou1d Pe,aPPr0x1-'
' mately equal to -1, S o
y "rom Equations 5.20, 5.21, 5.23 and 5.24, it is possible
"“ ’ . . . : ' . -
i * . to estimate the stress, dependence of the-pre-exponential factor.
. Ifat is, , " -
. ‘m .
€y (t/u) ; . 5.27
. .l -
E - ‘
. where m = c.i - ¢ + n which is equal to ¢(i - 1)+ n. If 1/3 & ¢ < 4/5,
; o, . { -
. " A% 3and n?¥-1we obtain m = 2¢ - 1, that is, -1/3 < mw< 3/5, This
; ( range of values of m is compa%able with a constapt pre-exponential factor.
oo 7 ~ The analysis of the present experimental data has shown .
o cy N : ’ . .
£ = " . that'm is close to zero. This result is clearly consistent with.a
Fo -~ ) < s .
. . .. L . . .
S node unpinning model where the pre-expomential factor is determined

ot .

- | \ -
by the properties of a distribution of dislocation segment lengths,
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CONCLUSIONS

|

=X

r
A

s

. |
Uniaxial compression tests have heen carried out on poly-

T swds

)

crystalline OFHC copper in the temperature range 500 to 800°C and

s
=
C
R
A E)

L e

i

at constant true strain rates ranging from 5.2x10"2 to S.Zx;b'ss'l.

. =

The temperature and strain rate dependence of the macroscopic yield.
: ' / :

¥ / .

: stress data, obtained from these experiments, has.been interpreted

<

MRV NCEy S ST7 o T

in terms of .the thermally assisted motion of dislocations over

»

- - g

localized elastic obstacles. This study has led to a number of {

2 . | . ) . .
- conclusions regarding the high temperature deformation behaviour of
a

T

copper. |

f
’
~

ey
RN

1. The true stress-true strain curves of copper are -

typical of a metal that recrystallizes dynamically. The oscillations
/ l ’ ’ '
in flow stress, observed at high strains, increase with increasing

et BRFTHERR o, R 2%

Gy

. . temperature and decreasing strain rate. The strain to the first
/j/ péak and the width of this peak decreases with increasing temperature

.and decreasing strain rate. . , )
w *
“ 2\ 2. At the start of loading the flow curves exhibited an '

- »

B @ / . .
int®val of initial loading, the extent of which is strain rate and
O . T ‘
¥
temperature dependent, The end of this region is marked by an abrupt
N . \

change -in the work?hardening rate, The slope of the flow curve

Q
Tt

o décreasgs by a factor of approximately ten at this point. The high

or,

o «i[%":”.:g

: temberature yield stress, as defined by the 0.2% strain offset, is
d ‘ ~ i

>3

a

<0 oa dhamd
bt

- - strongly temperature and strain rate sensitive. . .
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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 analyticaI'SCheme leads to
activation free e;Lrgies and Jolumes that are functions of the
modulus-reduced effective stress only, as required for such o?stacles.
Of particular interest are thﬁ following observations:

(i) The pre-exponentiii factor in the rate equation
is constant and independent of temperature and the modulus-

8 ) | '
. v

reduced stress.

e

~
£
%

(ii) The activation enthalpy is strongly dependent

on the modulus-reduced stress. In the absence of stress,

n

‘this enthalpy is much éieater than the activation enthalpy

/
for self-diffusion. .

' -
- _ s

osss . . Oim o . .
s ' (111) The, activation volume varies from approximately

600 b> at 1/u = 2.8x10~4 to 2800 b3 at t/y = 0.7x10" -4,

3

! (iv) In the absence of stress, ‘the act1vat1on-free

. ¢ r
. energy is 0.66 ub3/atom. X ! . |

These observations preclude the pbssibility of the rate

cont;olling ﬁechanismrbeing dis}ocation cliﬁb or the;dragging-of jogs

Rl
v ~

in screw dislocations.

w o
) v 1

4. | It iq concluded from the above observations that the:

N ol

obstacle to d1slocat10n gl1de thaéxls rate controlllng is the thermally e

1

actlvated,unplnnlng of attractive junctions,. It is’ shown that,ngph ‘a

* + ' ¥
'

process requires thermal fluctuations of approximately 0.61 ubslafém

o

in the absenge of stress.

&

o
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5. 'The stress and temperature independent pre-exponential

r

factor is consistent with a node unpinning model for dislocation glide

where the behaviour of the pre-exponential term is determined by the
2

properties of a distribution of dislocation segment lengths,

»
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FEE
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T
\& 002

003
004
005
o4
007
Qo2
00N
. 010
011
© 012
S 013
014
015
016
017
018
019
1020
021
022
- 023,
@ o024
025
026
027
028
029
030
034
052
033
034
035
036
037
038
0359
, 040
1041
042
043
- 044
045
W0as
047
048
04,
050

* {J0B, START=10303 ' : P

o

o 2
N

JOB, REMOVE, YIELD . . o ' .

* JOB) COMPILE, YIELD, NOLIST = ©. °

QQ'OQ.l.ﬁl.lQOQOGOQ0'.Q«IQ'I.QO'Q’O!QG.QQQCQ’!QlQ‘IQQQGQQQI’QlDQ'QQ‘ﬂ.
S I 000G 00400 00 ST 00 300 A0 SO0 0000 00 4 00 U000 0O 00 T 00 00T 0 3 4 S0

o060

3

LY

HRBSERENE , : B
# YIELD # .
SR RPRRREE " v ‘

I\

’
4

- » h
R 2 2 22l 2ol s S22 el ot i aaaliad sl ot al ot gl sttt ils )
s Q‘eQQQQI{QGQ!Q..il’l;".'i’.'fﬂlQQ*Q{QI’i"l’lﬁﬁ&il.."l}iiiiiiiliii.#i
- » ' -

i I
°

- 2
3 . 3 M
¢ ., -

AR T 0003030030 00 0048 00 040 TS0 000 30 2SI 0000 004000 0016 000 30400 00 00 3000 0 S04 40 00 40 396 0 36 9 90

PRODUCES A YIELD FLOT OF THE DATA. - THIS IS RCCOMPLISHED BY
CALCULATING THE ACTUAL AFFLIED STRAIN RATE FROM THE DATA.

THEN THE STRAINS AQRE RECALCULATED ON THE EASIS OF THIS NEW RATE
JTHE TIME DIF@RENCE IN THE LOAD .. STRAIN READINGS 15 ACCOUNTED
FOR
"ll'.llﬁi"'l’l"i‘lMQ’l’l’lii‘l‘l’i****i{!#lﬂ&“’lili.’iﬁl*i**Qiii*’

v

DOUELE FRECISION DTIME, DSTRN, SUMX, SUMY, SUMX2, SUNXY, EDOTAF‘. EINT
DIMENSION C( 4), NOTEST( 2 ) TSTNUM( 20 ) \; . -

LOD000D0D000000000OQ00060O0
Y

I 4

a - -

DIHENS!ON BLKSZE( 1), DATAD( 1 ), NTYPE( 1 »H TE,‘:TNO( 2% PRETT( T, TEgTT( 1)

1SRT( 2 ), MATER( 8 ), CHST( 1 ), RTNSPD( 1 ), LSCALE( 1 ), DSCALE( 1 ), LOFFST( 1), D3 )

2FFST( 179, HO 1.0, BC1 ), EIC1 ), ETC 1), DELAYC 1 ), TESTARC 1 ), DESTARC 1 ) RESTAR(
31, NDATE( 3 ), RLJ( 1 ) LONGDL( 1 ), NRESL T 1 ), RESULT( §93€ ), DUMMY( )
DIMENSION, STATBL( 128) o
INTEGER ELKSZE. DATAD, TESTNO#RETT. TESTT, SRT, TESTAR, ‘LESTAR, RESTAR, R
1LJ, STATEL, TSTNUM )
REAL LSCALE, LOAD, LOFFST,LFAC - P
LOGICHL 15SW °
BATA C/3. 947563E-03) 8¥948124E-01, 3. 4BA67EE-08,5 513456E-02/. LFAC/2
+. 13603E4/, IFAC/0. 594579/ ,
CALL FACICIP. IR) . f C
IPL=1F 1028 . 4
1. CALL MSGREFC IP1, IR 22, 22HTAPE = 1 , TEST = 2 2 , 1ANS, 10),

. IFABANS GT. 1TWO )60 TO , .
" 0 (2.3) IANS ; ‘
R FAL e ’

82 LDA TAPCAT . -

BRU #42 « ) . N .
83, LbA TESCAT ‘ ' .

. " +*THIS FROGRAM TAKES DATA FROM THE DISC .SCRATCH FILE AREA AND .

+
§

g wf
o

Y



s

+ 031 RBK 23 . - \
052 : STA STATIN .
053 - ,SPB DTRCO2 TRANS STATUS FILE INTO PGM
0S4 LDK STATIN LABEL OF THE TRANSFER DESCRIFTOR .
0SS | SPB DELC30 'DELAY 1/5TH AND REFPEAT IN TRANSFER FAILS
036 LEAVE PAL R
0S7. 4 . CALL MSGTYP(.IFL. 9. HLISTING 2) : :
058 CALL ANSWER( IR, IANS: IERR) o {
039 . . GO TO (5.4,4,1000), IERR . N
1060 S GO TO (30,6) IANS ‘ .
. 061 & NTEST =} ‘ -
. 062 -7 CALL MSOTYF( IP1, 13, loHTEST NUMEER, ? ) '
. TDe3 7 CALL INRC10( IR, 2, NOTEST. ICHAR) ,
064 IF({ ICHAR. GE, 0) GO TO .8
. W0eS IERR = —I1CHAR .
067 8 IF(ICHAR EQ. 0) GO TO 10"
063 IFCICHAR. NE &) GO TO'% .
. 069 . TSTNUM({ NTEST ) = NOTEST( 1) | S
v’ 070 . - . TSTNUMINTEST+1) = NOTEST(2) e
071 NTEST = NTEST + 2 ' “\ /
<072 IF(NTEST GT. 20).60 TO 10 - .
072 9 CALL MSGTYF( IP1, 7, 7HNEXT 7 ) . s
074 : GO TO 7 L
. 075 1O NTEST = NTEST - 1 §
N 076 CALL MSGTYP(IF, 12, 12ZHDATA REQUEST )
\377 . ENTER PAL ) hY -
, 7S T LXK 0,7 ) .
’ 079 " LDA TSTNUM, 7 - o )
030 STA NOTEST o
. . 081 | * LDA TSTNUM+1,7 - s 1
- , 1082 STA .NOTEST+1 - R . o °
083 LbA IP . ] _
084 o SFB OURC20 ‘y
1085 LDK MSG1 .
086, . BRU $1000 . ~ .
1087 INX 2,7 ‘ f N - 3
088 LtpA 7 - . .
Y 089 T Y SUB NTEST . -
090 Tb? . N
: 091 © T BT3%a-12 -, . ) ) ° .
T 092 LEAVE FAL . -
S 0v3 11 CALL MSGTYF( IP1, 14, 16HIS REQUEST OK ? )
094 CALL ANSWER( IR, IANS, TERR ) i
095 G0 TO( 12,11, I1, 1000 ) IERR" ° . -
06 12 IFCIANS EQ. 2) GO TO &
W97 DO 400 JJ = 1, NTEST, 2 . - .
98 . - NOTEST( 1) = TSTNUM(JJ) , . -
99° NOTEST(Z.) = TSTNUM( JJ+1) t
+100 - GO\TO 32 ol

‘ .
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1101
1102
103
1104
1403
1106
307
108
109
110
111
112
"Hi3
1114
"ni1s
"ié6

" 1117

18
119
120
1121
122
s .
124
1235
126
127

"n2g -

129
130
131
1132
"3s
134
135
136
‘137
138
u39
140
141
142
1143
1144
145
1146
1147
1143 ¢
149
1150

$30 LXK 0,7

13 NRITE(XP.!A)NOTEéT :

14 FORMAT( 1H , 12HTEST NUMBER , 2R3, 12H NOT ON FILE)
GO TO 400 ! ‘
ENTER PAL :

UDA STATBL+3,7 ASSIGN THE FIRST 3 CHARS.

STA NOTEST OF TEST NAME TO NOTEST.

LDA STATBL+4,7 ASSIGN THE SECOND 3 CHARS. -

STA NOTEST+1 OF THE TEST NAME TO NOTEST+1

LDA IP L

SPE OURC20 WRITE OUT THE TEST NAME  * - -

LDK MSG1 \
. BRU $1000 ’ ' .

“INX 5,7 - b

L.DA 7

UB STATBL+/177 CHECK IF ALL TESTS HAVE EEEN

* 'Top 23 LISTED

BTS =12 IF NOT = WRITE OUT THE NEXT

BRU $6 OTHERWISE GO TO NEW REQUEST |

$32 LXK 0,7 i

O0O00O0O0O0

‘LDA STATBL+3,7 CHECK IF;THE

SUB NOTEST FIRST 3 CHARACTERS OF TEST NUMBER .
TIE. CORRESPOND TO THE REDUESTED NUMEER
BTS #47 IF SO CHECK THE NEXT 3 CHARACTERS
INX S, 7 OTHERWISE INDEX 7 BY S
LbA 7 , L
SUB STATBL+/177 [HECK WHETHER ALL RECORDS HAVE
TOD 23 . BEEN CHECKED
©  BTR $13° IF SO WRITE THAT REGUIRED TEST NOT ON FILE
BRU #-9 OTHERWISE READ NEXT TEST NUMBER
LDA STATEL+4,7 CHECK IF THE [
SUB NOTEST+1  SECOND 3 CHARACTERS CORRESFOND .
TIE : :
BTR #-9 IF NOT INDEX 7 AND CONTINUE SEACH
LDA STATEL+1.7 OTHERWISE THE TEST DATA 15 FOUND SO
STA DATAIN _STORE*ADORESS OF START OF EILE #  *
LDA STATBL. 7 .
STA DATAIN+1 - STORE SIZE OF DATA BLOCK. = .
SPE DTRCOZ TRANSFER REQUEZTED DATA INTO PROGRAM
LDK DATAIN LABEL OF TRANSFER DESCRIFTOR
SPB DELC30 DELAY 1/5TH AND REFEAT IF TRANZFER FAILS
 LEAVE PAL : .

SO0  CONTINUE

B T T P PP P TP T T T T T T e T
.CALCULATE STRESS, STRAIN, TIME AND THE MAXIMUM STRESS

'

X=TIME . . -
Y=STRAIN *, v .
1=LOAD ‘ ”
‘n _MM‘—"”_,,/
» - ’ ’ ’

P
E=

ARl AN g PO er
P < u:,_,»&%”&“ R
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ERN
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T Fale cer T T
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H
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ARE DAL T ey,

e

BRIt W, S 20 T

ot

1Sl c
ns2 . ¢C
1S3

"S54 62
"ss

1} 3.7

"ns7 41
158

1S9 A
ineo |
61

1162

1163

1164

11465

1Hé6

1167

168

169 :
170

171

17z

"3

174

1175

76 &0
177

1178 &5

' 179

&0
181

132

183

1ea

MES

186,

187

&3

"EY

190

"9t

192

93,

194

"nas |
"M9s 100
97 €
nes ¢
199 €
1200 €

!
Ql!.00’.'..0.ﬁ..l"..’.'.lli.Ql&’l’.l'l‘.’."""'l’l.6'0.00'.'IQ.

IFC ISSW 21 1)G0 TO &1

CALL MSGTYPL 1P, 20, 20HCUT-OFF STRESS( MPA)Y? )

CALL KFREAD( IR, 1, DEDUC. 3, 1ERR)

80 TO (41,62, 62,999 ) 1ERR

SUMX=0 ODO !
SUMY=0. ODO

SUMX2=0, ODO

SUMXY=0, ODO

SUMW=0, O :

SUMR=0 O _ I
SUMWR=0 0 ?\
SUMR2=0. 0 -

NN=NRESLT( 1)

MK=0

K=0

N=-1

IFCDSCALE( 1) OT 1. 0)IN=1

DEDUC=( 3. 14159+D( 1 Y##2 )#DEDUC/27. 57904 « .
DO 100 J=1,NN, 3 -

IFIN GT 0)GO TO 60 - !
LOAD=( RESULT( J )»-LOFFST( 1 ) L. SCALE( 1 3/1000. 0

DISPMT=( RESULT( J+1 }~DOFFST( 1 ) I#DSCALE( 1) | .

GO TO &5 . !
LOAD=(RESULT(J)—LOFFST(1))*LFAC/LSCALE(1)/1000 0

DISFMT=( RESULT( J+1 )~DOFFST( 1 ) JDFAC/DSCALEC 1)

IF(LOAD. LT DEDUC )30 TO 100 .

MK =M+1

K=( MK-1 )#3+1
IF{ { RESULT( K+2 )-RESULT( K~1)) GT 40. JRESULT( K+2 }=RESULT( K+2 )-53410
RESULT/ K+2 )=RESULT( J+2 }+0 04

TTIME=RESULT{ K+2)

RESULT(K )=LOAD

HO=H( 1 )-DISFMT :

STRN=ALOG( H( 1 }/HD ) ! .
DTIME=TTIME "

DSTRN=STRN < /

SUMX=5UMX +DT IME

SUMY=SUMY+DSTRN i

SUMXY=SUMXY+DSTRN#DTIME

SUMX2=SIUMX2+DT IME#DTIME

IF(MK EQ 1)50 T 100

IFCORESULTOK )-RESULT(K=3)) LT. =0. 01050 °TO 101

IF(STRN GT 0 360 Ta 101

CONT INUE ) . ;!

3

’ .!.‘{f"""..'*’...".”‘”’"I’i'f'**"*’“'*’*”l'.".‘*’f'**“"i**
STRAINSEINT+ELIITAF#T IME 4
LOAD=( ALOAD/TT IME J+ELOAD - !
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1201,
1202
1203
1204
1205
12204,
1207
208
1209
210
1211
212
213
214
1215
21
121
1218
219
1220

. 1221

222
223
1224
1225
1224
227
1228

229

1230
1231
1232
1233
234
235/
236
237
235
239
1240
1241
1242
1243
1244
1285
1244
1247
1243

1249

250

0CO0aO0ON

QOOOOOHOOO0

101

01

39
38
36
s5'
116

¢

, o

P . '
NOTE  THE STRAIN FIT WAS MADE TO THE UNCORRECTED
DATA , THAT ‘IS, 1T WAS NOT CORRECTED FOR THE

DEFLECTION OF THE LOAD CELL. - 3
THE: TRUE STRAIN WAS THEN RECALCULATED USING DEL..

RESULT( N )=STRESS ) i
RESULT( N+1 )aSTRAIN \

RESULT(N+2 )=TTIME %
LI 22 YR S S T o T YR YR AL T S L Y T TR Y TR Y M YA ALY Y T TN i

E!NT-(SUHX*SQHKY—SUHX26$UHY)/((SUHX!#Z)-SUsziﬂk) v i
EDOTAP=({ SUMY=EINT#MK )/SUMX 2
EINTER=EINT ’ . ‘ |
EDOT=EDOTAP

XLN=ALOG( EDQT )

MK=MK#3 0

BMAX=0, 0

DO 201 IN={,MK, 3

STRAIN=EDOT#RESULT( IN+2 }+EINTER

LOAD=RESULT( IN)

DEL=C( 1 )#( LOAD+C( 4 ) )neC( 2 )~C(3)

RATIO=H( 1 EXP( STRAIN)

HI=RATIO+DEL ' . .

RESULT( IN+1 )=ALOGI H( 1 )/HI ) -

Al=3 14159#H( 1 )nD( 1 )*x2/4 O/HI

RESULT( IN)=L0AD#4 87476/A1 ‘
IFCRESULTC IN). GT. EMAX )BMAX=RESULT( IN)

JIN=IN-3 i

CONTINVUE

PR TR W PR RLETY

3

ey

T

B 00 AR I0 T 00 T I 001006 300 TSI 0600000000006 36 001060006 0000 05 0030 003030 06060000 900090 90 96 4
SMOOTH THE STRESS-STRAIN CURVE -

SEE SSF SUBROUTINE $SG13
IZTTRT RS SR T T Y I PR R R AR A T S S e e R R

2 )

DO t11é& 1I=7,JIN, 3

M=0 3333333#( RESULT( -5 #RESULT( 1-2 M4RESULT( I+1))
YM=0. 333333 3*(RESULT(l-6)+RESULT(I-3)*RESULT(I))
T1=RESULT( I-5)-XM

T2=RESULT( 1-2 )-XM .
T3=RESULT( I+1 )-XM ' -
AM=TI#T1+TZRTZ+TE%T3 K )
IF( XM )38, 35, 39 ’ -
XM'(T!»(RE:ULT(l-b)—YH)+T2§(RESULT(1-3)-YH)+T3#(RESULT(I)—YM))/XH
IFC1-2)36, 36, 35
HH=XM#T 1+YM
RESULT( I~6 )=HH
HH=XM#T2+YM
RESULT( JIN-3 )=HH “
RESULTC JIN )=XMeT3+YH

N
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RS svmery e -

Y

1251
12352
1253
1254
1255
1256
257
1238
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
272
273
1274
1275
276
1277
1278
1279
1280
1281
262
1283
1264
12585

, 1286

1287
1288
1287
1290
12291
1292
1293
1294
V295
296
1297
12298
Y299
1300

0000000
[

34

@

OO00OO00 0

15
14

303

‘INT=I-3

B

\ .
.OOQQi\l'I.OQO0DQCQG'."Q.Q'l“.'..'.'.'..’l‘l‘..ll.”..l.'ﬁ'..QOO.

THIS SECTION FITS A STRAIGHT LINE TO THE INITIAL LOADING
CURVE. IT THEN CALCULATES THE STRAIN AT STRESS=0. 0.

FROM ALL RESULT( I+1) VALUES,

LI ] 2] GQQliGOQQQ.!QGGGQMQIOQQOQOII..’.0.'!!00....000..! S840

DO 34 11s1,13.3 .

W=RESULT( I1)
R=RESULT( 1I+1)
SUMW=SUMW+M
SUMR=SUMR+R
SUMWR=SUMWR+WeR
SUMR2=SIUMR2+R#R
CONTINUE

- THIS VALUE OF STRAIN (TINT) IS THEN SUBTRACTED

TINT=(SHHR*SUMNR—SUHRZ'SUHH)/((SUHROOZ)-SUHR2'5 0)

SLOFE=( SUMW~T INT+5."0 }/SUMR
TINT=-TINT/SLOPE

0O 93 1=1,JIN, 3

RESULT( I+1 )=RESULT( 141 )~TINT
CONTJINUE

T L T Tt T T PR AT PR Ry YTy R T e Y
CALCULATE THE WORK HARDENING RATE USING A PROGRAM SIMILAR TO

THE SSF  SUBRUOUTINE DGT3

B9 A U IS A0 A8 383096 06 00 T 0 80 304030 0006 45 S0 00 000 9 A0 O 36 3 46 30 06 00 S 06 6 3 6 0 40 4 ¢ 06

AMAX=0. O

ASRESULT( 2)

B=RESULT( 1 )
DY2=RESULT( 5 )-A

DY2=( RESULT! 4 )-8 }/DY2

D0 17 1=7, JIN. 5
A=RESULT( 1+1 )-A

1F(A EG.0 0G0 TO 17
A=(RESULTC I »~E )/ .
E=RESULT( I+1 )~-RESULT( 1-2)
1F(B.EQ 0 0)GO TO 17
Livi1=DY2

DV2=( RESULT( T }-RESULT( 1-3 ) /B
DY3A B

A=RESULT(TE2)
B=RESULT( =3 )

IF{1-7 215,13, 16 ‘

RESULT( 3 )70V 1+DY3-DV2
RESULT( [-1 )=0Y1+DY2~DY3
IF(RESULT( I~1 7, GT. AMAX GO TO 303
o0 TO 17

AMAX=RESULT( I-1)

a

-~




”

1301 17 CONTINUE {

1302 RESULT( JIN+2 )=DY2+DV3-DY1
1303 C '
D3°4 c ’QQQ..'Qﬂ"‘*"”‘QQQ’Q*’Q’QQ“QO""Q.’QQOQ.Q'."..Q'..Q..."O.l'
1305 C CALCULATE ‘'THE YIELD STRESS
»30'6 C .GQ“..ICiQQQ.Q'I'.'Q'*QCQQ'QMCQ".'QQ.QQCQQ.Q.iﬂ"."’.'..‘ii‘.'
1307 c
1305 AVG=( RESULT( INT+5 J+AMAX+RESULT( INT-1 ) /3. 0 ,
1309 BB=RESULT( INT }~AVG#RESULT( INT+1 ) \
310 . DO 981 I=1,JIN.3 . .
311 X=RESULT( I+1) . ‘ ‘
1312 Y=AVGe( X~0. 002.)+BB ‘
1313 IX=] ‘ .
1314 IFCY. GT. RESULT( 1 )60 TO 982 . =
1315 981 CONTINUE | o
316 . WRITE( 1P, 736)
1317 756 MAT( 1H , 40HERROR### OFFSET- DOES NOT INTERCEPT CURVE)

1318 ‘ eo T0 999

1319 982 SLP=( RESULITC 1X )-RESULT( 1X~3) 3/ RESULT( IX+1 )-RESULT\(\ 1X-2))
1320 X1=RESULT( IX-2)

1321 . Y1sRESULT( IX-3)

1322 X=t SLP#X1-Y1-0. 002#AVG+BB )/( SLP-AVG )
323 . VIELD=AVG#X-0 002#AVG+EE

1324 WRITE( IP, 969 )TESTNO, YIELD, XLN: EDOT

1325 989 FORMAT( 1H , 2A3, SX, 4HYLD=, F6. 2, 3X, FHLN( EDOT )=, F6 3. 6H EDOT=, EIO 3)
1326 HRITE(IP.???)AVG
1327 79 FORMAT( 1H , 1OHW H. SLOPE=, £9. 31

1323 C

329 Cc i*ifif;iiiﬂufiiif{ﬁfi!.ﬁﬁiﬂit{i{fi&tiiudi*{ﬁi*-ﬁwoamﬁtfaaoﬁto
330 c DRAW THE AX1S = /«

1331 [ iiillﬂliiiéli}lili*ii{liﬂli.ll“lﬂl!i{iliiiiiil*iiliti“{!i!{ill*i*{
1332 c ! .

1333 IFCISSW 12160 TO 133 . . ~

1334 403 CALL M3SGTYF(IP, 5. SHFLOT?) :

1335 CALL ANSWER( IR, IAN3, IERR)

1336 G0 TO (402, 403, 403, 999 )» IERR

1337 402 IFC JANS. EQ. 2)60 TO 400
1335 203 CALL MSGTYP( 1P, 11, 11HYIELD PLGT?)

1357 CALL ANSMER( IR, IANS, IERK)

1340 ! GO TO ¢ 204, 203, 203, 999 ) 1ERR

341 - 204 IFC 1ANS E@ 2)60 TO 205 : !
1342 1004 ' CALL MSGTYP( IF, 25, 25HX—-AXIS ( PERCENT STRAIN) %)

1343 CALL KFREAD( IR, O, 1DX, 3, IERR) ..

1344 GO TO ( 1003, 1004, 1004, 999 ), IERR

1345 1003  X1DX=FLOAT( IDX )/ 100. O

13464 DO 1001 11=1,JIN,G i )

1347 NON=11 b |
1345 IFCRESULT( I11+1 ). GT. XIDX GO TO 3002.

1349 1001 CONTINUE |
2250 1002 CaLL F‘LOT( Q. 0. (o)

e e e e T



< ut

(4] ' < hd
<
* \. - "
1351 CALL PLOT(2,0. ,~12.)
% 1352 CALL PLOT(4,0,0) . N
i 1353 CALL PLOT(0,0.0) ' N
t 1354 * CALL PLOT(2,0.1.7&)
oy 1355 CALL PLOT(4.,{0,0) ) v
E 1356 CALL PLOT(0,10,0) '
¥ 1357 © NXD=1 i o
¥ s 1358 XP=3. 904 -3 . .
& 1359 XN=0. O A B
& - p 1360 . VPa?-87F
; * 136§ VYN=0. 0
1 1362 NYD=4 |
; \ 1343 1VX=0 .
! 1364 =0 T . ‘
: 1365 IDY=IFIX( RES ;m/w /4. 0)+1
;o 1384 SX=1. 0 ’ ‘ o
Y 1367 SY=i. O 3 . . ¢
) 1363, NLX=15 , | )
! 1369 | NLY=1S'
It 1370 ' SLX=1, 3
; 1371 SLY=t. 3 . ¢ 3
E 1372 CALL LAXIS( XP, XN, YP» YN, NXD, NYR: IVX, IVY, IDX, IDY, SX, SY, NLX, NLY, SLX, ]
i 0 1373 +SLY: ISHSTRAIN, PERCENT, 1SHSTRESS, MPA )
“ 1374 c ;
7375 C FRAEAERRERREEE R AR SR D H SRS BB RSB AR AR RGN R R RA SRR RSB SRR AR RRAR R R RS R %
1376 c PLOT THE DATA & i
1377 C- | BRARRERBRARERBERARENRS RS AR RLSRSRB RS SRR ERRRBER RS HBRR PSR ARRBHRAES L
1378 c - ! W !
1379 boJX=1 .
. 1380 7004 X=RESULT( JX+1 )%#100. O#XP/FLOAT( IDX#NXD )
. 381 Y=RESULT( JX 7, 874/FLOAT( 1DY%4 )
| 1352 ' IF(X OT. XP)GO TO 7003 -
- 1383 . CALL' PLOT( 2, X, Y) I - b 1
384 CALL SYMPLT(1,. 25,.25,2) v b
\ 1385 JX=JK43 P
. 1386 IF(JX GT. K0 TO 7003 . s ' \
1387 GO TG 7004 F o Yo
1383 7003 CALL FLOT(2,3 543,1 181) .
1389 XT=XF+5 906 . X f
1390 CALL LETTER(Z, 1.1, 1. 1, TE§TNO. &) : : -
1371 CALL FLOT( 2,3 543, 0 787)
| 1392 i CALL LETTER( 2.1 1.1, 1, 4HYLD=, 4) B
5 ’ 1393 CALL NUMBR( 2,1. 1,1 1.6,2, YIELD) 3
: 1394 ¥=0.0" :
1395 .- XetY-EB )/AVG, C ,
, s 1396 X=X#570. 6/FLOAT( 1DX) . . )
p 1397 CALL PLOT(2.X.Y) H
z : 398 -, YEAVG#X 1 W 4 !
] ‘ 1399 1YP=1ELX W73 0)+1 ‘ oo
1400 Y=Y#7. 874/FLOATL 1YP*4) . : §
N [ . N 3
. 3 |
3 ( | - —~ ¢
\ 1
s
3 ¥ d‘é”; \ “
. ’ \ ’ ,
i ’ ' *
{ | ’
v . i :
- o ot . il o 3




1401 1IF(Y. GT. 7. 874)G0 TO 309

)‘.r

1402 CALL PLOT( 3,9. 906, Y) C
1403 60 TO 310° '
1404 309 Y=FLOAT( 1YP#4) |
05 - X=( Y~BB )/AVG
1406 X=X#590. 6/FLOAT( IDX)
1407 CALL PLOT(3, X, 7. 874) i
1408 310 X=-( BB/AVG }+0 002 '
) . »:oz é-xusvo. $(/FLOA(T)( ‘l)nx )
h "1 _ CALL PLOT(2,X,0.0) . .
1 11 Y=AVG#( = BB ~
" 12 Y=Y#7 §74/FLOAT( IVP#4 ) )
413 IFCY. OV. 7. 874 )60 TO 305 , A |
737 CALL FLOTL3.S. 906, Y)
o . 415 G0 TO 306 !
M6 305 YaFLOAT( IYPs4 ) \
to- 417 X=( ( Y~EB )/AVG )+0. 002 )
18 X=X#S90 &/FLOAT( IDX )
19 CALL FLOT(3,X,7.874)
. 1420 306 CALL PLOT(2,0.,0. ) ° | |
1424 CALL PLOT(2, XT. 0 ) \
- 422 CALL PLOT(4,0,0) '
1423 ¢ '
l424 C SRR RRBSREB LSRR BRBERRSFRBRRERSRER R BB FR R SRR R LR RFERBPRRER B RPN RDE ;% -
125 ¢ PROGRAM SEGMENT TO DRAW THE AXIS FOR THE WORK HARDENING FLOT ‘ i
. [426 C i.lﬁil‘l.il'l*ll-fii#ifilif"lil‘.ﬂl'lliﬁ!lO'Gi.’l’lfiI!QIil”.l’&ilii "j
427 C ' (- B
' 1428 205  CALL MSGTYP{ IP. 20, 20HWORK-HARDENING FLOT?) !
i 1429 CALL ANSWER( IR, IANS, IERR ) o | . p
J i 1430 | 60 TO (207, 205. 205, 999 ). IERR - . .
i 1431 207  IFCIANS E@ 2)GO TO 400 ,
5 1432 133 CALL PLOT(0,0.0) ,
ﬁ 1433 . XP=5 906 s : | i
. 434 - XN=0. O 4
s, 1435 YP=7. 874 , i
& 1836 YN=0. O » 3
437 . . NXD=S
- 436 NYD=4
' 439 1VX=0 = * ‘ . i
1440 IVY=0 - . 3
1441, TIFCISSW 21 )60 TO.335 ) ’ .
1447 IF( 1SSW( 20160 TO 333 - 1
1443 G0 TO 334
' 1444 333 CALL MSOTYP(1IF, 21 2IHTYFE MAX X THEN MAX Y) | ;
14345 CALL KFREAD( IR, §, XAX, 1. YAX, 3, IER)
Mwae | GO TO( 338, 533, 333, 999 ) IER ) [ s
1447 338 EMAX =XAX . I
1443 AMAX=YAX ;
3 1449 60 TO 334
1450 335-  IDX=1FIX{ KAX/NXD )+1 : :
1
1
s !

U i it i ottt AR 3 (
' ,.mzw.-.uw‘!c.‘nummwmw‘
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P ST WP

2

}‘\

REan )

PR

~

.

il s e bbb ¥

14351
1432
433
434
1435
1456 \
1487
458
14359
1460
1461
482
1463
14464
1443
14646
1487
14568
14469
1470
471
1872
473
474
475
W76
1477
1478
479
1480
733}
1482
183
1454
1455,
1436
1457
1488
M5y
1490
1471
1892
1473
1494
5%
14746
1497
93
1479
%00

. 334

336

aOO0O0O0-

-301

302

- ' . I /
1DY=IF IX( YAX/NYD }+10 ’

GO TO 336
IDX=IF IX( BMAX/NXD )+1

. IDY=IFIX( AMAX/NYD )+10 P

Sx=1.'0

SY=4. 0

NLX=13

NLY=20 )

SLx=1 3 |
SLy=1. 3

CALL LAXIS( XP, XN, YF, YN, NXD, NYD, IVX, IVY, 1DX, 1DY, SX, SY, NLX, NLY, SLX.

+SLY, I1SHSTRESS, MPA  ,20HDSTRESS/USTRAIN, MPA)

li.{.'.i.!ii'0!Q’O‘QC'QQl.'l‘l‘.”?’l’l'."*fﬂ‘l’liI"'.!Q"..QOQQO

FLOT THE WORK HARUENING DATA
FRRBRNRESEAFRRE R RRERRBHRERFRR SRR B R SRR SRR R SRR B AR SR RR SRR G RER S

JINSJIN-3

DO 301 J=1, JIN, 3 ‘
X=RESULT¢ J }#XP/FLOAT( IDX#NXD )
Y=RESULT( J+2 }#YP/FLOAT( IDY#NYD )

IFCY LT 0 060 TO 301

IFCY GT. YP)GO TO 301 © , ‘
CALL PLOTCZ,X,Y) ~ -+

CALL SYMPLT(L, 2%, 25,27

1F(( BMAX-RESULT(J)). LT O 05)G0 TO 302
CONT INUE . '

CALL FLOT( 2.0 394,1-181) .
XT=XP+5 906

CALL LETTER( 2,1 1,1 1, TESTNO,6)
CALL PLOT(2,0 ,0 )

CALL FLOT(2, XT,0 )

CALL FLOT(4,0,0)

400 CONTINUE ) !

997

CALL MSGTYF(IF, 17, 17HYIELD I5 NOW OFF" ) .

1000 CALL FACZ2( 1P, IR) {

STATIN
DATAIN.

ENDADH
MEG1

’

FMT1

TEMF

STOF

ENTER FAL
B35 1

FOR 0, /200
DEL 0. STATEL x
B35 1 R
B35 1

DEL 0, ELKSZE

EVL /7205700 \

DEL 0. FMT1 .
DEL 0. NOTEST

ELD 602,1.0,0 |

CON ['r—l - Vo

E35 1 ' . °

W

VS WE Y

AR AR bt
B St S R

»

o

st & 3 ’
ok Wl L e 1

Y

tbass e

s

Cle e B e e et Aadiac




1501 TAFCAT CON G, TAPKAT .
P 1502 TAFKAT EQL /7186100 '

1503 TESCAT CON G, TESKAT '

1504 TESKAT EQL /7205700

1505 °  DELC30 LIB

P

s i s SR e § i,

. : 1506 OURC20 LIB o
: 1507 LEAVE PAL
. 13508 END
. 1509 , SUBROUTINE ANSWER( IR: IANS, IERR } ?
1510 ! DATA 1YES/3HYES/, INU/SHONO/, 1/3H000/
. 1IS11 "IANS=IREFLY( IR, 256, IERR )+1 )
© 512 G0 TO (10, S0, 50, S50 ), IERR
1513 10 IF( IANS NE IYES)GO TO 20 ~
- 1514 1ANS=]
- 1515 GO TO SO
: 1316 20 IF(1ANS NE ING)IGOG TO 30
o 1517 IANS=2 .
¢ 1518 GO0 TO S0 ) =
e ’ 1519 30  IERR=2 :
by 1520 50° RETURN .
hi 1521 END |
2 1522 JOB, RELEASE, YIELD ,
: 1523 JOB. END - .
i
4
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I . .
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APPENDIX IT

The Temperature and Strain Rate Dependence
“of the Flow Curves of Copper"
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s APPENDIX 111
High Temperature Compression Data for OFHC Copper
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, Temperature ~ Measured Strain Rate .Yield Stress .
f . °c ‘ s=1 MN/m .
S : .
; oo | -2
g - 500 - 5.14x10 : 45.00 R
% L 5 500 1,73x1072, 38.74 '
¢ 500 : 8.54x10"3 35.20
i 500 o 5.17x10"3 o "32.98
N 500 1.72x10-3 28:91
3 500 8.45x10-4 26,74
: 500 5.06x10-4 25.54
? : 500 1.68x1074 , 23.56 . |
“ - S 500 8.66x10-2 22,43 : ,
e 500 : 5.05x10"5 21,89 -
L 550 © 5.37x10"2 37.56 _ :
550 1.79x1072 30.96 = i
550 "8.62x107 28,15 : *
550 5.26x10"3 26.97
. 550 1.68x10"3 23,92
o 550 _8.66x10'2 o 22,20 -
P , 550 5.09x10"% - 21.40 )
S 550 1.78x10°% - - 19.15 - . :
¢ 550 8.64x10"3 17.78 :
g ' 550 . 5.25x1073 16.77 ;
e 575 5.15x1072 “ 33.37 i
2 ) 575 1.73x1072 28,52
‘% 575 8.66x103 25. 85
E 575 - 5.19x1073 . . - 24061
1 575 1.69x10" ; 21,78
575 8.49x10”4 20.48
3 ; 575° 5.01x107 18.92
' 575 1.71x1074 16.40 ”
. , 575 . B.4§x107 , 15.19
; 575 | 5.00x10" . 13,99
6,00 5.20x10"% . 29.08
600 1.75x1072 ) 24,90 °
600 - 8.63x10"3 22.95
; . 600 | 5.17x1073 -~ 22,00 ,
[ S 600- 1.67x10°8 | 19.42
600 . - 8.42x10"4 ’ 17.61 :
- ‘ - 600 - 5.05x107% 16.80
' 600 1.69x10-4 14.62
600 : 8.61x10"5 ‘ 13.24
600 . 5.16x107% - 11,93 .

e (oont'd)




R R O

N 4
i
Temperature . Measured Stfain Rate Yield Stress
: oc ' s - MN/m?
i .
§ 650 5.,30x10™2 24.42 :
¥ 650 1.72x10"2 21,35 .
; 650 8.67x10"3 19,57 ’
. . 650 © 5,19x10"3 . 18.46 ,
A . 650 1.68x10~3 . 15.84
i \ 650 8.59x10™4 14,14
, : 650 5.16x10-4 13.09
650 1.72x10~4 10.63 L
650 8.65x10"> 9.87 . J
650 , 5.19x103 9.30
| * 700 . 5.37x10"2 i | 20.25 :
700 : 1.74x10"2 17.29 x
1 700 8.55x10"3 . - 114,96 . -
. ® : 700 ' 5.30x10"3 13.99. . )
700 * 1.69x10°3 .- 11,58
. : . 700 ° - 8.69x10~4 10,56 | - '
E 700 ' s5.12x1074 9.84 : %
, . 700 1.69x1074 8.25 ;
: 700 © 8.81x1072 7.44 )
. . 700 ., +5,14x107° 6,96 . :
i 750 5.17x10"2 16.78 :
% g - 750 1.71x1072 13.66 ’
: : 750 8.66x10"3 ’ 12.06 !
g, 750 5.27x10"3 11.15 . A
750 1.69x10~3 _ 3.78 - i
: 750 8.54x10-4 8.10 . %
750 5.08x10” © 7,82 : i
; 750 1.72x10"4 , 6.53 i
A \ 750 8.50x10"° . . 6.00 ]
B ) 750 5.19x10%° 5.88 g
§ . ‘ I ) i
: o800, 5.15x10"2 13.31 i
: 800 .- 1.71x1072 .10.53 3
: \ 800 8.50x1073 © 9,10 .o 4
{ 800 5.18x10%3 8.38 . !
v .. 800 1L73x107% - T 6,99 ) - g

e -
3




e .4‘!1&.1-%4%%?3?; T R e 4

2o }Pﬁ&gg

A

ot GG e,

[l

x

APPENDIX IV
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" ’ ; Temperature “C
b ~ s | - :
i t/u, 10 S00 550 575 600 © 650 700 750 800
- 7.0 - - - - - -9.167 -7.667 -6.067
- 8.5 - - - - -9,633 -7,950 -6.367 -4.950
]
10.0 - - - - -8.567 -6,956 -5.500 -4.200
, 11:5 - - - -9.367 -7.600 -6.100--4,700 -3,533
13.0 - - -9.400 -8.467 -6.800 -5,333 -4,000 -
. H
14.5 - -9.533 -8.533 -7.575 -6,000 -4.600 -3.433 - ) -
16.0° - -8.775 27.733 -6.800 -5.250 -3.967 - -
17.5 -9.600 -7,933 -7.000 -6.000 -4.600 -3.400 - -
. ‘ .
: 19.0 -8.733 -7,150 6,250 -5.267 -3.967 - ' - -
, 20.5 -7.916 -6.400 -5.550 -4.600 =3.367 - .- -
y 22,0 -7.200 -5.667 -4,900 -4,000 - - - -
¢ 23.5° | -6.600 -5,000 -4,383 -3.500 - - - . -
i - : 2
H 25.0 » -6,000 -4,500 -3.900 -3,050 - - - -
Ay ‘ ’ . 7 -
' é .26.5 | -5.533 -4,050 -3.500 - - Z- -
A . ’
{ A 28.0 -5.100 -3.700 -3.133 - - - - -
b : *:
; » ! ;e
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"APPENDIX V.,
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Listing of the Analytical Computer Rrogram ACTANL -
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SWATP IV +PAGES=33

AR €r Y

AharRey

17 1S THE Alv OF THIS

\
SEGMENT TO INPUT THE DATA,

| 231

RAW DATA MATRIX r==

TAUOMU( J»1)=MO0ULUS~RFDUCEC YIEl
LNEDOT(Jo1)=LUGARITHM OF THE IM
T(I)=TEMPERATURE , CEGRFES KELV

#++ CROSSPLOT RAW DATA MATRIX

TINVII)E]l (O/TENP READ FROM THE

2% CONSTANTS »s%

BX=DBOLT7MANN'S CONSTANT=84 2143
TFAC=TAYLCR FACTOR
Bys BURGERS VECTOR FOR COPPER

MUsSHEAR VCOULLS .
MUZEROs INTERCEPT OF MU v§ TEMP
MUSLOP:SLCPE CF My VS TEMP

nnnnnnnnnpnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

i

IMPLICIT REAL R(A=H LM, 0~2)
REALAB MUNAME/ZBH HILL /
DIMENSLON T(8).,SIGMAL10,8)
ETINV(A) LET(15:8),A(3+1S).
CA3(4,5), DCOMUCLIS ) PREXP(}
LAALG,4) PB(4).2(15)VSTAR(
TAYFAC=34100

BYR2455 .
BX=R, 214300

MUZERNES¢2097D04
MUSLOP=-1 8429001

L X34

Gy e

ANORRS

ORQINT YHE INPUT CCANSTANTS

aonn

999

.

SIGMA( Js [ }=COMPRESSIVE YIELD STRESS, UN/M+» 2

* ACTANL *

\

TH1S PRCGRAM WAS WRITTEN PY KNI CADIEN. JUNE 15, 1976
PROGRAM TO CALCULATE THZ ACTIVATION

PARAMETERS FDR THE HIGH TEMPLPATURE FLOW OF QeFeHeCo COPPZRe

FROM A THERMODYNAMICAL ANALYSIS

OF COMPRESSIVE YIELD STESSS DATA

)

LD STESS -
POSEDC TRUE STRAIN RPATE
IN .

LR

|

LET(Je1)=LN STRAIN RATE READ FROM THE Xx=-PLQT

X-PLO

T
TOU(I)}=AT CCNSTANT MCOULUS-REDUCED Y [ELD STRESS - r

JZMOLE X '

AT T=0 X

1+ TAYOMUC
5)¢X(10) Y
)+ SXL?7) DS
14D5T(16).

I

1 4
™3

PRINTQQ9 , MUNAME s MUZERO 4 MULSLOP 48X 4 YAYFAC . OY
FORMATL'Y1® ¢/777%0¢ $3X ¢ *SHEAR MNOULUS S AR/ '0 143X, *MUZERDT 4D 1145
] »

v
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Ce® MN/ZWPRQ2E /000, 3K, *MUSLOP=®,012, S¢°*

ANGSTROMS *)

~ "‘l».
MN/K MBw28,/°0°%3X,

LYOOLTZMANN]S CONSTANT®® (Fhea ) ' J/MNLE K3/ "0, Xy *TAYLOR &
CeF8e20/7°%0°%¢2%s "BURGERS VECTOR®! (Fa g2’

AcTors’

-

P

i~ A g T g
e m iy FOTTTEOROE TS

¢
té 27 INPUT RAW DATA MATRIX ~
11 DO 9 1=1.8
12 READ, T¢
13 MUZMUOZERD $MUSLOP#T( 1)
14 00 9 J=1,10
15 READ ¢SIGUAL Js1) ,LNEDOT (Y 1
16 TAUDMU {Js 1)=S TGMA(Js 1)/ (MUXTAYEAC)
17 g CONTINUE .
E 4% INPUT CROSS-PLOT CATA RMATALX enr
18 00 12 I=1.8 O
19 TINV(1)=1.000/T(1)
20 IF(IeGTo1)GO TO 13 . ,
21 READ, T DU
22 13 00 12 J=1,15 \
23 “EAD.LG‘Y( Jol)
24 éz CONTINU
Aﬁ s»% ORIAT OUT THE INPUTTED DATA »44
25 PRINT 14 |
26 14 FORMAT (019, /04 ,S5CXo'RAW DATA NMATRIX' /7% ' 4 SAX,*TEMPERATURE K')
¢ 27 A PRINT 15eT011aTC2)aT{21eT(8) 4T(S)T(6)4T(7)sT(8)
28 15 ronuut(- ' eOReBF14el)
29 00 16 Ja=1,10 ’
30 s?qxnt-x7 +(SIGMALJs 1) I=148) s (LNEOCT(Jo 1101214814 (TAUDMULILT) 121,80
1. 17 rnnuar(-ou.xx.'sxava'.3x.eF14,2//-¢-.lx.-Lueoor-.zx.arxa.3//-+'.1x
¢ "TAUDMU ', 2X 9 1 &4 3)
32 16 conr:nue
33 PRINT 18 .
v 18 FORMAT(31%4/700 450X+ *CROSS=PLOT DATA' ¢ //%0* ¢54X,* TEMPERATURE K7 )
35 PRINT 19,T41)sT12)¢T(3)sTa0,T(5)2T(6)sT(T)eT(B)" .
€ 19 FORMAT(* #43X," TAUDNU® 1 8F1241)
a7, 00 21 Jx1s15, ° »
Y. PRINTZOTOU(U) « (LETC Iy 1)o 121 42 .
39 20 FORMAT( 107 4 2Xe09e3¢F10e347F 124 3)
a0 21 CONT INUE « .o
g -
3 SEGMENT TG CALCULATE THE ACT IVAT ION ENTHALPY,FREE ENERGY, ENTROPY,
g VOLUME o« AND THE PRE~CXPCNENTIAL FACTOR
¢
oy §1 Ju1,1% >
a2 121,68
‘a3 1)I=TINV(I)
aa ™ Y(1)=LET(Je 1) | ’
a5 W(1)=1,000
a6 2 CONT INUE ’
a5 SUMX=0 ¢ 000
“n SUMY=0, 0D 0
40 SUMXY=04000
P
. —
[ N 5
} ’
* -
F y s

S e e s gk b

14
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:
10 SUMX2%0, 000 . ;
81 SUMY23040C0 ‘
82 SUNW=040D0 N
s3 NCNT=0 . * ) . i
4 PO ¢ [=1.8 i
N 88 - . IF(Y(1)eGTe=14000)GO TO & 2
. s6 NCNTaNCNT+1 t
L 87 SUMXaSUMX +w( 1 )ex (1) i
88~ SUMYaSUMY+m(T)* Y () §
9 SUMXY2SUMXY+X (1 )vY(T)sw(l) < »
60 SUMX28SUMX 24X (1)=X(T)-w(T) -
. N3] SUMY22SUMY2+ Y (1) 4Y(L)aw(1) - d
62 SUMWESUNW 4w (1) i
‘63 6 CONTINUE . .
ea D=NCNT . i
6s SUMW= SUMW/ D 3
66 SUMYRSUMY /D - .
67 SUMX=SLUMX/D o
68 «SUMXY=SUNXY/D ; S
69 . SUMX2=SUMX2/D ‘ a4
70 " SUMY 22SUMY 2/0 & I
71 A(3 4J) 2 SUMXY™ SUMW=SUMX™ SUMY )/ (SUMX 2: SUMW =S MX3 SUMX ) i
72 B(1+¢J)2(SUMX2ESUMY=SUMXRSUMXY) /{ SUMX 2v SUMW=S5UMX¥ SUMX) p
73 A(24J)2(SUMXY YSUMW=SUMXRSUNY )/ {SUMY 2 rSUMW=SUN Y SUMY ) {
T4 B(2+J)3( SUMY2~ SUMX=SUMYT SUMXY ) Z{ SUMY2+ SUMW=SUMYYSUVY ) i
75 B(2eJ)2=R(24J1/7A12,J) h
76 Al2+,J)=140007A(2,J)N 4
a7 ETSUMXY R ( SUMYASUSY = SUMXA SUMX) + SUMXE SUNY# {SUMX2=SUMY2 ) '
78 FRSUMWA SUMXR (SUNY 2=5UMX 2 ) #SUMX = ( SUMY &SUM Y4 SUMX? SUMX ) = 24 0D 0. SUMW~SU it
4MYASYMXY . .
9 GESUMW £ SUMXY* SUMWE SUMX» SUMY) ‘ :
ao FUNC=DSQAT (F+.2-64000 €G) . . :
81 Blc (~F4FUNC) /(24 0D O=E ) -
. n2 _5 B2={~F=FUNC)/ (240D0*E)
. 83 Al={ SUMWN=B1XSUMY )/ SUMX x
84 A2m {SUMW=B24SUMY ) /SUMX
a3 Nz
13 YAx({1,000-A1*X(N)) /81
ar YB=(1,000-A2¢X(N)}/B2
a8 IF(DABS(YIN)I=YA)oGT¢LABS(Y(N)-YB))IGC TO 7
89 Al3,J)3A1 3
y 90 0l3.,J)=81 -
91 GO TO » .
S 92 4 Al3.J)=A2
93 B(3,4)2R2 .
94 AL3,3)2=AL3,4)/8(3,0) 1
95 B{3:4)2140C0/1(3,J)
%6 1 * CONTINUE :
97 PRINT 32 .
o8 32 SORMAY('I'.II'O'.IOx.'TAUDNU‘.léxo'DH-K-J-/NOLE"GX~'DG/"U.B'“BIAT
EOM ) : < «
99 DO 20 1=1,1% ' .
100 - DH(I)m=8K" A(3,1) ’
101 DGDMU( 1 1=DH(1)/{MUZEROA10s 056R00)
102 ODHK J=DH( 1)/1,003
103 PRANT 31+ TOUCT) ,0HKJDGDMU(T} .
108 31 FORMAT(®0°, 10XeD 34 1EXsF 64 24 15X oF So 3)
105 30 CONTENUE
106 PRINT 39, T(1)+T(2) ¢TI eTL4I4TISI4TL6).TL7), LAY
107 39 FOAVAT(919,//249,50X, 'PRE-EXP = DG MATRIX ¢4e UNITS OF DG ARE KeJs !
1 N 1
““afy ‘.
&
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At it Lot albAL BV

G;NOLE'./I'O'.!lI.'TﬁhﬁERAYUFE K® o770 4% 43X TAUDMO® 43FL261)

00 38 J=i,1S
00 33 I=,8
IFILEY(Jel)uGTe~1
M= MUZERC+MUSLCP

PREXP(Je1)m(DGLI,
0S(J,1)=~(VUSLCP/
Gh TO 38

34 DG(J, 1)=0,000
9HEIP(J'I’¥OQODO
DStJe 112040

33 CONTINUE

s CONT INUE -

e P e e Pt g u0 g P P It ub oS gui 0 Gt gub B g B

00 85 J=i,18

NNRON DN AR N ™ = e o 02 o 00 0 08 o 0 O
VAN VPWN=OCOBNONIWN~OO®

-

CONTINUE

FRCM THE RAW CATA,

MODIFIED TO ¢ .

OOOOONOCODONDD

K=l
0s0CO
0e 0D O.

1-¥-Y-)
e® e
- X-3od
o000
nNnOO

Uunuuuwuuy

SW(3)=04000
Sw(a)=0,000

[«
PRINT AT, T(1).T
47 FORMAT(*1*y/'0"
CU)) AT CONSTe T

3
a9 NO IN=0Q
D0 40 J=1310
X(J)=TAUDNU( J oK)
Y(JISLNEDOTC J oK)

G gep bl DI Gl b B Gl Puh B gup Du?

PP &5 WS

WN OOBNONPULN~O
%]

o ™~

NDIN:NDIM#\
40 CCONT

0 o g PO g8 Pt 40 B

RAPP PO
“OoOoTMNIUNS

.

/

o AL A - st i, 94 5 2 e AL v T

300
T
OG(JyI)uDH{J) " MU/ VU
n
MU

38 OG(Jol)!DG(J-l)IIQOD3

PRINT 3A,TCU(JI,(NG(Js 1),
36 FORMAT(*0? 42X ¢D9e¢ 3+F10e2,

1

7

PRINT 80 .T{1)oT(2)+T(I)uTH

80 "FORMAT(®1%4//°0° yQ0X+s"ACTI
€/%0° (84X, *TEMPERATURE X*//

1

PRINT B2, TOU(J) «(DS{Jsl) 1=,
FORMAT('O'.2x.09¢3.010-3. D12

GQ TO 3a ‘

b—ﬂh—ﬂ

]
£Q
gK'T(I)))‘LET(JoI)

1
4
/
)*0G(Js 1)

-0

EEXP{Jo 1
/7'¢' yOXBF

-
Ne

:J./MOLE K)¢, '

PROGRAM SEGMENT THAT CALCULATES THE EXFERIMENTAL ACTIVATION VOLUME

THEN THIS DATA IS FITTED TO THE EQUATION:

V ® AZEXP(BATOUHCHTOWR #24D~TOUETI)

LNIV)= A'OB’TDUOC$TDU'ﬂz‘é{TDU’iJ

N

MeTIaITI(S), T(B)TIT7), TS

EXPe ACTs VOLe =(KAT/MU) ((D LNEDOT)I/Z(D TAUDM
UNITS OF VSTAR : 100 BreJ/ATOM?

954X "TEMPERATURE K*//'¢*¢15%X+9F1241)

A

IF{Y(J)eGTe~=1400016G0 TO 40

IN
SKIIDUSI(IDODFLOAT(NDIH)

woowh

- 1
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.
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D gut gun = Gt Gt B0 un e b PuB GuB i DB Pt Pub 00 gup PP B P P Guit BB gt Pud 0oP gun Bu DB Ry $ub Pub BB e Gup PP Db fup D=0 gub
VOO LBDBIBIGNBNNNAAANNNNOOROAROOCORPASNARNAG

N=OOBNOAPUWN~0OQD~

-

T e B g B
VOO0V O0O
OINTUNPW

PRPUWUNSOODINPRPEN=O OB N

[2Y2 Y5 ]

44

61

63
€2

a3

oS
60

51
S0

\

DIFFERENT IATION SEGMENT ( SSP SUSRODUTINE 0DGTI)

CALL DOGT(X,Y,ZiNDIM,IER)
MUSMUZERQ4UUSLOIFT(K) {//
FACeBK~T(K) /MU _ '
XFAC2FAC®9,A9¢CED0 : 1o
D0 8s8 Im] (NDIW
VSTAR(I.K)-Z(I)uthACJIoODO‘l
CONT IN

lF(NDlw-LT.IODGu TQ &1 -
GO TO 62

NDaNDIMe¢1

DD 63 1=ND,1 ¢

VSTAR( LK )204000

CONT INVE

0D 43 Ix1,NDIM
WX=DLOG(VSTAQ(1,K)) "
X(1)=x(1) 10003

SX{2)eSX(2)eXx
SX(3)=Sx ¢
SX{4)=SX
SX(

*ne
PBBLUN

L R ] i
“*
L]

I I 3¢ H o o o
x 3 3

PLalrsyr AP W

)
)
)
}
)
)
)
)
)

. i S o,
Perestete
% % & & > 2 X X
-

[

- -

.L.

LN

Liny -

0
[=]
P4
-
-~
z
[~

n

IF(KeLEa B8)GOD TC 49 -
00 60 J=1,10
PRINT AS(TAUOMU(I 1) s1x2,8) (VSTARP(Js1)4in1,8)

FDRMAT('O'pEXo)TAUDMU'-&X.BD!’.J//'#"Ax.'VSTAR'vGXoBFIZQZP

CINT INVE

00 SO I=]1,4 ,

00 S1 J=1,4 .
N2 Jél~]

AA(] 4J)mSX(N)
IF(JeGTe1)AA(I,J)z=AAlLsJ)

CONT I NUE

a8(1)=Swll)

CONT INVE .

SET UP MATRIX AB FOR SUBROUTINE SOLMTX

DN 90 I=m1,s

DO 91 J=i.4

AB(I o J)=AA(L ) '
CONT INVE \

AB(I ,5)=HE(T)

CONTINUE

N=4 *

SUBROUTINE SOLMTX SOLVES A SET OF LINEAR EQUATIONS

CALL SCLMYX(AE«N,E8)
PRINT 70

FnRMAT('l'o///I'O‘tBOXv'CBEFFXSXENTS10F THE EQUATION FITTID TO THE i
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G VSTAR=VS=TAUDMU DATA®//%¢% ,3SK,"EQN: LN(VSTAR)® A43uT AUOMU+CATAUD J
EMYTA24 Dr T AUCMY? &3¢ , \ /
¢ 77949 28K, 9 ¢en TAUDMURT AUDMUA160D03 ™ o ;
LA ] v
ORINT 71,88(1),80(2),88(3),80(4) 4
‘:ORNAT('-' VAR qD14e7,/7°0%4'8239 qD14e7¢/%0" +'Cu°¢D148474/'0*,°Dn1,0} . b
7) 3
PRINT 200 ‘ b
Fonuk?t'1'.101.-7Auouu'.2sx.~Acr.voL. 100 B¥3/ATOM, ¢) \ i
DO 100 (=il
YoxaTOUL 115 1 2 0003 - §
APRIMExDEXP(BB(1)) \
LNV( 1 )=APR IMEA{DEXP{=FRA(2)” TOX=-BAL3)s TOXIT 2-8B(4)0TI X "3)) ]
PRINT 101+ TOUCL) sLNV(T) L
FORMAT (107 26X, 01243+ 25X,0124%) . . ]
CONTINUE , :

PQOGRAM SEGMEAT TO CALCULATE THE VALUES
OF THE ACTIVATION ENTHALPY ANO ENTROPY hA
WITH RESPECT TC THE SHEAR STRESS.

K=1 . . -
PRINT 4000TUL)oT(2),TCI)oTIA) s T(S) s T(O)sT(T)sT(B)
FORMAT (*1%,//

040, 15Xe '0SgeeDH MATRIXeeoUNITS OF DH ARE K3 Js ZMOLE.
CeUNITS OF 05 ARE Je/MCLE K

s2eW3sRaTe TAU®S//'4%,54K, *TEMPERATURE
ER* /740, X *TAUDMU * 0 BF 1 24 §)
DO 300 J=1,8 . 4
DHT(J) =(DHIK) /1¢003) ~1401C4DOCLNVIK)ISTOULR )* MUSLOPAT (J)
OSTIJ)ISIDHTIJ)=DG(Ky J)I%1,Q02/T(J) ! -
IF(DG(K4d)elTeleOD=3)D5T(J)=0+000 . -
ONT IJNUE

—~
RIN{ 36¢TOU(K) o (DHT( 1) I21e8)e (DST(IDel=1,8)
K=K+
IF(KeLELIS)IGO TO 301 - R
PRINT 777 -
FORMAT(*1*] : 3
STOP ' . 4
END %

€ st eanimns e
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SURROUTINE SOLMTX{ A oN,X) ; )
IMPLICIT REAL*“B{A~-H,0-2)

[
DIMENSION SOL(5 1 eX(a)¢B(445)4sPIVIS)s ANEW(4:5)4A(4,5)

INTEGER~»4 SIGN COL sROWIPERMUT(S) PERON(S)
NNaN+1

WRITE( &,5C6
'RITE(O..99)(1‘( loJ’|J=laNN)I!=1'N'

Ay r¥P i s2INITIALIZATION OF THE VARIABLES :
S1GN=]

00 100 J=1.N ‘ 3
PEROW (J)=zJ N
PEAMUT( J) =g .

UVETA=1,D0

B e23®s 30 ? MANTPULATION OF MATRICES (A¢B)
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TrFIND THE PIVOT . ’
N B | \
oN .
I+d)
)GO TO &6
T(BeKsNsROW:CH yAMAX)
MAX

AMAXaB(N.N)

PIVIK)=AMAX
G0 TO 3
CONTINVE
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CLAnBd R+4 I REARRANGE THE MATRICES

CALL REQRD{A+KsNsRCW,CCL,SIGN) .

IFECOLsEQeKIGC TO 3 »

TEMRxPERMUTICOL) .

PERMUT (COL ) 2PEAMUT (K) N (

PERMUT(K) = TE WP o

IF(FOWJENK)IGO TO 33 N

TEMPuPERQOW(ACH) .

DERoutaow)xpencv(Kl . l

PEROW (K )uTEMP

B |
=1 ,NN

TF{14EOQsK)GO TO 6

IFY JoEQeK)IGC TO &

AN n(x.J)=A(x.J)-A(x.x)tA(x.J)/pIV(ﬁ)

P
(K-J WPIVIK)

Al1.K)/PIV(K) . ! «——j

«0D0/P IVI(K)

AlTed)=A

SOL(I)“(I.N#I'
DO 12 I=1,.N
L=PERMUT(I)
X(Li=zsoL(1)

«¢DISENTANGLE FOWS * .

DO 1 IT1 N

L3PERMUTL 1) 1

D0 1 J=1N

ANEW{L J)=A(14d) N Y .
CONTINUE 7

00 99 [=14N . '

00 99 J=1,N -

A(ToJ)IZANEW(14J)

BO'OI SFNTANGLE COLUMAS

2 Jxl.N ’ ~ <
L=PERGW(J)
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D0 2 I=1.N ’
ANEW{ [+ L)nA(1,J)
CONTINUE

Nﬂle(b.SO?)((ANE'(loJ)oJ'loNlolIloN)

WR1TE(6&,900)0ET
WQ!TE%%-OCI)

0902’(l(L)'L’|")
WRITE(G6,5

FURMAT('-' 'NATQIX AB'.II(SD]7.6),

FORNAT('l'-/IIIITIO-EO('“')o'RESUL7S"20 o))
FORMAT({ '=*, ' IANVERSE OF TKE NATRIX A*'7(4D1

FOSMAY('-'¢100("'))

FDRNAT('-'oTIOc'D‘TFPP!NANTa"Dl7.!l
FORMAT( =%, T8, *SOLUTIONS OF THE SYSTEMY)

«8))

Y

FORMAT(*0® +sT20+°X 8'.0!7.8" *oT20¢ 'Y =2,017e8/° *oT204'Z %',017.8

170 *,T204'W = ,617,8
RETURN
END *

3

SUBROUT INE OIVOT(B oK eNsRCW.CCLeAMAX)
IMPLICIT REAL=B({A=-H,(C=Z)
DIMENSION B(a,%)

INTEGER=4 COL, ROY

ROwW=K

COL =K

AMAX=R(KyK )

Do" l!K.k

09’1 U=

1F(D HS(B(I.J)).LE.AUAX)GO TO0 1
ROwW=

coL=y

AMAXEBC T ¢ )

CONTINUE

RETURN ’

END °

SUBROUT INE R=o=o(A.K.N.rau.an.sch)
IMRLICIT REAL R({A=HeC=2Z)

DIMENSION A(4,5)

INTEGER*& FOW,COL+S IGN

IF(ROWEQe X)GC TO 2

S1GNa=SIGN

NNzN+1

DO 1 J=14AA .

TEMPR A(ROWe J ) . ° .
A(ROWs J)=A(KyJ) .
AlK¢JI=TEMPR

IF(COLLEQeKIGD TO 3
SIGN=-SIGA

D3 & ‘I=1.N
TEMPC=A{1,CCL)
ALT..COL)=A(],.K)

Al TeK)eTENPC

RE TURN Q
END
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