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1. ABSTRACT 

Creep experiments were conducted using high-purity 

polycrystalline copper at 78°K and 300°K. The results 

arc analyzed in terms of an intersection mechanism 

between the moving and forest dislocations. The 

activation volume is found to he inversely proportional 

to the strain, and to increase vith temperature. These 

effects are discussed in terms of the dislocation 

density and the stacking fault width. 
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2. INTRODUCTION 

Most of tho experimental observations concerning worfc 

hardening of dose-packed metals have been explained in terms 

of an equation of the form 

l . Oe-<VkI>ev(T-V/kT (1) 

where e ** the strain rate resolved on 
the primary glide plane, 

x « the applied stress resolved 
on the primary glide plane, 

tg and C are functions of the 
strain (cf. para. 2), 

k m Boltzmann's constant, 

T at the absolute temperature, 

v « the activation volume. 

Recently some experiments (Conrad, 1958; Thornton and 

Hirsch, 1959) have been published which dealt with the 

nature of the quantity v in eqn. (1) • Conrad found from 

single-crystal creep curves of copper at 90°K and 170°K 

that v/kT, contrary to expectations, did not vary with 

temperature. 

Thornton and Hirsch determined the quantity v^ for a 

number of raotals at 80®K and 300°K. The stress range of the 

latter experiments was somewhat higher than that of Conrad's. 

They found vr to be independent of stress and to decrease 
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with Increasing temperature* 

The objective of this investigation was to supplement 

the experimental results obtained above and to attempt a 

correlation with the existing theories. 
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3* THEORETICAL AND EXPERIMENTAL BACKGROUND 

Much work has been done both experimentally and theo¬ 

retically In the field of work hardening of metals. 

Because of certain simplifications due to regularity of the 

lattice, considerable progress In this field has been made 

with olose-packed structures, Seeger (1957) has given a 

rather comprehensive summary of a theory which explains 

most of the experimental results obtained to date. 

The model generally adopted provides that a disloca¬ 

tion movement will be resisted by obstacles which can be 

overcome by thermal activation and that the thermal aotiva- 

tlon can be described by ordinary rate theory. This leads 

to the expression 

i - bAM-»0 a-VW/M (2) 

where b ■> the dislocation strength, 
A m the average area swept out 

by eaoh dislocation, 

N « the number of dislocations 

per unit volume, 
■v>0 » a frequency whose magnitude 

depends on the nature of 
the obstacle and the way In 

which It Is overcome, 
U(T) m an activation energy 

depending on, 
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In any particular case the quantities A, N, \>0, and Ufar) 

oust be determined from known or postulated parameters of 

the metal under the existing conditions. 

In the case of copper Wyatt (1953) found that at 

moderate temperatures (room temperature and below) and 

stresses below about 18 kg/mm an equation of state was 

obeyed. This equation may be written 

F(r, £» Ci T) * 0. (3) 

This means that, at a given strain rate and temperature, 

there is a unique relation between the applied shear stress 

and the resultant shear strain. In case the strain rate 

is zero, a limiting value is reaohed for the strain result¬ 

ing from any given applied stress. Let this stress be 

denoted by rg » 7^(€). Then* consideration of eqn. (3) 

and of the physical problem which it describes leads to the 

conclusion that the strain rate will remain zero under the 

influence of an applied stress, x, ,as long as r is less 

than If x, however, becomes greater than 

strain rate will increase with the quantity 

Eqn. (3) also requires that there be no recovery and, hence, 

no steady-state oreep under these conditions. 

The energy gained, U*, when a dislocation moves under 

the influence of a resolved shear stress, is 
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U* - bdl^ (4) 

where d « the distance through which 
the dislocation travels, 

1Q m the length of the disloca¬ 
tion line under considera¬ 
tion. 

The quantity hdlQ, having the dimensions of a voluno, 

corresponds to the activation volume, v, in eqn. (1). From 

the considerations concerning eqn. (3) the average effec¬ 

tive stress in the slip plane is the quantity ('t’-'O; 

therefore and 

U* «• v(T-^). (5) 

Then the thermal energy required to overcome an obstacle in 

the path of a dislocation as a funotion of the applied stress 

is given by 

U(T) « u0-v(r-^). (6) 

Substitution of eqn. (6) into eqn. (2) gives 

£ - bAtlv0 e-["o-v(r-^)]/M_ (7) 

Eqn. (7), when solved for T, becomes 

T « 'Cg + UQ/v - MLlPMl,„ r(e, €, T) (8) 

Eqn. (7) is in a convenient form for creep tests wherein 

the stress is held constant and the strain observed 



8 

as a function of tine. Eqn. (8) is useful for describing 

the results of tensile tests wherein the strain rate is 

held constant and the stress observed as a function of 

the strain. The examination of work-hardening is thus 

refined to determining values for the parameters UQ, v, 

A, H, and ^ in terns of the appropriate experimental 

variables, 

Conrad (1958) measured the quantity v/kT using copper 

single crystals by plotting In6 versus (T-r) at constant 
u 

p 
stress levels between 100 and 1500 gm/mm and at the two 

constant temperatures 90°K and 170*K. In this temperature 

range the intersection of edge dislocations with the 

forest dislocations was expeoted to be rate controlling 

(Sooger, 1955, 1957), For this reason the quantity v was 

expeoted not to vary with temperature except for a slight 

temperature effeot on the elastic constants, Conrad found, 

however, that v/hT either increased slightly or was 

constant with Increasing temperature. Ho proposed that 

v/fc? be replaced by D 4 f(T), so that eqn, (7) becomes 

6-bAI.v e-<VM)oB(T- V* (9> 

He also suggested that the Feierls stress might be rate 

controlling for this process, 

v/eertman (1958) proposed a model to explain Conrad* o 

results. It utilized Deoger's analysis (1956) of the 
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internal friction peak observed by Dordoni (1954; see also 

Klblett and V'ilko, 1956, 195?). This peak is thought to 

result from the formation of pairs of kinks in dislocation 

Unco. In v/eertman*s theory, dislocation lines move for¬ 

ward at a rate determined by the formation and subsequent 

spreading apart of these pairs of kinks. 



4. EQUIPMENT 

A creep-testing machine was constructed capable of a 

maximum sensitivity of 2 x 10**^ nm/mm strain. The pulling 

head was equipped with the barium-titanato crystal and 

o^sonential stub used by llevill (1957). In this way it was 

possible to vibrato the specimen longitudinally during 

creep. The equipment was supported on an inflated automo¬ 

bile inner tube to isolate it from floor vibrations. 

The pulling head was hung by a steel strap, 
2 

1,5 x 0,0015 in in cross section, which passed over a cam 

surface on the loading beam, fig. 1, The loading bean, in 

turn, was hung by a similar strap from the framework. 

This strap also passed over a cam surface. The purpose of 

the cam arrangement was to decrease the load applied to 

the specimen in an amount proportional to the decrease in 

specimen cross section. Ideally, this would provide a 

constant stress on the specimen. Such an arrangement was 

not necessary for the present low-temperature tests 

because no steady state creep occurred. Each Increment of 

strain was less than 1 peroent of the overall strain (see 

para. 6.1), and the decrease in cross sectional area could 

be ignored. 

From the end of the loading beam, opposite the pulling 
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head, was hung the loading bucket, fig. 2. For tho incre¬ 

ment teste, ADTM C-190 test sand was metered through a glass 

funnel (not shown) into the loading bucket. 

A continuous record of the extension of the specimen 

was obtained by means of a traveling differential trans¬ 

former connected to a Sanborn recorder. 

Hard-drawn copper wire specimens of 99.999 percent 

purity were used.* The cross sectional area was 2,066 + 
o 

0.002 mm . The specimens were cut, annealed in vacuo at 

600°C for 1 hour, straightened and reannealed. The final 

gage length of the specimens was about 1.5 cm. 

The lovj-temperature tests were made with tho specimen 

immersed in liquid nitrogen. The nitrogen was hold in a 

container designed to maintain a constant level of tho 

liquid and thereby prevent spurious readings due to thermal 

expansion of the partially submerged components. A diagram 

of the constant-level device is given in fig. 3. 

• i *Obtained from American Smelting and Refining Co 
South Plainfield, N. J. 
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Figure 2. Overall arrangement of creep-testing machine. 



Figure 3. Liquid nitrogen constant level container. 
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5. EXPERIMENTAL PROCEDURE 

The specimens were loaded in increments, the average 

inoreraont being on the order of 0.3 kg/mm2. It was 

possible to obtain come 00 incremental creep curves fron 

each specimen vithout exceeding the calibrated range of 

the apparatus. Of these, some 12 curves were selected for 

analysis fron each of the 2 extensive runs and 4 from a 

third abbreviated run. For a complete analysis, more of 

the data obtained from these runs will be analyzed. For 

each selected curve the stress and plastic strain were 

calculated as functions of time. 

A typical sequence used in making the runs was as 

follows: 

The traveling differential transformer was moved so that 

the recorder indicated zero extension. A weighed amount of 

sand (about 50 to 100 gras) was metered into the loading 

container at a rate of 2.0 gms/sec. The specimen was then 

allowed to creep for a period of from ten to tvrenty five 

minutes. At a point near the end of eaoh creep curve 

the overall extension was measured by means of a cathetometer. 

When the extension was essentially complete a second incre¬ 

ment was applied of the same size and in the same manner as 

before. This run, however, was allowed to proceed for only 

four to eight minutes, at which time a smaller sub-increment 
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of eand was added (usually about 1/10 the primary Incre¬ 

ment) and the creep allowed to continue to completion as 

before. A third run vao then begun in the same manner 

except that thin time, instead of a measured load of sand, 

a vibratory load was applied of such a magnitude that its 

effect was about the some as the previous sub-increment of 

stress. Generally the vibratory stress was turned off 

before the completion of the curve so that the remainder 

of the original creep curve could be obtained. 
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6. EXPERIMENTAL RESULTS 

6.1 strain Versus Tine Curves 

A characteristic creep curve is illustrated in fig. 4. 

The stress increment in this case was 0.202 kg/mm2 which 

amounted to 1.6 percent of the total stress. The overall 

strain was increased by 0.69 percent. A stress sub~ 
2 

increment of 0.025 kg/mm was added at 140 seconds after 

addition of the primary increment. Zero tine for each 

increment was arbitrarily taken as the end of the loading 

period. 

The strain rate at t «* 0 was that rate which resulted 

from Interaction between the hardening of the specimen and 

the rate at which the load was applied. This may be seen 

by the following argument: 

with a constant loading rate the applied stress is given 

by 

0 . 
r a /rae ♦ T0 « ^0 + do) 

and the internal stress by 

liSB) * TSO (11> 

where 6 is the time with 0 «■ 0. T and T. « t at the 
o' g go 

beginning of the loading period. The strain rate* 6, is 

known to be an increasing function of ('f- T ) and T an 
6 5 
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increasing function of e. Therefore, 

9 . 
fc m f[re - T-( / € d0)J ♦ a constant (12) 

b 0 

means the strain rate will adjust Itself to a constant 

value dependent on the functional relation r~(€) and the 
U 

loading rate T. 

6.2 Logarlthnio Creep and the Quantity vTT 

By plotting the strain versus tine on a logarithmic 

scale and moving zero tine to the left suitably, all creep 

curves could be plotted as straight lines. This was the 

logarlthnio relationship between strain and time already 

known to exist (Wyatt, 1953), It may be expressed by 

K ln(\^ta) or € ** C/ta (13) 

where K and»1 are constants for any particular curve and 

the tine, t&, is the adjusted time used to obtain the 

above relation. 

The quantity vr may now be obtained by means of a 

stress sub-lnorement and a curve of e versus ln(t„) such as 
a 

fig. 5 (Thornton and Hirsoh, 1958) as follows: 

By the use of eqns. (2) and (13) 

C/ta « HAb\>0 e
U^ (14) 
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or 

U(r) « kT ln(-ota/C) (15) 

where i> « HAbtt0 m -Cte). Substituting for U(T) from eqn. (6), 

kT lnCota/C) - UQ - v(T- ^). (16) 

If a small stress chance, AT, Is introduced so that T^9 

UQ end \> remain very nearly the same, then 

kT Aln(\)ta/0) - -VAT (17) 

and It becomes necessary to evaluate the quantity Aln(\)t /C). 
ix 

At a given strain say, the strain rate will be 

given by £^. From eqn, (13) 

*x - °/\ “ °*/(\ * V <18) 

where tQ is a constant and 0* is the slope of a curve of e 

versus ln(ta - tQ) at 6^. Because of the second equality of 

eqn, (18), 

ln(-ota/C) « ln[D(tft - t0)/C*] (19) 

Suppose C* is the slope of the parent curve of fig, 5, 

Then, addition of the sub-increment at time t changes 

the slope to C^, and 

Aln(ota/0) lnf-ot/O*) (20) 
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If, as in fig. 5, tQ is chosen so that the new slope of the 

sub-increment curve is the same as that of the parent curve, 

The quantity AT, which is tho average resolved shear 

stress sub-increment, cannot be determined direotly for a 

polycrystalline specimen. But if the assumption is made 

that the Internal geometry remains approximately constant 

over any given increment, one can say 

where cr and A (Tare the applied longitudinal stress and 

stress sub-inorement respectively. 

Multiplying both sides of eqn. (17) by T/ATand sub¬ 

stituting from eqns.(21) and (22), 

All the parameters of this equation may be obtained from 

the e3q>erimental results. 

Using the above method Thornton and Hirech (1958) 

have measured vr at 80°K and 300°K. The present investiga¬ 

tion has yielded values at 78°K which confirm those reported 

on copper by Thornton and Hirsch. The values obtained from 

T/At. 0/A<r, (22) 

Vt« -kT(r/AT)m[(ta^- t0)/t^ 

- -kT(cr/A<r)in[(tai- tQ)/tJ (23) 
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both Investigations are given In Table 1. 

Table 1. The Quantity VT of Copper 

Reported Temperature ctress at 
which 

Evaluated 

VT 

by (°K) (kg/nm2) (ev) 

Thornton 
and Hirsch 300 6 to 10 5.0 + 0.5 

t) GO 8 to 20 4.2 + 0.4 

Present 
tests 78 5.12 4.78 

it 70 6.03 4.29 
it 78 13.1 4.00 
a 70 23.1 4.03 

6.3 Evaluation of the Quantity v/fcT 

In logarithmic form eqn. (7) reads 

me » m-0 - (u0/hT) ♦ - rg). (24) 

If It is assumed that T , the average resolved internal 
u 

stress, is a function only of the strain, e, as is usually 

done, then 

dTg « (dl^/d€) d€. (25) 

From eqn. (24) 
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» v/k? (26) 

which indioatea that v/kT should bo the elope of a curve 

of ln€ versus -T » -*(d^l/d€) € + a constant. That is, 
B 6 

provided dt^de °ay be considered constant over any given 

increment. 

In the light of the discussion concerning oqn. (3), 

dT_/d£ is Just the slope of a stress-strain curve taken at 
O 

an extremely slow strain rate. Guoh a curve nay be obtained 

by plotting the stress versus the final strain from each 

increment in a creep test. 

Conrad (1958) used the above method to find B (*v/kT) 

at 90°K and 170°K from copper single crystals* 

The treatment should be applicable to polycrystalline 

specimens if the assumption is again made that the crystal 

geometry does not change significantly during any one 

Increment. Under this assumption it may be seen that 

Sln€ « $lnUn) (27) 

where €n « the observed longitudinal strain. 

If the usual assumptions regarding the relation between 

single crystals and polycrystale are made (cf. Cottrell, 

1953, pg. 116), then 
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d VdTs “ d€^d€n “ ® 
(28) 

or 

dTg/de m (l/n^ds^/d^ (29) 

follows. <SL is tho longitudinal average Internal stress of 
u 

a polyoryotal and in Is the average orientation faotor, taken 

to be 3.1. The relation between the average Internal stress, 

Tg, as used by Conrad and the longitudinal values observed 

In this test becomes 

By using eqns. (27) and (30), v/kT may be obtained as tho 

slope of a curve of ln(€ft) versus (d^/d^) (6n/m). 

Fig. 6 Is the stress-strain curve plotted from a por¬ 

tion of tho creep Increments obtained. Koto that the curves 

of Runs I and III should colnolde, but they fall to do so. 

Tho difficulty Is believed to be experimental. In order to 

transmit vibrations It was felt necessary to mount the top 

of the specimen with as light a connection as possible. 

The method chosen was to silver solder the specimen Into an 

axial hole In a stainless steel rod which had a diameter of 

about twice that of the specimen. This method did not yield 

a uniform demarcation at the joint, and It was thus dlffloult 

to determine the gage length. This discrepancy Is one which 

will probably affect the final results to some extent and 

(ar/de)6 - (1/5) (doTg/d^) en. (so) 
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Figure 6. Stress-strain curves obtained from 

creep tests. 
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therefore must be cleared up. For tho present purposes, 

however, It was assuned that the elope of the curves was 

correot and, on this basis, ln€n was evaluated and 

plotted versus -(dc^/d^X€n/3.1). Several of the ourves 

obtained are shown In fig. 7. 

Values obtained for B aro given In Table 2. These 

values are plotted versus tho mean resolved shear strain, € = 

n( en), In fig, 8. Values obtained by Conrad (1958) from 

single crystals are also plotted In this figure. 
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Table 2. The Quantity B ■ v/fcT 

at Various Values of Longitudinal Stress 

Longitudinal 
Stress 

Longitudinal 
strain 

B » v/kT Temperature 

Ocg/nn2) (10~^rsn/nn) (nm2/kg) (®K) 

4,50 3.55 1540 78 
5.11 5.82 1020 78 
6.03 9.58 499 78 
6.46 11.0 592 78 

13.07 53.0 152 78 
15.27 67.5 192 78 
18.31 89.0 127 78 
19.14 95.8 143 78 
20.76 108.5 130 78 
22.77 125.5 105 78 
23.08 130.2 146 78 

5.80 12.0 208 300 
8.75 29.0 124 300 

12.22 62.5 99 300 
16.14 96.2 105 300 
17.39 111.1 74 300 
19.11 136.1 115 300 
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7. DISCUSSION OF RESULTS 

7*1 Temperature and strain Dependence of D 

The values of D obtained from the present toste are In 

agreement with thoee reported by Conrad (1953) using Gingle 

crystals (fig. 0). In fig. 9, D has been plotted versus 

l/€ and it may be seen that the points lie approximately 

along straight lines. Tills Indicates the quantity D may bo 

caressed by 

B - v/k? « C<*/€ + Bnln, (31) 

at least within the range of the points plotted. Bn^n is 

the Intercept at l/€ «* o and C° is the elope, <33/d(l/e). 

The tern b in the aotivation volume, v » bdlQ, is 

proportional to the lattice parameter and may be considered 

constant with temperature and strain. In the mechanism 

discussed by Seoger (1957) the term d is the average 

distance a dislocation must be forced in order to cut 

through another dislocation crossing its path. Thornton 

and Hirsch (1958) have estimated 

d A 2Nb (32) 

where tsb is the stacking-fault width. They have reported 

that !J increases with temperature, but no estimate was given 

of the effect of strain. The term 1Q is the average distance 
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between forest dislocations. 1Q would be expected to de¬ 

crease with increasing strain but, from geometrical consider- 

at ions, should show little or no temperaturo dependence. 

Values of dlQ calculated from Table 2 have been plotted 

versus 1/€ in fig. 10. An analysis of these curves is not 

consistent if d is assumed constant with respect to strain. 

Xn fact, a unique relationship between d and 1Q cannot 

bo obtained from the information presently available. The 

curves do Indicate that d Increases with temperature, and 

by an amount dependent on the strain. An example nay serve 

to illustrate this dependence. 

Values reported by Thornton and Hirech for the quantity 

N are: 

(33) 

(34) 

(35) 

At 300°K, II « 8.5; 

at 80°K, tl m 6.1 + 1.9. 

Assuming U m 8,5 at 300°K and using fig. 10 

1© *• 0.90 3? 10"*,cni at € a. 0.04 

1Q «. 0.53 x 10“5cn at 0.20 

If 1 is assumed independent of temperature, 

d m 24,8 x 10“8cn ) 

Iat I 
> 

( € « 0.04 
( 
( 
( T « ?8°K II » 5.6 
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and 

( € m 
t 

0.20 ) 
| <30 

78®K ) N - 3.4 

From these relations it is seen that U increaoca with 

temperature as reported by Thornton and Ilirsch, It Is also 

seen that the effect of strain on the stacking-fault width 

is more pronounced at lover temperatures than at hi$u 

This latter effect is not understood ct present. 

Generally acoepted values for the dislocation density, 

?o * (V~2* ar® (Cottrell, 1953, pgs. 102 and 153). 

ft -.2 
<?0 m 10 cm for annealed state 

*o & 10*2cnT2 for heavily cold worked state. 

Accordingly, 1Q should lie between 10~^ and 10~4cn, and 

it may be seen from eqn. (34) that this requirement is 

satisfied. 

The quantities vr obtained in the present tests 

(Table 2) agree with those given by Thornton and Hirsoh, 

(1958). Too few values have been calculated thus far for 

any definite conclusions to bo drawn. Correlation between 

7.2 The Quantity vt 



37 

vr and the quantity D involves the relationship determined 

between stress and strain (fig. 6) which is-known to be 

in error. For this reason it is not possible to compare 

the two methods at this time. 

7.3 Influence of Vibrations 

Results obtained from the superimposed vibratory 

stress have not been analyzed sufficiently for a detailed 

presentation. Preliminary calculations, however, Indicate 

no striking differences to exist between the behavior at 

room temperature and that at 78°K. 



8. FUTURE WORK 

A number of details remain to be completed before any 

final conclusions nay be drawn. 

It is planned to complete the analyoie for the 

quantity vTboth at 7Q°K and 300°K, The inconeletenoy 

noted above in the stress-strain curve (fig* 6) will be 

eliminated and a correlation made between v'c and D. 

The analyoie for B at 300°K will bo extended to the 

lower values of strain to establish more definitely the 

slope of the dlQ versus 1/fe curve (fig, 10) at this 

temperature. 
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9. cosiCLUsions 

Creep curves of high purity, polycrystallino copper 

hava been analysed in terns of their relation to the 

activation volume. The analysis, although not yot complete, 

has given cone insight into the nature of v. 

A linear relation between v and l/€ (fig. 10) appears 

to cj&st at both room end liquid nitrogen temperatures. 

Tho evidenoo also indicates that the stacking-fault width 

varies not only with temperature but also with strain. 

This conclusion is not inconsistent with the theory of work 

hardening described by Gecger (1957). In this mechanism 

the hardening of the cryotal is brou^it about by groups of 

dislocations held up by parallel Lonor-Cottrell sessile 

dislocations. Tho reoolvod stress causes a reduction in 

vidth of tho lead dislocations in suoh a pile, and, thus, 

it might bo expected that tho stacking-fault vidth would 

exhibit cone dependence on tho strain. 

The above conclusions must be considered tentative at 

this time due to tho lack of a complete analysis. However, 

tho agreement of tho prooent results with previously pub¬ 

lished values is believed sufficiently close to Justify, 

at least qualitatively, tho statements made. 
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