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ABSTRACT 

The torsional creep behavior of polycrystalline lead was studied 

at temperatures near the melting point, and at low stresses# Secondary 

creep consisted of two clearly divided portions, with the second por¬ 

tion having a higher creep rate than the first# The strain at which 

acceleration took place was essentially independent of stress and tem~ 

perature# The accelerated rate region of constant creep rate extends 

to very high values of strain# The activation energy for this region 

was determined to be 24,000 calories per mole as compared to the value 

of 27,000 for the secondary stage. These facts and additional experi¬ 

mental observations led to the speculation that creep of lead at high 

temperatures occurs by a dislocation climb mechanism and that grain 

boundary migration is responsible for the Increase in the creep rate. 
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INTRODUCTION 

Creep is a thermally activated process* In the absence of thermal 

activation of deformation processes, the strain depends only on stress 

and no time-dependent deformation occurs* Consequently, creep is possible 

only because there e^lst certain obstacles to deformation which can be 

overcome in some vay by the action of stress and thermal fluctuations. 

A typical creep curve of strain as a function of time at constant stress 

and temperature is shown in Fig. 1. There are four main states: (a) 

the initial "instantaneous" strain, partly elastic and partly plastic; 

(b) the "transient" stage during which the creep rate decreases with 

time as a result of the formation of a more resistant substructure; 

(c) the "steady«*state" creep where the rate of recovery equals the rate 

of strain hardening resulting in a constant, minimum creep rate; (d) 

the "tertiary" creep stage which is a period of accelerating rate which 

is believed to be a result of microfracturing that terminates in fail¬ 

ure of the specimen. 

Since creep is a thermally activated process the creep rate should 

obey in a very-general way the equation^ 

RT 
(i) 

where (T= the applies stress 

T ■ the absolute temperature 

s «* an internal parameter that depends on 

the dislocation substructure 

R « the universal gas constant 
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Q _ the energy of activation. 

The temperature dependence of the creep rate is determined by the expo¬ 

nential term of Eqn. 1, since A and Q are insensitive to temperature. 

The time-dependent changes in the creep rate must be due to changes 

that are taking place in the metal substructure since temperature and 

(2) 
stress are held constant during a creep test . 

Among the processes that may contribute to the deformation are: 

1. Crystalline slip (gliding of dislocations) 

2. Grain-boundary shearing or grain-boundary 
migration in polycrystalline materials 

3. Climb of dislocations 

4. Stress directed diffusion of vacancies 
and interstitials 

Depending on the conditions of temperature and stress, either a single 

creep mechanism or several mechanisms may contribute to the observed 

creep rate. Each operative creep process has a characteristic activa¬ 

tion energy. Over ranges of conditions where only one process is opera¬ 

tive a unique activation energy should be obtained. Numerous investi¬ 

gators have found the activation energy of creep to be insensitive to 

the applied stress and the observed creep rate. It does depend, how¬ 

ever, on temperature having different distinct values over specific tem- 

(3) perature ranges where different mechanisms prevail . In most metals 

the activation energies for high-temperature creep approximate the acti¬ 

vation energies for self-diffusion. This fact and the usually observed 

stress dependence of the creep rate suggest the acceptance of the dis¬ 

location-climb theory first developed by Mott^^ and later extended by 

(5) 
Weertman 



-3- 

The different time laws of creep have been reviewed by Cottrell^\ 
The strain rate during transient creep is expressed quite accurately by 

the relation ^ -n 
£=At (2) 

where A is a constant that depends on stress n has the value 0 ~ H—1, 

For a wide range of conditions and materials n = 2/3 which gives, upon 

integration, the "Andrade" law ( 

£ = £ts + C, (3) 

Some amorphous materials, like glass and rubber and various metals at 

low temperatures, obey the "logarithmic" creep law. 

£ =. ©tlnt + C^ (4) 

For steady-state creep the time law is given by 

£ = Rt + C* (5) 
(7) According to Dorn , the steady-state creep rate at high temperatures 

follows quite generally the stress and temperature law 

_2_ e = s 4>t<r) e RT <6> 
where S depends on the barrier pattern of the substructure and 

(0~) at low stresses 

$ «r)~ eB<r 
at high stresses 

Since creep in the transient state is accompanied by strain harden¬ 

ing, it is to be expected that if the temperature is sufficiently high, 

recrystallization may occur during this or a later stage. This phenome¬ 

non is most commonly observed in lead where it can occur at room tempera¬ 

ture. Recrystallization during creep is observed usually just before 

or during the tertiary stage, but in lead it occurs in the secondary 

stage. After recrystallization is complete the creep rate returns to 
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the minimum value which Is the steady-state creep rate for the test con¬ 

ditions In question* The recrystallization of lead, during creep has been 

studied by Andrade^^, Gifkins '9*10)^ Greenwood and Worner^"^. 

Andrade found that the strain necessary to initiate recrystallization 

is Independent of temperature, at least in the range from 0-100°C, and 

depends only upon the stress according to the experimental relation 

1*6 
S = 4‘6<TA (7) 

where S = the percentage extension at which recrystalllzation commences, 

(T is the stress in kg/mm (stress range 0.95**1»4 kg/mm ), and 4.6 has 

the dimensions of reciprocal stress. As the test temperature was in¬ 

creased for a given stress, S was found to be the same but, as expected, 

the time to reach that value became shorter. A similar relation was 

(Q\ 
established by Andrade' ' for lead under simple shear. The shear strain 

at which the recrystallization effect begins is given by 

jfr - 1.21 x IO"
6
Gr1*7 (8) 

2 ••6 2 
where GT is in kg/cm and 1.21 x 10* has the dimensions of cni /kg. 

Gifkins^,‘^ found in the stress range from 200-1500 psi (tensile 

stress) the index for the power law to be 1.0. Below 500 lb/in^ the 

agreement with Andrade's results was even less satisfactory, the index 

being 0.25* However, Gifkins' specimens were subjected to constant 

load and not constant stress, the latter being the case in Andrade's 

experiments. The grain size after recrystallization was found to be¬ 

come smaller with increased stress. Gifkins has also studied the effect 

of time and temperature of anneal (and hence that of original grain 

size) on R, the strain at which recrystallization begins. The creep 
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strain R Increases vith time of anneal, temperature, and the grain size. 

Greenwood and Womer^^ noted that changing the stress from 350 

psi to 500 psi did not affect the strain R, although the time was much 

longer at lower stresses. They found that when the grain size became 

larger than 2-5 mm. (in the case of commercially pure lead) recrystalli¬ 

zation did not take place. 

The present investigation was undertaken to examine the torsional 

creep behavior of polycrystalline lead in the temperature range from 

160 to 325°C. The melting point of lead is 327.1+°C. To the best of 

the author*s knowledge the creep behavior of lead at temperatures approach¬ 

ing that of the melting point has not been tested# Most of the previous 

investigators have carried out their experiments at room temperature# 

The tests of this investigation covered the low stress range from 47 to 

172 psi# This range could not be extended to include higher stresses 

because at these high temperatures the creep rates were too fast to be 

measured by the apparatus employed in this study. 
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AFPARATUS AMD EXPERIMENTAL PROCEDURE 

The specimens vere prepared hy casting high-purity lead (99•999$) 

into a steel mold. They were then machined to the dimensions shown in 

Fig. 2. The final cuts were about 0.05 mm deep so as to leave a very 

thin worked layer. The specimens were annealed in air at 310°C for one 

and a half hour, followed hy air cooling. This treatment resulted in 

a grain size varying from 30 to 100 grains per sq. cm. (see photograph, 

Fig. 10) 

The specimens were deformed in torsion. This eliminated variation 

in cross section during deformation over a large range of strain (0 to 90$). 

The resistance furnace used is shown in Fig. 2. The surrounding oil 

hath, which was heated independently hy means of an immersion coil, made 

it possible to Isolate the test chamber from external temperature varia¬ 

tions and to maintain the test temperature to within 0.3°C of the reported 

value. The temperature was measured with a calibrated copper-constantan 

thermocouple and a Leeds and Northrup potentiometer. The mavirmiwi tem¬ 

perature variation along the cylindrical portion of the specimen was 

less than 0.4°C. 

In carrying out the experiments the specimens were carefully placed 

into the furnace, so as to avoid accidental bending and subsequent re- 

crystalllzatlon. They were then allowed to reach the desired tempera¬ 

ture. The load was gradually applied in about 2 sec. The angular de¬ 

formation produced by the torque was converted into linear motion by a 

micrometer screw which moved the core of a differential transformer. 
i 

This produced a voltage signal in the secondary winding which was fed 
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to a Sanborn recorder. The angle of twist was recorded as a function 

of time* From the recorder chart the shear strain at the specimen sur¬ 

face could he determined to the nearest 0.001 at sensitivity. 

The shear stresses were determined by the method used by Zama, 

(l2) 
Lang, and Brotzen • The equation is based on the assumption that 

the deformation is pure torsion. For higher strains the surface of the 

specimens was examined for any ripples the presence of which would in¬ 

dicate that planes normal to the specimeh axis had not remained plane. 

For strains below about 90f> no surface irregularities were observed. 

Although lead oxidizes rapidly in air, no special precautions were 

taken to prevent scaling. Surface effects were not expected to be im¬ 

portant in view of the comparatively large diameter of the specimens, 

the large strains to which the specimens were subjected, and the rela¬ 

tively short time of exposure. 
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RESULTS 

Figs. 3 and 4 are examples of creep curves obtained in this inves¬ 

tigation* To demonstrate the effect of temperature on the creep rate 

the shear strain has been plotted as a function of time for various 

test temperatures at constant stress, Fig. 3. The curves in Fig. 4 are 

for four different stresses at essentially the same temperature. It is 

seen that shortly after the transient stage, there is a period of acceler¬ 

ating creep which becomes linear with time. It should be noted that 
1 

this is not a tertiary-creep phenomenon but a second phase of secondary 

creep, since tertiary creep is defined as the stage during which the 

creep rate is accelerating and which ends in failure of the specimen. 

The small arrows mark the strain at which this peculiar acceleration 

starts. Transient creep is followed by a usual steady-state stage which 

is of very short duration and becomes shorter as the temperature the 

stress increase. The change in the creep rate appears to occur at strains 

between 8 to 17$ depending on the conditions of stress and temperature. 

This behavior has been previously observed by Andrade^) his creep 

experiments with lead at room temperature and at high stresses. 

The logarithm of the secondary creep rate was plotted as a function 

of the reciprocal of the absolute temperature, Fig. 5. The data demon¬ 

strate the validity of _ 

i =S<}3(<r)eRT (6) 
From this equation 

Q=-R 
'dins 
”d(Vr) 

(9) 
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Q was found to "be 27*0 + 2.0 kcal/mol. Tills Is In good agreement with 

the values that have "been reported hy several investigators# For in¬ 

stance, Wiseman, Sherby, and Dom^1^ found Q ** 26.0 kcal/mol. Feltham^1^ 

obtained the value of 26*4 kcal/mol in the temperature range of 25 to 

110 0 • Within the limits of experimental error^ the activation energy 

vas found to "be independent of temperature9 stress> and strain in agree- 

ment with previous observations on the creep of metals^. 

A logarithmic plot of the secondary creep rates as a function of 

stress is shown in Fig. 6. The data for this diagram have been derived 

from Fig. 5, since it was not practical to run a series of constant 

torque tests at exactly the same temperature. It was assumed, follow- 

(2) ing Dorn , that the effects of stress and substructure can be separated 

so that Eqn. 1 can be written as 

QfoTs) 
£ = T(s,T) 4>c<n e RT do) 

where ^ (s,T) means some function of s and T previously defined (page l). 

For stresses greater than 68 psi the lines in Fig. 6 are straight. This 

demonstrates the validity of the established stress relation at low 
(7) stresses'17 

where E(T) means some function of temperature. It is seen that the 

value of n varied from 4.64 to 5*36. Weertman^ has calculated values 

for the exponent n for different metals from the data of a number of 

investigators. In the case of lead, n = 2 to 4 from the data of Moore, 

Betty, and Dollliis^1^ (for T = 1»3°C, 51 pal 4 0" 6 145 pel); n - 5.5 

£ = E(D <rn 
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from the data "by Smith^1^ (30°C ^ T ^ 100°C, 102 4 CT 4 290 psi); 

n « 4.3 from the data by Andrade^1®) (T « 100°C, 435 ^ (T ^ 1,300 pal). 

The mean value found in this investigation, 4.98, is in fairly good 

agreement with the values listed above and with that predicted by the 

(5) 
dislocation-climb theory# Weertman,sv^^ theory predicts an exponent 

between 3 and 4, provided that <<1 . For CT= 50 psi and T = 300°C 

no- P 
—— = 0.18 where n was taken to be 100. But for <7*= 150 psi the 

value of the fraction is 0.54* The approximation involved is not as 

good in the case of the higher stresses of the present investigation 

but the data were analyzed only for the first case. 

The accelerated portion of the steady-state creep is analyzed in 

Figs. 7 and 8. The value for the activation energy obtained from Fig. 7 

is 24.0 + 0.5 kcal/mol. From Fig, 8 n was found to be about 6.40. The 

broken-line curves shown in Fig. ^ are plots of In A6 vs. l/T for three 

• • • | ^ 

different stresses, where A 6 = £2“8t and 8, and 8Z are the secondary 

and accelerated creep rates, respectively. The activation energy ob¬ 

tained was the same with that of ln82 vs, l/T, < 

Fig. 9 is a plot of the creep rate 0 , on logarithmic scale, vs. 

torque 'C . The slope of these straight lines, _ A 

was found to have the mean value of 0.35 lb-in, and vised to convert a 

given torque to the corresponding shear stress. The equation is 

- * 

(12) 

(12) 

where (J^ is the shear stress on the surface of the specimen (r = b).' 
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DISCUSSION 

The observations of the first region of steady-state creep, 0j(t), 

indicate that a climbing process governs the mechanism. This is to be 

expected in lead since the activation energy of self-diffusion, Q^, is 

probably greater than the activation energy of Jog formation, Q^, owing 

to the high stacking fault energy of lead^,2°). Weertman's climb 

model would therefore apply in this case since it presupposes that 

vacancies are maintained in equilibrium number near dislocations* More¬ 

over, the formula predicted by Weertman^^ for — 

£ = C<r<*e~RT (13a) 

0-b3 

kT «1, i.e. 

is followed with 5 and Q = 27*0 + 2*0 kcal/mol. This value for the 

i 

activation energy is very close to the energy for self-diffusion in lead* 

Nowick^2^ has found the value of 27.0 kcal/mol and Okkerse^22^ the 

value of 25*7 for The best value from the literature, considering 

most experimental investigations is = 28.0 kcal/mol^. 

An explanation of the second region, i*e., the region in which the 

accelerated creep rate is constant with time up to very high values of 

strain, must take into account the following experimental observations: 

(a) £j. is constant with time; 

(b) the data, suggest constancy of or possibly a slight increase 

in with both stress and temperature; 

9 

(c) the creep rate £- follows the equation 

' _ Q* 

e, = c*<r *e RT <«»> 

where 6.4 and Q2= 24.0 + 0*5 kcal/mol 
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The activation energy for grain-boundary migration in lead during 

(23) 
creep prior to recrystallization has been found by Gifkins to be 

24.0 + 4*0 kcal/mol. This coincides closely with the value of 24*0 + 0*5 

kcal/mol observed here. Grain-boundary migration might explain the 

region £2(t) of the creep curve since it has been found that the volume 

(24) 
swept by the migrating boundary becomes strain-free' . Hence, when 

a boundary starts migrating there is an upset in the balance of the 

strain-hardening and recovery rates, which normally maintains the con¬ 

stancy of the creep rate during the secondary stage. The rate of re¬ 

covery is ^.increased and this increases the creep rate. 

One attempt to explain some of the results is as follows: Let f 

be the fraction of material that has completely recovered its original 

properties in time t^. t^is measured from the beginning of the observed 

acceleration. The increase in the creep rate, AS j is related to the 

velocity V of a grain boundary by the expression which is derived in 

the Appendix, II 

A^I = £T^ -<1*0 

where ~ ~—V 
dt 2r o 

£T = the strain at the end of transient creep 

r “ the mean radius of a grain 
o 

In deriving Eqn.(l4)it was assumed that the total increase AS 

in the creep rate is due to transient creep of the fraction of material 

that has become strain-free. But there is strain associated with grain¬ 

boundary migration as such (see Appendix, i) so that the total increase 
• • • 

is the sum AS^ + AS^ where A6 ^ is due to migration itself. For 
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greater mathematical simplicity, it was assumed that £T(t) takes place 

instantaneously and is constant with time. No doubt, the physical sig¬ 

nificance of this assumption is open to question. Yet an approximate 

result can be obtained this way. Transient creep of lead has been 

(Q\ 
studied quite extensively by Andrade' ' who found the shear strain to 

l/3 
follow very accurately a pure t ' law: 

eTCU=Bt* + A (15) 
B corresponds to the well-known ft of tensile creep and is a function 

of stress and temperature. The stress dependence of ft has been estab- 
(Q\ 

lished empirically by Andrade'0' but the precise form of the B " 0“ 

relationship is not known. The |5-CT curve at a certain temperature 

approximates the curve of 

f * X2 

y = xze dx (l6) 
JQ 

where y is analogous to and x to the stress. The temperature depen¬ 

dence of B and is not known. Both of these constants (in time), 

•however, increase with temperature. It was not the purpose of this in- 
* 

vestigation to study the transient creep flow of lead. This would be 

a difficult task due to the very short duration of this stage at high 

temperatures. Such an analysis would be necessary for better inter- 
• 

pretation of the results of the present work. The dependence of A 6 

on temperature and stress is known from the data of this study. If the 

relationship B (CT, T) were known for the conditions of stress and 

temperature used here, the validity of the assumption that A& is pri¬ 

marily due to transient creep of recovered material could be checked. 



From the transient-creep "behavior of lead observed in this investigation, 

it is clear that increases with temperature and stress. It is not 

possible, however, to establish a functional relation £T foT). 
The following is a model for grain-boundary migration during creep. 

Dislocations, after climbing over sessile dislocations, glide in their 

slip plane under the influence of the external stress until their 

motion is halted by a grain boundary. This results in a pile-up of n^ 

dislocations. The boundary starts to migrate when the difference in 

pressure or tension at a boundary reaches a critical value. The pres¬ 

sure is a function of the density of slip planes, the number n^ per 

slip plane and the external stress. The number n^ of the piled-up group 

can be found using dislocation climb theory. The rate of climb over a 
(5) 

sessile dislocation is, according to WeertmanN/ 

rate of climb » — P|j^P~ ^ (cm/sec) 

for nscrb 
kT 1. In the above equation, the symbols are: 

(17) 

ng = number of dislocations piled up at sessile. 

N = equilibrium concentration of vacancies in 
0 a dislocation free crystal per cm . 

D = vacancy diffusion coefficient. 

b = modiolus of Burgers vector. 

CT ** the applied stress. 

k = Boltzmann's constant. 

T = the absolute temperature. 

Letting t^ be the time it takes for n^ dislocations to pile up, then 

NoDnsCTb5 (18) 
hb=tb' h KT 
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where t, is measured from the end of transient D 
_ gb-e< creep. But 

H. 
where £ Is the strain at the end of transient creep. From Weertman's & 
analysis 

e^O-iLbMjf- NoPtrn.b 
hKT 

5 1 
(19) 

where L = the distance the edge portion of a dislocation 
loop moves after breakaway from the barrier. 

L' = movement of the screw portion. 

LL* = area swept out by a dislocation after successful 
climb. 

M = the density of F-R sources per unit volume, 

h = height of climb = where T — —. nscrb u ZTr(i-tf) 
Therefore 

nb= 

or 

  £b ~~ £a  
(LllbM)j'NoDiWb5 

hKT 

HoDriscrb 
hKT 

K\i_ — ~ £q b LllbM 

(20) 

(21) 

From the data, £. - £ * 0.06. L and L’ are approximately equal to 

the grain diameter « 0.13 cm. From Roberts ,(25) work on copper a reason- 
6 3 able value for M is 10 sources per cm • With these values, n^ = 110. 

From n — JLJLLQI— f the length/- of the pile-up can be found. Solving 
0 ^ k 22 

for and substituting the values = 110, G = 0.35 x 10 dynes per 
2 7 2 -8 cm , QT t» i.i8 x 10' dynes per cm , b = 3*5 x 10 cm one gets 

■* 5*7 x 10“2 3 cm. This analysis considered only one pile-up of 

dislocations that climbed over a single sessile-dislocation obstacle. 

Another approach to this problem was proposed by McLean (24) and 
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(23) 
Gifkins' J . It A.F is the free energy available for migration then 

the rate of migration of a grain boundary is, according to McLean 

Q 
U=^kAJF_ g RT (22) 

vhere \J = rate of migration. 

■)£ = the atomic frequency of vibration = 10^ sec”^, 

•8 
b = atomic diameter (= 3.5 x 10“° cm for lead). 

k = Boltzmann's constant = 1.38 x 10-^ erg per °K. 

T = absolute temperature. 

Q = activation energy of migration. 

R *» the universal gas constant «* 2 cal per °K per mol. 

The free energy AF is primarily due to the difference in strain energy 

(23) 
between two neighboring grains. Gifkins' determined the difference 

in dislocation density between two adjoining grains by equating A F 

5 2 
to AGb • The tension on the boundary (force per cm ) is, from Liicke 

(27) 2 5 
and Detert' AGb so that AGb? is the work done when an atom is trans- 

17 
ferred across the boundary. The value of A obtained by Gifkins was 10 ' 

2 
dislocation lines per cm which is unreasonably large. Using the equa- 

f 27) 
tion derived by Ltlcke and Detert' 1' Gifkins made allowance for the drag 

of impurity atoms, in this case oxygen, on the boundaries. .The cal- 

9-2 
cxilated dislocation density was then 5 x 10 cm which is reasonable. 

Gifkins1 experiments were carried out at room temperature so that the 

drag was significant. Yet, the rate of migration selected, 3*5 x lO”1^ 

cm/sec, was arbitrary. For instance, the rate for (T = 700 psi was 

625 x 10”^ and for 0” = 600 it was lk-9 x 10~^ cm/sec. If Gifkins had 

used the first of his results, he would have obtained A = 9 x lO1^ and 
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for the second, A would he 2 x 10^". If the driving force for boundary 

migration is provided by the tension of dislocations ending on the 

boundary then A is simply the number of dislocation lines per cm of 

grain-boundary surface on one side minus the number on the other side. 

But if migration is due to the pressure of dislocations held at the 

(26 ) 
boundaries'^* , A does not have much significance since the density is 

much higher close to the boundary than elsevhere in the grain* 

Both approaches used by Gifklns lead to absurd dislocation densi¬ 

ties particularly in the case of higher stresses. Since the details 

of the dislocation arrangement in a cold-worked crystal are not known 

the precise form of AF is unknown. This is where the difficulties of 

the problem lie. Gifklns has Ignored interaction energy terms of dis¬ 

location assemblies. This approach to the problem therefore does not 

explain the observed stress dependence. The velocity of grain-boundary 

migration from Gifklns’ data is very highly stress dependent. In the 

9 n 
present Investigation £, ^ was found to follow a <T relation with 

n - 6.4. 

In conclusion, none of the approaches discussed can satisfactorily 

explain the observations of the region & g since the transient creep 

behavior of lead, for the conditions of stress and temperature used 

here, is not known. Qualitatively, however, the increase in the creep 

rate is due to grain boundary migration. 
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SUMMARY 

1. Steady-state creep of polycrystalline lead consists of two dis¬ 

tinct portions, with the second portion having a higher creep 

rate than the first. 

2. The strain at which acceleration begins is essentially indepen¬ 

dent of stress and temperature. 

3. The stress and temperature dependence of the secondary creep rate 

is expressed by' the relation 

■fet=c<rote'RT 

where oC = 5 and Q = 27.0 + 2.0 kcal/mol. 

4. The accelerated creep rate £ follows the same functional rela¬ 

tion but with oC = 6.4 and Q « 24.0 + 0.5 kcal/mol. 
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APPENDIX 
i 

I. Strain Rate Due to Grain Boundary Migration as a Function of 
the Velocity of Migration. ‘ 

Consider two adjoining grains I and J with a difference in orien¬ 

tation 0 . If the boundary migrates in the positive x-direction, as 

shown below, y 

X 

then 
Xo- x _ Xo 

X 
or 1 >

 

II (x0-x)tanO 

But c £ Ay 
b ” Xo 

Hence €Xo = (Xo-x^tanO 

or, by differentiation with respect to time, 

which becomes 

dx 
£ - IT 

tan© 
where U5 TT^ is the velocity of boundary migration 

OX 
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Hence '\J=K-G. where K = = 2.f©« The difference in orientation 

was taken between 20 and 30° • rQ is the mean spherical radius of the 

grains* 

V 
Therefore ^ — ~^T~ ((l) 

It should he looted that the analysis applies only to simple 

tilt boundaries. 
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II. Relation Between the Change in Creep Rate ( A£ )T &ad the Grain- 
Boundary .VelocIty. 1 

L 

If G. B. has moved from x = o to x = x, the fraction that has "be¬ 

come strain-free is 

f ' Vo ' io 
or 

d£ _ j_ dx i ,, 
dt “ L dt £/ 

If a region dV has recovered and and subsequently undergone transient 
X 

creep, then the strain due to transient creep, and steady-state creep 

(up to t = t^)would be 

6T(t) +1 eL 

where 8 ^(t) = transient creep strain 

Hence 

But the actual strain observed must include also the continuous strain 

due to in the regions that have not been swept by the boundary. 

These are V - V 
o x 
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Hence 

or 

4W = f eTC€)a[dt + 6, (f $df + ±. t-v^dl: 
tb % VeJtb 

£aW - \ £Ttf)lfdt’t ejjt'^d-i + ^ Cdt' - £t(f dt' 
4i *b \ Jt. 

Differentiating with respect to time 

£*= W^+Eit^+ei-fe! 

But £ ^ - £ ^ = (A£)j.= constant, from observations [it is assumed 

that ( A£ )JJ is small so that A£ = ( A£ )j]» 

From observations ( A 6 is constant in time 

Let us assume for greater simplicity that £ T takes place instantaneously 

and Is constant in time. Then the equation becomes 

df r Si - (Aek. 
dt 1 [e^1] L£t+^] 

or 

“ £t RCt)f =(A£)IRCt) where R(t) = [£T+6L't] 

Solving this differential equation we obtain 

f^RWdt 

f= e5 

-Cet R(.t)dt. 

e (A6)jRCt)dt + C 

f EjRWdt ln(t,+ 
ej 

where t = t - t^ 
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Applying the B*Cf f » 0 at = 0, i.e* at t = t^, and differentiating 

with respect to time one obtains 

(A £)i = £T = 
£
T -£V (2) 

where V_ - 2r 
o 
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fei 

Sz 

A6 

CT 

T 

Q 

R 

k 

n, c* 

n 
s 

% 

*b 

L 

L« 

b 

M 

AF 

V 

SYMBOIS 

time 

shear strain 

torque 

secondary creep rate 

accelerated creep rate 

«• » 

the change - E± 

applied stress 

absolute temperature 

activation energy 

the universal gas constant 

Boltzmann’s constant 

a parameter that depends on the dislocation substructure 

stress exponents 

number of dislocations piled up at a sessile dislocation 

number of dislocations piled up at a grain boundary 

time it takes for n^ dislocations to pile up 

distance the edge portion of a dislocation loop moved 

after breakaway from the barrier 

distance that the screw portion moves 

modulus of the Burgers vector 

density of F-R sources per unit volume 

length of the pile up at a boundary 

free energy available for migration per atom 

grain-boundary velocity 

the frequency of atomic vibration 
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rQ the mean radius of a grain 

h height of climb 

NQ equilibrium concentration of vacancies 

G shear* modulus 
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FIGURE l: TYPICAL CREEP CURVE 

I. "INSTANTANEOUS" STRAIN 

H. TRANSIENT OR PRIMARY CREEP 
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FIGURE 2: TORSIONAL CREEP TESTING 
MACHINE AND SPECIMEN 
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FIGURE 3: CREEP CURVES AT CONSTANT STRESS (131 psl) 
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FIGURE 4: CREEP CURVES FOR DIFFERENT STRESSES 



FIGURE 5: PLOT OF STEADY-STATE CREEP RATE €, FOR DIFFERENT STRESSES AS 
A FUNCTION OF TEMPERATURE 

TEMPERATURE (°C) 
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FIGURE 6: LOGARITHMIC PLOT OF 
STEADY-STATE CREEP RATE €, 

FOR DIFFERENT TEMPERATURES 
AS A FUNCTION OF STRESS 

STRESS (psi) 



FIGURE 7: PLOT OF STRAIN RATE €2 AND OF A€ FOR DIFFERENT STRESSES 
AS A FUNCTION OF TEMPERATURE 

TEMPERATURE (°C) 
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FIGURE 8= LOGARITHMIC PLOT OF 
STRAIN RATE €2 FOR DIFFERENT 
TEMPERATURES AS A FUNCTION 
OF STRESS 

STRESS (psi) 
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FIGURE 9: PLOT OF CREEP RATE B 
FOR DIFFERENT TEMPERATURES AS 
A FUNCTION OF TORQUE 



FIG. 10: PHOTOGRAPH OF AN ANNEALED SPECIMEN SHOWING THE GRAIN SIZE 


