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CREEP OF STRESS-RELIEVED Zry-4 AT 673 K
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Creep data, at 673 K, up to times of about 400 h and stresses between 120 and 242 MPa, in flat specimens of Zry-4
stress-relieved for 1 h at 813 K, are presented. The creep curves, when viewed in a log 6 -log ¢ diagram, show a scaling
behaviour leading to a master curve similar to the one obtained in 64% cold-worked material. The data are interpreted in terms
of a constitutive equation based on a creep model involving jog-drag and cell-formation, and the apparent activation energy
was found to be independent of stress with a value close to the one found in the cold-worked material.

1. Introduction

The fundamental aspects of the creep characteristics
of zirconium and zirconium alloys have been reviewed
in detail by Lucas [1]. More recently, Novak and
Hamersky [2] performed measurements of the stress
sensitivity parameter, m, during creep of Zr+ 4.5%
Sn + 1% Mo in the temperature interval 300 to 750 K.
m was found to be independent of stress, except for the
highest temperature, where m increased with the applied
stress. The activation area decreased with the applied
stress as o~ ' but, at the highest temperature, it was
found that the activation area increased with the ap-
plied stress, which cannot be explained using the usual
dislocation glide models. Dynamic strain aging was
believed to be responsible for the phenomena observed.

MacEwen et al. [3] studied the creep behaviour of
specimens of a-Zr in the temperature range 870 to 975
K. Q decreased on increasing the applied stress and the
stress exponent increased from 3 at low stresses to
about 9 at high stresses. The results were found to be
incompatible with a simple power-law representation of
the steady-state creep rate in which the stress exponent
is constant and Q = U, independent of stress. Keus-
seyan et al. [4] performed load relaxation tests on
Zircaloy-2 and Zircaloy-4 with varied textures and mi-

crostructures, to study the effects of fabrication varia-
bles. A contribution to the relaxation due to dislocation
climb and, possibly, of grain boundary relaxation was
found at 673 K.

Povolo and Marzocca [5,6] have recently reported
creep and stress relaxation data, at 673 K, in 64%
cold-worked Zircaloy-4. It was shown that the log stress
versus log strain rate creep curves, obtained at different
strain levels, were related by scaling, leading to a master
curve similar to the one obtained by stress-relaxation in
bending, in the same material and at the same tempera-
ture. The master curve, obtained by translation on the
individual creep curves, had the typical form for a
constant hardness log stress versus log strain rate curve
at high homologous temperatures [7]. Furthermore, it
was shown that the log stress versus log strain rate creep
curves could be described by Hart’s [7,8] phenomeno-
logical equation

é=é*[—ln(a/a*)]—l/x, 1)
where o is the applied stress, € the plastic strain rate, o*
is the hardness parameter, A is a temperature indepen-
dent parameter and é* is a parameter which depends on
temperature, heat treatment and deformation. It was
also shown that the log o-log ¢ creep curves, in cold-
worked material, could be described by the constitutive
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equation [6]
¢=B(ao)" sinh(aoc), 2)

where n = 3 and B and a are parameters that depend on
strain during transient creep. It must be pointed out
that eq. (2) is based on the Barrett—-Nix model for creep
[9] controlled by the thermally assisted motion of jogged
screw dislocations and that Povolo and Marzocca [10]
have discussed the interrelation between egs. (1) and (2)
in detail.

The general scaling conditions for egs. (1) and (2)
have been given by Povolo and Marzocca [10]. It was
shown that A and »n must be the same for all the
individual creep and stress relaxation curves if eq. (1) or
€q. (2) shows a scaling behaviour in a log o-log ¢ dia-
gram. Furthermore, Povolo and Rubiolo [12,13} have
shown that these constitutive equations are plastic equa-
tions of state, for constant A and n, only in a certain
range of o and ¢ even if a scaling relationship is present.

It is the purpose of this paper to present creep data,
at 673 K, in stress-relieved Zircaloy-4 for various ap-
plied stresses. The results will be interpreted in terms of
a constitutive equation based on a creep model involv-
ing jog-drag and cell-formation. Finally, the results will
be compared with those obtained for cold-worked
material, interpreted within the same theoretical model
and several dislocation parameters will be obtained
from the experimental creep curves.

2. Results

The experimental procedure for the creep tests and
the composition of the alloy used was described in ref.
5. The only change is that the 64% cold-rolled speci-
mens were stress-relieved for 1 h at 813 K, in high
vacuum, prior to the creep experiments. The texture
after this treatment, as determined by the Schulz tech-
nique, is indicated by the (0002) pole figure shown in
fig. 1. Fig. 2 shows the creep strain as a function of
time, for stresses between 120 and 250 MPa. It was not
possible to obtain creep curves for stresses higher than
about 250 MPa since the specimen broke almost in-
stantaneously above this stress level. These results sug-
gest the usual separation between transient or primary
and secondary or steady state creep, since the strain rate
decreases to a constant value at all stresses. When the
data are plotted as log o versus log ¢, however, a smooth
behaviour is found. This is shown in fig. 3, where ¢ has
been obtained by calculating the derivatives of the
curves of fig. 2 at different strains and plotting them as
a function of the corresponding stress. It can be seen
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Fig. 1. (0002) pole figure for the stress-relieved Zircaloy-4.

that the log o—log ¢ curves shift to higher stresses and
strain rates as the strain increases, but the shape is
maintained. As for the cold-worked material, this sug-
gests that the different curves might be related by
scaling [7,8], i.e., it is possible to superimpose by trans-
lation (4 log o, 4 log é¢) any one of the curves onto any
of the others in such a way that the overlapping seg-
ments match within experimental error. This is shown in
fig. 4, where all the curves have been superimposed to
the curve for € =0.5 X 1072 along the translation path
represented by the straight line of slope

p=A4logo/A logé=0.035. 3)
The apparent activation energy,
Q=|-3In¢/d(1/kT), = |- Aln&/A(1/kT),,

was measured by abrupt and small changes in tempera-
ture at various stresses. It was found to be almost
independent of the applied stress, in the range consid-
ered, with an average value

0 = (300 + 10) kJ /mol.

which is similar to the value measured in the cold-worked
material, (288 + 6) kJ/mol.

By abrupt changes of stress, it was possible to mea-
sure the parameter

m=(0Iln¢/dIneo);=(Alné/Alno), 4)
at different stress levels. The values obtained are given

in table 1 where the stress, strain rate and strain,
measured before the small change in stress, are also
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Fig. 2. Creep strain as a function of time at 673 K and various stresses for stress-relieved Zircaloy-4. Specimen cut with the axis along

the rolling direction.

indicated. All the measurements have been performed in
the steady state region of the strain versus time curves.

The possible contribution of grain-boundary sliding
to the deformation has been determined by means of a
grain counting technique proposed by Rachinger [14].

Table 1

The parameter m given by eq. (4) measured at various stresses.
The stress, strain rate and strain, before the small change in
stress, are indicated

m o (MPa) é(s™h ex 1072
6.50 120 1.11107° 0.70
8.68 147 3.3310°° 1.74
11.10 169.4 8.6410°° 2.80

12.66 189 129108 6.56

19.87 208.2 5571078 7.25

21.40 216 5371078 8.26

The average relative grain elongation is

e, = (LaO/Loa)Z/3 -1,

© €=02x10?
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Fig. 4. Master log o versus log é curve, obtained by superposing
the curves of fig. 3 to the curve for ¢ = 0.5X 1072, along the
translation path of slope p = 0.035.
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Fig. 3. Stress versus strain rate curves at different strain levels obtained from the data of fig. 2.

where L, and L are the average dimensions of the grains
in the longitudinal direction, before and after the defor-
mation, respectively; a, and a are the same quantities
but in the transversal direction of the specimen. The
true strain due to grain elongation is

¢, =In(1+e,)=In(Lay/Loa)””

and the total strain measured in the specimen is given
by

€=¢€, t ¢,
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Fig. 5. Relative contribution due to grain elongation to the

creep strain versus the applied stress.

where €, is the contribution due to grain-boundary
sliding to the total deformation. The ratio

Y=e€y/c (%)

gives the relative contribution of grain elongation to the
deformation and

YS:I_Y::(gs/( (6)

gives the relative contribution due to grain-boundary
sliding. Table 2 shows the results obtained, in various
specimens crept at different initial stresses, by optical
metallography. The strains where the test was inter-
rupted are also included. v, given by eq. (5), is shown as
a function of the applied stress in fig. 5. It can be seen
that the contribution due to grain-boundary sliding to
the deformation is small, reaching a maximum value of
the order of 14% at the highest stress.

3. Discussion

The master curve of fig. 4 can be described analyti-
cally by the constitutive equation

ao=(é/é*)l/3+sinh_1[(é/é*)l/3,8], (7
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Table 2

Relative contribution due to grain-boundary sliding to the deformation, obtained by using eq. (6): ag=9.48 pum and L, =722 um

o (MPa) €(X107%) L (um) a (pm) € (x107%) v, (%)

147 193.7 9.7+0.8 72404 211+ 19 -

169.4 3024 99103 72405 307+ 20 -

188.9 697.5 10.6 £ 0.8 73111 686 + 108 2

216 848.6 11.842.0 8.0+0.8 7534133 11

242 1561.5 10.840.9 6.7+0.6 1350 + 152 14

where equation is plotted in fig. 6 as log(ao) versus log(¢/¢*),

B = GABK®; (8) for different values of 8. Smc.:e flgs: 4 and 6 are plotted
on the same scales, by superimposing both figures and

= B(kT)3K°/b°13 (9) translating along the axes (without rotations) [16] it can
easily be seen that the master creep curve of fig. 4 can

= b /kT; 10 .

@ / (10) be matched to one of the curves of fig. 6. The parame-

B= chvb/szT; (1) ters « and &* can be obtained from the coincidence of
some value of log o and log ¢ from the experimental

A =b%/20aD,; (12) & & “pert

where b is the Burgers vector, G is the shear modulus,
D, is the volume self-diffusion coefficient, / is the dis-
tance between neighbouring jogs on dislocations, ¢; is
the thermal jogs concentration, K is the ratio of cell
diameter to dislocation spacing, k is Boltzmann’s con-
stant and T the absolute temperature. Eq. (7) was given
by Gittus [15] and takes into account the effects of
jog-drag and cell-formation upon the rate of creep. This

curve with the corresponding log(ao) and log(é/e*)
values from the theoretical one. The parameter 8 is read
directly.

Eq. (7) was deduced by Gittus under steady-state
conditions but the master curve of fig. 4 also includes
data taken in the transient creep regime. It is shown in
the Appendix that Gittus equation may also be valid
during transient creep. When the master curve of fig.4 is
superimposed to the normalized plot of eq. (7), given in
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Fig. 6. Normalized plot of eq. (7).
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fig. 6, to obtain the parameters a, ¢* and B, it is
implicitly assumed that 8 is constant for all the individ-
ual curves of fig. 3. On taking into account the scaling
conditions for eq. (7) [11,17] it can be shown that p =}
if B8 has the same value for all the individual curves. As
indicated in fig. 4, however, the experimental value for
the slope of the translation path is 0.035, which means
either that the data cannot be described by eq. (7) or
that B is variable. In fact, as shown by Povolo et al.
[17,18] when

sinh~'[ B(e/e*)*] > (e/e%)?

and

sinh(as) = texp(ao)

eq. (7) reduces to

(¢/¢) = (1/88°) exp(3ac). (13)
Eq. (13), which is a limiting form of eq. (7), can lead to

a scaling behaviour with variable 8 in a log o-log ¢
diagram and the scaling conditions are [17]

Aloga= —ploge, (14)
Alogé*=(3p—1)Aioge, (15)
Alog B=(pn—%)Aloge, (16)

which leads to 4 log B =0 for u=3. The parameters of
the individual log o—log & creep curves of fig. 3 cannot
be obtained by superimposing them to the normalized
plot of eq. (7) since they are too short and the parame-
ters cannot be unambiguously determined. This is not
the case for the master curve of fig. 4 where the experi-
mental range is extended.

If eq. (7) reduces to eq. (13), then a plot of the data
of fig. 3 as In ¢ versus o, at different strain levels, gives
straight lines of slope 3a and intercept é* /883, Further-
more, on combining eqs. (14) to (16) it is easy to show
that

e/ =C(a)” ", (17)

where C, is a constant. The data of fig. 3 give straight
lines when plotted as In & versus o. In addition, as
suggested by eq. (17) a plot of log(é*/B3) versus log a
should give a straight line of slope —1/u. This last plot
allows a very accurate determination of the slope of the
translation path. The value p = 0.035 was obtained by
using this procedure.
From egs. (8) to (12) it is easy to show that

B=G»%*a? /20D, (18)

so that once a and ¢* /B> are known, ¢* and 8 can be
calculated by using eq. (18). The problem is that eq. (18)

involves D, and there is some disagreement in the
literature about the self-diffusion coefficient of
zircontum {19], which can give differences of various
orders of magnitude between the self-diffusion coeffi-
cients extrapolated to 673 K. In this situation, the
following procedure was preferred: « is determined, for
the individual curve for € = 0.5 X 1072, from the slope
of the linear plot of In ¢ versus o, as suggested by eq.
(13). Since all the curves were translated onto the curve
for €=0.5%10"2 the master curve is described by
using the same parameters as for this individual curve.
Once a is known, the procedure of superimposing figs. 4
to fig. 6 can only be done by a translation parallel to the
log(é/¢€*) axis, reducing the error in the determination
of €* and B. The method just described gives for the
parameters of the master curve

a=18.84x10"2(MPa)™'; &*=154x10"*s"";
B=187. (19)

Eq. (18) can now be used to calculate D,, with G =26
GPa and b = 3.23 X 107 '° m, leading to

D,=1.03x10" m?s~! at 673 K. (20)

A similar value (1.29 X 1072' m? s~') was obtained
from creep data for cold-worked material [17], by using
the same procedure. This value seems to be confirmed
by recent measurements of the self-diffusion coefficient
using the ion-beam-sputtering techniques [20]. Once D,
is known, the parameters given by eq. (19) can be
compared with the values obtained from the plot In ¢
versus o for the individual curve for € =0.5 x 10~? and
using eq. (18). This procedure gives

a=18.84% 1072 (MPa) ';
B = 220.65,

*=184x10"%s"";

which are quite similar to the values given by eq. (19). It
is clear that the experimental log o-log ¢ creep curves
are described by eq. (13).

The parameters for the rest of the individual curves
of fig. 3 can be obtained by using the corresponding
linear plots of In € versus o, eq. (18) and D, given by eq.
(20). Similar values should be obtained by using the
translation conditions given by egs. (14) to (16). In fact,
once a, ¢* and B are known for one of the individual
curves (for example the values given by eq. (19) for the
curve for € =0.5 X 1072) since the increments 4 log ¢,
needed to translate the individual curves, can be easily
determined. egs. (14) to (16) can be used to obtain
Alog a, Alog ¢* and A log B8 and, consequently, to ob-
tain the parameters for the rest of the individual curves
from those of the reference curve (¢ = 0.5 X 1072). The
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detailed procedure is given elsewhere [17] but it should
be pointed out that complete agreement is obtained
with the values given by the In € versus o plots. The
average experimental curves of fig. 3 can be described
with eq. (7) with a maximum deviation of the order of
2%.

The average distance between neighbouring jogs and
the ratio of cell diameter to dislocation spacing can be
obtained, at each strain level, from «, é* and 8 by using
eqs. (8) to (12) and ¢, given by [21]

¢; = exp( —xGb*/kT), (21)
0.2>x=(1/87).

which on taking G =26 GPa, b=323Xx10""%m, T=
673 K and x = 1 /8 leads to

¢;=235x1072,

K and / are plotted, as a function of strain, in fig. 7. The
values obtained through a similar procedure, for the
creep data in the 64% cold-worked specimens reported
in ref. 17, are also included. It can be seen that both /
and K increases at low strains, saturating for large
deformations.

The K values shown in fig. 7 are of the order of
magnitude of those obtained by observations of the
microstructure in severals metals and alloys [22] and lie
in the range predicted theoretically by Gittus [23], i.e.,
20 > K > 5. Similar values were obtained, in the same
alloy and at the same temperature, from data of stress
relaxation in bending. As shown by fig. 7, larger values
are obtained for the average distance between

//.'/k/—l(‘-
St O Stress-relieved

¢ Cold-worked

0 [ 2 c102) —e 4 5

Fig.7. Average spacing between neighbouring jogs, /, and ratio
of cell diameter to dislocation spacing, K, as a function of the
creep strain.

neighbouring jogs for the stress-relieved specimens as
compared to the cold-worked ones. This might be due
to the fact that the starting dislocation density is lower
after the stress-relieving treatment and, consequently,
the average distance between jogs is higher. Further-
more, / increases slightly with the creep strain for both
types of specimens. A possible explanation for this
behaviour might be the fact that an interaction between
jogs occurs at high strains, leading to annihilation
processes. In fact, it is assumed in Gittus model that /
depends only on the thermal jogs concentration which is
clearly an oversimplification. In any case, as shown by
fig. 7, / changes only by one Burgers vector from low to
high strains and this variation should be considered
with caution.

K also increases with increasing creep strain in both
types of specimens. This should be expected since
according to Holt [24]

D=Kp /2, (22)

where p, is the total dislocation density and D is the cell
diameter. In addition

PL=P Py,

where p,, is the dislocation density in the cell boundary
and p the density of within-cell dislocations. p increases
in the primary creep region, immediately after the appli-
cation of the load, and then decreases to a saturation
value in the steady-state regime; p,, increases rapidly
from the primary to the steady-state region, toward a
saturation value. Since p, varies more than p the total
dislocation density increases on going from the primary
to the steady-state regime. Evidence for this behaviour
can be found in ref. 22 and refs. 25 to 29. Then, from
eq. (22)

K=Dp:/2

and since D decreases only slightly and p, increases
more on going from the primary to the steady-state
creep, K should increase with creep strain toward a
saturation value. This is the behaviour shown in fig. 7.
On differentiating eq. (7) it is easy to show that the

parameter m, defined by eq. (4), is given by
-1

m=3ac(e/e*)"? {1+ B/[1 +B2(e/e0)] )
(23)

This equation shows that m depends on the applied
stress, on the strain rate and on the parameters a, &*
and B or, which is equivalent, on K and /. Since a, ¢*
and B are known as a function of strain, eq. (23) can be
used to calculate the predicted m values which can be
compared with the measured ones, given in table I.
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Table 3

Comparison between the measured values for the parameter m, m,,,, and the values predicted by eq. (23). m,,

o ¢ ex107? ax107? ex1074 B Moyo M
(MPa) (s™ ") (MPa™ ") (s

120 8.33x10°"° 0.70 19.45 2.23 228.4 6.8 7.1
147 3.33x10°° 1.74 20.59 4.29 623.7 8.7 8.9
169.4 806x10°° 2.80 21.05 5.32 807.2 10.3 10.4
188.9 1.31x10°% 6.56 21.12 5.60 855.4 11.0 11.6

Such a comparison is made in table 3, where the strain
rate, the stress and the strain level, before the small
change in stress, and the parameters «, é¢* and B are
indicated. m,, are the values predicted by eq. (23) and
m.,, those obtained by making a small change in the
applied stress (Ao = 0.10) and using eq. (4). The agree-
ment between the measured values and those predicted
by the theoretical model is very good, confirming fur-
ther that eq. (7) describes the creep behaviour of this
alloy, at 673 K. In addition. preliminary observations of
the microstructure by electron microscopy and studies
of the evolution of the texture during creep confirm this
conclusion [30].

Some comments should be made about the measured
apparent activation energy, since this parameter has a
physical significance only within a specific model. In
fact. taking into account the definition of Q, on dif-
ferentiating eq. (7) and rearranging terms, leads to

Q=U,+ U4 (6X+3Y)/(1 + X)]

+kT[2-3Y/(1 + X)], (24)
where
x=pg[1+p2(esen)*] 7
Y= ao/(é/é*)l/J.
It was assumed in eqs. (8) to (12) that / ~ exp(U;/kT),
¢;=exp(—U,/kT) and D, = D, exp(— U;/kT). where
Uy is the energy (strictly the enthalpy) for self-diffusion
and U, is the energy to form a jog. Eq. (24) shows that
Q = U, only if the last two terms are small. According
to Gittus [15], however, Q lies between U, + U; and
Us — 2U; and since U, is much smaller than Uy, he
concluded that the measured apparent activation energy
for creep coincides with the energy for self-diffusion.
On taking typical values for a, ¢*, B, ¢ and ¢ (for
example, the values given in table 3), however, it can be
easily shown that eq. (24) reduces to

Q=U,+ U(—=10to —=20) + kT(—10). (25)
Since kT(673 K)=15.6 kJ/mol and U= Gb’/8m =21

kJ/mol [see eq. (21)], it can be seen that the contribu-
tion due to the two last terms on the right hand side of
eq. (25) cannot be ignored. This problem will be dis-
cussed in detail elsewhere [31], but it is clear that it
cannot be simply stated, in this case, that Q = U; and,
in fact, recent measurements of the self-diffusion coeffi-
cient by means of ion-beam-sputtering techniques, ex-
trapolated to 673 K, give U; = 120 kJ/mol [20]. This
value differs substantially from the measured value for
the apparent activation energy for creep (of the order of
300 kJ /mol).

Finally, it is clear that the meaning of the different
parameters measured during creep experiments depends
on the particular model considered. In fact, the steady-
state regime, as defined in a strain versus time diagram,
is mainly considered in the literature. When the data are
viewed in a log o-log é diagram, however, no separation
is needed between the transient and steady-state regime.
The steady-state regime can only be defined by a con-
stancy of the parameters K and / and not by ¢ = constant.
Furthermore, as pointed out in the introduction, even in
a log o—log ¢ diagram the data can be interpreted by
using different models, as those expressed by egs. (1)
and (2). The model presented in this paper was pre-
ferred since a complete description of the creep and
stress relaxation behaviour of Zircaloy-4, at 673 K, is
possible and microstructural observations confirm the
predictions of the model.

3. Conclusions

The creep characteristics of cold-worked and stress-
relieved Zircaloy-4, at 673 K, are described by a model
of diffusion controlled creep involving jog-drag and cell
formation. The average distance between neighbouring
jogs on dislocations and the ratio of cell diameter to
dislocation spacing was obtained as a function of creep
strain. The self-diffusion coefficient, calculated from the
parameters obtained from the creep curves, was similar
to the value measured by recent experiments utilizing
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ion-beam-sputtering techniques. Finally, by a grain-
counting technique, it was shown that grain boundary
sliding gives only a small contribution to the creep
strain, for the stresses and strain rate considered.
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Appendix

According to Gittus [15], during creep and at the
equilibrium condition
v=(K/ry) = (r3/2b)¢, (A1)

where y = dr,/dr; ry is the separation of dislocations in
the cell wall and

K, =DGb’/2kT. (A2)
Eq. (Al) can be rewritten as

ro+ (v/K\)Ryr, — R{=0, (A3)
with

R} =2bK, /¢. (A4)

The solution of the cubic eq. (A3) is
ro=(bK,/e)"*{[1+ (1 +x)2]"”

+[1-a+x)'2]"7), (AS)
where
x=8vyb/27K%. (A6)
Furthermore, on taking into account that
2 3
12 X_ X, X _ -
(1+x) —1+2 RT3 l<x<l,

and since x < 1 only the first term of the series expan-
sion can be considered and eq. (AS) is reduced to

ro=Ro[(14)"" =], (A7)
with
y=x/4. (A8)

In addition, since

2

(+y) 7 =1+Z-2 4+ .

379 —l<y<l,

on taking only the first term of the series expansion eq.
(A7) can be expressed as

rb=R0(l+§—y'/3), (A9)

which, on considering eqs. (A6) and (A8) can be written
as

rb=R0{|+R03LKI[_%(RO/3K,)2— 1]} (A10)
Furthermore, if
%(R07/3K1)2<< 1, (A1)
eq. (A10) reduces to

Y
ro =R (I—R ——) (A12)
b 0 03K,

On substituting eq. (A12) into eq. (A3) it is easy to show
that the condition expressed by eq. (All) leads to

R4 (v/3K,)" =0. (A13)
According to Gittus

F=0-(Gb/K,). (A14)
o F_ [adé/sinh(aF)]"?, (A15)

where F is the net stress causing the mobile dislocation
to glide. On taking into account eq. (A12), eq. (A14) can
be written as

2L — b/KRy(1 - £R,). (A16)
with
£=v/3K,. (A17)

Equating eqgs. (A15) and (A16), taking into account eq.
(A4) and solving for F, lead to
2

. l/3_
F=£sinh" AK“GZB(———-(‘/B) £6G

(¢/B)*
which, on making use of eq. (A15) gives
_ By
K*\ (¢/B)”-T
2
R 1/3
B —
+ 1 Ginh~'| 62K 4B« (—‘/—)ITF . (AI8)
* (¢/B)
where
_2b
3 BG*

At steady-state y =dr,/dr =0, é = constant and I'=0
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so that eq. (A18) reduces to eq. (7) of the text.

Finally, it is easy to show that for the range of
stresses and strain rates shown in fig. 3. I' < (¢/B)!/?
and, consequently, eq. (7) also describes the transient
regime in this case.
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