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The expression for the apparent activation energy for creep con:rolled by jog-drag and cell-formation is given in terms of the
parameters of the physical model. It is shown that, in general, this energy does not coincide with that for self-diffusion. The
results are applied to actual experimental data obtained in stress-relieved Zircaloy-4 at 673 K.

1. Introduction

Gittus [1] has deduced a theoretical equation for
steady-state dislocation creep controlled by jog-drag
and cell-formation. In this model, the creep rate, ¢, and
the applied stress, o, are related by

ao = (&/e%)” +sinh [ (e/e%)' 8] (1)
where:

a=b2/kT, (2)
&* = K%, (kT)’D,/G?b. (3)
B = bK*c;/201, (4)
D, = D, exp(—~U,/kT), (5)
¢~ exp(— U, /kT), (6)

b is the Burgers vector, G is the shear modulus, / is the
distance between neighbouring jogs, T is the absolute
temperature, k is Boltzmann’s constant, D, is the volume
self-diffusion coefficient, ¢, is the jog concentration, K is
the ratio of cell-diameter to mean dislocation spacing,
U, is the energy (strictly enthalpy) for self-diffusion, U,
the energy to form a jog and D, the pre-exponential
factor for self-diffusion. By considering two limiting
cases of eq. (1), Gittus concluded that the apparent
activation energy for creep will generally vary between
U; — 2U; and U; + U and the average value will be close
to that for volume self-diffusion.

It is the purpose of this paper to show that when the
temperature dependence of all the parameters included

into eq. (1) is considered, the apparent activation energy
for creep might differ substantially from that for self-
diffusion. Finally, the results will be applied to creep
data obtained in Zircaloy-4.

2. Theory

The apparent activation energy for creep, 0, is de-
fined by

Q=-3dIné¢/3(1/kT)), (7)
and it is obtained experimentally by measuring the
change in the plastic strain rate induced by abrupt and
small changes in temperature, at constant stress. The

logarithmic derivative, at constant stress, of eq. (1) with
respect to 1/kT can be written as

dn(ac) . . 139 In(eser)”’
sty Ty
+g—‘z‘ﬁT—) (8)
where
u= sinh"[(é/é*)lﬁﬂ]
and
z=(&/e%)B. 9

In addition, since
12

duydz=1/[1+ (¢/e%) 2],
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1/3

dz =_%,B(é/é*)l/3 dIn(e/é*) dinpB

o(1/kT) (1 /kT) a(1/kT)
dlno/3(1/kT)=0,
eq. (8) can be written as

+3x% (10)
with
y=ao/(¢/e*)', (1)
and
x=B/(1+2%)"" (12)
According to eq. (2)
a(all/nk;) - a(?}l;‘-lr) FAT=E+ 4T, (13)
where
£=091n1/3(1/kT). (14)

On taking into account eqs. (3) and (5) it can be easily
seen that

d In e* dln K al“"j

= +
a(1/kT) a(1/kT) 3(1/kT)
dinG din/
-U;—2kT -2 - — .
d (1/kTY T~ d(1/kT)
(15)
In general, G changes linearly with temperature, i.e..
G=G,—-q(T—-273K), (16)

where G, and g are constants for a given material and
do not depend on temperature. Then,

d1n G/3(1/kT)=(q/G)kT*=&(T). (17)

where @ is a function of T.
Uj in eq. (6) is the energy to form a jog in thermal
equilibrium and if as suggested by Gittus [1]

Uj=Gb3/87r, (18)
then
dIn ¢ dlnG
j -

3(1/kT) 1T 3(1/kT) 14 (19
where

I'=U/kT (20)
and

I'd=a. 21)

In addition. according to Gittus [2]

K~cJ“" (22)
and
dIn K/a(l/kT)=q>(UJ+akT)4 (23)

On substituting eqs. (14), (17), (19) and (23) into eq.
(15) this leads to

0 lné*
= (6p—- 1)U
VA S

+kTu(6p~1)=2(1 +d)—3¢. (24)

Furthermore, from eq. (4) and taking into account
eqgs. (14). (19) and (23) it is easy to show that

dingp
————=U(6p—1)+akT(6p—1)—¢. 2
51 /AT) U(6p—1)+akT(6p—1)~§ (25)
Finally, substituting egs. (13), (24) and (25) into eq.
(10). taking into account eq. (7) and rearranging terms,
leads to

Q=Uy+cU+di+e, (26)
where

c=(6p— 1)(2;‘;1] ) (27)
(1=3(;-Y). (28)
e=2(1+<p)+a(6q)—1)(31'5+_71)—11}"\_. (29)

Eq. (26) gives the apparent activation energy, which can
be obtained experimentally in terms of the temperature.
the applied stress, the plastic strain rate and the param-
eters of the physical model.

3. Discussion

Gittus [1] has analyzed the apparent activation en-
ergy for creep for two limiting cases of eq. (1). In the
first case he assumed that the second term on the right
hand side of eq. (1) is negligible compared with the first.
ie..

ao = (e/e%)'”. (30)
Then
x=0;, y=1. ¢c=1-6¢: d=0:

e=20~-1)—a(6p—1)
and eq. (26) reduces to
Q=U;+(1-69)U +[20~1-a(6p— 1)]kT. (31)
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According to Gittus, if eq. (30) is valid then @ = Uy + U
but, from eq. (31) this is possible only if ¢ = ® =0 and
the contribution due to the term involving kT is negligi-
ble. In the second limiting case Gittus assumed that the
second term on the right hand side of eq. (1) is domi-
nant and

ao = sinh~'[(¢/¢%)8]. (32)

In this limit it is easy to show that eq. (26) reduces to

Q=Uy+2(69— 1)U +2[(1 + @) +a(6p— 1)]kT.
(33)

According to Gittus, if eq. (32) is valid then 0= U; —
2U, but, from eq. (33) this is valid only if ¢ = ® =0 and
the contribution due to the term involving kT is ne-
glected. From eq. (22) it can be seen that ¢ =0 means
that K is independent of c;, i.e., independent of temper-
ature. In addition, ® =0 means that G is temperature
independent, which is not the case. By using a thermo-
dynamic argument Gittus [2] has shown that ¢ = 0.4, so
that the contribution due to the temperature depen-
dence of K to the measured apparent activation energy
cannot be neglected. Furthermore, from eqs. (31) and
(33) it can be clearly seen that Q does not vary, in
general, between U + U, and U; — 2Uj;, as assumed by
Gittus, so that Q = U,. In fact, the terms including kT
and Y in egs. (31) and (33) are of the order of U, even
if kT and U, are much smaller than ;. Measurements
of the apparent activation energy for creep, at 673 K, of
both cold-worked and stress-relieved Zircaloy-4 have
given an average value of (300 + 20) kJ /mol, for stresses
between 110 and 250 MPa [3.4]. Since these data have
been interpreted in terms of eq. (1), Q will be expressed

Table |

in terms of the parameters of the physical model by eq.
(26). Furthermore, it has been shown [4] by an ap-
proximate calculation of Q that the influence of the
terms adding to Uy, in eq. (26) cannot be neglected and.
consequently, Q = U,. This is confirmed by the fact that
U, = 100 kJ /mol, as obtained from the creep and stress
relaxation data in Zircaloy-4 [4,5] and from an extrapo-
lation, to 673 K, of recent measurements of the self-dif-
fusion coefficient of zirconium by ion-beam-sputtering
techniques [6]).

To demonstrate its applicability, eq. (26) was used to
calculate ¢ as defined by eq. (14). Table | gives the data
obtained during steady-state creep in stress-relieved
Zircaloy-4 at 673 K [4]. The values for the apparent
activation energy given in the table were obtained by
making abrupt and small changes in the temperature
(+20 K) and measuring the corresponding changes in
the strain rate, as suggested by eq. (7). The numbers
marked with an asterisk correspond to values obtained
by decreases in temperature. Also given in the table are
the corresponding stresses, the strain level and the strain
rate before the change in temperature, and the parame-
ters a, €* and B obtained by fitting the creep curves to
eq. (1) [4].

Once a, ¢* and B are known, the parameters c, 4 and
e of eq. (26) can be easily obtained. In fact, x and »
needed for eqgs. (27) to (29) can be calculated by using
egs. (11) and (12) and the parameters given in table 1. ¢
for eq. (29) can be obtained by using eq. (17) and the
values for ¢ and G reported by Rosinger et al. [7]. ¢ for
eqs. (27) and (29) can be obtained from the experimen-
tal K values reported by Povolo and Capitani [5], ob-
tained at 633 and 673 K on stress relaxation in the
bending of stress-relieved Zircaloy-4; the value ¢ = 0.9

Apparent activation energies for steady-state creep of stress relieved Zircaloy-4 at 673 K, obtained by making changes in temperature
of +20 K. The Q values marked with an asterisk were obtained on decreasing the temperature. The corresponding parameters
obtained when the data are fitted to eq. (1) and the strains, before the change in temperature, are also given

o ex1072 ax 1073 é*x107¢ B é 0
(MPa) (MPa™ ') s (s™" (k] /mol)
120 0.57 19.1 19 229 92x107 1 296
0.69 19.4 22 288 3.6%107° 291*
147 1.19 20.1 34 478 3.3%x107° 297
169.4 1.90 20.7 45 661 6.9x10°° 298
188.9 4.89 21.1 5.6 855 1.8x10°# 298
6.21 21.1 5.6 855 75%10°% 281*
216 7.14 21.1 5.6 855 79%x107% 303*
7.70 21.1 5.6 855 1.1x10°# 315
242 10.31 21.1 5.6 855 3.3x1077 302+
11.90 21.1 5.6 855 49%x1078 315
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Fig. 1. £=d1In//3(1/kT) for stress-relieved Zircaloy-4, ob-
tained by solving eq. (26) with the parameters given in table 1.
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is obtained on assuming that eq. (22) is valid. Finally,
once @ is known, a can be obtained by using egs. (20)
and (21) with U, = 21 kJ /mol. as obtained by using eq.
(18) with =323 X 107" m and G =26 GPa at 673 K
[7]

Once eq. (26) is solved for &, taking U, = 105 kJ /mol,
the values shown in fig. 1 are obtained, as a function of
the applied stress. The circles correspond to values
obtained by increasing the temperature and the dots to
values obtained by decreasing the temperature. Further-
more. on assuming that

I~ exp[U(0)/kT| (34)
then, according to eq. (14)
¢=U(o). (35)

Eq. (34) means that the average distance between
neighbouring jogs is not only given by the jogs pro-
duced thermally, in which case I7J(a)= U, but there is
also a contribution from the external work. If it is
further assumed that

T()=Ug—oV. (36)

where V' is the activation volume and Uj, is the energy
to form a jog without applied stress, V' and Ug can be
obtained from the slope and the intercept, respectively,
of the average straight line shown in fig. 1. The follow-

ing values were obtained by this procedure

V=105x10"2m’=4p3,

Uy =22 kJ /mol.

It can be seen that U, = U; and the activation volume is
of the order of b3, as should be expected. These ap-
proximate calculations further confirm the validity of
€q. (26) since no assumptions were made and the physi-
cal parameters were obtained directly from the experi-
mental data.

4. Conclusions

The apparent activation energy for creep controlled
by jog-drag and cell-formation does not. in general,
coincide with that for self-diffusion. Furthermore, the
apparent activation energy measured during creep ex-
periments has a physical significance only within a
specific model. Finally, the energy to form jogs. as a
function of the applied stress and the activation volume
have been obtained from creep data in Zircaloy-4 at 673
K.
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