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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 fíat specimens o f Zry-4 
stress-relieved for 1 h at 813 K, are presented. The creep curves, when viewed in a log o - lo g  c diagram , show a scaling 
behaviour leading to a m aster curve sim ilar to the one obtained in 64% cold-w orked m aterial. The data  are in terpreted  in terms 
of a constitutive equation based on a creep model involving jog-drag and cell-form ation, and the apparen t activation energy 
was found to be independent of stress with a valué cióse to the one found in the cold-worked m aterial.

1. Introduction

The fundam ental aspects o f the creep characteristics 
o f  zirconium  and zirconium  alloys have been reviewed  
in detail by Lucas [1], More recently, Novák and 
H am ersky [2] performed m easurem ents o f  the stress 
sensitivity parameter, m ,  during creep of Zr +  4.5% 
Sn +  1% M o in the temperature interval 300 to 750 K. 
m  was found to be independent o f  stress, except for the 
highest temperature, where m  increased with the applied  
stress. The activation area decreased with the applied  
stress as a ' 1 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 m odels. D ynam ic strain aging was 
believed to be responsible for the phenom ena observed.

M acEwen et al. [3] studied the creep behaviour of 
specim ens o f 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 
incom patible with a sim ple power-law representation of 
the steady-state creep rate in which the stress exponent 
is constant and Q  =  t/d, independent o f stress. Keus- 
seyan et al. [4] perform ed load relaxation tests on 
Zircaloy-2 and Zircaloy-4 with varied textures and mi-

crostructures, to study the effects o f fabrication varia­
bles. A contribution to the relaxation due to dislocation  
clim b and, possibly, o f grain boundary relaxation was 
found at 673 K.

Povolo and M arzocca [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 sam e material and at the sam e 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 hom ologous temperatures [7], Furthermore, it 
was shown that the log stress versus log strain rate creep 
curves could be described by Hart’s [7,8] phenom eno- 
logical equation

¿ =  é * [ - l n ( a / a * ) ] - ' /X , (1 )

where o is the applied stress, é the plástic strain rate, a* 
is the hardness parameter, X is a temperature indepen­
dent parameter and c* is a parameter which depends on 
temperature, heat treatment and deform ation. It was 
also shown that the log o - lo g  é creep curves, in cold- 
worked material, could be described by the constitutive
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equation [6]

é =  B (  oto)" sinh( a a  ) , (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 B arrett-N ix  m odel for creep 
[9] controlled by the thermally assisted m otion o f jogged  
screw dislocations and that Povolo and M arzocca [10] 
have discussed the interrelation between eqs. (1) and (2) 
in detail.

The general scaling conditions for eqs. (1) and (2) 
have been given by Povolo and M arzocca [10]. It was 
shown that X and n must be the same for all the 
individual creep and stress relaxation curves if eq. (1) or 
eq. (2) shows a scaling behaviour in a log o - lo g  i  dia- 
gram. Furthermore, Povolo and R ubiolo [12,13] have 
shown that these constitutive equations are plástic equa- 
tions o f state, for constant A and n,  only in a certain 
range of o and é even if a scaling relationship is present.

It is the purpose o f 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 m odel involv- 
ing jog-drag and cell-form ation. Finally, the results will 
be com pared with those obtained for cold-worked  
m aterial, interpreted within the sam e theoretical model 
and several dislocation parameters will be obtained  
from the experim ental creep curves.

2. Results

The experim ental procedure for the creep tests and
the com position o f the alloy used was described in ref.
5. The only change is that the 64% cold-rolled speci- 
m ens were stress-relieved for 1 h at 813 K, in high 
vacuum , prior to the creep experim ents. The texture 
after this treatment, as determ ined 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 M Pa since the specim en broke alm ost 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 valué at all stresses. W hen the 
data are plotted as log o versus log é, however, a sm ooth  
behaviour is found. This is shown in fig. 3, where ¿ has 
been obtained by calculating the derivatives o f the 
curves o f fig. 2 at different strains and plotting them as 
a function o f the corresponding stress. It can be seen

RD

that the log o - lo g  é curves shift to higher stresses and 
strain rates as the strain increases, but the shape is 
m aintained. A s 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 superim pose by trans- 
lation (A  log o, A log é) any one o f the curves onto  any 
o f the others in such a way that the overlapping seg- 
m ents match within experim ental error. This is shown in 
fig. 4, where all the curves have been superim posed to 
the curve for t =  0.5 X 10“ 2 along the translation path 
represented by the straight line of slope

¡x =  A log a / A  log é =  0 .035. (3 )

The apparent activation energy,

0  =  1 - 3  ln c / d ( \ / k T ) \ a =  \ - A  ln i / A ( \ / k T ) \ 0 ,

w as measured by abrupt and small changes in tempera- 
ture at various stresses. It was found to be alm ost 
independent o f the applied stress, in the range consid- 
ered, with an average valué

0 =  ( 3 0 0 +  10) k j /m o l.

which is similar to the valué measured in the cold-worked  
material, (288 ±  6) k J /m o l.

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

m — (9 ln t / 3  ln o ) T ~  ( A  ln i / A  ln o ) T (4 )

at different stress levels. The valúes 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. A ll the m easurem ents have been performed in 
the steady State región of the strain versus time curves.

The possible contribution of grain-boundary sliding 
to the deform ation has been determ ined by means o f a 
grain counting technique proposed by Rachinger [14].

Table 1
The param eter m  given by eq. (4) m easured at various stresses. 
The stress, strain rate and strain , before the small change in 
stress, are indicated

The average relative grain elongation is

m o (M Pa) i  ( s -  1) t X l 0 “ 2

6.50 120 1.11 10~9 0.70
8.68 147 3.33 10“ 9 1.74

11.10 169.4 8.64 10“ 9 2.80
12.66 189 1.29 10~8 6.56
19.87 208.2 5.57 10“ 8 7.25
21.40 216 5.37 10“ 8 8.26

, =  ( L a 0/ L 0a ) 2 / 3 ~  1,

Fig. 4. M aster log o versus log i  curve, obtained by superposing 
the curves of fig. 3 to the curve for « =  0 .5 x  10- 2 , along the 
translation  path  of slope n =  0.035.
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Fig. 3. Stress versus strain rate curves at difieren! strain levels obtained from the data  o f fig. 2.

where L 0 and L  are the average dim ensions o f the grains 
in the longitudinal direction, before and after the defor- 
m ation, respectively; a 0 and a are the sam e quantities 
but in the transversal direction of the specim en. The 
true strain due to grain elongation is

t g =  ln ( l  +  e s ) =  ln( L a 0/ L 0a ) 2/3

and the total strain measured in the specim en is given 
by
£ =  e„ +  f „ , ,

where the contribution due to grain-boundary

Fig. 5. Relative contribution  due to grain elongation to the 
creep strain versus the applied stress.

sliding to the total deform ation. The ratio

y = £b/ £ (5 )

gives the relative contribution o f grain elongation to the 
deform ation and

Ts = ■ y  =  « « A (6)
gives the relative contribution due to grain-boundary 
sliding. Table 2 shows the results obtained, in various 
specim ens crept at different initial stresses, by optical 
m etallography. The strains where the test was inter- 
rupted are also included. y, given by eq. (5), is shown as 
a function o f the applied stress in fig. 5. It can be seen  
that the contribution due to grain-boundary sliding to 
the deform ation is small, reaching a m áxim um  valué of 
the order o f 14% at the highest stress.

3. Discussion

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

oto =  ( é / t * ) ' /3 +  sinh 1 [ (  c /¿ * )  1/3/3 ] , (7 )



T able 2
Relative contribution  due to grain-boundary  sliding to the deform ation, obtained by using eq. (6): a 0 =  9.48 fim  and L 0 =  7.22 |im

a  (M Pa) £ ( X l < r 4 ) H f i n i) a ( p  m)  <g ( X l O ~ 4 ) yh(%)

147 193.7 9.7 ± 0 .8  7.2 +  0.4 211 ±  19
169.4 302.4 9.9 ± 0 .3  7.2 ± 0 .5  307 ±  20
188.9 697.5 10 .6±0.8  7.3 ±1. 1 68 6 ± 1 0 8  2
216 848.6 11.8 ± 2 .0  8 .0 ± 0 .8  753 ±  133 11
242 1561.5 10.8 ± 0 .9  6 .7 ± 0 .6  1350 ± 152 14
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where

P  =  G 2A B K b\ (8 )

i*  =  B ( k T y K 6/ b 6¡3 (9 )

a  =  b 2l / k T ; (1 0 )

B =  ClDvb / G 2kT-, (1 1 )

A =  ¿>2/ 2 0  <*/)„; (12)

where b is the Burgers vector, G is the shear modulus, 
D v is the volum e self-diffusion coefficient, / is the dis- 
tance between neighbouring jogs on dislocations, c-s is 
the thermal jogs concentration, K  is the ratio o f  cell 
diam eter to dislocation spacing, k is Boltzm ann’s con ­
star» and T  the absolute temperature. Eq. (7) was given 
by G ittus [15] and takes into account the effects o f 
jog-drag and cell-form ation upon the rate o f creep. This

equation is plotted in fig. 6 as lo g (a o )  versus lo g ( t /f* ) ,  
for different valúes o f /?. Since figs. 4 and 6 are plotted  
on the sam e scales, by superim posing both figures and 
translating along the axes (w ithout rotations) [16] it can 
easily be seen that the master creep curve o f fig. 4 can 
be m atched to one o f the curves o f  fig. 6. The parame- 
ters a  and i *  can be obtained from the coincidence of 
som e valué o f log o and log é from the experimental 
curve with the corresponding lo g (o o )  and lo g (¿ /é* )  
valúes from the theoretical one. The parameter ¿8 is read 
directly.

Eq. (7) was deduced by G ittus under steady-state 
conditions but the master curve o f fig. 4 also includes 
data taken in the transient creep regime. It is shown in 
the A ppendix that G ittus equation may also be valid 
during transient creep. W hen the master curve o f fig.4 is 
superim posed to the norm alized plot o f eq. (7), given in

Fig. 6. N orm alized plot of eq. (7).



F. Povolo, A.J. Marzocca /  Creep o f stress■ relieved Z ry -4  at 67} K 229

fig. 6, to obtain the parameters a,  i*  and /!, it is 
im plicitly assum ed that is constant for all the individ­
ual curves o f fig. 3. On taking into account the scaling 
conditions for eq. (7) [11,17] it can be shown that fi =  j 
if /? has the sam e valué for all the individual curves. As 
indicated in fig. 4, however, the experim ental valué for 
the slope of the translation path is 0.035, which means 
either that the data cannot be described by eq. (7) or 
that ¡í is variable. In fact, as shown by Povolo et al. 
[17,18] when

sinh" 1 [ >S( c /¿ * ) 1/3] »  ( c / t * ) ' 73 

and

s in h (a o ) ~  4 e x p (a o )  

eq. (7) reduces to

( ¿/ ¿*) =  (1 /8 /3 3) e x p (3 a a ) .  (1 3 )

Eq. (13), which is a lim iting form o f eq. (7), can lead to 
a scaling behaviour with variable /? in a log a - lo g  ¿ 
diagram and the scaling conditions are [17]

A log a  =  — ¡x log «, (1 4 )

A log é * =  (3fi  -  4 ) 4  iog ¿ , (1 5 )

A log P =  ( ¡ i -  i )  A log i , (1 6 )

which leads to A log /} =  0 for ¡x =  4. The parameters of 
the individual log a - lo g  t  creep curves o f fig. 3 cannot 
be obtained by superim posing them to the normalized 
plot o f eq. (7) since they are too short and the param e­
ters cannot be unam biguously determ ined. This is not 
the case for the master curve of fig. 4 where the experi­
m ental range is extended.

If eq. (7) reduces to eq. (13), then a plot o f the data 
o f  fig. 3 as ln é versus o, at different strain levels, gives 
straight lines o f slope 3a  and intercept i * / 8/?3. Further- 
more, on com bining eqs. (14) to (16) it is easy to show  
that

€ * //8 3 =  C 1( a ) _ l / ' \  (1 7 )

where C, is a constant. The data o f fig. 3 give straight 
lines when plotted as ln i  versus a. In addition, as 
suggested by eq. (17) a plot o f log( k * / / 3 3) versus log a 
should give a straight line o f slope -  1/ju. This last plot 
allow s a very accurate determ ination o f the slope o f the 
translation path. The valué ¡i =  0.035 was obtained by 
using this procedure.

From eqs. (8) to (12) it is easy to show that

fi =  G 2 b 2i* a 2/ 20 Dv (1 8 )

so  that once a  and é * //? 3 are known, é* and /? can be 
calculated by using eq. (18). The problem  is that eq. (18)

involves Dv and there is som e disagreem ent in the 
literature about the se lf-d iffusion  coefficien t o f  
zirconium  [19], which can give differences o f various 
orders o f  m agnitude between the self-diffusion coeffi- 
cients extrapolated to 673 K. In this situation, the 
follow ing procedure was preferred: a  is determ ined, for 
the individual curve for c =  0.5 X 10 “ 2, from the slope  
o f  the linear plot o f ln i  versus o, as suggested by eq.
(13). Since all the curves were translated onto the curve 
for « =  0 . 5 x l 0 -2  the master curve is described by 
using the sam e parameters as for this individual curve. 
O nce a  is known, the procedure o f superim posing figs. 4  
to fig. 6 can only be done by a translation parallel to the 
lo g ( í /é * )  axis, reducing the error in the determ ination  
o f  and ¡3. The m ethod just described gives for the 
parameters o f  the master curve

a  =  18.84 x  1 0 ~ 2 (M P a )-  é* =  1 .54X  10“ 4 s ~ ';

>3 =  187. (1 9 )

Eq. (18) can now be used to calcúlate D v, with G =  26 
G Pa and b =  3.23 X 10“ 10 m, leading to

Z)v =  1.03 X 10-21 m2 s _ 1 at 673 K. (2 0 )

A  similar valué (1.29 X 1 0 ' 21 m2 s - 1 ) was obtained  
from creep data for cold-worked material [17], by using 
the same procedure. This valué seem s to be confirm ed  
by recent m easurem ents o f the self-diffusion coefficient 
using the ion-beam -sputtering techniques [20]. O nce D v 
is known, the parameters given by eq. (19) can be 
com pared with the valúes obtained from the plot ln é 
versus a for the individual curve for c =  0.5 X 10“ 2 and 
using eq. (18). This procedure gives

a  =  18.84 X 10“ 2 (M P a ) ~ ‘ ; i *  =  1 .84X  10“ 4 s " 1;

/3 =  220.65,

which are quite similar to the valúes given by eq. (19). It 
is clear that the experim ental log a - lo g  ¿ creep curves 
are described by eq. (13).

The parameters for the rest o f  the individual curves 
o f  fig. 3 can be obtained by using the corresponding  
linear plots o f ln ¿ versus a, eq. (18) and Dv given by eq.
(20). Similar valúes should be obtained by using the 
translation conditions given by eqs. (14) to (16). In fact, 
once a , i*  and fi are known for one of the individual 
curves (for exam ple the valúes given by eq. (19) for the 
curve for c =  0.5 X 10- 2 ) since the increm ents A log c, 
needed to transíate the individual curves, can be easily  
determ ined, eqs. (14) to (16) can be used to obtain  
A log a , A log é* and A log fi and, consequently, to ob­
tain the parameters for the rest o f  the individual curves 
from those o f the reference curve (c =  0.5 X 10- 2 ). The
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detailed procedure is given elsewhere [17] but it should 
be pointed out that com plete agreement is obtained  
with the valúes given by the ln i  versus a  plots. The 
average experim ental curves o f fig. 3 can be described  
with eq. (7) with a máximum deviation o f the order o f  
2%.

The average distance between neighbouring jogs and 
the ratio o f  cell diam eter to dislocation spacing can be 
obtained, at each strain level, from a , i*  and /? by using 
eqs. (8) to (12) and Cj given by [21]

c¡ =  e \ p ( —x G b 3/ k T ) ,  (2 1 )

0 .2  >  x  >  (1 / % n ).

which on taking G =  26 G Pa, b =  3.23 X 10~ 10 m, T  =  
673 K and x  =  1 /8 7 t leads to

Cj =  2.35 X 1 0 ~ 2.

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

The K  valúes shown in fig. 7 are o f the order of 
m agnitude o f those obtained by observations o f the 
microstructure in severals m etáis and alloys [22] and lie 
in the range predicted theoretically by G ittus [23], i.e., 
20 >  K  >  5. Similar valúes were obtained, in the same 
alloy and at the sam e temperature, from data o f stress 
relaxation in bending. As shown by fig. 7, larger valúes 
are obtained  for the average distance betw een

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

neighbouring jogs for the stress-relieved specim ens as 
com pared 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 o f specim ens. A possible explanation for this 
behaviour might be the fact that an interaction between  
jo g s occurs at high strains, leading to annihilation  
processes. In fact, it is assum ed in G ittus model that / 
depends only on the thermal jogs concentration which is 
clearly an oversim plification. 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 o f specim ens. This should be expected since 
according to Holt [24]

D  =  K p ~  1 /2 , (2 2 )

where pt is the total dislocation density and D  is the cell 
diam eter. In addition  

P. =  P +  Psb-

where psb is the dislocation density in the cell boundary  
and p the density o f within-cell dislocations. p increases 
in the primary creep región, im m ediately after the appli- 
cation o f the load, and then decreases to a saturation 
valué in the steady-state regime; psb increases rapidly 
from the primary to the steady-state región, toward a 
saturation valué. Since psb 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 = D p ' / 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 valué. 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

m =  3 a o ( i / i * )  1/3| l  +  / ? / [ l  +  /} 2( t / ¿ * ) 2 /3] /  |

(23)

This equation shows that m  depends on the applied  
stress, on the strain rate and on the parameters a,  i*  
and P  or, which is equivalent, on K  and /. Since a,  i* 
and /} are known as a function o f strain, eq. (23) can be 
used to calcúlate the predicted m  valúes which can be 
com pared with the measured ones, given in table 1.
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Table 3
Com parison between the m easured valúes for the param eter m , m exp, and the valúes predicted by eq. (23), m ,h

o
(M Pa) u

t x  10“ 2 « x  10” 3 
(M Pa ~ 1)

é*X 10^4 
( s ~ ’ )

fi m exp ">.h

120 8.33 x  10~ 10 0.70 19.45 2.23 228.4 6.8 7.1
147 3 .3 3 x  10~9 1.74 20.59 4.29 623.7 8.7 8.9
169.4 8.06 x  10 ~ 9 2.80 21.05 5.32 807.2 10.3 10.4
188.9 1.31 x  10“ 8 6.56 21.12 5.60 855.4 11.0 11.6

Such a com parison is m ade in table 3, where the strain 
rate, the stress and the strain level, before the small 
change in stress, and the parameters a , i*  and /? are 
indicated. m lh are the valúes predicted by eq. (23) and 
nicl¡p those obtained by m aking a small change in the 
applied stress ( Aa  =  0 . lo )  and using eq. (4). The agree- 
ment between the measured valúes and those predicted  
by the theoretical m odel is very good, confirm ing fur- 
ther that eq. (7) describes the creep behaviour o f this 
alloy, at 673 K. In addition. preliminary observations of  
the microstructure by electrón m icroscopy and studies 
o f the evolution of the texture during creep confirm  this 
conclusión [30].

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

Q = U d + U][ 4 - ( 6 X + 3 Y ) / ( \ + X ) \

+  k T [ 2  -  3 7 / ( 1  +  * ) ] ,  (2 4 )

where

x = p[\ +/?2(¿/¿*)2/3] ' i/2.

Y = a o / ( é / ¿ * ) ' / 3 .

It was assum ed in eqs. (8) to (12) that / — e x p ( U j / k T ) ,  
c¡ =  exp( -  Us/ k T )  and Dv =  D0 exp( — Ud/ k T ) ,  where 
Ud is the energy (strictly the enthalpy) for self-diffusion  
and t/j is the energy to form a jog. Eq. (24) shows that 
Q  =  Ud only if the last two terms are small. According  
to G ittus [15], however, Q  lies between Ud +  U¡ and 
Uá -  2 t/j and since U-s is much smaller than t/d, he 
concluded that the measured apparent activation energy 
for creep coincides with the energy for self-diffusion. 
On taking typical valúes for a, i*,  /?, a and i  (for 
exam ple, the valúes given in table 3), however, it can be 
easily shown that eq. (24) reduces to

Q =  Ud +  LA ( — 10 to - 2 0 )  +  * 7 ' ( - 1 0 ) .  (2 5 )

Since kT (673  K ) = 5 .6  k j /m o l  and t/¡ =  Gb^/Zir  =  21

k J /m o l [see eq. (21)], it can be seen that the contribu­
tion due to the two last terms on the right hand side o f 
eq. (25) cannot be ignored. This problem  will be dis- 
cussed in detail elsewhere [31], but it is clear that it 
cannot be sim ply stated, in this case, that Q  =  Ud and, 
in fact, recent m easurem ents o f the self-diffusion coeffi- 
cient by m eans o f ion-beam -sputtering techniques, ex- 
trapolated to 673 K, give Ud =  120 k j /m o l  [20]. This 
valué differs substantially from the measured valué for 
the apparent activation energy for creep (o f the order o f 
300 k J /m o l).

Finally, it is clear that the m eaning o f the different 
parameters measured during creep experim ents depends 
on the particular m odel considered. In fact, the steady- 
state regime, as defined in a strain versus time diagram, 
is m ainly considered in the literature. W hen the data are 
viewed in a log <j-log c 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 é =  constant. 
Furthermore, as pointed out in the introduction, even in 
a log o - lo g  ¿ diagram the data can be interpreted by 
using different m odels, as those expressed by eqs. (1) 
and (2). The m odel presented in this paper was pre- 
ferred since a com plete description of the creep and 
stress relaxation behaviour o f Zircaloy-4, at 673 K, is 
possible and microstructural observations confirm  the 
predictions of the model.

3. Conclusions

The creep characteristics o f cold-worked and stress- 
relieved Zircaloy-4, at 673 K, are described by a m odel 
o f diffusion controlled creep involving jog-drag and cell 
formation. The average distance between neighbouring 
jo g s on dislocations and the ratio o f cell diam eter to 
dislocation spacing was obtained as a function o f creep 
strain. The self-diffusion coefficient, calculated from the 
parameters obtained from the creep curves, was similar 
to the valué measured by recent experim ents 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 G ittus [15], during creep and at the 
equilibrium  condition

V =  ( * i A b ) - ( ' b / 2  b ) i , ( A l )

where y  =  á r h/ d t \  r b is the separation o f d islocations in 
the cell wall and

I 1/3

K¡  =  DvGb3C¡/ 2 k T .

Eq. (A l)  can be rewritten as 

r l  +  ( y / K { ) R l r h - R l  =  0 , 

with

R 30 =  2 b K t/ i .

T he solution of the cubic eq. (A 3) is 

' ■ » - ( » * ,  / i ) ' / , { [ i  +  ( i + * ) l / 1 ] '  

+ [ i - ( l + x ) , / ! n ,

where

x  =  8 y 3b / 2 1 K ? é .

Furthermore, on taking into account that

\ 1/2 X  X 2 X 3
( 1 + * )  =  +  2 8 1 Tó — 1 <  x  <  1,

and since x  «  1 only the first term o f the series expan­
sión can be considered and eq. (A 5) is reduced to

(A 2 )

(A 3 )

(A 4 )

(A 5 )

(A 6 )

' • b = * o [ ( i + j ' ) l / 3 - / / 3 L

with

y  =  x / 4.

In addition, since

( i  + y ) ' / 3 =  1 -  y +  ••• - i < y < U

(A 7 )

(A 8 )

on taking only the first term o f the series expansión eq. 
(A 7) can be expressed as

(A 9)

which, on considering eqs. (A 6) and (A 8) can be written 
as

r b =  R 0{ \ + R 0^ - [ \ ( R 0/ l K t f - \ ]

Furthermore, if
\2

* ( * oY / 3 K , )  « 1 ,  

eq. (A  10) reduces to

y
3 K,

( A10)

( A l  1)

( A12)

On substituting eq. (A  12) into eq. (A 3) it is easy to show  
that the condition expressed by eq. ( A l l )  leads to

/ t 6o ( y / 3 K , )  - 0 .  

According to G ittus 

F = o - { C b / K 1r h),

— ^  =  [ a / l¿ / s i n h ( a F ) ] 1 /2

( A13)

( A14)

( A15)

where F  is the net stress causing the m obile dislocation  
to glide. On taking into account eq. (A 12), eq. (A  14) can  
be written as

=  b / K 2R 0 ( \ - É * 0 ),
o - F  

G 

with

1 =  7 / 3

Equating eqs. (A 15) and (A ló ), taking into account eq. 
(A 4) and solving for F, lead to

, 2'

( A l ó )  

( A  17)

F  =  — sinh 1 
a

A K * G 2B
1/3 £bG

. 1/6
\ (i/B)

which, on m aking use of eq. (A 15) gives

U / B )
2/3

H—  sinh 1 
a

where 

r  2 Y b  

3 B G 2 '

G 2K 4A B a
( é / B ) ' / 3 - r

( i / B )
1/6 (A 18)

A t steady-state y  =  á r b/ á t  =  0, i  =  constant and T =  0
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so that eq. (A 18) reduces to eq. (7) o f the text.
Finally, it is easy to show that for the range of  

stresses and strain rates shown in fig. 3. T  «  
and, consequently, eq. (7) also describes the transient 
regim e in this case.
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