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Creep behaviour of Cu-30% Zn at intermediate 
temperatures 

S . V .  RAJ 
NASA Lewis Research Center, MS 49-1, 21000 Brookpark Road, Cleveland, Ohio 44135, USA 

The creep properties of single-phase Cu-30% Zn alpha brass were investigated in the intermediate 
temperature range 573 823 K (0.48-0.70 Tin, where Tm is the absolute melting point). Inverse, 
linear, and sigmoidal primary creep transients were usually observed above 573 K under stresses 
resulting in minimum creep rates between 10 -7 and 2 x 10 4s 1, while normal primary creep 
occurred under all other conditions. The creep stress exponent decreased from about 5.4 at 573 K 
to about 4.1 above 623 K, and the activation energy for creep varied between 170 and 
180 kJ mol- 1. A detailed analysis of the data, as well as a review of the literature, suggests that no 
clearly defined class M to class A to class M transition exists in this alloy, although the 
characteristics of both class A and class M behaviour are observed under nominally similar 
stresses and temperatures. It is concluded that Cu-30% Zn does not conform to the normally 
accepted characterization of class A or class M solid solution alloys. 

1. I n t r o d u c t i o n  
Depending on stress, ~, absolute temperature, T, and 
composition, many solid solution alloys exhibit either 
class A (alloy type) or class M (or metal type) creep 
behaviour each with its own distinguishable charac- 
teristic [1 4]. In general, the class M response results 
from a dislocation climb-controlled process leading to 
a stress exponent, n, of about 4.5, while class A behavi- 
our is due to a viscous glide mechanism for which 
n ~ 3. Although this difference in the values of n is 
often used to identify creep mechanisms, it is import- 
ant to note that such inferences can sometimes be 
erroneous. For example, n can equal ~ 3 for data 
obtained in the transition region between power-law 
and diffusion creep. Additionally, some solid solution 
alloys, such as Cu 30% Zn (wt % except as noted) 
[5, 6], Cu-16 (at %) A1 [-7] and Fe- l .8  (at %) Mo [-8], 
often exhibit sigmoidal and inverse primary creep 
transients that are characteristic of class A response 
although values of n ~ 4.5 were reported in these 
investigations. Further confirmation of the dangers 
involved in identifying creep mechanisms solely on the 
basis of the magnitude of n is demonstrated by the 
recent observations of class M to class A to class 
M transitions in dilute Fe Mo (0.5 < Mo < 2 at %) 
alloys E9, 10]. 

In view of the above observations on the F e - M o  
system, a re-examination of the creep behaviour of 
Cu-30% Zn is in order because it exhibits similar 
characteristics to the dilute Fe Mo alloys. Table I 
gives the creep results on the nominally Cu-30% Zn 
single-phase alloy reported in several investigations 
[-5, 6, 11 16]. Although Cu-30% Zn has been tradi- 
tionally assumed to be a class M alloy [-17], an exam- 
ination of Table I reveals that many of these observa- 
tions are more characteristic of a class A response. 
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These include measurements of n ~ 3.0-3.5 E11, 13, 
16], recordings of inverse, linear and sigmoidal pri- 
mary creep transients [-5, 6, 11], and the existence of 
randomly oriented dislocations and ill-formed sub- 
boundaries in the deformed specimens [-5, 13, 16]. 

Interestingly, Hedworth and Pollard [13] observed 
n ~ 3 at T ~ 0.69 Tm, whereas Evans and Wilshire [-5] 
and Feltham and Copley [-11] obtained n ~ 4.5 at the 
same temperature. Significantly, Table I reveals that 
values of n < 4 were observed only in the fine-grained 
alloys (d _< 50 ~m). It is worth noting that Svensson 
and Dunlop [18] reported a value ofn ~ 2.7 for a fine- 
grained (d ~ 15 ~m) Cu-21% Zn alloy for values of 
c~/G < 10 -s, where G is the shear modulus. Thus, if 
the effect of diffusion creep is negligible, then it is likely 
that these values of n ~ 3.0-3.5 are due to a viscous 
glide mechanism. 

Because most of the experimental values of activa- 
tion energy for creep, Qc, ( ~ 1 6 0 - 1 7 5 k J m o l - 1 ,  
Table I) are similar to those predicted for dislocation 
climb and viscous glide mechanisms, which are ident- 
ical to Cu-30% Zn and equal to about 180 kJ mol-1 
(Equations A7 and A8), it is impossible to identify the 
rate-controlling processes solely on the basis of Qc. In 
addition, other relevant information (e.g. the activa- 
tion volume, V*, the instantaneous strain, As, after 
a stress change, and internal stress, cyi) often used for 
identifying creep mechanisms are limited or nonexist- 
ent for this alloy. In particular, it is now known that 
As and cyl are significantly different for class A and 
class M response (3, 19 21) so that the measurement 
of these parameters should be useful in distinguishing 
between the two types of creep behaviour. 

The present study was undertaken to obtain de- 
tailed information on the creep behaviour of Cu-30% 
Zn at temperatures between 573 and 823 K (0.48 

3533 



TABLE I A compilation of the creep Properties of nominal Cu-30% Zn 

Grain Homologous NormaLized n Activation 
size temperature" stress b energy 
(gm) ( x 10- 4) (kJ tool - 1 ) 

Primary curve Remarks Reference 

4.8 160 
3.4 

3.8 
4.5 

190 0.68 5.7 6.9 5.0 129 
0.71 5.8 8.3 

0.75 5.9 8.5 

5000 0.50 14.6-60.8 4:5 160-175 
0.57 6.9-29.4 
0.65 3.2-18~6 
0.69 3.6-14.6 

30 0.57 10.0-29.7 
0.61 6.5-22.9 
0.65 4.2 16.2 
0.69 3.8 11.0 

50 0.56 4.5 

0.66 3.5 
0.69 3.2 

5000- 0.53 12.7-26.8 
6000 

470 0.60 4.7-25.0 4.8 160 

170 0.57 5.7 27.2 4.5 

30 0.62 4.0 3.1 

Their Fig. 3 
suggests inverse 
o r  linear creep 
at  T ~ 0.61Tm for 
~/G < 1.5 x 10 -3. 
Norml transients 
under other 
conditions. 

Normal primary 
creep under all 
conditions. 

Sigmoidal at 
T = 0.50 0.57Tin for 
~ / G < 2 x  10 -3 . 
Normal transients 
under other 
conditions. 

Sigmoidal and 
inverse for 
c~/G<2x 10 -a. 

Values of n were [11] 
obtained b y  
replotting the 
original data 
double 
logarithmically. 

[12] 

Mostly random [5] 
dislocations in the 
secondary creep 
region. 

Values of n [13] 
obtained 
from their Fig. 2. 
Paired dislocations, 
tangles and random 
dislocations 
observed in the 
secondary creep 
region. 

[6] 

Dislocation pileups [14] 
in the secondary 
creep region. 

[15] 

Random dislocations [16] 

"Test temperatures were normalized by the solidus temperature of 1188 K. 
bThe stresses were normalized by the shear modulus estimated from Equation A1 

0.70 Tm) in o rde r  to examine  the poss ibi l i ty  of  a class 
M to class A to class M (or exponent ia l  creep) 

t rans i t ion  in this alloy. 

2. Experimental procedure 
Tensile specimens having  gauge d imensions  of 
25.4 m m  x 9.5 m m  were machined  from 2 m m  thick 
ho t - ro l led  sheets of compos i t i on  0.001 ( w t % )  A1, 
0.005% Ag, 69.4% Cu, 0.015% Ni, 0.0023% O, 
0 .005% Pb,  0.01% Sn and  30.5% Zn. P r io r  to testing, 
the macl i ined  specimens were annea led  either at  
923 -t- 1 K  for 6 h  o r  at  1 0 2 3 +  1 K  for 5 h  under  
a con t inuous ly  flowing a rgon  a tmosphe re  to p roduce  
l inear  in tercept  gra in  sizes of  1 2 0 +  1 0 g m  or  
335 _+ 20 gm, respectively.  

C o n s t a n t  stress creep tests were conduc ted  from 
573 823 K (0.48-0.70Tm) under  a f lowing a rgon  at- 
mosphe re  with bo th  the t empera tu re  con t ro l  and  the 
t empera tu re  g rad ien t  ma in ta ined  within + 1 K. The 
s t ra in  was measured  by a l inear  var iable  differential  
t ransducer  and  recorded  on a str ip char t  recorder  to 

3 5 3 4  

an accuracy  of abou t  10 -4  and a resolut ion  of abou t  
5 x 10 -5. Othe r  detai ls  of the testing p rocedure  are 
given elsewhere [-22]. 

Both stress change exper iments  and  single tests on 
indiv idual  specimens were used for de te rmining  the 
stress dependence  of  the secondary  creep rate, 6. The 
creep rates m e a s u r e d  by both  techniques agreed to 
within a factor  of 1.5. The  appa ren t  ac t iva t ion  volume 
for creep was de te rmined  by measur ing  the creep rates 
before and after small  stress changes ( ~  0.05 ~) at  
var ious  test ing t empera tu res  as descr ibed elsewhere 
[23]. These measurements  were conduc ted  bo th  in the 
p r ima ry  and in the secondary  creep regimes, and  V* 
was ca lcula ted  from the re la t ionship  

V* = 2 k T ( O l n ~ / ~ ) T  ,,~ 2kT(Aln~/Acy)r  (1) 

where k is Bol tzmann ' s  constant .  The er ror  in the 
de te rmina t ion  of V* was es t imated  to be abou t  
• t 0 - 2 0 % .  

In terna l  stress measurements  were conduc ted  using 
a stress reduc t ion  technique s imilar  to that  descr ibed 
by Pahutovf i  et al. [24]: In these experiments ,  the 
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Figure 1 Plot of ~f/g against At5 used for determining the internal 
stress at 823 K under an initial stress of 18.8 MPa. d = 120 gin, 
T = 8 2 3 K ,  c~= 1 8 . 8 M P a , ~ =  1.9 • 10 5s-1. 

stress was decreased in a series of nominally equal 
steps (the period between the consecutive stress 
change was about 10 s), and the creep rate, ~f, immedi- 
ately following each stress reduction was measured. 
The internal stress could then be determined from 
a plot of ~f/~ against A~, where in this case ~ is the 
steady-state creep rate before the first stress reduction 
and Ao is the magnitude of the total stress change to 
that point. Thus 

O" i = c~ - Acyc (2) 

where A~c is the value of Acy when kf/k = 0 (Fig. 1). 
Stress change experiments were also used to deter- 

mine Ae and to characterize the nature of the creep 
transients following a stress change. As described else- 
where [25], these tests were conducted in the steady- 
state region by first reducing the stress in steps by 
almost equal amounts from ~1 to cy2, where ~1 and cy2 
are the initial and the final magnitudes of the applied 
stress, and then reloading in the reverse order from c~2 
to ~1. 

3 .  R e s u l t s  
3.1. The  s h a p e  of the  c r e e p  cu rves  
Depending on stress and temperature, either inverse, 
normal or sigmoidal primary creep curves were ob- 
served in all the tests except a few where linear creep 
was recorded (Fig. 2a and b). As shown in Fig. 2, the 
primary creep region is followed by a steady-state 
regime which is better defined in Cu-30% Zn  than 
copper [22], where the total amount of steady-state 
creep strain decreases with decreasing stress (Fig. 2a) 
and temperature (Fig. 2b). In addition, the strain to 
reach steady-state increases with increasing stress and 
temperature. 

The inverse and sigmoidal primary creep transients 
were observed at and above 623 K, and at stresses 
resulting in minimum creep rates between 10 -7 and 
2 x 1 0 - 4 s - 1 ;  normal primary creep was observed 
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Figure 2 Variation of the creep rate with creep strain as a function 
of (a) stress and (b) temperature. (a) d = 120gm, T =  823 K, 
cr (MPa): �9 4.5, (D) 10.0, (O) 16.3, (V) 23.2, ([3) 28.1, (A) 42.6, (�9 
51.0. (b) d = 120 gin, cy = 51.0 MPa, T (K): (V) 623, (r~) 673, (A) 
773, (�9 823. 

under all other conditions. Although inverse primary 
creep curves were common at 623 K, and in one or 
two instances at 673 K when the stresses were high, 
they were not observed at higher temperatures. How- 
ever, this type of primary creep behaviour lasted be- 
tween 6 and 15h in contrast to sigmoidal primary 
creep, which typically lasted between a few minutes 
and 4 h. Clearly, these results cannot be attributed to 
other effects such as a slack in the load train. Signific- 
antly, sigmoidal creep occurred only in annealed spe- 
cimens but not in prestrained samples, which exhib- 
ited only normal primary creep transients even after 
relatively low amounts of prestrain of about 1.5% 
[26]. 

3.2.  St ress  d e p e n d e n c e  of  t he  m i n i m u m  
c reep  rate 

Because the strain in the secondary creep region was 
often quite small, it was necessary to assume that the 
minimum creep rate was representative of steady-state 
behaviour. Fig. 3 shows the variation of the minimum 
creep rate plotted against the applied stress double 
logarithmically, where the conditions under which in- 
verse and sigmoidal primary creep behaviour occur 
are demarcated by the two broken curves. The stress 
exponent decreases from n = 5.2 4- 0.2 below 623 K to 
n = 4.1 _ 0.2 above 623 K (Fig. 3). As shown in Fig. 3, 
the steady-state creep rates are not significantly de- 
pendent on grain size in agreement with the earlier 
observations of Barrett et al. [27] on copper. 
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Figure 3 Double logarithmic plot of the mimmum creep rate 
against the applied stress between 573 and 823 K. The broken 
curves enclose the region of the ~ - a  space where inverse or sig- 
moidal primary creep transients were observed. 

3.3. Ac t iva t ion  e n e r g y  for c r e e p  
The true activation energy for creep was determined 
from Fig. 3 by cross-plotting the temperature-com- 
pensated creep rate against the inverse of the absolute 
temperature for different values of normalized 
stress (Fig. 4). The values of Qc are tabulated in 
Fig. 4, where it is seen that they range from 
Q c ~ 1 8 0 _ + 1 5 k J m o 1 - 1  at c y / G ~ 3 . 0 x  10 -4 to 
Q~ ~ 170 -I- 20 kJmol  -a at a/G ~ 2.0 x 10 -3 (Fig. 4). 
The magnitudes of Qc are in reasonable agreement 
with almost all the results shown in Table I within 
experimental error. They also agree very well with the 
identical activation energies of about 180kJmo1-1 
estimated for dislocation climb and viscous glide creep 
mechanisms in this alloy (Equations A7 and A8 in the 
Appendix). 

3.4. Ac t iva t ion  v o l u m e  for c r e e p  
Fig. 5 shows the variation of V* with strain, where V* 
is expressed in terms of t h e  Burgers vector, 
b ~ 2.56 • 10- lO m. Two modes of behaviour are ap- 
parent. At the lower temperatures and higher stresses, 
V* decreases strongly with increasing strain from 
values of V* ~ 1700b 3 at ~ ~ 0.5% to V* ~ 100b 3 
for e > 3% probably due to a corresponding increase 
in the obstacle density. However, a constant and strain 
independent value of V* ~ 400 b 3 is observed when 
T >_ 773 K and o < 24.6 MPa. It should be noted that 
V* is expected to be independent of strain for both 
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Figure 5 Strain dependence of the apparent activation volume for 
creep showing two types of creep behaviour, d = 120 ~m, T(K) and 
o (MPa), respectively: (rT) 623, 61.5; (A) 708, 37.8; (V) 773, 24.6; (O) 
773, 23.5; (�9 823, 15.6. 

dislocation climb and viscous glide-controlled mech- 
anisms. These two modes of strain dependencies were 
also reported for copper, although in this case 
V* ~ 1600 1700b 3 at the higher temperatures and 
lower stresses corresponding to the strain independent 
region [22, 23]. A non-linear stress dependence of V* 
is observed in the secondary creep region, where the 
data are independent of temperature (Fig. 6). 

3536 



500 

400 - -  

3 0 0 - -  

200 - -  

100 - -  

I I 1 I I I I I 

V [] 

I I I I I I I I 
10 20 30 40 50 60 70 80 90 

0 (MPa) 

Figure 6 Stress dependence of the apparent activation volume in 
the secondary creep region, d = 120 pm, T (K): ([~) 626, (A) 707, 
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Figure 7 Variation of (a) the creep rate and (b) the normalized 
internal stress with time. d = 120 pm, T = 823 K, o = 18.8 MPa. 

3.5. Internal stress and instantaneous strain 
Fig. 7a and b show the variation of ~ and o i /o  with 
time, t, respectively, at 823 K under a stress of 
18.8 MPa. Although these conditions generally res- 
ulted in sigmoidal primary creep, a linear creep curve 
with an essentially constant creep rate was observed in 
this particular experiment (Fig. 7a). Despite a constant 
creep rate, the internal stress rises from an initial value 
of about 0.35 cy to a constant value of about 0.6 cy 
during the first hour of the test (Fig. 7b). It is worth 
noting that observations on Cu-16 (at %) A1 during 
sigmoidal creep also resulted in an increase in ol/cy 
with time from cyl/cy g 0.3 in the inverse portion of the 
primary curve to cyi/~ ~ 0.9 in the normal part of the 
primary transient [7]. 

The magnitude of cq/o decreases with increasing 
applied stress in the secondary creep region from 
cyi/o ~ 0.6 at ~ = 18.8 MPa in the sigmoidal creep 
region to oi/cy ~ 0.4 at o = 32.9 MPa in the normal 
creep regime (Fig. 8). Similar trends are observed for 
other alloys: A1-5.5 (at %) Mg [28], Cu-30% Zn [14], 
Fe- l .8  (at %) Mo [8] and Fe-4.1 (at %) Mo [-29]. It 
should be noted that a value of n g 3 was observed for 
A1-5.5% Mg and Fe-4.1% Mo for the conditions 
shown in Fig. 8. In addition, although Oikawa et al. 
[8] originally reported a value of n ~ 4 for the 
Fe 1.8% Mo alloy, a recent study showed that 
n ~ 3.4 when 6 < o < 30 MPa for an alloy of similar 
composition while class M behaviour was observed 
when c~ < 6 M P a  and c~ > 30MPa  [10]. Because 
values of ol/cy ~ 1, which correlate very well with the 
formation of cell or subboundaries [7], are character- 
istic of class M behaviour [3], it would appear from 
Fig. 8 that Cu-30% Zn does not exhibit class M beha- 
viour above o ~ 10 MPa (i.e. cy/G ~ 3 x 1 0 - 4 ) .  

The variation of Ae with Acy/cr is non-linear in the 
sigmoidal creep region (Fig. 9). It should be noted that 

because At is much larger than the elastic strain cal- 
culated from the relation Ae = Ac~/E, where the 
Young's modulus, E ~ 8.4 x 10 4 MPa at 823 K [12], 
the instantaneous strain has a significant plastic strain 
component. These results are similar to those reported 
for A1, A1-5 (at %) Mg and A1-5 (at %) Zn [21]. More 
importantly, observations on other solid solution 
alloys reveal that At + ~ A~-, where A~ + and A~- are 
the magnitudes of A~ after a stress increase and 
a stress decrease, respectively, whenever viscous glide 
controls creep behaviour [19-21]. In contrast, creep 
controlled by dislocation climb results in Aa + > A~-. 

4 .  D i s c u s s i o n  
4.1. Comparison of the creep data with 

other investigations 
The magnitudes of n ~ 4.1 5.4 obtained in this in- 
vestigation are consistent with the values of n > 4 
shown in Table I. Additionally, with the exception of 
the data reported by Bonesteel and Sherby [12], the 
activation energies for creep of this alloy, which vary 
between 170 and 180 kJmo1-1 (Fig. 5), are in reason- 
able agreement with those tabulated in Table I, as well 
as with those given by Equations A7 and A8. 

As illustrated in Fig. 10 and noted in Section 1, 
the magnitudes of the stress exponents reported 
for Cu-30% Zn (Table I) approach n ~ 3 when 
d < 50 ~tm. In order to test whether diffusion creep 
may have influenced some of these results, creep data 
obtained at 723 and 823 K in this and other investiga- 
tions [11, 14] were compared with the predicted creep 
rates for Coble creep [30] when d = 30 ~tm (Fig. 11). 
The theoretical creep rates were calculated using the 
equation modified by Langdon and Mohamed [31]. 
Similar calculations showed that the predicted creep 
rates for Nabarro-Herr ing creep [32, 33-] were less 
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Figure 8 Plot of oi/cr against ~ under steady-state creep for several solid solution alloys: A1-5.5 (at %) Mg [28], Cu-30% Zn ([14], present 
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Figure9 Plot of A~ against Act/or showing that A~ + ~A~- .  
d = 120p.m, T =  823 K, (y = 18.8 MPa. (O) Stress decrease, (A) 
stress increase, ( - - - )  elastic strain. 

than 10 -8 s-1. It is clear from Fig. 11 that the data 
from the three investigations are in reasonable agree- 
ment with each other so that the creep rate is essen- 
tially independent of grain size. Furthermore, the ex- 
perimental data lie well below the lines for Coble creep 
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and show no deviation towards a slope of n = 1. 
Therefore, it is concluded that the values of n ,~ 3 
shown in Table I were not influenced by diffusion 
creep and appear to be due to a viscous glide-control- 
led process. (The influence of grain-boundary sliding 
is discounted because the stress exponent for sliding 
was found to be similar to that for creep 1-34].) In the 
absence of a well-defined viscous glide region, it is 
useful to examine whether the upper and lower 
boundaries demarcating the sigmoidal/inverse creep 
region (Fig. 3) coincide with the expected class M to 
class A to class M transition stresses. 

4.2. Evaluation of the transition stresses 
If it is assumed that Cu-30% Zn exhibits transitions 
from class M to class A to class M (or exponential 
creep) behaviour with increasing stress, then the nor- 
malized transition stresses can be calculated easily. 
A transition from a climb to a viscous glide-controlled 
creep occurs when 

~c = ~g (3) 

where ~ and ~g are the creep rates for the dislocation 
climb and viscous glide mechanisms, respectively. The 
creep rate for a dislocation climb-controlled process is 
given by 

~ = Ac(D~Gb/kT)(~/G)" (4) 
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n ~ 3 are observed only when d < 50 p,m. The 

where/5c is the complex diffusion coefficient for climb 
and Ac is a dimensionless constant estimated to be 
about 140 for Cu-30% Zn when n ~ 4.1 (Fig. 3). 

Several viscous glide-controlled mechanisms exist 
depending on the nature of the dislocation-solute 
interaction and each of them contribute to the total 
creep rate E35]. Thus, 

~g = Z i A g i ( f  gGb/ki ' )( ,~/G) 3 (5) 

where/)g is the complex diffusion coefficient for vis- 
cous glide and Agi is a dimensionless constant for the 
ith process. Because these mechanisms act sequen- 
tially, the slowest process will be rate-controlling (i.e. 
the one with the smallest value of Agi [35]). The 
equations and the magnitudes of Agl for each viscous 
glide process are listed in Table II, where the para- 
meters used in making these estimates for Cu-30% Zn 
are tabulated in Table III along with the correspond- 
ing reference sources. It is clear that Ag i is the lowest 
for the Cottrell-Jaswon (C-J) solute drag mechanism 
for which Ac- j  ,~ 0.07 (Table II). Although Evans and 
Wilshire [5, 6] suggested that sigmoidal and inverse 
primary transients occur in Cu-30% Zn due to short- 
range ordering, it is clear from Table II that because 
AF >> Ac-j ,  this mechanism is unimportant in this 
alloy. Thus, with /Sg ~/5c (Equations A7 and AS), 
n = 4, A~ ~ 140 and Ac-j  ~ 0.07, the transition nor- 
malized stress, (o/G)tr, estimated from Equations 3 5 
is about 5 x 10 -4. This corresponds to predicted 
transition stresses of about 17 and 19 MPa at 823 and 
623 K, respectively. Noting that any tendency towards 

class A behaviour should correspond to the region 
between the broken curves in Fig. 3, these calculated 
values of transition stress lie either well inside this 
regime (e.g. 823 K) or much below the lower boundary 
(e.g. 623 K). If the latter boundary is assumed to re- 
present the class M to class A transition point, then 
the transition stress, Chr, as estimated from Fig. 3, is 
likely to be about 10 and 45 MPa at 823 and 623 K, 
respectively. Thus, the discrepancy between these and 
the calculated values of air is within a factor of 2.5. 

The class A to class M (or exponential creep) 
transition occurs when the dislocation breaks away 
from its solute atmosphere at a breakaway stress, Ob, 
given by [44] 

0 b = [ ( m m ) 2 X B ] / ( 5 b 3 k T )  (12) 

where XB is the mole fraction of the solute, and Wm is 
the binding energy between the solute atom and the 
dislocation given by [44] 

V~ m ~---- (1/2re)E(1 + v)/(1 - v)]OlOV, I (13) 

where v is the Poisson's ratio and 15 V~I is the difference 
in volume between the solute and the solvent atoms. 
The estimated value of IcsV.I ~ 9 • 10 -31  m 3 assum- 
ing that the atomic radii of copper and zinc atoms are 
1.35 x 10-1~ and 1.31 x 10 -1~ , respectively [45]. 
Thus, Ob ~ 24.9 and 41.1 MPa at 823 and 623 K, 
respectively, for XB = 0.29, k =  1.38 x 10-23JK -1 
and v ~0.3.  Assuming that the experimental 
transition stresses can be estimated from the upper 
boundary o f  the sigmoidal/inverse creep region in 
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Figure 11 Comparison o f ( I ,  []3, 4% �9 present results, d = ( I ,  C]) 
120 gm, (4,, �9 335 gm, with the creep data reported by (@, C)) 
Feltham and Copley [11] d = 30 gm, and (i, ,  A) Hostinsk~' and 
Cadek [14] d = 470 gm for Cu-30% Zn at 723 K (solid symbols) 
and 823 K (open symbols). ( -). Calculated values of 
the creep rate for Coble creep. 

Fig. 3, these values ofcyb are about 24 and 100 MPa at 
823 and 623 K, respectively; thus, while the calculated 
and the experimental results are in excellent agree- 
ment at 823 K, there is a large discrepancy between 
the two values at 623 K. 

Thus, the calculated magnitudes of ~tr and Orb do 
not agree very well with those estimated from the 
lower and upper boundaries shown in Fig. 3. This 
disagreement is consistent with the absence of a well- 
defined class M to class A to class M transition 
(Fig. 3). 

4.3. Concluding remarks 
As a result, it:can be argued that the values of n ~ 4.1 
(Fig. 3) and the strain independence of V* (Fig. 5) are 
consistent with the idea that  dislocation climb domin- 
ates steady-state creep at the higher temperatures and 
lower stresses. Thus, the sigmoidal primary creep 
curves should signify a transition in the rate-controll- 
ing mechanism from viscous glide in the initial stages 
of creep to dislocation climb in the steady-state [46], 
while the equality, Ae + ~ Ae- (Fig. 9), should indicate 
the importance of viscous glide during transient 
creep [3]. 

However, many of the observations reported in this 
paper or documented in the literature (Table I) are 
inconsistent with the characteristics of ideal class 
M behaviour [2]. First, the occurrence of inverse 
creep in this (Fig. 2b) and another study [6] denotes 
that steady-state creep is controlled by viscous glide 
under some conditions [46]. Second, the fact that 
c~i/cr ~ 1 in the sigmoidal creep region at 823 K is 
consistent with a class A rather than class M response 
(Figs 7b and 8). Third, i twas demonstrated in Section 
4.1 that the values ofn  ~ 3.0-3.5 [11, 13, 16] given in 
Table I cannot be attributed to the added contribution 
from diffusion creep mechanisms to dislocation climb. 
Fourth, large instantaneous strains (Ae ~ 5 x 10 -3 )  

were observed at 823 K in Cu-30% Zn whenever the 
stress was changed across the upper sigmoidal-nor- 
mal creep boundary (Fig. 3), but not within the sig- 
moidal creep region, where almost identical stress 
changes yielded values of A~ ~ 3 x l0 -~ [25]. In ad- 
dition, while inverse strain transients were observed 
after a stress increase in the sigmoidal regime, they 
changed to normal creep when the stress was in- 
creased across the upper boundary. These results sug- 
gest that the dislocations had broken away from or 
were captured by their solute atmospheres when the 
stress was increased or decreased across this bound- 
ary, respectively [25]. 

The picture that emerges from this discussion is that 
Cu 30% Zn does not exhibit either an ideal class A or 
class M behaviour, and therefore the existing classi- 
fication schemes are inadequate in characterizing this 
alloy. The reasons for this deviation from ideal behavi- 
our are not entirely clear but they may be due to the 
high solute content in the alloy. Because Cu-16 (at %) 

T A B L E I I The estimated magnitudes ofAgi in Equation 5 for different viscous glide mechanisms" 

Mechanism Equation Agl 

1. Cottrell-Jaswon locking Ac-j = (0 .35/e2XB)(kT/Gb3)  2 

2. Fisher short-range order Av = (O.05kT)/(Jf  A XBa,  Eb) 
where 
E b = ( k r / 2 ) l n  {(XA + X B % ) ( X B  + X A % ) / [ X A X B ( 1  -- %)23} 

3. Suzuki locking A, = 0.4 - (kTEs) /[ (FA -- FB) 2 Vmb] 
where 
E, = (~S /~S ,d ) { (RT/XAXB)  + [(8G/9Vm)(dVm/dXB) 2 - 88H1/z]} (10) 

4. Snoek stress-induced ordering As, = (125/Si)(kT/Gb a) (11) 

"The mechanisms and equations are discussed in detail by Mohamed [35]. The definitions of the parameters and their 
in Table IIL 
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T A B LE I I I The definitions and magnitudes of the parameters used for estimating Agi in Table II 

Symbol Definition Magnitude Remarks Reference 

a Lattice parameter  3.68 x 10- lom [36] 
E b Bond energy 1.1-1.6 kJ mo l -  1 

E~ 

e 
8H1/2 

N 
~S 

8Sid 

Vm 
dVm 
dXB 

XB 

0~ s 

FA 

FB 

Chemical interaction 78 kJ mol - 1 
energy 
Atom misfit ratio 0.054 
Enthalpy of mixing of 9.71 kJ mol - J  
C u - 5 0 %  Zn 
Avogadro's  number  6.022 x 1023 tool-  1 
Excess entropy of - 2.12 kJ mo l -  1 K -  
formation of a solid 
solution alloy 
Entropy of formation of 
an ideal solution 
Molar volume 
Rate of change in the molar 
volume with solute 
concentration 
Mole fraction of solute 
Degree of short range o~der 

Stacking fault energy 
of solvent 
Stacking fault energy 
of solute 
Strength of the internal 
friction peak 

2.95 kJmo[  -1 K -1 

7.5 x 10 6 m 3 m o l  1 
7.6 x 10-12 m3mo1-2  

0.29 
0.1 

0.055 J m  -2 

0.14 J m  2 

0.03 at 573 K 

These values were estimated 
from Equation 8 in Table II for 573-823 K 
Estimated from Equation 10 in Table II 

Vm = Na3/4 for fcc metals and alloys 
Estimated from a-XB plot 

This value of % represents an upper 
bound 

[37] 
[383 

[39] 
[38] 

[38] 

[36] 
[36] 

[40] 

[41] 

[42] 

[43] 

A1 [7] and Cu-30% Zn show similar creep character- 
istics, it is likely that other solid solution alloys 
containing large amounts of solute will also exhibit 
non-ideal behaviour. Therefore, it may be more ap- 
propriate to classify them as class I (intermediate type) 
alloys. 

Finally, double logarithmic plots of ~kT/DgGb 
against ~/G revealed that the data with n > 5 (Fig. 3) 
lie in the exponential creep region. A similar observa- 
tion was reported for copper [22]. The decrease in V* 
with increasing strain (Fig. 5) therefore appears to 
result from an increase in the obstacle density and 
a corresponding decrease in the activated distance. 

5. Conclusions 
l. Inverse, linear and sigmoidal primary creep 

curves were observed above 573 K at stresses corres- 
ponding to a range of minimum creep rates between 
10 - 7  and 2 x 10-4s -1. Normal primary creep transi- 
ents were obtained under other stress and temperature 
conditions. 

2. The stress exponent for creep of Cu-30% Zn 
decreases f romabou t  5.4 at 573 K to about 4.1 above 
673 K, while the true activation energy for creep is 
about Qc ~ 175kJmol-1  

3. The apparent activation volume for creep de- 
creases with increasing strain at the lower temper- 
atures and higher stresses, while it is relatively inde- 
pendent of strain at the higher temperatures and lower 
stresses. It decreases non-linearly with increasing 
stress in the secondary creep region. 

4. The magnitude of the instantaneous strain fol- 
lowing a stress increase equals that after a stress de- 

crease. In addition, the internal stress is about 
40% 60% of the applied stress. 

It is concluded from the present investigation, as 
well as from other published results, that Cu 30% Zn 
does not show a well-defined class M to class A to 
class M transition with increasing stress. The alloy has 
creep properties which are characteristic of both class 
A and class M behaviour under nominally similar 
stress and temperature conditions. Therefore, it is pro- 
posed that it be classified as a class I (intermediate 
type) alloy. 

Appendix 
A1. Values of shear modulus 
The shear modulus, G, for Cu-30% Zn was assumed 
to vary linearly with temperature. The Young's 
modulus, E, data reported by Bonesteel and Sherby 
[12] were converted to G using the isotropic relation 
G = 2E(I + v) where Poisson's ratio, v, was assumed 
to be 0.3. A linear regression line through the con-  
verted data gave 

G = 5.05 x 10 4 - -  20T (A1) 

where G is in MPa. 

A2. Eva lua t ion  of the  d i f fus ion  e q u a t i o n s  
In order to identify the creep mechanism, it is often 
necessary to know the activation energy for self diffu- 
sion. For solid solution alloys, three sets of equations 
are used to distinguish between dislocation climb and 
viscous glide-controlled mechanisms. The simplest of 
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these are the intrinsic diffusion coefficients of the sol- 
ute and solvent atoms in the alloy. The intrinsic diffu- 
sion coefficients of copper and zinc in Cu-30% Zn 
were estimated by re-plotting diffusion data taken 
from several sources [47-49] (Fig. A1). The tracer 
diffusion coefficients, D* were converted to intrinsic 
diffusion coefficients, D~, through the relation 

Di = D*[1 + d(lnTi)/d(lnN~)] (A2) 

where 7i is the activity coefficient of the ith species and 
N~ is the atom fraction of the ith component. The 
quantity d(ln "//)/dOn N~) was estimated from a plot of 
the experimental values of 7i against Nz, using the 
data reported by Fisher et al. [50]. The following 
expressions were obtained from the lines of best fit 
through the data shown in Fig. A1 

Dcu = 8.4 x 10-Sexp( - 175/RT) (A3) 

Dzn = 1.0 • 10-4exp( - 165/RT) (A4) 

where R is the universal gas constant equal to 
0.0083 kJmo1-1, and Dcu and Dz, are in m2s -1. Al- 
though Equations A3 and A4 are simple to use, they 
are generally not suitable for analysing creep data 
partly because both diffusing species can contribute to 
the creep mechanism and partly because they do not 
consider dislocation-solute interactions. As a result, 
two complex diffusion coefficients, /~nw and /J, are 
commonly used for analysing creep data of binary 
solid solution alloys under climb-controlled and vis- 
cous glide-controlled conditions, respectively [51]. 
Using the equations described by Mohamed and 
Langdon [51], these diffusion coefficients for Cu-30% 
Zn are 

/JHw = 6.0 x 10-Sexp( - 170/RT) (A5) 

/) = 1.0 • 10-4exp( - 165/RT) (A6) 

However, Equations A5 and A6 are inappropriate for 
analysing creep behaviour of solid solution alloys be- 
cause they do not consider the localized interaction of 

T ( K I  
1200 1000 800 600 500 

10 -11 a I ~ I ' 1 

10-12, 

10_15 /v  //-Dzn= 1,0xlO-%xp (-1851/?F)rn2$ -1 

% 10-14 

E Ocu= 8.4x10-Sexp (-175/RT)m2s -1 -~ 

10 -16 ~ -   j-To  11 K _ 

lO-17 I I I I I 
0.8 1.0 1.2 1.4 1.6 1,8 2.0 

1000/T (K -1 ) 

Figure A1 Intrinsic diffusion data for (&, O, Q) Cu and (V, O, �9 
Zn in Cu-30% Zn [47-49]. Method: (A, V) diffusion couple [47], 
(Ib, O) tracer [48], (V1, �9 tracer [49]. 
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a single dislocation with a solute atmosphere [52-54]. 
Thus, using the equations proposed by Fuentes- 
Samaniego et aL E52, 53], the complex diffusion coef- 
ficients, Dc and/)g, for climb and glide, respectively, in 
Cu 30% Zn are given by 

/)c = 1.5 • 10-r - 180/RT) (A7) 

/~g = 1.5 • 10-4exp( - 180/RT) (A8) 

Although Equations A7 and A8 were used in this 
investigation for analysing the creep data, it is interest- 
ing to note that the activation energies predicted by 
Equations A3-A8 are in reasonable agreement with 
each other, as well with Qc (Table I and Fig. 5) within 
experimental error. 
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