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Stress-strain rate relations for high-temperature 
deformation of two-phase AI-Cu alloys 

P. K. B A K S H I * ,  B. P. K A S H Y A P  
Department of Metallurgical Engineering and Materials Science, Indian Institute of 
Technology, Bombay 400 076, India 

AI-Cu alloys containing 6, 11, 17, 24 and 33 wt% Cu, annealed for 0.5-100 h, were deformed 
by the differential strain-rate test technique over a strain-rate range of ~4 x 10 -6 to 
3 x 10 - 2 s - ~ at temperatures ranging from 460-540 ~ C. Superplastic behaviour, with 
strain-rate sensitivity, m ~ 0.5, and activation energy, Q-- 171.5 kJ m o l - 1  is shown by the 
AI-24Cu and AI-33Cu alloys at lower strain rates and higher temperatures. All the alloys 
show m<0.20 at higher strain rates, but the average activation energy for deformation of the 
AI-6Cu, AI-11Cu, and AI-17Cu alloys is evaluated to be 480.7 kJ mo1-1, in contrast to a lower 
value of 211 kJ mol ~ for the AI-24Cu and AI-33Cu alloys. Instead of grain size, the mean free 
path between 0 particles is suggested to be a more appropriate microstructural parameter 
for the constitutive relationship for deformation of the AI-Cu alloys. 

1, Introduction 
During high-temperature deformation, the flow stress, 
or, depends on strain rate, g, test temperature, T (K) 
and grain size, d, according to the relationship [1] 

~-AD~ hd] - ~ T ]  (1) 

where Do e x p ( -  Q/RT) is the appropriate diffusion 
coefficient D, E is the Young's modulus, b is the Bur- 
gers vector, n( = l/m) is the stress exponent which is 
equal to the inverse of the strain-rate sensitivity index, 
m, p is the grain-size exponent. A is the microstruc- 
tural- and mechanism-dependent constant, and R, 
k have their usual meanings. The alloys with fine 
microstructures (d < 10 pm) can yield exceptionally 
large ductility, called superplasticity, under suitable 
test conditions [2]. During superplastic deformation, 
the parameters of Equation 1 are evaluated to be 
n ~ 2.0, Q = Qgb, the activation energy for 
grain-boundary diffusion, and p = 2-3. 

In the two-phase materials, however, often no dis- 
tinction is made between the phases while relating to 
the flow behaviour; the average phase size is the only 
microstructural parameter employed in the constitu- 
tive relationship. However, Suery and Baudelet [3] 
have recently incorporated the volume fraction of the 
constituent phases in the constitutive relationship for 
superplastic deformation as 

[- Q] 
L-;--J 

Here ~ is the volume fraction of ~ phase, L~ is the grain 
size of the 13 phase, and the other terms have the same 
meanings as in Equation 1. 

In the A1-Cu system, the eutectic alloy has been 
extensively investigated [5 15] for its superplastic be- 
haviour but there appear only few such or related 
studies [11, 16, 17] on the hypoeutectic composition. 
As the copper content in the A1-Cu alloy is increased, 
the volume fraction of 0 phase, which is much stron- 
ger than the ~c phase [18], increases. This results in 
a reduction in the mean grain size. Thus, in the two- 
phase AI-Cu alloys of varying compositions, the de- 
formation behaviour should be a function of grain size 
and phase proportion. As no such study has been 
reported in the A1 Cu alloys, it was the aim of this 
investigation to examine the influence of grain size 
and ~:/0 phase proportion on high-temperature flow 
behaviour. 

2. Experimental procedure 
Five A1-Cu alloys with compositions (wt % through- 
out) given in Table I were prepared into 1.8 mm thick 
sheets by melting and rolling as described earlier [19]. 

Tensile specimens of gauge length 25mm and gauge 
width 6mm were machined, and then annealed 
for 0.5-100 h at 535 ~ C to obtain various grain sizes. 
Metallographic specimens were prepared and the 
sizes of the individual grains and phases were 
measured as described earlier [19]. The grain sizes 
for evaluating grain growth due to deformation were 
measured by the mean intercept length method, with 
no distinction being made between the • and 0 phases. 
More than 300 grains were considered for each size 
data reported here and the errors in the average 
grain sizes were within + 10% at 95% confidence 
level. 
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TABLE I Chemical composition (wt %) of the A1-Cu alloys 

Alloy Designation Cu Fe Si Zn Ni Mn Mg Pb A1 

1 AI~6Cu 5.0 0.13 0.15 0.01 0.012 0.002 0.004 0.005 Bal. 
2 AI-11Cu 11.0 0.12 0.15 0.006 0.012 0.002 0.023 0.005 Bal. 
3 AI-17Cu 17.03 0.11 0.152 0.006 0.012 0.0011 0.0033 0.005 Bal. 
4 Al-24Cu 24.38 0.29 0.15 0.023 0.012 0.006 0.003 0.005 Bal. 
5 Al-33Cu 33.39 0.09 0.048 0.006 0.012 0.0018 0.0024 0.005 Bal. 

TABLE II Grain sizes of •.phase, d~, and 0 phase, de, in the A1-Cu alloys of different compositions upon annealing at 535 ~ 

Annealing AI-6Cu AI- l lCu Al-17Cu Al-24Cu Al-33Cu 
time (h) 

d~ do d~ do d. do d~ do d~ do 
(gm) (gm) (gm) (gin) (.m) (gin) (gin) (gin) (gin) (gm) 

0.5 34.1 3.1 11.9 4.9 9.6 4.7 7.1 5.3 7.4 6.4 
4.0 37.7 3.8 11.9 6.1 9.5 5.9 6.3 5.8 6.9 6.6 

10.0 41.9 4.3 13.6 5.8 9.1 6.4 7.1 7.0 7.3 9.9 
100.0 55.3 4.0 17.8 7.1 11.3 6.8 12.4 8.8 9.3 8.8 

TABLE I I I  Sizes of K-phase, p~, and 0-phase, P0, in the A1 Cu alloys of different compositions upon annealing at 535 ~ 

Annealing A1 6Cu Al-11Cu AI-17Cu A1-24Cu A1 33Cu 
time (h) 

P,~ Po P,~ Po P,, Po PK Po P,~ Po 
(l~m) (p.m) (btm) (p.m) (gm) (gin) (btm) (btm) (btm) (t~m) 

0.5 61.2 4.8 22.0 6.2 17.9 7.1 13.1 10.7 10.6 13.8 
4.0 128.0 5.2 21.2 7.3 15.3 8.5 13.0 9.4 11.1 13.2 

10.0 51.4 5.4 22.2 6.6 16.7 9.0 14.1 11.2 12.1 13.6 
100.0 109.3 5.0 26.5 7.6 19.8 9.5 18.4 16.7 18.1 17.3 

TABLE IV Mean free path, A, between O particles in the alloys of different compositions at a test temperature of 535 ~ upon annealing for 
various lengths of time 

Annealing A (~tm) 
time (h) 

A1 6Cu A1 l lCu A1 17Cu A1-24Cu A1-33Cu 

0.5 636.8 29.7 14.7 10.9 6.6 
4.0 689.9 35.0 17.7 9.6 6.3 

!0.0 716.4 31.7 18.7 11.7 6.5 
100.0 663.3 36.5 19.7 17.1 8.3 

Cavity volume, the difference between the densities 
of the gauge and shoulder sections of the same tensile 
specimen, was obtained after deformation, by weigh- 
ing in air and in ethyl iodide. 

Tensile tests were done in air by using an MTS 
universal testing machine. The tensile specimens of all 
five alloys were deformed by the differential strain-rate 
test technique from ~ ~ 4 x  10 - 6  to 3x  1 0 - 2 S  '-1 in 
order to study the effect of test temperature, grain size 
and alloy composition on the cy-g relationship. Test 
temperatures were controlled to an accuracy of 
• 1 ~ C. A heating and soaking time of 1 h was given 

for each specimen prior to straining. 

3. Results 
Annealing of the tensile specimens for various lengths 
of time at 535~ produced different grain sizes as 
shown in Table II. The microstructures of the A1-Cu 
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alloys of all the compositions investigated were pres- 
ented earlier [19]. The respective phase sizes (Pc and 
P0) are given in Table III. 

The mean free path between the 0 phase particles, A, 
was calculated from the size of 0 phase, P0, and its 
volume fraction, f, according to the following relation 
[20-223 

2 P0 
A = 5 ~ ( 1  - f )  (3) 

The volume fractions of 0 phase at the test temper- 
ature of 535 ~ C were estimated from the AI-Cu equi- 
librium diagram. The values of A, determined as 
above, are given in Table IV. A is seen to decrease with 
the increase in copper content in the A1-Cu alloys. 
The deformation behaviour of the specimens, having 
the above specified values of microstructural para- 
meters, is described below. 
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Figure 1 cy versus ~ plots at (�9 460, (C]) 480, (A) 500, (@) 520 
and (I)  535~ for the five A1-Cu alloys annealed for 0.5 h at 
535~ (a) A1-6Cu, (b) AI llCu, (c) AI 17Cu, (d) AI 24Cu and 
(e) AI-33Cu. 

3.1.  Effect  o f  t e m p e r a t u r e  
The tensile specimens annealed for 0.5 h at 535~ 
were deformed by the differential strain-rate test tech- 
nique at four or five test temperatures individually in 
the range 460-535 ~ C. The cy-~ data were plotted on 
a log-log basis for all the alloys, as presented in Fig. 1. 

The log cy-log~ plots of the A1-6Cu alloy show 
slopes, m, of ~0 .10  at 460-500~ over the entire 
range of strain rates investigated. At 535 ~ C, however, 
m increases to 0.18 over most of the strain-rate range 
and to 0.27 at very low strain rates. Similar behaviour 
is noticed for the AI-11Cu alloy also. The log ~ o g ~  
curves of the alloys containing 17% or more copper 
exhibit two regions, with small m at higher strain rates 
(Region III) and large m at lower strain rates (Region 
II). Such a behaviour is apparent in the case of 
A1 33Cu alloy, Fig. le. In Region III, the average 
m increases marginally as the copper content increases 
from 6% to 33%. On the basis o fm values, the alloys 
can be divided into two groups. For the AI-6Cu, 
A1 l l C u  and AI-17Cu alloys the average m is 0.14, 
whereas for the other two alloys it is 0.19. Similarly, 
m increases from 0.28 for the AI-17Cu alloy to 0.55 for 
the A1-33Cu alloy at lower strain rates. 

The activation energies for deformation, Q, in Re- 
gions II and III were determined at constant stresses 
according to the equation 

R [O(ln~TE" '-} 
Q = -  L a(l/T) J~,,d 

(4) 

The values of E for the AI-Cu alloys of different 
compositions were estimated from that of pure copper 

3x102 

,5 

"/ 102 

:t.U 

3x10" 
1.20 

3x 107 

1.25 1.30 
1000 T (K-l) 

107 

3x  10 e 
1.35 1,475 

A 

v 

LU 
F., 

Figure 2 Arrhenius plots for determining the activation energy 
for superplastic deformation in the (A) AI-24Cu and (O) 
A1 33Cu alloys. (A) c ~ = 2 0 M P a ,  Q = 1 7 6 . 7 + 1 2 . S k J m o l - ~ ;  
(�9 c ~ = 1 0 M P a ,  Q = 1 6 6 . 2 + 1 6 . g k J m o l  -~ (_>778K), Q =  
87.7 kJmo1-1 ( _< 778 K). 
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Figure 3 Arrhenius plots for determining the activation energy 
for deformation in Region III. ( I )  AI-6Cu, c~= 30MPa ,  
Q=546.7_4-107.1kJmo1-1 .  (0)  AI-11Cu, ~ = 3 0 M P a ,  Q =  
373.4 _+ 32.0kJmo1-1.  (A) AI-17Cu, c~ = 30MPa,  Q = 521.9 • 
87.9 kJ m o l -  1. ([Z) Al-24Cu, cy = 52 MPa,  Q = 184.0 _+ 
31.9 kJmo1-1. (C)) Al-33Cu, c~ = 60 MPa, Q = 238.0 • 5.9 kJmol  - t  
( _> 778 K), Q = 84.7 kJ m o l -  ~ ( _< 778 K). 

and pure aluminium at selected temperatures [23], 
employing the rule of mixture on the basis of atomic 
compositions. The average of n values at different 
temperatures involved was considered in each region. 
The Arrhenius plots, together with the values of Q, in 
Regions II and III for the different alloys are given in 
Figs 2 and 3, respectively. In view of the wide vari- 
ations in the values of kTE"-1, the different scales 
have been assigned along the ordinate for different 
alloys. The mean values of Q for the Al-24Cu and 
A1-33Cu alloys are found to be 171.5kJmo1-1 in 
Region II and 211.0kJmo1-1 in Region III. The 
alloys containing less copper, however, show much 
higher values of Q in Region III. The average value of 

5 0 6 7  
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Figure 4 ~ versus ~ plots at 535 ~ C for (a) AI-6Cu and (b) Al-33Cu 
alloys of various grain sizes. (a) dk (gm)/d0 (Itm): (�9 34.1/3.1; ([2) 
37.7/3.3; (/k) 41.9/4.3; (V)  55.3/4.0. (b) dk (gm)/d0 (gin): (�9 7.4/6.4; 
([5]) 6.9/6.6; (A) 7.3/9.9; (V)  9.3/8.8. 

T A B L E  V Values of p in Regions I I  and I I I  using various types 
o f d  

Region Alloys p based on  

d~ de pC Po 

II  

I I I  

A1-24Cu - 0.40 - 0.97 - 0.52 - 0.96 
Al-33Cu - 2.83 - 2.55 - 1.49 - 2.44 

AI-6Cu - 2.04 0.33 - 0.48 6.10 
A I - I 1 C u  1.20 3.53 1.40 6.67 
AI-17Cu 0.66 0.48 2.78 0.02 
A1-24Cu - 0.03 - 0.20 0.21 - 0.07 
A1-33Cu -- 12.0 - 13.20 -- 7.80 - 13.80 

Q for the AI-6Cu, Al-11Cu and AI-17Cu alloys is 
determined to be 480.7 kJmo1-1. In the case of 
A1-33Cu alloy, however, Q appears to decrease to 

86 kJ tool-  t below a critical temperature of 778 K, 
Figs 2 and 3. 

3.2. Effect of grain size 
The tensile specimens of various grain sizes in all five 
alloys, Table II, were deformed to obtain cy-~ data at 
535~ The ~ data were plotted for each alloy 
separately in order to examine the effect of grain size. 
Except for the A1-33Cu alloy, the log cy-log~ curves, 
corresponding to different grain sizes, were found to 
lie within a narrow band of flow stresses, with no 
systematic effect of grain size. This is illustrated by the 
logcy-log~ curves for the AI-6Cu and A1 33Cu alloys 
in Fig. 4. 

An attempt was made to determine p according to 
the equation 

p = n [ ~-i~naJ~,r (5) 

in which de, d,, Pe, and p~, the grain size of 0 phase, 
grain size of ~: phase, phase size of 0 phase and phase 
size of ~: phase, respectively, were taken separately as 
d. In each region, the mean of n values, corresponding 
to the grain sizes involved, was taken. The values of 
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Figure 5 ~ versus ~ plots at 535 ~ C for the A1-Cu alloys of different 
composi t ions and annealed for 100h at 535~ (�9 AI-6Cu,  
(El) A l - l l C u ,  (A) AI-17Cu, (0)  A1-24Cu, ( I )  A1 33Cu. 

p are given in Table V. Surprisingly, as seen in Fig. 4b, 
the flow stress increases with a decrease in grain size, 
which yields the negative values of p in some cases. 
Further, the effect of grain size in the A1-33Cu alloy is 
more pronounced in Region III than in Region II. 

3.3 .  E f f e c t  o f  composition 
The ~-& data for the various compositions, but an- 
nealed for the same time, were replotted together to 
examine the effect of composition at 535~ For  
example, Fig. 5 shows such plots from the specimens 
annealed for 100 h. Four  sets of such plots for the 
annealing times of 0.5, 4, 10 and 100 h were compared. 
The log G-log g curves do not show any systematic 
effect of composition. The flow stresses at ~ = 1 x 10- 5 
and 1 x 10-2s -1, for the various compositions and 
annealing times, are given in Table VI. 

The composition of the alloy affects both the phase 
proportion as well as the grain size. In view of a wide 
variation in p, Table V, and the absence of any system- 
atic effect of composition on flow stress, Table VI, an 
attempt was made to examine if A, the mean free path, 
plays any role. The flow stresses at + = 1 x 10 .6  and 
1 x 10-Zs -1 were plotted as a function of A on 
a log log graph, Fig. 6, for all the alloy compositions 
and annealing times. 

In Fig. 6, A decreases towards the left with increas- 
ing copper content. The data towards the largest value 
of A correspond to the AI-6Cu alloy, whereas that 
towards the smallest value of A correspond to the 
M-33Cu alloy. At each strain rate, the four data 
points for each composition correspond to the four 
annealing times employed. The regression analysis of 
the data, Table VII, and Fig. 6, suggest linear relation- 
ships between log~ and logA, i.e. 

= KA B (6) 

where the proportionality constant, K, is represented 
by the intercept (log K) of log cy versus log A plot. The 
values of B and K are listed in Table VII. 

From Fig. 7 and Table VII, the negligibly small 
B and very poor r values for the AI-17Cu and 
M-24Cu alloys suggest a transitional behaviour be- 
tween the positive and negative dependencies of ~ on 
A. However, if the data of AI-17Cu, A1-24Cu and 
A1-33Cu alloys are combined together (solid lines at 
extreme left) then the relationship between ~ and A, 
especially, at ~ = 1 x 10 - 5 s-  1 can be approximately 



TAB L E V I Flow stresses at ~ = 1 • 10 5 s -  ~ and g2 = 1 x 10-2 s 1 at 535 ~ C in the A1-Cu alloys of various compositions and annealed at 

535~ for 0.5-100h 

Annealing Flow stress ( M P a )  
time (h) A1-6Cu AI-11Cu A1 17Cu AI-24Cu A1-33Cu 

0.5 13.0 28.5 9.5 25.4 16.0 43.0 11.0 51.5 4.7 53.5 
4.0 12.6 33.0 11.3 33.0 14.3 46.0 9.3 50.0 4.6 33.5 

10.0 14.2 32.0 10.2 29.0 12.5 42.0 8.5 43.0 3.9 30.0 
100.0 9.4 26.5 10.5 30.0 16.0 43.0 9.4 48.0 3.0 17.6 
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Figure 6 Dependence of flow stress, cr, on mean free path, A, at ~ = 
( Q  V , A , [ ~ , � 9  l x l 0  5 a n d ( ~ ,  T , A , I , O )  l x l 0  Zs -~ ,a t  
535~ (~, O) A1-6Cu, (V, ~') AI- l lCu,  (A, &) Al-17Cu, (R, I )  
A1 24Cu, (O, O) Al-33Cu. 

given by 

cy = 0.5A 1"16 r = 0.86 (6) 

To summarize, the cy-~ relationship for the A1 Cu 
alloys containing 6%-33% Cu can be given by 

c~ oc ~'~ A B exp (Q/RT) (7) 

where the values of m, B and Q depend on alloy 
composition and strain-rate regime. 

3.4. M i c r o s t r u c t u r a l  e v o l u t i o n  

In order to follow the microstructural evolution dur- 
ing deformation, some tensile specimens were 
deformed at constant initial strain rates to the selected 
strain levels. There occurred enhanced grain growth 
and cavitation in the gauge section as compared to the 
shoulder section of the same tensile specimen. How- 
ever, some specimens having initially coarse grains 
exhibited a decrease in grain size on deformation. 

Listed in Table VIII are the values of grain size and 
cavity volume at selected test conditions. 

4. Discussion 
The A1-Cu alloys of different compositions deformed 
over the strain-rate range ~ 4  x 10 - 6  to 3 x 1 0 - 2 s  - 1  

and the temperature range 460-535~ exhibit, pre- 
dominantly, Region III behaviour and limited Region 
II behaviour. Superplastic behaviour with m > 0.3 ap- 
pears as the test temperature or the amount of copper 
in the alloy is increased. 

For structural superplasticity the grain size should 
be _< 10 gin. While the grain sizes of 0 phase in all the 
alloys, Table II, satisfy this criterion, the grain sizes of 
~: phase are larger in the A1-6Cu and AI-11Cu alloys. 
However, it should be noted that, although the grain 
sizes of both the phases are generally greater than 
10 gm in the Al-17Cu, A1-24Cu and A1-33Cu alloys, 
superplastic behaviour, m, is more pronounced in the 
A1-33Cu alloy only, Fig. 1. The difference in the extent 
of superplasticity, between A1-24Cu and A1-33Cu 
alloys, is noted in spite of the comparable values of the 
grain sizes (Tabl e II, annealing time = 0.5 h).. Thus, 
the grain size does not seem to be a critical criterion 
for the observed difference in the flow behaviour of the 
two alloys. Instead, A is found to be less than 10 gm in 
the A1-33Cu alloy only, whereas it is > 10 gm in all 
other alloys (e.g. see Table IV). Therefore, A may be 
a more appropriate parameter than the grain size for 
relating to superplastic behaviour. 

In the superplastic region, the value of p in Equa- 
tion 1 is known [2] to be 2-3 whereas p = 0 in Region 
III. In the A1-Cu eutectic alloy, p = 2 has been re- 
ported [5] in Region II. The present values of p, Table 
V, on the other hand, are mostly found to be negative 
with a wide variation in the magnitudes which may be 
contributed by the following possibilities. 

T A B L E  V I I  Values of K and B in the relation cy = K A  B for the various alloy compositions at two strain rates (r = regression coefficient of 
logcy versus logA plot) 

Alloy g ~ 1 • 10-5s -1 ~ = 1 x 10-2s -1 

K B r K B r 

A1-6Cu 1.5 x 10 -3 1.38 0.39 2 x 10 -3 1.44 
AI-11Cu 1.19 0.62 0.80 1.07 0.95 
AI-17Cu 36.77 - 0.32 0.35 46.19 - 0.02 
A1-24Cu 10.49 - 0.04 0.09 61.39 - 0.09 
A1-33Cu 71.05 - 1.49 0.91 6.83 x 103 - 2.79 

0.72 
0.82 
0.07 
0.21 
0.77 
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TABLE VIII Grain sizes (do = initial grain size, d = final grain 
size) and cavity volume, C~, upon deformation under various test 
conditions 

Alloy d0(i.tm) g(s -1) T(~ ~(%) d(~tm) C~(%) 

AG24Cu 7.6 1.1 x 10 -3 460 12 7.9 12.3 
460 31 8.9 15.4 
540 12 8.5 12.2 

2 x 10- s 540 25 8.7 12.8 
21.0 2 x 10 -5 540 12 12.8 11.5 
30.8 1.1 x 10 -3 540 12 72.4 6.8 A1-6Cu 

During high-temperature deformation of the A1-Cu 
alloys there occur grain growth and cavitation, Table 
VIII, with the former causing an increase [8] and the 
latter a decrease [13] in flow stress. If the grain growth 
is more predominant in the case of fine grains but the 
cavitation is more predominant in the case of coarse 
grains, as reported in the literature [5, 24], the 
strength of the samples having the fine microstructure 
should exceed, at some strain, the strength of that 
having initially coarse microstructure. Such may be 
a reason for the wide variation in the magnitude of 
p found here. Also, in a recent study on the flow 
behaviour of the separate 0 phase, Chanda and Murty 
[25] noted the validity of the Hall-Petch [26, 27]-type 
relationship up to 575 ~ C, showing an increase in flow 
stress with the decrease in grain size. During the co- 
existence of ~c and 0 phases in the alloys used in the 
present work, the deformation behaviour is signifi- 
cantly influenced by the presence of 0 phase; in which 
case p may deviate from that known conventionally 
for the high-temperature deformation [2]. 

With increase in the copper content, the proportion 
of the 0 phase in the A~Cu alloy increases. This 
increase may contribute to the rise in flow stress due to 
the inherently harder nature of the 0 phase. In the 
A1-Cu alloys containing 3%-5% Cu, the strength has 
been shown [28] to increase in the proportion off/do 
value. However, in the present study, the data with 
scatter, Table VI and Fig. 6 (Region Ill), generally 
suggest that the flow stress first increases then de- 
creases as the volume fraction of the 0 phase and f/do 
are increased. Such composition-dependent variation 
in flow stress was attributed [29] to a change in the 
deformation mechanism and the difference in the con- 
current microstructural evolution. From the analysis 
of several results on the variation in strength as a func- 
tion of volume fraction of the second-phase particles, 
Movchan [30] has suggested that the strength should 
increase up to about 66 vol % of the stronger second- 
phase particles, then a decrease is expected. At this 
proportion the particles delay the movement of dislo- 
cations in the matrix with a similar efficiency in all 
directions, saturating the strengthening capability of 
the second phase. 

Between A1-6Cu and AI-11Cu alloys, c~ may be said 
to be approximately independent of A but, within each 
of these, ~ increases with A, Fig. 7. This trend is 
opposite to the effect of A on yield strength, tensile 
strength and hardness of several two-phase materials 
[30] at low temperatures. The difference in the rela- 
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tions between rr and A at low temperature compared 
with high temperatures, is similar to the change from 
the Hall-Petch-type relationship [26, 27] between the 
grain size and flow stress at low temperatures to the 
high-temperature relationship, given in Equation i. 

During high-temperature deformation itself, in 
some cases, cy increases with A whereas, in other cases, 
they are inversely related, Fig. 7 and Table VII. Dur- 
ing deformation of fine-grained materials, 
grain-boundary sliding (GBS) is accompanied, to 
different extents, by diffusional creep at lower strain 
rates and by intragranular slip at higher strain rates. 
The principal equation for slip can be written as [31] 

~slip ~ As IAl3 I~@l IEI 8 (8) 

where As is a constant, DL is the lattice diffusion 
coefficient and A is the minimum barrier spacing gov- 
erning slip creep (typically the interparticle spacing). 
Equation 8 gives an inverse relation between cy and 
A (B = -0.38, according to Equation 6), which may 
account for some of the negative values of B in Table 
VII. Although more data are needed in view of the 
large scatter, two tentative explanations are provided 
below for the observed relations between c~ and A. 

(i) In the A1 6Cu and AI - I lCu  alloys, the non- 
deformable 0 phase, distributed as discrete particles 
[19], may act as sites for cavity nucleation when the 
stress concentration, built up by deformation of the 
surrounding softer matrix, reaches a high value. Then, 
as A increases the cavity spacing increases or the 
cavity density decreases. In addition, a larger propor- 
tion of the matrix, in this case, may undergo work 
hardening before the stress concentration is relieved 
by cavity nucleation. Therefore, a higher flow stress 
for the larger value of A may be expected in these 
alloys. In the alloys containing a higher amount of 
copper, e.g. A1-33Cu alloy, the contiguous ~c and 
0 grains are formed with longer interphase interface 
along which sliding may occur. During superplastic 
deformation of the A1-Cu eutectic alloy, grain-bound- 
ary sliding contributes ,-~ 70% of the total strain [32]. 
For smaller A the proportion of the interphase bound- 
ary increases and, probably, the contribution of grain- 
boundary sliding is enhanced because its accommoda- 
tion by diffusional or intragranular slip becomes 
easier. On the other hand, the ability to accommodate 
grain-boundary sliding is reduced when A becomes 
larger. Thus, the amount of cavities may increase with 
A, leading to a lower flow stress. Therefore, in the 
alloys, which have both the • and 0 phases present as 
distinct grains, cy decreases with the increase in A. 

(ii) In particle-containing systems, as is the A1-Cu 
alloy, especially, for lower copper contents, competi- 
tion occurs between cutting and bowing processes 
[33] during deformation. With increasing particle size, 
therefore, the flow stress first increases due to cutting 
then decreases due to bowing for a fixed volume frac- 
tion of second phase. As the volume fraction is in- 
creased, the transition from cutting to bowing occurs 
at smaller particle size. With the increase in copper 
content, the proportion of 0 phase increases and so 



also does its average size. Accordingly, the dominance 
of cutting is expected in the lower copper content 
alloys and so the flow stress can increase with copper 
level. For higher copper contents, the dominance of 
the bowing process can be responsible for the ob- 
served decrease in flow stress as seen in Fig. 5. Thus, 
through the effect of size and volume fraction of par- 
ticles on the stress required for cutting and bowing, 
the dependence of cy on A can also change from 
a positive to negative value of B with increasing cop- 
per content, as listed in Table VII. 

The value of m = 0.55 for the A1 33Cu alloy is 
typical of the superplastic behaviour (m = 0.5). The 
slightly lower values of m in other compositions may 
be due to the inadequately developed Region II. The 
activation energy for deformation in Region II, at 
higher temperatures (171.5 kJ mol-  1), is comparable 
with the activation energy for the deformation of the 
AI-Cu eutectic (167kJmo1-1) [5] and AI-17Cu 
(163 kJ mol-1) [16] alloys reported earlier. It is inter- 
esting to note that the activation energy of the ~- 
matrix has been reported [18] to be 156 kJmol 1, 
whereas that of the 0 phase is 213 kJ mol-1, based on 
the hot hardness data. These values amply compare 
with the activation energy for the deformation of the 
Al-24Cu and A1-33Cu alloys in Regions II and III, 
respectively. However, the activation energy of 
86 kJ mol-1 in Region II, for the Al-33Cu alloy, be- 
low the critical temperature of 773 K, is closer to the 
activation energy for the ~ 0 interphase boundary 
diffusion (97 kJ mol-  t) [34]. Thus, while the m values 
are in agreement with the predictions of several the- 
ories [31], according to which superplastic deforma- 
tion occurs by grain-boundary sliding, the larger 
values of Q seem to suggest the importance of lattice 
diffusion as the accommodation process. 

The values of m ( ~ 0.1-0.2) in Region III are com- 
parable with that for other superplastic and non- 
superplastic materials. A small difference in ;n between 
the two groups of compositions may have some signi- 
ficance, in conformity with the difference in the 
Q values. Thus, for the A1 24Cu and Al-33Cu alloys 
n ~ 5  and Q = 2 1 1 k J m o 1 - 1 ,  whereas n ~ 7  and 
Q = 480.7 kJmo1-1, for the A1 6Cu, AI - l lCu  alloys, 
are considered here. As the former value of Q is in 
agreement with the activation energy of the 0 phase, as 
well as for lattice diffusion in pure copper 
(211 kJ tool-1) [35], the deformation in Region III is 
suggested to occur by a dislocation climb mechanism 
[36]. 

The values of Q for the A1-6Cu, AI - l lCu  and 
AI-17Cu alloys (480.7 kJmol-1) is much higher than 
the activation energy for lattice diffusion. Such a high 
value of Q in the precipitation- and dispersion- 
strengthened alloys is explained by using the concept 
of internal or back stress [36]. Furushiro and Hori 
[11] reported an increase in the ratio of internal stress, 
%, to applied stress, cy, i.e. c~]c~, with the decrease in 
the copper content in the AI-Cu alloys. From their 
data of applied stress and effective stress, the value of 
activation energy, based on effective stress % 
(c~e = (y - cyi) at two temperatures, was estimated to 
be only half of that based on c~ at ~ = 5 x 10-3s -1. 

Also, the dispersion of hard second-phase particles 
may enhance the probability of cell/subgrain forma- 
tion which, in turn, can account for the slightly higher 
value of n (7) in this region. The substitution of the 
relationship between substructure size and stress [37], 
namely cr oc (cell size)-1 or cy oc (subgrain size)-o.5, in 
the creep equation was proposed by Sherby et al. [38] 
to reduce the value of n to 4 and 5.5 for the cell and 
subgrain structures, respectively. Therefore, in this 
group of alloys also, the deformation in Region III is 
suggested to occur by dislocation climb. 

5. Conclusions 
The stress-strain rate (~-~) data of the A1-6Cu, 
A1 l lCu,  AI-17Cu, A1-24Cu and A1-33Cu alloys, 
over ~ 4 x 1 0  -6 to 3 x 1 0 - 2 s  - I  and T =  
460-535 ~ C, lead to the following conclusions. 

1. The A1-33Cu alloy shows superplastic behaviour 
over an order of strain rates. In other compositions, 
such a behaviour is noticeable marginally at 

< 1 x 10 -5 s -1, especially, towards higher temper- 
atures. For superplastic deformation, the strain-rate 
sensitivity index, m, and activation energy, Q, are es- 
timated to be ~0.5 and 171.5 kJ tool-1, respectively. 

2. The A1-Cu alloys can be divided into two groups 
on the basis of stress exponent (n = 1/m) and Q values 
in Region IlL For the group I alloys, including 
AI-6Cu, AI-11Cu and AI-17Cu compositions, n ~7  
and Q =480.7kJmo1-1,  whereas for the group II 
alloys, including A1-24Cu and A1-33Cu compositions, 
n ~5 and Q = 179 kJmo1-1 have been obtained. De- 
formation in Region III is suggested to be controlled 
by dislocation climb in all the alloys, provided the 
concept of back stress is introduced to reduce the 
higher value of Q for the first group. 

3. Superplastic behaviour cannot be satisfactorily 
related to the fine grain or phase size. Instead, the mean 
free path between the 0 phases appears to be a better 
criterion for superplasticity which, from the present 
results, requires that A should be less than 10 gm. 

4. Flow stress increases with A in the A1-6Cu and 
AI-11Cu alloys, whereas they are inversely related in 
the A1-33Cu alloy. Such dependencies are explained 
through the influence of A and the nature of the phase 
distribution on the cavitation behaviour of these 
alloys. Alternatively, the dominance of dislocation 
cutting process in the lower copper content alloys, and 
the dominance of dislocation bowing process in the 
higher copper content alloys can lead to such depend- 
encies of stress on A. 
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