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Kinetic grain growth in Cu-Zn-AI shape 
memory alloys 

J. M. GUILEMANY,  F. J. GIL* 
Ciencia de Materiales e Ingenieria MetalOrgica, Metalurgia Fisica, Facultad de Ouimica, 
Universidad de Barcelona, c/Marti i FranquOs 1, 08028 Barcelona, Spain 

Kinetic grain growth has been evaluated in Cu-Zn-AI shape memory alloys by the calculation 
of different grain size parameters (perimeter, area, minimal and maximal diameter) in different 
alloys, and at different temperatures and heat treatment times. The growth order values have 
been worked out and the activation energy estimated. 

1. Introduction 
The driving force behind grain growth comes from the 
elimination of surface energy in the grain boundaries. 
This happens in such a way that by introducing 
thermal energy, diffusion is produced and with it an 
increase in size. The grain boundary area decreases, 
as does the total energy stored in it, with a resulting 
greater thermodynamic stability. 

In Cu-Zn-A1 alloys a great influence of grain size 
on singular transformation temperatures is observed 
[1, 2], and also on thermodynamic values, elastic and 
frictional energy [3, 4] and mechanical properties [5] 
among others. The main aim of this paper is to show 
how the grain size can be predicted at different tem- 
peratures and heat treatment times. 

2. Experimental procedure 
The kinetic grain growth was studied in two [3-phase 
alloys at room temperature with the chemical com- 
positions given in Table I. For  each of these alloys, 30 
slices were cut from the same bar, measuring 5 mm in 
diameter and 4 mm in height. Two of them were used 
as reference samples, while the rest were subjected to 
different heat treatments at 750, 800, 850 and 900 ~ 
and for 3, 5, 10, 15, 20, 30 and 60min at each 
temperature. 

Samples from the same alloy were introduced into 
the furnace at a fixed temperature and were then taken 
out one by one according to the different times indic- 
ated above, and quenched in water at 25 ~ After- 
wards, they were metallographically prepared. 

Grain size parameters (perimeter, area, maximal 
and minimal diameter) were obtained by an image 
analysis technique. The image was acquired by means 
of a suitable camera and was then improved, enhan- 
cing its contrast and pseudocolour in order to facili- 
tate its observation and thus its further interpretation. 
After this optimization process, parameters were iden- 
tified and quantified. Finally, the image was codified 
by a computer and the data statistically analysed. 

The da ta  obtained for each temperature, alloy and 
heat treatment are shown by means of graphs as a 
function of treatment time t. The graphs obtained are 
similar to an exponential equation of the type 

Y = Al l  -- e x p ( -  bt)] (1) 

A and b being constant for each alloy and treatment 
temperature. The value of A is obtained by making an 
approximation to the limit of the growth function. 
Thus 

A - Y  
- exp( - bt) (2) 

A 

l o g ( ~ - ~ )  = - 0 . 4 3 4 b t  (3) 

log[(A - Y)/A] graphs in relation to time are made, Y 
being the perimeter, area, minimum and maximum 
diameter. Thus linear relationships of slope - 0.434b 
are obtained. The value of b for each temperature and 
alloy can be ascertained in this way. 

With the values of A and b, kinetic grain growth 
equations can be made for each temperature, alloy 
and grain size parameter. These equations predict the 
grain size because they take account of the length of 
treatment time at a fixed temperature. 

In order to calculate activation energy an Arrhenius 
type equation has been used, since the results obtained 
show that it assimilates the grain growth stage very 
well. Equations used are of the type 

Y = K t" (4) 

with k being a constant, t treatment time, n growth 

TABLE I Alloy compositions 

Composition (wt %) 

Alloy Cu Zn A1 

Cu-Zn21-A16.6 72.3 21.04 6.66 
Cu-Zn21-A16 73.0 20.85 6.15 
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order and Y being chosen as the size parameter for the 
minimum diameter. Linear equations in which slopes 
reveal growth order are obtained by means of a graph 
plotting log Y against log t. 

Moreover, if the atomic diffusion across a grain 
boundary is like a sample-activated process, it can 
then be demonstrated that the K constant in the 
former equation can be replaced by the expression 

K = K oexp ( -  E,/RT) (5) 

where E, is the heat of activation for the process, T is 
the absolute temperature and R the international gas 
constant. Therefore the law of grain growth can be 
written in the following way as a function of both 
temperature and time: 

Y - -  Yo = K o t e x p ( - - E J R T )  (6) 

By plotting l o g ( Y -  I1o) against 1/2.3 RT a straight 
line with a slope corresponding to the activation 
energy is given. In our case, this calculation has been 
carried out for the perimeter parameters, area and 
minimum diameter and for periods of 5 rain, since 

approximately 50% total grain growth happens at this 
time. This criterion has been established by various 
authors in order to estimate the activation energy in a 
recrystallization process [6, 7]. 

3. Results 
3.1. Estimating the kinetic equation 
Parameters are obtained for each alloy, temperature 
and time of treatment in the furnace. Perimeter and 
maximal and minimal diameter are expressed in 
micrometres and their area in square micrometres. 
The mean diameter is taken as the average value of 
maximal and minimal diameters. 

Figs 1 and 2 show those parameters as a function 
of temperature and experimental time for alloys 
Cu-Zn21-A16.6 and Cu-Zn21-A16, respectively. 
These curves are well fitted by an exponential-type 
equation (Equation 1). 

According to the results, it is observed that as time 
is increased the grain size parameters become con- 
stant. As can be observed, there is a linear relationship 

6000 

c- 
I1o 

cL. 

J 
0 . . . . .  

[a) 

1200 

I= 
.::;L 

g 

"o 

.$.. 

A 

,j3.,..~, ~..D_. ............... ---D 

I 

i ... 4 ' I g  ~ I  ' ' ~  
il~ ,.I~'" 

o / . /  
/ i 

~// i "  
I; 

/, 
14 

Time (min] 

5 / . , .  , .. l:..z--. '* 
Ii ",<~-"- 

I i "  / . ,  
I I  

, l i l y "  

II1: I" �9 

70 

15001 .: 

, 

0 
0 
(b) Time (min) 

1800 

//~3" ............. 4 

D,; i i g 

7O 

t 0 i , i 

0 70 0 70 
(c) Time (rain) {d) Time {min) 
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Figure 2 Grain size parameters at different temperatures and heat treatment times for alloy Cu-Zn21-AI6: (a) perimeter, (b) area, (c) minimal 
diameter, (d) maximal diameter. (1) 750~ (0) 800 ~ (~) 850~ (A) 900~ 

with a slope of - 0.434b, where b is obtained for each 
alloy and temperature. In Table II and from A and b 
values, kinetic equations of grain growth for temper- 
ature and grain size parameters (perimeter, area, min- 
imal and maximal diameters) are shown for each alloy. 
In these equations the final grain size obtained after a 
certain time of heat treatment at a fixed temperature 
can be found. 

As is to be expected, when the temperature rises the 
kinetic effect is quicker and at the same set temper- 
ature an increase in time brings about a greater grain 
growth. Bearing in mind that we were working from 
alloys with an average grain size of 180 Ixm mean 
diameter, final grain sizes of (1350 pm) are reached 
after 60 rain. This means that the grain sizes are 7.5 
times greater than those at the beginning. At 850 ~ 
grain sizes which are approximately 6.5 times greater 
are reached. At 800 ~ and still at the same treatment 
time, the grain size is five times greater. Finally, at 
750 ~ mean diameter is 4.5 times greater. 

As can be seen from the graphs of grain growth, the 
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alloy grows very quickly up to 10-15 min, and after 
this treatment time the growth is much slower. For a 
temperature of 900~ and with a 10 rain treatment 
time, the average diameter grows approximately six 
times; at 850 ~ growth is five times greater, at 800 ~ 
it grows about four times more and at 750 ~ nearly 
three. Nevertheless, when the final grain size after 
60 min of heat treatment is compared with that ob- 
tained after 10 min, the grain growth is approximately 
1.5 times higher for all temperatures. 

3.2�9 Calcu la t ion of the g r o w t h  order and 
act ivat ion energy 

The results of the former paragraph show that the 
grain growth kinetics of these alloys can be divided 
into two sections: one from 0 to 10-15 min, where the 
growth can be similar to Arrhenius-type kinetics, and 
another at times greater than 10-15 min where the 
grain size parameters grow slowly and tend towards a 
constant value, indicating that the system has some 
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T A B L E  I I I  G r o w t h  order values 

T(~ Equat ion  Growth  order 

Alloy Cu-Zn21-Al6.6 
900 log D = 2.34 + 0.62 log  t 0.62 

850 log D = 2.21 + 0,70 log t 0.70 

800 log D = 2,02 + 0.71 log  t 0.71 

750 log D = 1.91 + 0.69 l o g t  0.69 

Alloy Cu-Zn21-A16 
900 log D = 2.31 + 0.63 l o g t  0.63 

850 log D = 2.04 + 0.77 log t 0.77 

800 log  D = 2.03 + 0.65 log t 0.65 

750 log D = 1.78 + 0.73 log  t 0.73 

T A B L E  I V  Activat ion energy 

Al loy  Origin Slope (10 s J t o o l -  1 ) Ea (kJ m o l -  1 ) 

Perimeter 
C u ~ n 2 l - A 1 6 . 6  10.91 - 1.6 160 

C u  Z n 2 1 - A I 6  8.21 - 1.1 110 

Area 
C u - Z n 2 1 - A 1 6 . 6  14.40 - 1.9 190 

C u - Z n 2 1 - A I 6  13.70 - 1.8 180 

Minimal diameter 
C u - Z n 2 1 - A I 6 . 6  9.79 - 1.6 160 

C u - Z n 2 1 - A I 6  8.06 - 1.2 120 

physical impediment which does not allow the kinetics 
to thrive. 

In order to estimate the activation energy, experi- 
mental grain size values were used until the point of 
inflexion on the kinetic curve was located. These 
curves were similar in type to Equation 4. 

By showing logY in relation to logt by means of a 
graph, linear equations can be obtained where the 
slope will give us the growth order. The n values are 
given together with the linear function in Table III. 
For each alloy and temperature these results vary very 
little, reaching values which in the case of the alloy 
Cu-Zn21-A16.6 range from 0.62 to 0.71 with a mean 
value of 0.68 the values for alloy Cu-Zn21-A16 range 
from 0.63 to 0.77 with a mean value of 0.70. The 
growth order is given by the mean value, correspond- 
ing to 0.69. 

The activation energy has also been calculated from 
Equation 6 at a heat treatment time of 5 rain, taking 
as a grain size parameter the perimeter, area and 
minimum diameter. By means of a graph showing 
l o g ( Y -  ]1o) in relation to 1/2.3 RT, linear equations 
for alloys Cu-Zn21-A16.6 and Cu-Zn21-AI6 are ob- 
tained, the slopes of which represent the activation 
energies which have changed sign in each alloy. 

In Table IV the results, which as expected fluctuate 
for each alloy, are shown. This is due to the fact that 
the activation energy depends on the chemical com- 
position. The energy margins for each alloy are con- 
tained between the calculated parameters. 

4. Discussion 
In Cu-Zn-AI alloys, a very fast grain growth is ob- 
served up to a period of 10 to 15 min. Subsequently, 
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growth is very slow with a practically constant grain 
size after 60 rain of continuous heat treatment. This 
fact can be explained as a consequence of a kinetic 
impediment, either by accumulation of impurities and 
defects or by lack of continuity in the solid; thus 
grain growth is prevented although thermal energy is 
applied. 

In spite of this fact, the 158 ~tm initial grain size (as 
average diameter) for alloy Cu-Zn21-A16 becomes an 
1167 I~m average final diameter after 60 rain of heat 
treatment (850 ~ and water-quenched). After the first 
15 rain of heat treatment, a 938 gm grain size was 
attained. In other words, after 15 min the original 
grain size grows six times, and after 60 min grows to 
only 7.5 times its original size. 

This shows the variation of grain growth rate as a 
function of time under heat treatment. All the above 
must be kept in mind when performing the necessary 
heat treatments after moulding and other possible 
forming processes. 

Form the graphical representations of grain size as 
a functionof time (Figs 1 and 2) it can be seen that for 
treatment temperatures of 750 and 800~ at 3 and 
5 min time, the real time for which the sample under- 
goes these temperatures is lower than the pre-fixed 
experimental time. This difference in time is spent in 
heating the sample from room temperature up to the 
experimental temperature, as can be observed by a 
slight upward curvature in the slope. As the temper- 
ature increases, the tendency to curve decreases but 
the slope continues to rise. 

From the different parameter values for grain size as 
a function of time, it can be stated that the increment 
in final grain growth is bigger between 850 and 900 ~ 
than the increment between 750 and 850 ~ this fact 
being in accordance with the kinetic equations ob- 
tained in the grain growth processes. 

The growth order, using an Arrhenius-type equa- 
tion, is calculated with average growth values corres- 
ponding to a treatment time of 3 to 15 rain between 
which the kinetics adjust to this type of equation. An 
average growth order value of 0.69 is obtained for 
each alloy. This value is high compared with those for 
other metallic alloys, which are generally no greater 
than 0.5 in value. Thus Fullman [-8] establishes that 
the growth order in commercial brass is from 0.2 to 
0.3, and in what he terms "high purity brass" the order 
varies between 0.4 and 0.6. This shows that the grain 
size for our alloys grows very quickly as time elapses. 
Taking into account the aforementioned kinetic 
impediments, it must also be pointed out that after 
15 min, the average growth order decreases. 

Activation energy values have also been obtained, 
and as expected this energy varies considerably ac- 

cording to chemical composition; because there is an 
atomic diffusion process through a grain boundary, 
the kinetics will depend on the amount of atoms 
present in one element or another. 

These results show a great variation in activation 
energy with the chemical composition. The results are 
consistent with the fact that as the copper solute 
content increases the copper diffusion coefficient at 
the same temperature decreases, thus increasing the 
grain growth activation energy. 

Experimental growth data supposedly adjust to a 
simple law of activation, and consequently the de- 
pendence on grain growth temperature does not give a 
constant value for activation energy on many occa- 
sions. It must be taken into account that the results 
obtained represent values which, although not exact, 
are the most accurate available according to experi- 
mental results. 

5. Conclusions 
In both Cu-Zn-A1 alloys very fast grain growth is 
observed at a given temperature for up to 10 to 15 rain 
heat treatment but becoming slower after this time, 
giving a constant grain size at times above 60 rain at 
the test temperature. 

The growth order is 0.69, the value of which is 
higher when compared with other alloys which do not 
go beyond the value of 0.5. 

The average activation energy for the alloy 
Cu-Zn21-A16.6 is 170 kJ mol- 1 and for Cu-Zn21-A16 it 
is 136 kJmo1-1 
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