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ABSTRACT 
In this experimental work we have considered interdiffusion in the infinite Cu/Zn couple. 

Using the concentration profiles provided by EPMA, we have calculated the interdiffusion 
coefficients and then the activation energies for diffusion in γ- and ε-phase. 

The experimental values for these activation energies are different from the expected 

ones, regarding the correlation between melting temperature and activation energy for diffusion. 
A correct interpretation of this deviation should go through the atomistic understanding of 

diffusion in intermetallics in terms of defect structure and diffusion mechanisms. The arguments 

given support the idea of a diffusion process mainly mediated by the vacancies. 
Keywords: intermetallics, EPMA, interdiffusion coefficient, activation energy, diffusion 

mechanisms. 

 

INTRODUCTION 

The process of interdiffusion is often accompanied by the formation of intermetallics at the 

interface between different metals or alloys. Usually this phenomenon is known as reactive 

diffusion [1,5]. A lot of investigations have been made for the reactive diffusion in binary systems. 

Usually this process is used to determine the phase diagrams of binary systems. It is also used for 

the production of different intermetallics. Furthermore, controlling the formation of the 

intermetallics is very important, because their presence at the interface may damage the mechanical 

and electrical stability of it. 

In spite of many years of investigations on self-diffusion in pure metals, there remains a lot of 

questions regarding the mechanisms of diffusion or the essential parameters affecting it. On the 

other hand, it is a well known fact that the self-diffusion behavior of a certain metal depends on its 

crystal structure [5,3,2]. So it is clear that when it comes to the diffusion in intermetallic compound 

the problem is much more complicated [5]. 

The diffusion studies on intermetallics are much less than those on self-diffusion in pure 

metals. Additionally systematic studies regarding the different aspects of diffusion such as atomic 

disorder at higher temperatures or the formation of structural vacancies are rare as well [4,6]. 

Experimentally this field of research is very difficult, because the sample preparation in a desired 

composition may be an enormous task [5]. 

However, while for the investigation of self-diffusion in pure metals there is available only 

one technique, that of tracer diffusion, concerning the diffusion in intermetallics, one can use other 

successfully proven methods. Anyway, all the researchers of the field may agree on the fact that the 

diffusion behavior of intermetallics differs essentially from one compound to the other [1,5,8]. 

In the present work, the growth of intermetallics at the interface of copper/zinc diffusion 

couple has been investigated at the temperatures ranging from 250
o
C to 380

o
C. Figure 1 shows the 

Cu-Zn phase diagram [7]. Between the two terminal phases that have the same crystal structure of 

the corresponding pure elements, four intermetallic phases are known: β-phase: if the amount of 

zinc is increased beyond 38.3%, another phase, the β’-phase will appear if the brass is cooled 

slowly. This phase has an ordered body centered cubic (bcc) structure. Near room temperature, the 

β’-phase region extends from approximately 48 to 50 atomic % zinc. Above 458
o
C this phase 

modifies itself and becomes a disordered phase denoted as β. Due to experimental difficulties 

associated with the speed of the transformation, there are no details on this region, but it has been 
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suggested that the β and β’ regions are separated by a normal two-phase region β + β’ [7]; γ-phase: 

its crystal structure is a complex double cubic type, based on Cu5Zn8 and has become the prototype 

of the so-called γ brass structures, which consists of 52 atoms in a cubic unit cell; ε-phase: it has a 

close packed hexagonal structure. The concentration lies within the limit 78.5 – 87.5%Zn with a 

hexagonal net ( 58.1ac ); δ-phase: a body centered cubic structure which differs from the others 

because it is stable over a limited temperature range from 558 to 700
o
C. 

 

 
 

Fig. 1. Copper – Zinc phase diagram. (From Binary Alloy Phase Diagrams, Massalski, T.B., Editor-

in-Chief, ASM International, 1986, p. 981.) [7] 

 

In this paper the Cu-Zn diffusion couple was used to study the formation and growth of the 

intermetallic phases. The diffusion couple was prepared by platting technique. Its homogeneity was 

characterized by metallography, EPMA and X-Ray phase analysis. They were used four different 

annealing temperatures and for each temperature they were used six different annealing times. In 

the selected temperature range only three phases were found: γ-, ε- and β-phase. The β-phase was 

observed in a very reduced thickness which made it impossible for calculations. On all of the 

selected temperatures parabolic layer growth was observed. 

 

MATERIALS AND METHODS 

The base materials used were pure copper and pure zinc. Chemical analyses were conducted 

by GDOES. The infinite Cu-Zn diffusion couple was produced by platting technique [1], where two 

pieces of pure copper and pure zinc approximately 4 cm
2
 were pressed together in room 

temperature. 

  

 
 

Fig. 2. The formation of the diffusion couple. 

 

It is known that the effect of pressure in the diffusion process, at least for pressures accessible 

in laboratory devices, is far less striking than that of temperature [5]. Anyway, to determine the 
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appropriate force applied to the above mentioned pieces, we tried the forces: 200kN, 300kN and 

320kN. By the use of EPMA, we conclude that the applied force needed to produce the diffusion 

couple, has no effect on the diffusion process.  

Diffusion is an thermally activated process, so the process of hot mounting of the specimens, 

should be carried out by choosing very carefully the filling material. As such a material we have 

tried epoxy and tin. In the concentration profiles provided by EPMA, it was clear that the melting 

temperature of tin was high enough for the process of diffusion to start. As a result, epoxy resin was 

used. 

Annealing was carried out in thermal oven model: NABERTHERM Model L5 (30-3000
o
C). 

There were used four different annealing temperatures: 250
o
C, 300

o
C, 350

o
C and 380

o
C and for 

each temperature the annealing times have been: 1h, 4h, 9h, 16h, 25h and 32h. After the annealing, 

the samples were cooled very fast in cold water. Before the metallographic preparation of the 

samples, a layer of less than 1mm was mechanically cut off. 

 

RESULTS AND DISCUSSION 

Figure 3 shows the optical micrographs (NEOPHOT 30, ZeisJena) for two selected samples 

(annealing temperature 350
o
C and 380

o
C). One can easily see the formation of a two-phase 

diffusion layer. In this range of temperatures there are present two rich zinc phases, namely γ-phase 

and ε-phase, which is in accordance with the Cu-Zn phase diagram. 

 

 
 

Fig. 3.  Optical micrographs of two selected samples. 

 

The wavelength dispersive electron probe microanalysis (JXA-8900) is used to determine the 

course of the concentration in the diffusion layers. The measurements were conducted for 200 up to 

1200 data points, depending on the thickness of the grown phases. The obtained concentration 

profiles for the same samples as in Figure 3, are shown in Figure 4. 

 

 
 

Fig. 4.  Concentration profiles of the same samples as in Fig. 3. 
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In γ-phase field the concentration of Zn continuously increases while the concentration of Cu 

continuously decreases. This means that in this area only one phase (γ-phase) occurs. Also in ε-

phase field the concentration of Zn continuously increases while the concentration of Cu 

continuously decreases, but this occurs in higher and lower values respectively as compared with 

the corresponding concentrations from γ-phase field. 

The phase distribution for the Cu-Zn diffusion couple is shown in Figure 5, which represents 

the atomic map of such a couple. 

 

 
 

Fig. 5. The phase distribution for a Cu/Zn diffusion sample (320
o
C, 1h). 

 

The thickness of  and  phases were measured directly at the concentration profiles. The 

dependence of the square of phase thickness from annealing time was studied and the coefficients 

of phase growth for each phase in every temperature, were determined. A parabolic law of phase 

growth (
tkx ii 22

) was observed. A deviation from the parabolic law was observed for very 

short annealing times (1h and 4h) and it may be explained by the lack of an equilibrium state due to 

the very short annealing times. At these stages, the diffusion process is mainly controlled by the 

chemical reactions. 

 
 

Fig. 6. The plot of natural logarithms of the constant of phase growth from the reciprocal 

temperature. 

 

The coefficient of phase growth k determines the speed of phase growth and therefore is 

proportional to the diffusion coefficient. From the well known Arrhenius dependence of the 

diffusion coefficient on temperature 
)exp(0 RTQDD

 we get 
)exp(0 RTQkk

. So from the 
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slope and intercept of the straight line (Fig. 6) representing this relationship, the activation energy 

(Q) for the diffusion of each intermetallic phase and the corresponding constants of phase growth 

(k0) are calculated. 

Table 1. The activation energies for diffusion and the corresponding constants of phase growth 

Intermetalics Q [J/mol] ko [m
2
/s] 

ε-phase 9.76 · 10
 4
 2.05 · 10

 -5
 

γ-phase 5.16 · 10
 4
 2.44 · 10

 -8
 

 

SUMMARY AND CONCLUSIONS 

The diffusion process in the Cu-Zn diffusion couple is accompanied by the formation of three 

intermetallic phases, according to the Cu-Zn phase diagram. In the selected temperature range, the 

β-phase has a very limited thickness that offers no possibility to do calculation with. 

Using the concentration profiles provided by WDX-EPMA we have studied the dependence 

of the square of the phase thickness from annealing time. The growth of the intermetallic phases 

follows a parabolic law. Having calculated the constants of phase growth, enables the calculation of 

the activation energies for diffusion and the corresponding constants of phase growth for ε- and γ-

phase. 

It is a well known fact that the activation energies for diffusion are proportional to the melting 

temperature (the van Liempt rule [5]). According to this correlation, our experimental values exhibit 

a strong deviation from the expected ones. A proper interpretation of this deviation should include 

the atomistic understanding of diffusion in intermetallics in terms of defect structure and diffusion 

mechanisms. Anyway before reaching a conclusion we think our next step will be another diffusion 

experiment using a different diffusion couple, which can enable higher annealing temperatures and 

so the calculation of the activation energies for diffusion of the β phase. 
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