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Abstract 

In this paper, the kinetic of precipitation process in mechanically alloyed Cu-1 wt.% Cr 
and Cu-1 wt.% Cr/3 wt.% Al2O3 solid solution was compared using differential 
scanning calorimetry (DSC), X-ray diffraction (XRD) and transmission electron 
microscopy (TEM). The ageing kinetics in Cu–Cr and Cu–Cr/Al2O3 can be described 
using Johnson–Mehl–Avrami (JMA) and Sestak–Berggren (SB) models, respectively. 
These different behaviors have been discussed in details. It was found that in presence 
of Al2O3 reinforcement, the ageing activation energy is decreased and the overall 
ageing process is accelerated. This behavior is probably due to higher dislocation 
density previously obtained during ball milling and Al2O3–Cu interface. TEM 
observations confirm that Al2O3–Cu interface and structural defects act as a primary 
and secondary nucleation sites, respectively. 
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1. Introduction 

Copper matrix composites reinforced with metallic precipitates, i.e. in situ composites, 
or ceramic particles, like Al2O3, ZrO2 or TiC [1], [2] and [3], have received a great 
deal of attention in recent years. These composites possess advantageous properties, in 
particular, high electrical and thermal conductivity and good mechanical properties. 
Thus, they are very attractive materials for various industries [4]. Cu–Cr system is an in 
situ composite resulting from decomposition of the supersaturated Cu–Cr solid solution. 
In fact, by ageing treatment of solid solution, the Cr precipitated through nucleation and 
growth mechanism in the Cu matrix [5], [6] and [7]. Different methods have been used 
to produce Cu–Cr solid solution. Among them, mechanical alloying has attracted a lot 
of attention in recent years. Extension of Cr solubility in Cu during mechanical alloying 
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and the effect of Al2O3 nano-particles on the Cr solubility have already been 
investigated [8] and [9]. 

On the other hand, thermal analysis methods such as differential thermal analysis 
(DTA) or differential scanning calorimetry (DSC) have been extensively used to study 
the kinetic analysis of solid state processes. These techniques measure the temperatures 
and heat flows associated with transformation in materials. Such measurements provide 
quantitative and qualitative information about the transformation in endothermic or 
exothermic processes [10], [11], [12] and [13]. 

Many investigations have been devoted to the study of the solid state ageing behavior of 
Cu–Cr in situ composite in the aspects of microstructure, mechanical and electrical 
properties [5], [6], [7], [14], [15], [16], [17], [18], [19] and [20]. Kinetics of ageing or 
Cr precipitation has not yet been thoroughly studied using thermal analysis. Specially, 
the influence of ceramic reinforcements on the ageing behavior of this system, which 
has not been studied yet, seems interesting. The aim of this study is a quantitative 
analysis of the non-isothermal heat treatment of Cu–Cr solid solution in order to obtain 
the kinetic parameters characterizing the Cr precipitation process in Cu matrix. The 
effect of the Al2O3 nano-particle on the kinetic of precipitation is also studied. It is very 
important to determine reliable kinetic parameters enabling control of the precipitation 
process under defined conditions. Knowledge of both the mechanism and the kinetics of 
ageing make it possible to predict the characteristics of precipitates resulting from 
different ageing conditions. 

2. Theory 

The rate of the process dα/dt is proportional to the measured specific heat flow Φ, 
normalized per sample mass (W/g) [10]: 

    (1) 

where t is time and ΔH corresponds to the total enthalpy change associated with the 
precipitation process. It could be noticed that ΔH corresponds to the total peak area of 
the DSC curve. The fractional conversion α can be easily obtained by partial integration 
of DSC curve [10]: 

    (2) 

where β is the heating rate and T is the absolute temperature. Also, T0 corresponds to 
the beginning temperature of the baseline approximation when the measured specific 
heat flow is equal to zero. Eq. (2) is valid under linear heating conditions. On the other 
hand, the rate of the kinetic process can be expressed as a product of temperature 
dependent rate constant k(T) and a dependent kinetic model function f(α) [10]: 
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    (3) 

f(α) functions used for description of nucleation and growth processes most frequently, 
are summarized in Table 1. 

The rate constant in Eq. (3) follows Arrhenius form [10]: 

    (4) 

where A is the pre-exponential factor, R is the gas constant and E is the activation 
energy which should not depend on T and α. Combining Eqs. (1), (3) and (4) the 
following equation is obtained: 

    (5) 

The aim of a kinetic analysis is to find the best kinetic model providing the calculation 
of reliable kinetic parameters A and E. Calculation of E is based on a multiple-scan 
method in which several measurements performed at different heating rates. This value 
has been determined from the isoconversional Kissinger equation [26]: 

    (6) 

where Tp is the peak temperature. Therefore, E and A can be obtained from the plot 

vs. 1/Tp. It is noteworthy to point out that although the Kissinger equation was 
developed by assuming “n order” kinetic models, it was later demonstrated [27] and 
[28] that it applies for any other kinetic models like diffusion controlled reaction or 
Avrami–Erofeev kinetic models. It has been also reported that the error of the activation 
energy determined from the Kissinger method [27] and [29] is very small for values of 
E/RT > 5. However, the use of this method implies to assume that the activation energy 
remains constant all over the process, what is not evident a priory and therefore, 
additional kinetic information would be required in order to check if the activation 
energy remains constant all over the α range [29]. It has been shown [11], [12] and [13] 
that the y(α) and z(α) functions obtained at different heating rates are overlapping only 
if the real activation energy has been used for obtaining these curves. Thus, the 
calculation of these functions from the DSC curves obtained at different heating rates by 
using the Kissinger activation energy would be a proper criterion for discerning if the 
activation energy is independent of the reacted fraction. 

The y(α) and z(α) functions can be easily obtained by a simple transformation of 
experimental DSC data. For practical reasons the y(α) and z(α) functions are normalized 
within (0,1) interval. In non-isothermal conditions these functions are defined as [11], 
[12] and [13]: 
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    (7a) 

z(α)=ϕT2      (7b) 

Both the y(α) and z(α) dependences and properties can be used to guide the choice of a 
kinetic model [11], [12] and [13]. These functions exhibit maxima at αM and  , 
respectively. If the  lies within the interval   then the DSC data 
can probably be described within the JMA model. The value of    is a 
characteristic fingerprint of the JMA model. On the other hand, if    then the 
SB empirical model provides a more satisfactory description of the experimental DSC 
data [11], [12] and [13]. The kinetic exponent n for JMA model can be calculated using 
the following equation [12]:  

    (8) 

Also, the ratio of the kinetic exponents M/N for SB model can be calculated using the 
following equation [12]: 

    (9) 

By substituting SB equation in Eq. (5), the following form may be written: 

   (10) 

The kinetic parameter N is then calculated from the slope of the linear dependence of 
ln[ϕexp(E/RT)] versus ln[αM/N(1 − α)] plotted in the interval α ∈ (0.2, 0.8) [12]. 

Thus, the shape and properties of both y(α) and z(α) functions can be conveniently used 
to determine the most probable kinetic model. Moreover, the fitting of the whole set of 
experimental data obtained at different heating rates to single y(α) or z(α) functions 
would demonstrate that the Kissinger activation energy used for determining the above 
functions represents the real activation energy of the process. 

3. Experimental procedure 

Cu-1 wt.% Cr solid solution and Cu-1 wt.% Cr-3 wt.% Al2O3 mixture powders were 
used for the ageing kinetic measurements. These alloys were prepared through 50 h 
mechanical alloying in a Fritsch P5 planetary ball mill with ceramic vial (volume of 300 
ml) and balls (diameter of 10 and 20 mm) under argon atmosphere. The ball to powder 
weight ratio and milling speed were 30:1 and 300 rpm, respectively. Details of extended 
solid solution formation were reported elsewhere [8] and [9]. 
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DSC experiments were performed in a SDT Q600 instrument and argon gas flow of 100 
ml/min was applied during the measurement. All experiments were carried out on 
samples in standard platinum pans, with an empty pan as the standard. The 
measurements were performed at four different heating rates, i.e. 5, 10, 20 and 40 
K/min in the temperature range of 300–1273 K. Then the samples were freely cooled 
down to room temperature. Once room temperature was reached, the samples are heated 
a second time at the same heating rate to obtain a baseline. A precise measure of the 
heat flow can thus be obtained by measuring and integrating the difference between the 
first and second scans. 

The phase identification of the products was carried out by XRD (Philips PW-3710) 
using Co Kα radiation (λ = 0.17407 nm). The microstructure of the samples was 
examined by transmission electron microscope TEM (Philips CM200, operated at 200 
kV) equipped with an energy dispersive spectrometer (EDS). 

4. Results and discussion 

The DSC results of Cu–Cr and of Cu–Cr/Al2O3 samples at different heating rates are 
reported in Fig. 1. These curves, showing similar features, confirmed that both samples 
undergo the same transformations. All these curves exhibit an exothermic peak, which 
can be attributed to the decomposition of the solid solution and the precipitation of Cr in 
Cu matrix. It means that the ageing response of the two materials is relatively similar, 
differing only by a relative displacement of the peaks. Also, it can be seen in Fig. 1 that, 
the peak temperature shifts to higher temperatures by increasing the heating rate. This 
fact shows the kinetic control of the process [30]. 

The samples were analyzed by XRD before and after the DSC measurements. The XRD 
patterns of the mechanically alloyed and aged samples for Cu–Cr and Cu–Cr/Al2O3 are 
shown in Fig. 2. It should be noted that XRD results after DSC measurements at 
different heating rates did not show an obvious change, and similar results were 
obtained. Mechanically alloyed sample exhibits broadened peaks, typical of ball milled 
samples. Meanwhile, the peak width for the aged sample is smaller. Also, a small shift 
of Cu peak to higher angle after ageing observed in Fig. 2 reveals that Cu lattice 
parameter has decreased. The reduction of Cu lattice parameter from 0.36189 to 
0.36157 nm after ageing may be attributed to the precipitation of the Cr. In fact, Cr 
solute atoms are driven out of the solid solution and Cu lattice parameter decreased 
during ageing. Therefore, it was confirmed by XRD results that the exothermic 
transformation during thermal analysis is related to Cr precipitation. However, the 
diffraction peak corresponding to Cr was not observed in the XRD patterns, due to its 
small quantity. 

The enthalpy associated with the exothermic peaks was calculated from the integration 
of the overall DSC curves. These values are summarized in Table 2 and Table 3. The 
average enthalpies of precipitation in Cu–Cr and Cu–Cr/Al2O3 samples are equal to 
14.83 ± 3.57 and 13.78 ± 3.33 J/g, respectively. On the other hand, the theoretical value 
of Cr precipitation enthalpy for Cu-1 wt.% Cr alloy calculated using CALPAD [26] and 
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[31] method is approximately 15.8 J/g. It can be observed that, there is a relatively good 
agreement between the measured and calculated values of the precipitation reaction 
enthalpy. This also confirms that this stage is due to Cr precipitation in accordance with 
the XRD analysis. 

The value of activation energies of Cu–Cr and Cu–Cr/Al2O3 samples determined by the 
Kissinger method are 133 ± 5 and 100 ± 3 kJ/mol, respectively. Since Cr precipitation 
in Cu involves diffusion of Cr, its mobility in the Cu matrix should be the rate-limiting 
factor in the precipitation process. In fact in Cu–Cr alloys, the precipitation activation 
energy is closely connected with the activation energy for Cr diffusion [32]. Diffusion 
activation energy of Cr into undeformed Cu reported in the literature is 220 kJ/mol [33]. 
It can be found that this is much higher than the value calculated from the Kissinger 
method. The explanation is that dislocations and lattice defects can form easy diffusion 
paths for dissolved solute atoms [34]. Therefore, the observed significant decrease in 
activation energy in both samples compared with undeformed condition can be 
attributed to an increase in the lattice defects density introduced by mechanical 
deformation and interfacial energy of supersaturated solution that gave rise to lower 
activation energy values. Meanwhile, the effect of Al2O3 nano-particles during 
mechanical alloying on the nanocrystalline solid solution formation in Cu–Cr system 
was previously investigated [9]. It was reported that, increase of strain or dislocation 
density brought by the presence of Al2O3 nanoparticles was more significant. Hence, it 
can be found here that the presence of Al2O3 reinforcement leads to the reduction of Cr 
precipitation activation energy by about 30 kJ/mol compared to the unreinforced 
sample. Totally, it can be expected that any modification of the matrix that changes the 
diffusivity, will change the ageing response of the matrix. 

Experimental DSC data can be converted to the z(α) and y(α) functions using Eqs. (7a) 
and (7b). These two functions, normalized within (0, l) interval, corresponding to Cu–
Cr sample are shown in Fig. 3. For better clarity, not all the data points are included in 
these figures. The shape of the z(α) function is practically invariant with respect to 
temperature. The validity of the JMA can be easily verified by checking the maximum 

 of the z(α) function.  is a constant and falls into the  range, 
then the experimental data fits to the JMA model nicely [35]. It has been shown that the 
applicability of JMA model is restricted by the condition of site saturation which is 
equivalent to the presumption that the nucleation is completed before the growth 
process starts. This condition is fulfilled if there is negligible overlap between the 
nucleation and growth curves [10], [36] and [37]. It should be expected that in the Cu–
Cr solid solution sample produced through mechanical alloying, high dislocation and 
other structural defects density lead to high suitable nucleation sites. Hence, nucleation 
is probably completed prior to crystal growth. The kinetic exponent for this model 
calculated using αM (Eq. (8)) together with other parameters are shown in Table 2. 
These values were used for the kinetic calculation. Experimental data (points) and 
calculated DSC curves (full lines) are compared in Fig. 1(a) for Cu–Cr sample. It is 
apparent that the precipitation process can be well described by the JMA model. 
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The same analysis was also performed for Cu–Cr/Al2O3 sample. Fig. 4 shows the z(α) 
and y(α) functions for kinetic data. The maximum of z(α) curve,  , was 
shown by arrow 1. This value is far from the interval  and it could be 
interpreted that the data does not correspond to the JMA model. However, there is a 
shoulder that appears in the region shown by arrow 2. This rather complicated shape of 
the z(α) function can be explained assuming that the nucleation and growth processes 
partially overlap [38]. As mentioned above, the JMA model is valid provided that all 
nucleation is completed before the crystal growth started. In the light of these facts, it 
seems that the nucleation and growth processes probably overlap in the presence Al2O3 
nano-particles. This may be explained as follows. Al2O3 nano-particles in Cu–
Cr/Al2O3 act as additional and primary nucleation sites compared to Cu–Cr system. It 
seems that during the growth of pre-nucleated precipitates on Al2O3–Cu interface, 
secondary nucleation process on the structural defects occurred simultaneously. 
Therefore, the overall precipitation cannot be described by the JMA model. In this case, 
the SB empirical kinetic model can be used for a quantitative description of more 
complicated processes involving both nucleation and growth. The kinetic parameters 
calculated with Eqs. (9) and (10) are summarized in Table 3. Fig. 1(b) shows the 
comparison of experimental data (points) and calculated plots (full line) for Cu–
Cr/Al2O3 sample. There is relatively good agreement between experimental data and 
the prediction of SB model. Some discrepancies are observed for this sample at higher 
temperatures. These discrepancies can probably be caused by different factors. One 
possibility is the errors in the baseline interpolation for peak tails. Another possible 
explanation is that the measured data corresponds to a more complex reaction scheme 
than expressed by SB model. Thermal inertia effects caused by lower thermal contact 
between the sample and temperature sensor can also play an important role [35]. 

To compare the ageing behavior of samples in more detail, the DSC curves measured at 
5 K/min are shown in Fig. 5, separately. It is evident from the comparison between 
peaks and onset temperatures that, in presence of Al2O3 reinforcement, the peak is 
shifted to a lower temperature. Moreover, the ageing is more rapid (sharper peak) in the 
case of Cu–Cr/Al2O3. As previously mentioned, the higher dislocation density and 
structural defects as well as Al2O3–Cu interface affect not only the heterogeneous 
nucleation of precipitates, but also serve as short-circuit paths for diffusion which can 
accelerate the ageing process. Similar results have been reported in composites of Cu–
W [39], Al–SiC [40] and Al–B4C [41]. 

In order to get a better understanding of the precipitation process and the role of Al2O3 
reinforcement, the microstructure of Cu–Cr and Cu–Cr/Al2O3 samples were 
investigated with TEM. Fig. 6(a) shows the microstructure of Cu–Cr sample after 
ageing. Fig. 6(b) shows EDS microanalysis performed on dark particles in Fig. 6(a). 
This confirms that the microstructure consists of fine equiaxed Cu grains and numerous 
fine Cr precipitates, especially along the grain boundaries. Fig. 6(c) shows the 
microstructure of Cu–Cr/Al2O3 sample after ageing. Two types of particles can be 
observed in Cu matrix. EDS microanalysis performed on different regions of 1 and 2 in 
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Fig. 6(c) confirmed that bright particles are Al2O3 and dark particles are Cr precipitates 
(Fig. 6(d)). It should be noted that the Cr precipitates closer to Al2O3 are larger than 
those located inside the copper matrix and along the grain boundaries. It means that the 
former precipitated prior to the latter. Hence, Al2O3 nano-particles act as the primary 
nucleation sites and structural defects act as the secondary sites. This confirms the 
previous explanations about the nucleation and growth overlapping and applicability of 
SB model for Cu–Cr/Al2O3 sample. 

5. Conclusions 

The effect of the Al2O3 reinforcement on the ageing kinetic in Cu–Cr solid solution 
was studied using DSC analysis. Results showed that the presence of reinforcement 
significantly affects the kinetics of Cr precipitation in Cu matrix nanocomposite. The 
applicability of JMA model and the SB empirical equation was discussed, as well. The 
JMA model can be used for description of precipitation process in the case of Cu–Cr 
sample but the SB model can be applied for the Cu–Cr/Al2O3 sample. It seems that the 
condition of site saturation was not fulfilled in the case of Cu–Cr/Al2O3 sample and 
that there is a secondary nucleation process taking place during crystal growth. It was 
found that the precipitation activation energy decreases in the presence of Al2O3. The 
presence of Al2O3 accelerates ageing response, primarily due to the higher dislocation 
density and other structural defects generated during ball milling. Both factors increase 
the effective diffusivity of Cr and subsequently the rate of the ageing reaction. TEM and 
EDS analyses suggested that the Al2O3–Cu interface and structural defects act as a 
primary and secondary nucleation sites, respectively. 
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Figure captions 

Figure 1. Experimental DSC curves (points) and calculated DSC curves (full lines) of 
(a) Cu–Cr and (b) Cu–Cr/Al2O3 samples at different heating rates. 

Figure 2.    XRD patterns of milled and aged (a) Cu–Cr and (b) Cu–Cr/Al2O3. 

Figure 3. Normalized (a) z(α) and (b) y(α) functions obtained by transformation of DSC 
data from Fig. 1 for Cu–Cr sample. 

Figure 4. Normalized (a) z(α) and (b) y(α) functions obtained by transformation of DSC 
data from Fig. 1 for Cu–Cr/Al2O3 sample. 

Figure 5. Comparison of DSC curves measured at 5 K/min for Cu–Cr and Cu–
Cr/Al2O3. 

Figure 6. TEM micrographs of (a) Cu–Cr and (b) Cu–Cr/Al2O3 after ageing. (c) EDS 
spectra from the zones pointed in (b). 
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Table 1 

 

Table 1. The most frequently used kinetic models for description of nucleation 
and growth processes. 

Model Symbol f(α) 
Johnson–Mehl–Avrami [21], [22] and [23] JMA n(1 − α)[− ln(1 − α)]1−(1/n) 
Sestak–Berggren [24] and [25] SB αM(1 − α)N 
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Table 2 

 

Table 2. Experimental transformation enthalpies and kinetic parameters of Cu–
Cr sample (E = 133 ± 5 kJ/mol). 

β (K/min) ΔH (J/g) n ln A (A/s−1) 
5 10.85 1.10 14.86 
10 17.96 1.15 14.09 
20 17.74 1.21 14.53 
40 12.77 1.25 14.19 
 Average 14.83 ± 3.57 1.18 ± 0.07 14.42 ± 0.35 
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Table 3 

 

Table 3. Experimental transformation enthalpies and kinetic parameters of Cu–
Cr/Al2O3 sample (E = 100 ± 3 kJ/mol). 

β (K/min) ΔH (J/g) M N ln A (A/s−1) 
5 17.26 0.54 1.97 12.29 
10 9.94 0.43 1.91 12.21 
20 15.74 0.65 1.94 12.68 
40 12.19 0.63 1.82 12.65 
 Average 13.78 ± 3.33 0.56 ± 0.1 1.91 ± 0.06 12.46 ± 0.24 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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