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Abstract: The precipitation behaviors of the Cu-Ni-Si alloys during aging were studied by analyzing the variations of electric 
conductivity. The Avrami-equation of phase transformation kinetics and the Avrami-equation of electric conductivity during aging 
were established for Cu-Ni-Si alloys, on the basis of linear relationship between the electric conductivity and the volume fraction of 
precipitates, and the calculation results coincide well with the experiment ones. The transformation kinetics curves were established 
to characterize the aging process. The characteristics of precipitates in the supersaturated solid solution alloy aged at 723 K were 
established, and the results show that the precipitates are β-Ni3Si and δ-Ni2Si phases. 
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1 Introduction 
 

Cu-Ni-Si alloys are used for electrical parts such as 
electrical connectors and lead-frames because of their 
high electrical conductivity and high strength[1]. The 
high strength is caused by nanometer-particle precipitates 
formed in the alloy during aging[2−3]. The electrical 
conductivity of the alloy in the aged state mainly 
depends on precipitating process[4−5]. There are many 
precipitates in form of δ-Ni2Si phase in the alloy during 
aging[6]. ZHAO et al[7] found out that when 
Cu-3.2Ni-0.75Si alloy was aged at 723 K after solution 
heat treatment, the modulated structure with Si-rich and 
Si-poor regions formed firstly, then the ordering     
(Cu, Ni)3Si nucleated from the modulated structure, and 
δ-Ni2Si precipitates formed at last with the increase of 
aging time. MONZEN et al[8] studied the microstructure 
and mechanical properties of Cu-Ni-Si alloys. And 
LOCKYER and NOBLE[9] claimed that the precipitate 
formed in Cu-2Ni-1Si (molar fraction, %) alloy had a 
structure corresponding to δ-Ni2Si, which was 
orthorhombic, and the precipitates formed in the early 

stages of aging had this structure (450 ℃, 1 h), as the 
precipitates did in the long-term aged alloys (1 000 h). 
GRYLLS and TUCK[10] believed that the δ-Ni2Si had a 
simple orthorhombic structure. Cu-Ni-Si alloy with 
super-high strength and high conductivity has a good 
prospect for replacing Cu-Be alloys in many applications 
[11−12]. The microstructure characteristics of Cu-Ni-Si 
alloys in the aging were experimentally studied by some 
researchers; however, there are few references to analyze 
the dynamics of phase transformation of Cu-Ni-Si alloy 
during aging. 

Study on the transformation kinetics has an 
important effect for selection of the heat treatment 
process for the alloy to gain good properties. For this 
purpose, the kinetics equations of phase transformation 
and electrical conductivity equations of Cu-Ni-Si alloy 
were studied in this work. In addition, the microstructure 
of precipitates in aged Cu-Ni-Si alloys was investigated 
by transmission electron microscope. 
 
2 Experimental 
 

Three kinds of Cu-Ni-Si alloy ingots (Cu-5.2%Ni- 
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1.2%Si, Cu-7.5%Ni-1.4%Si and Cu-8.0%Ni-1.8%Si, 
mass fraction) were prepared with medium-frequency 
induction furnace. Pre-specified amounts of Cu and Ni 
blocks were firstly melted in the furnace. Intermetallic 
Cu-Si master alloys of the required amounts were then 
added to the molten bath. The melting and casting 
operations were carried out in a N2 atmosphere to 
prevent the alloy from oxidizing. After surface defects 
were removed, the ingots were homogenized at 1 203 K 
for 24 h and subsequently rolled at 1 173 K, reducing the 
ingots thickness from 20 mm to 10 mm. The resultant 
strip was solution-treated at 1 243 K for 4 h in a N2+H2 
atmosphere followed by water quenching. It was 
subsequently cold rolled with a 60% reduction in 
thickness (from 10 mm to 4 mm), and then aged at 
temperatures of 723 K and 773 K, respectively, 
immediately in a salt bath for various periods and 
water-cooled to room temperature. A series of samples 
(15 mm×15 mm×4 mm) were taken from the aged sheet 
for electrical conductivity analysis. The electrical 
conductivity of the samples aged under different 
conditions was measured by a digital eddy current tester. 
The microstructure of the samples taken from the aged 
sheet was observed with a Tecnai G220 transmission 
electron microscope under an operation voltage of 200 kV, 
and foil samples were reduced by an ion beam thinner. 
 
3 Results and discussion 
 
3.1 Calculation of volume fraction of precipitates of 

alloy 
The electrical conductivity of the alloy in the aging 

state mainly depends on the purity of the copper matrix, 
the size and amount of the precipitates[13−14]. The 
precipitation of solute elements from the copper matrix 
through the formation of precipitates can increase the 
electrical conductivity of the alloy due to the decrease of 
scattering of electron in crystal cell. Electrical 
conductivity increases with prolonging the aged time. 
The dynamics of phase transformation can be 
characterized through investigating the variations of 
electrical conductivity during aging. 

Part of solute atoms precipitate from the 
supersaturated solid solution during aging at a certain 
temperature[9]. The volume fraction of precipitates, φ, is 
expressed as 
 

V
V

ϕ =                                      (1) 

 
where V is the volume of formed precipitates in a unit 
volume during aging for a certain time; V  is the 
balance volume of precipitates in a unit volume during 
aging at the same temperature for enough long time till 
the phase transformation finishes. After solution 

treatment, the alloy was aged immediately. Before aging 
treatment, both φ and V should be considered to be zero 
(V=0, φ=0), and the electrical conductivity of alloy is σ0. 
After enough long time, the phase transformation process 
ended, and it is reasonable to think V as V  and the φ as 
one (V=V , φ=1), and the electrical conductivity of alloy 
is σmax. σ and φ have a linear relationship according to 
Martition’s law, which can be expressed as 
 

0 max 0( )σ σ σ σ ϕ= + −                         (2) 

0

max 0

σ σ
ϕ

σ σ
−

=
−

                               (3) 

 
Therefore, φ can be obtained by measuring the 

electrical conductivity of alloy during aging for different 
time. The electrical conductivity and precipitates volume 
fraction of Cu-Ni-Si alloy aged at 723 K and 773 K for 
different time are shown in Table 1 and Table 2, 
respectively. 
 
3.2 Kinetics Avrami-equations of phase transformation 

and Avrami-equations of electrical conductivity 
The kinetics Avrami-equations of phase 

transformation can be expressed as follows[15]: 

1 exp( )nbtϕ = − -                              (4) 

where φ is volume fraction of precipitates; t is aging time, 
b and n are constants. b depends on the temperature of 
phase transformation, composition of supersaturated 
solid solution and size of crystal grain. n depends on the 
type of phase transformation and nucleation location. 
According Eq.(4), Eq.(2) can be expressed as 

0 max 0( )[1 exp( )]nbtσ σ σ σ= + − − −               (5) 

where the Eq.(5) is the electrical conductivity equation. 
Eq.(4), after being transposed, can be expressed as 

1 exp( )nbtϕ− = −                              (6) 

By taking the nature logarithm of the equation in 
both sides, Eq.(6) can be expressed as 

ln(1 ) nbtϕ− = −                               (7) 

After being transposed, Eq.(7) can be expressed as 
1ln

1
nbt

ϕ
=

−
                                (8) 

Finally, by taking common logarithm of the 
equation in both sides, Eq.(8) can be expressed as  

1lg(ln ) lg lg
1

b n t
ϕ

= +
−

                       (9) 
 

The relationship between lg[ln1/(1−φ)] and lgt is 
shown in Fig.1 and it is approximately a straight line. The 
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Table 1 Electrical conductivity (σ) and volume fraction of precipitates (φ) of Cu-Ni-Si alloys aged at 723 K for different time 

Cu-5.2Ni-1.2Si  Cu-7.5Ni-1.4Si Cu-8.0Ni-1.8Si 
t/min 

σ(vs IACS)/% φ/%  σ(vs IACS)/% φ/% σ(vs IACS)/% φ/% 
0 19.65 0  15.79 0 200.00 0 
5 20.00 2.44  16.14 5.38 20.18 1.67 

15 20.35 4.88  16.84 16.17 20.53 5.00 
30 21.75 14.63  17.19 21.56 21.75 16.67 
45 22.46 19.51  17.89 23.35 23.16 30.00 
60 23.46 24.39  18.25 37.74 23.68 35.00 
90 24.56 34.15  18.95 48.52 25.72 55.27 
120 29.30 67.07  20.18 67.39 27.72 73.33 
180 30.63 75.61  21.05 80.86 29.47 90.00 

240 33.16 93.90  21.75 91.64 30.00 95.00 

300 33.68 97.59  22.11 97.04 30.18 96.67 

420 33.86 98.78  22.28 99.73 30.35 98.33 

540 34.04 100.00  22.30 100.00 30.53 100.00 

 
Table 2 Electrical conductivity (σ) and volume fraction of precipitates (φ) of Cu-Ni-Si alloys aged at 773 K for different time 

Cu-5.2Ni-1.2Si  Cu-7.5Ni-1.4Si Cu-8.0Ni-1.8Si 
t/min 

σ(vs IACS)/% φ/%  σ(vs IACS)/% φ/% σ(vs IACS)/% φ/% 

0 19.65 0  15.79 0 20.00 0 

5 21.75 8.28  18.25 29.11 21.75 15.87 

15 22.81 12.41  19.30 41.58 23.16 28.57 

30 28.07 33.10  21.05 62.37 28.77 79.37 

45 30.18 41.38  22.46 79.00 29.65 87.30 

60 31.58 46.90  22.63 81.08 29.82 88.89 

90 33.17 53.18  22.81 83.16 30.00 90.48 

120 34.04 56.55  22.98 85.24 30.18 92.06 

180 39.65 78.62  23.33 89.40 30.35 93.65 

240 43.51 93.79  23.51 91.48 30.53 95.24 

300 44.56 97.93  24.04 97.71 30.70 96.83 

420 44.91 99.31  24.21 99.79 30.88 98.41 

540 45.09 100.00  24.23 100.00 31.05 100.00 

 

 
Fig.1 Relation between lg[ln1/(1−φ)] and lgt of alloys aged at 
723 K and 773 K 

n is the slope coefficient of the line and the lgb is the 
intercept. 

The approximate values of n and b can be deduced 
from the straight line in Fig.1. Table 3 lists the values of 
A(=σmax−σ0), n and b. 

Both the kinetic Avrami-equation of phase 
transformation and the Avrami-equation of electrical 
conductivity for the alloys aged at 723 K and 773 K are 
expressed, respectively, in Table 4. 

The measured electrical conductivity and calculated 
ones of the alloys aged at 723 K and 773 K, respectively, 
for different time are shown in Fig.2. Most of the errors 
between the curves and symbols are less than 5%, which 
are in the acceptable scope. The calculation results 
coincide well with the experiment ones. 
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Table 3 Values of A, n and b of alloys aged at 723 K and 773 K 

723 K 773 K 
Alloy 

A n b A n b 

Cu-5.2Ni-1.2Si 13.39 1.267 50 0.002 081 25.44 0.96623 0.013 817 

Cu-7.5Ni-1.4Si 6.51 1.025 28 0.008 772 8.44 0.58878 0.128 917 

Cu-8.0Ni-1.8Si 10.53 1.318 92 0.001 927 11.05 0.68563 0.087 862 

 
Table 4 Avrami-equation of electrical conductivity and kinetic 
Avrami-equation of phase transformation of alloys aged at  
723 K and 773 K 

Alloy 723 K 773 K 

σ=19.65+13.39φ σ=19.65+25.44φ 
Cu-5.2Ni-1.2Si φ=1− 

exp(−0.002 080 t1.267 50) 
φ=1− 

exp(−0.013 817 t0.966 23)
σ=15.79+6.51φ σ=15.79+8.44φ 

Cu-7.5Ni-1.4Si φ=1− 
exp(−0.008 772 t1.025 28) 

φ=1− 
exp(−0.128 917 t0.588 78)

σ=20+10.53φ σ=20+11.05φ 
Cu-8.0Ni-1.8Si φ=1− 

exp(−0.001 927 t1.318 92) 
φ=1− 

exp(−0.087 862 t0.685 63)

 

 
Fig.2 Experimental and calculated electrical conductivities of 
alloy aged at 723 K and 773 K 
 
3.3 Kinetic curves of phase transformation of Cu-Ni- 

Si alloys during aging 
The kinetic curves of phase transformation of the 

alloy, on the basis of equations in Table 4, are shown in 
Fig.3. The volume fractions of precipitates are low as the 
alloys are aged at 723 K and 773 K, respectively, in the 
early aging stage. The needed time that the volume 
fraction of precipitates approaches 50% of each alloy 
aged at 723 K and 773 K, respectively, are different. For 
Cu-5.2Ni-1.2Si alloy, the aging time that the volume 
fraction of precipitates approached 50% is about 100 min 
at 723 K and 70 min at 773 K; for Cu-7.5Ni-1.4Si alloy, 
the needed aging time is about 92 min at 723 K and 24 
min at 773 K; while for Cu-8.0Ni-1.8Si alloy, the needed 
aged time is about 80 min at 723 K and 20 min at 773K. 

 
Fig.3 Kinetic curves of phase transformation of alloys aged at 
723 K and 773 K: (a) Cu-5.2Ni-1.2Si; (b) Cu-7.5Ni-1.4Si;   
(c) Cu-8.0Ni-1.8Si 
 
Therefore, the needed aging time that the volume 
fraction of precipitates approach 50% decreases with 
increasing the saturation degree of solution as the alloys 
are aged at the same temperature. In addition, the higher 
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the aging temperature is, the earlier the precipitation 
transformation begins. After being aged for 10 min at 
723 K, the volume fractions of the three kinds of alloys 
are below 10%, while the volume fractions are beyond 
10% when these alloys are aged for 10 min at 773 K. 

Both electrical conductivity and volume fraction 
increase with the solute atoms precipitating from 
supersaturated solid solution in form of precipitates 
during aging. A long time later, however, the density of 
solute atoms decreases, so that both the rate of 

transformation and electrical conductivity tend to keep 
constant. 
 
3.4 Microstructure of precipitates 

The micrographs and the characteristics of the 
precipitate of the Cu-8.0Ni-1.8Si alloy aged at 723 K for 
different time have been investigated by TEM. The 
typical TEM micrographs of precipitates in the alloys 
during aging at 723 K for different time are shown in 
Fig.4. Both the volume fraction and the size of precipitates 

 

 

Fig.4 Type TEM images of thin foil 
samples aged at 723 K for different 
time: (a) 30 min; (b) 90 min; (c) 480
min; (d) Selected field diffraction 
pattern corresponding to (c); (e) 
Analysis of diffraction pattern 
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increase with the increase of aging time[16]. The 
diffraction patterns of this alloy aged at 723 K for 480 
min, corresponding to Fig.4(c), is shown in Fig.4(d). The 
analysis of the diffraction pattern is shown in Fig.4(e). 
The precipitates have a structure corresponding to 
orthorhombic δ-Ni2Si and simple cubic β-Ni3Si[17−18]. 
 
4 Conclusions 
 

1) The Avrami-equation of phase transformation 
kinetics and the Avrami-equation between electric 
conductivity and aging time are established for three 
typical Cu-Ni-Si alloys on the basis of the linear 
relationship between the electric conductivity and the 
volume fraction of precipitations. And the calculation 
results coincide well with the experimental ones. 

2) The precipitates formed in Cu-Ni-Si alloys 
during aging at 723 K have structures corresponding to 
δ-Ni2Si and β-Ni3Si by the analysis of selected field 
diffraction pattern. The volume fraction of precipitates 
increases with increasing the aging time. 

3) Kinetics curves of phase transformation of three 
kinds of Cu-Ni-Si alloys are established. 
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