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Abstract: The phase transformation kinetics of Cu-Be-Co-Zr alloy during aging treatment was investigated. Based on the 

relationship between electrical conductivity and volume fraction of precipitates, the phase transformation ratios of Cu-Be-Co-Zr 

alloy aged at 480 °C for different holding time (0, 30, 60, 120, 180, 240, 360, 480, and 600 min) were calculated. The kinetics 

equation of phase transformation and the electrical conductivity equation were derived. The isothermal transformation kinetics 

S-curves of Cu-Be-Co-Zr alloy was drawn. By the integral equation of solid thermal decomposition reaction mechanism, the phase 

transformation mechanism of Cu-Be-Co-Zr alloy is controlled by three dimensions of diffusion.
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Due to high strength and hardness, good electrical and 

thermal conductivity, and low elastic modulus, Cu-Be-Co-Zr 

alloys are widely used in the key components of aerospace, 

oceaneering and petroleum industry etc.

[1-3]

. The formability 

of Cu-Be-Co-Zr alloys is raised by solution treatment and 

their strength and hardness are improved significantly by the 

subsequent aging treatment

[4,5]

. After solution treatment, the 

solute atoms are fully dissolved in the Cu-matrix and the α

supersaturated solid solution is formed by rapid cooling. 

During subsequent aging process, a series of phases are

precipitated from α supersaturated solid solution

[6,7]

. The 

electrical conductivity is sensitive to the formation of 

precipitates. So the phase transformation behavior can be 

studied by analyzing the change of electrical conductivity and 

precipitates during aging

[8-10]

.

Currently, the phase transformation behavior of Cu-Cr, 

Cu-Cr-Zr, Cu-Al-Be, Cu-Al-Ni, Cu-Ni-Si, Mg-Nd-Zn,

Ti-Mo-Al-Nb, and Ni-Cr-Mo alloys are extensively 

investigated by researchers, and the structure of precipitates 

are analyzed in detail as well

[8,11-17]

. For high-strength 

and high-conductivity Cu-Co-Be-(Zr) alloys, a large number 

of studies mainly focus on the preparation, aging treatment, 

properties (mechanical, electrical, thermal, tribological etc.), 

and microstructures

[2-5,18-21]

. For instance, Tang et al. 

investigated the effect of normal aging (NA) and 

interrupted aging (IA) on the mechanical properties 

of a Cu-Be-Co-Ni alloy by tensile and Kahn tear tests

[18]

. 

It is confirmed that the uniform elongation and plane 

stress fracture toughness are improved significantly by     

IA process with tiny decrease in ultimate tensile strength. 

The fracture surface of samples treated by NA and IA 

process is intergranular fracture and transgranular 

fracture, respectively. However, the phase transformation 

kinetics and mechanism of Cu-Co-Be alloys during aging 

process have not been clarified yet. There are seldom

reports about the kinetics equation of precipitates 

transformation, especially for the high conductivity 

Cu-Be-Co-Zr alloy. Therefore, the objective of this study is 

to focus on the phase transformation kinetics and mechanism 

of Cu-Be-Co-Zr alloy during aging process based on the 

relationship between electrical conductivity and volume 

fraction of precipitates.
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1  Experiment

The Cu-Be-Co-Zr ingot was prepared by a ZGJL0.01-40-4 

vacuum induction furnace. The raw materials were electrolytic 

copper (99.99 wt%, purity), Cu-3.3wt%Be master alloy, Cu-

40wt%Zr master alloy, and Co flake (99.95 wt%, purity). The

melting temperature range was from 1150 °C to 1250 °C. The 

molten metals were poured into a metallic mould of cast iron to 

obtain an ingot with a diameter of 100 mm. The alloy consisted 

of 0.48 wt% beryllium, 0.94 wt% cobalt, 0.31 wt% zirconium 

and balance of copper by chemical analysis. After subsequent 

thermal extrusion and cold rolling, a plate with a cross-section 

of 15 mm×5 mm was got. Then, the specimens were solution 

treated at 950 °C for 60 min and then quenched in water, 

followed by aging at 480 °C and holding for 30, 60, 120, 180, 

240, 360, 480, 600 min, and cooled in air. 

The electrical conductivity was measured using a Sigma 

2008 B/C Digital Eddy Current Metal Conductivity Tester 

according to the standard ASTM E1004-02 with the name of 

“Standard Practice for Determining Electrical Conductivity 

Using the Electromagnetic (Eddy-Current) Method”. The 

measuring range of this instrument is from 0.8 %IACS to 110 

%IACS with an accuracy of about ±0.5 %IACS (International 

Annealed Copper Standard).

2  Results and Discussion

2.1  Electrical conductivity of Cu-Be-Co-Zr alloy

The effect of aging time at 480 °C on electrical conductivity 

of Cu-Be-Co-Zr alloy is shown in Fig.1. The electrical 

conductivity of Cu-Be-Co-Zr alloy in solution state is 24.6 

%IACS. After aging for 60 min, the electrical conductivity 

increases remarkably to 40.2 %IACS. With the prolonging of 

aging time (60 min to 600 min), the electrical conductivity 

increases gradually and has a peak value of 43.8 %IACS after 

aging for 480 min. The electrical conductivity of Cu-Be-Co-Zr 

alloy is closely related to the solute atoms in Cu-matrix and 

the integrity of the Cu-matrix lattice. The ordering of solid 

solution is in favour of improving the integrity of matrix 

lattice, and reducing the scattering of electron

[22]

. At the initial 

stage of aging (0~60 min), the precipitates continually form 

from the Cu-matrix. The integrity of Cu-matrix lattice 

recovers gradually and the electronic conduction channel 

becomes unobstructed, which results in the significant 

increase of electrical conductivity (Fig.1).

2.2  Phase transformation kinetics of Cu-Be-Co-Zr alloy

The supersaturated α phase forms after solution treatment, 

and then a series of precipitates distribute on the Cu-matrix

during the subsequent aging treatment. The transformation 

ratio φ of precipitates can be defined as follows:

e

V

V

ϕ = (1) 

where, V

e

 is the equilibrium volume of precipitates per unit

volume in matrix at equilibrium state, V is the volume of

Fig.1  Electrical conductivity of Cu-Be-Co-Zr alloy as a function of 

aging time at 480 °C

precipitates formed per unit volume in matrix at a certain time

(t). Prior to phase transformation (i. e. solution state), V=0 and

φ=0. When the precipitates no longer form or the electrical 

conductivity no longer increases (i. e. equilibrium state), V=V

e

and φ=1. 

The electrical conductivity is sensitive to the formation of 

precipitates

[8]

. The relationship between electrical conductivity 

and volume fraction of precipitates is linearity, as shown in 

Eq.(2). 

ϕγγ A+=

0

(2) 

The initial electrical conductivity (

0

γ

) is 24.6 %IACS (Fig.1). 

After aging for 480 and 600 min, the electrical conductivity has 

a peak value of 43.8 %IACS (γ

min

). It can be assumed that the 

equilibrium state of precipitation has achieved at this moment

(φ=1). So the coefficient A=γ

max

–γ

0

and the value is 19.2 

%IACS. According to the experimental data of electrical 

conductivity (γ), the transformation ratio (φ) of precipitates

corresponding to aging time are calculated, as shown in Table 1.

In addition, the relationship between transformation ratio (φ) 

of precipitates and aging time follows the Avrami empirical 

formula

[8-10]

: 

ϕ=1–exp(–bt

n

) (3) 

where b and n are constant factors. The coefficient b depends 

on transition temperature, initial composition, and grain size 

of precipitates. The coefficient n depends on the types of 

phase transition and nucleation position. 

Take logarithm two times on both sides of Eq.(3):

ln[ln(1/(1–ϕ))]=nlnt+lnb (4) 

The ln[ln(1/(1–ϕ))]-lnt fitting curve is obtained by sub-

stituting the values of φ and t in Table 1 into Eq.(4), as 

observed in Fig.2. Fig.2 shows that ln[ln(1/(1–ϕ))] and 

tln

 is

Table 1 Electrical conductivity (γ) and transformation ratio of

precipitates (φ) corresponding to aging time (t) 

t/min 0 30 60 120 180 240 360 480 600

γ/%IACS 24.6 37.3 40.2 40.7 41.4 42.0 43.0 43.8 43.8

φ 0.00 0.66 0.81 0.84 0.88 0.91 0.96 1.00 1.00

0 100 200 300 400 500 600

24

27

30

33

36

39

42

45

48

E
l
e

c
t
r
i
c
a
l
 
C

o
n

d
u
c
t
i
v
i
t
y

/
%

 
I
A

C
S

Time/min



1098 Zhou Yanjun et al. / Rare Metal Materials and Engineering, 2018, 47(4): 1096-1099

Fig.2  ln[ln(1/(1–φ))]-lnt fitting curve of Cu-Be-Co-Zr alloy

in accordance with the linear relationship. So n is the slope of 

line, n=0.3935, and lnb is the intercept, lnb=−1.2179, and thus, 

b=0.2959. Therefore, the phase transformation kinetics 

equation of Cu-Be-Co-Zr alloy aging at 480 °C is described 

as:

φ =1–exp(–0.2959t

0.3935

)  (5) 

Fig.3 is the transformation kinetics S-curves of 

Cu-Be-Co-Zr alloy according to Eq. (5). Fig.3 shows that the 

transformation speed is slower during initial aging state, then 

it becomes faster with the increasing of aging time, and the 

speed is gradually slower at the end of aging. In addition, the 

tested values coincide well with the theoretic data.

Furthermore, the electrical conductivity equation of 

Cu-Be-Co-Zr alloy aged at 480 °C is derived by substituting

Eq. (5) into Eq. (2). The calculation values of electrical 

conductivity according to Eq. (6) fit well with the 

experimental results.

γ =24.6+19.2[1–exp(–0.2959t

0.3935

)] (6) 

2.3  Phase transformation mechanism of Cu-Be-Co-Zr alloy

The integral kinetics function of three dimension diffusion is

described as:

[1–(1–φ)

1/3

]

2

=Aexp[–E/(RT)]t                        (7)

where, k =Aexp[–E/(RT)]t is a constant. Take logarithm on both 

sides of Eq.(7):

2ln[1–(1–φ)

1/3

]=lnt+lnk                             (8)

The 2ln[1–(1–φ)

1/3

]-lnt fitting curve is obtained by sub-

Fig.3  Transformation kinetics S-curves of Cu-Be-Co-Zr alloy

Fig.4  2ln[1–(1–φ)

1/3

]-lnt fitting curve of Cu-Be-Co-Zr alloy aging at 

480 °C

stituting the values of φ and t (Table 1) into Eq. (8), as shown in 

Fig.4. Fig.4 shows that 2ln[1–(1–φ)

1/3

] and lnt is in accordance 

with the linear relationship. The slope of 2ln[1–(1–φ)

1/3

]-lnt

fitting curve is in close proximity to the value of n (1). So the 

phase transformation mechanism of Cu-Be-Co-Zr alloy aging at 

480 °C is controlled by three dimension diffusion.

3  Conclusions

1) The electrical conductivity of Cu-Be-Co-Zr alloy has an 

obvious variation with aging time. The transformation ratio of 

precipitates is sensitive to the electrical conductivity of 

Cu-Be-Co-Zr alloy. 

2) The phase transformation kinetics equation, and the 

electrical conductivity equation of Cu-Be-Co-Zr alloy aged at 

480 °C are described as φ=1–exp(–0.2959t

0.3935

), and γ

=24.6+19.2[1–exp(–0.2959t

0.3935

)], respectively.

3) The phase transformation mechanism of Cu-Be-Co-Zr 

alloy aged at 480 °C is controlled by three dimension of 

diffusion.
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