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  Y ADDITION EFFECTS ON HOT DEFORMATION BEHAVIOR OF Cu-Zr ALLOYS WITH HIGH Zr CONTENT

Isothermal hot compression experiments were carried out using the Gleeble-1500D thermal mechanical simulator. The flow 
stress of the Cu-1%Zr and Cu-1%Zr-0.15%Y alloys was studied at hot deformation temperature of 550°C, 650°C, 750°C, 850°C, 
900°C and the strain rate of 0.001 s–1, 0.01 s–1, 0.1 s–1, 1 s–1, 10 s–1. Hot deformation activation energy and constitutive equations 
for two kinds of alloys with and without yttrium addition were obtained by correlating the flow stress, strain rate and deformation 
temperature. The reasons for the change of hot deformation activation energy of the two alloys were analyzed. Dynamic recrys-
tallization microstructure evolution for the two kinds of alloys during hot compression deformation was analyzed by optical and 
transmission electron microscopy. Cu-1%Zr and Cu-1%Zr-0.15%Y alloys exhibit similar behavior of hot compression deformation. 
Typical dynamic recovery occurs during the 550-750°C deformation temperature, while dynamic recrystallization (DRX) occurs 
during the 850-900°C deformation temperature. High Zr content and the addition of Y significantly improved Cu-1%Zr alloy hot 
deformation activation energy. Compared with hot deformation activation energy of pure copper, hot deformation activation energy 
of the Cu-1%Zr and Cu-1%Zr-0.15%Y alloys is increased by 54% and 81%, respectively. Compared with hot deformation activa-
tion energy of the Cu-1%Zr alloy, it increased by 18% with the addition of Y. The addition of yttrium refines grain, advances the 
dynamic recrystallization critical strain point and improves dynamic recrystallization.
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1. Introduction

Copper alloys with high strength and electrical conductivity, 
and adequate thermal conductivity, are widely used in electrical 
switching contact bridges [1], crystallizer lining of continuous 
casting systems, electric cars, electric locomotive overhead wires 
[2], high pulse magnetic field conductors [3] and electrified 
high-speed railway contacts [4]. Copper alloys with excellent 
performance have been utilized, including medium conductivity 
Cu-Fe-P alloys [5,6], high strength and medium conductivity 
Cu-Ni-Si alloys [7] and high strength and high conductivity Cu-
Cr-Zr alloys [8]. In order to improve comprehensive performance 
of copper alloys, researchers usually add some trace elements or 
micro-alloying elements. Some examples include Si with deoxi-
dation, purification and liquidity of copper alloy melts [9], while 
adding a small amount of Sn can inhibit the aging process of Cr in 
precipitation [10]. Adding appropriate amounts of Mg can delay 
precipitation phase growth and reduce surrounding cohesion stress 
[11]. These studies mainly concentrated on the melting process 
or comprehensive performance and microstructure after cold 
deformation and aging. However, plastic deformation and micro-
structure evolution due trace rare earth elements addition have 
not been adequately investigated for the Cu-Zr alloy during hot 

deformation. According to the Cu-Zr alloy binary phase diagram, 
Zr maximum solid solubility in Cu is 0.15% at 966°C. Zr content 
near maximum solid solubility in the Cu-Zr alloy was studied by 
several researchers. Yu et al. [12] studied precipitation sequence of 
the Cu-Cr-Zr-Mg alloy during early aging stage , where Zr content 
was 0.1%, Wang et al. [13] studied the effect of direct current 
pulses on mechanical and electrical properties of aged Cu-Cr-Zr 
alloys, and Zr content in the alloy was 0.3%. L. Jiang [14] studied 
pre-deformation and aging characteristics of the Cu-Te-Zr alloy 
with Zr content of 0.2%. Zhang et al. [15] studied processing maps 
for the Cu-Cr-Zr-Y alloy hot deformation behavior, where Zr 
content was 0.1%. In this study Zr content of the Cu-Zr alloy was 
selected at 1%, which is far higher than its maximum solid solubil-
ity. Excess Zr is supposed to form an excess phase. Excess phase 
enhancement effects occur after solution and aging treatments. 
When the crystal is deformed, it is changed into the interface 
strengthening effect to obtain high strength and high conductivity 
of copper alloys. It is mainly used in conductive structural materi-
als operating at high temperature conditions, such as continuous 
casting machine mold lining, separation ring, coal-fired power 
plant burner nozzle and spot welding electrode. Therefore, the 
effects of Y trace rare earth element addition on hot deformation 
behavior of Cu-1%Zr alloy with high Zr content were investigated.
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2. Experimental details

The experimental alloy was melted in a vacuum induction 
furnace under argon atmosphere by using 99.95 wt.% (mass 
fraction) standard cathode copper Cu-CATH-2, Zr block with 
99.5% purity and rare earth Y metal block with 99.5% purity, 
which were cast into a low carbon steel mold with 80 mm × 
150 mm dimensions. The Cu-1%Zr and Cu-1%Zr-0.15%Y al-
loys were extruded into 33 mm diameter rod using the XJ-500 
extrusion machine. The extruded rods were solution treated at 
900°C for 1 hour, followed by water quenching. The specimens 
were processed into 8 mm × 12 mm cylinders. The isothermal 
compression experiment was performed using the Gleeble-1500D 
thermal simulator system. The test parameters were as following: 
compression temperature of 550°C, 650°C, 750°C, 850°C, 900°C 
and the strain rate of 0.001 s–1, 0.01 s–1, 0.1 s–1, 1 s–1 and 10 s–1, 
respectively. Total compression deformation was 55%. The heat-
ing rate was 10°C/s with 6 min holding time. After hot compres-
sion, the specimen was water quenched to room temperature in 
order to preserve elevated temperature deformed microstructure.

3. Results and analysis

3.1. The true stress-true strain curves

The true stress-true strain curves of the Cu-1%Zr and 
Cu-1%Zr-0.15%Y alloys during hot compression deformation 

are shown in Fig. 1. The flow stress decreased with the de-
formation temperature at a given stain rate, while it increased 
with the strain rate at the same deformation temperature. This 
indicates that the flow stress of the alloy is significantly influ-
enced by the strain rate and deformation temperature. Typical 
characteristics of dynamic recovery occurs at 550-750°C, while 
dynamic recrystallization occurs at 850-900°C deformation 
temperature. At the initial stage of thermal deformation, the 
flow stress of the alloy sharply increases due to increasing true 
strain. With increasing true strain, the flow stress increase slows 
down, eventually becoming constant stress or even declining, 
which indicates that the alloy has relatively complex thermal 
deformation mechanism. During the hot deformation process, 
grains deformation and elongation lead to lattice distortions. 
Dislocation density is sharply raised, and dislocations move 
in the process of mutual accumulation and cutting, forming 
networks like dislocation winding structures, producing the 
hardening phenomenon, as shown in Fig. 2a. Under lower 
deformation temperature, the internal stress of the deformed 
alloy accumulates to a certain degree, and dynamic recovery 
happens resulting in lower dislocation density, and the true 
stress increases slowly with true strain, as seen in Fig. 1c at 
550°C. Under higher deformation temperature, dislocations at 
the sub-grain boundaries, formed during the recovery process, 
gradually transfer or merge through dissociation, dismantling 
and dislocation slip. From the dislocation of the high energy 
state to the low energy state, the redistribution of the disloca-
tion wall will be divided into a number of sub-grains, as seen 
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Fig. 1. True stress-true strain curves of Cu-1%Zr(a, c) and Cu-1%Zr-0.15%Y(b, d) alloys deformed at different temperature and strain rate: (a) ε· 
= 0.001 s–1; (b) ε· = 0.001 s–1; (c) ε· = 0.1 s–1; (d) ε· = 0.1 s–1
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in Fig. 2b. Adjacent sub-grain boundaries gradually disappear 
and sub-grains merge forming large angle grain boundaries, 
which contribute to forming recrystallization nuclei. Recrys-
tallization nuclei boundaries move towards the distorted area. 
The alloy softening rate is greater than the strain hardening 
rate, and the true stress decreases, as seen in Fig. 1d at 850°C. 
As the deformation hardening rate becomes equivalent to the 
dynamic recovery and dynamic recrystallization rates, the true 
stress-true strain curves tend to be steady, as seen in Fig. 1a at 
650°C. The main reason for the above changes is competition 
between dynamic thermal processing of strain hardening and 
dynamic softening of recovery and recrystallization occurring 
simultaneously.

Based on the true stress-true strain curves of the two al-
loys, dynamic recrystallization of the Cu-1%Zr-0.15%Y alloy 
is easier than the Cu-1%Zr alloy, as seen in Fig. 1a and Fig. 1b. 
At 650°C deformation temperature with the 0.001 s–1 strain rate, 
the true stress-true strain curve of the Cu-1%Zr alloy has typical 
characteristics of dynamic recovery, while Cu-1%Zr-0.15%Y 
exhibits obvious characteristics of dynamic recrystallization. 
The stacking fault energy of Cu substrate is relatively lower 
[16], and the addition of Y increases the extended dislocation 
width. It is difficult to make the cross slip and edge dislocation 
climb change to dynamic recovery. Therefore, the tendency of 
dynamic recrystallization is obvious. The Y plays a role in grain 
refinement. Finer grains cause harder deformation ability and 
higher energy storage. The number of recrystallization nuclei 
formed per unit volume will increase. At the same time smaller 
grains increase the grain boundary area, which can provide more 
nucleation sites for easier dynamic recrystallization.

3.2. Effect of Y addition on Cu-1%Zr alloy deformation 
activation energy

Hot plastic deformation at elevated temperature of metal-
lic materials is similar to high temperature creep, both of which 
are heat activated processes. The flow stress depends on the 

deformation temperature T and the strain rate ε·. C.M. Sellars 
and C. Bruni according to Arrhenius relationship, proposed to 
use hyperbolic sine form to describe the relationship among σ, 
ε· and T [17-19]:

 
( ) exp QAF

RT
  (1)

The formula (1) is a function of stress, and there are three 
different forms under different bars [20]:

 
11 expn QA

RT
 

 
(ασ < 0.8) (2)

 
2 exp exp QA

RT
 (ασ > 1.2) (3)

 
h expsin n QA

RT
  (4)

Here, A1, A2, A are a structural factor, n is the stress exponent, 
α is the stress level parameter, Q is the hot deformation activa-
tion energy, R is the molar gas constant. Equations mentioned 
above can be rewritten using Zener-Holomon Z-parameter that 
is defined as follows [21]:

 exp( / )Z Q RT   (5)

The formulas (2), (3) and (4) are derived separately.

 11ln ln lnQA n
RT

  (6)

 
2ln ln QA
RT

  (7)

 ln ln ln[sinh( )]Z A n  (8)

Subsequently, lnε· and lns are used as coordinate axes, and  
lnε· and s are used as coordinate axes for plotting, as shown in 
Fig. 3a and Fig. 3b. Using the least square method, n1 takes the 

(a) (b) 

Fig. 2. TEM micrographs of the Cu-1%Zr alloy deformed at 0.1 s–1 strain rate and different temperature: (a) 550°C; (b) 850°C
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average value of the three slopes of the line lnε· – lnσ where 
the peak stress are minimal, the temperature corresponding to 
them are 750°C, 850°C and 900°C. Simultaneously, β takes the 
average value of the three slopes with the maximum peak stress 
of the line lnε· – σ, the temperature corresponding to them are 

550°C, 650°C and 750°C. Then α = 
β
—
n1

 = 0.012. One can take 

natural logarithms of both sides of the equation (4) to express 
the following Q factor:

 

ln[sinh( )] ln
(1/ ) ln[sinh( )] T

Q R nRK
T

  (9)

According to the peak stress, the corresponding temperature 
and strain rate, the ε· and ln[sinh(ασ)] – 1/T curves are plotted 
respectively. The results are shown in Fig. 3c and Fig. 3d. The 
mean value of the five slopes of the line lnε· – ln[sinh(ασ)] is 
represented by n, the mean value of the five slopes of the line 
ln[sinh(ασ)] – 1/T is represented by K, get n = 8.70, K = 5.24. 
Therefore, Q = nRK = 379 kJ/mol. When the ε·,T and Q are fixed, 
draw the line lnZ – ln[sinh(ασ)], as shown in Fig. 3e. Intercept 
lnA = 39.63, A = 1.63×1017. Therefore, the constitutive equation for 
hot deformation of the Cu-1%Zr-0.15%Y alloy is expressed as:

 

8.717 3791.63 10 sinh 0.012 exp
RT

  (10)
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Fig. 3. Relationships between the p eak flow stress, deformation temperature and strain rate for the Cu-1%Zr-0.15%Y alloy: (a) lnε· – lnσ; (b) lnε· 
– σ; (c) lnε· – ln[sinh(ασ)]; (d) ln[sinh(ασ)] – 1/T; (e) lnZ – ln[sinh(ασ)]
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Fig. 4. Relationship between lnZ and ln[sinh(ασ)] for Cu-1%Zr alloy

Similarly, the parameters for Cu-1%Zr alloy are: A = 3.61 
× 1014, n = 7.50, α = 0.011, Q = 322 kJ/mol. The lnZ and 
ln[sinh(ασ)] relation for Cu-1%Zr alloy is shown in Fig. 4. The 
fitting coefficient is 0.98, and the coincidence degree is very 
high. Therefore, the constitutive equation for the Cu-1%Zr alloy 
can be expressed as:

 
14 7.5 322sinh 0.011 ex. 1 1 p3 6 0

RT
  (11)

Hot deformation activation energy is an important param-
eter to measure the degree of difficulty to plastic deformation of 
a metal. Hot deformation activation energy of the Cu-1%Zr alloy 
is 322 kJ/mol, while hot deformation activation energy of the Cu-
1%Zr-0.15%Y alloy is 379 kJ/mol and the deformation activation 
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energy of pure copper is 209 kJ/mol [22]. Compared with hot 
deformation activation energy of pure copper, hot deformation 
activation energy of the Cu-1%Zr and Cu-1%Zr-0.15%Y alloys 
is increased by 54% and 81%, respectively. The reason for this is 
that Zr addition had solid solution strengthening effect, impeding 
dislocation slip and climb. Zr maximum solid solubility in Cu is 
0.15% at 966°C, and there are many precipitates in the Cu matrix, 
which have an effect on dislocation pinning, as shown in Fig. 5a. 
Selected area diffraction patterns obtained from the precipitates 
are shown in Fig. 5b. It can be seen that the precipitates identi-
fied in the present study were Cu10Zr7. According to the PDF 
card 47-1028 [23], the lattice parameters for Cu10Zr7 phase are 
a = 1.2675 nm, b = 0.9313 nm, c = 0.9347 nm.

Comparing hot activation energy of the Cu-1%Zr and Cu-
1%Zr-0.15%Y alloys, it increased by 18% with the addition of 
Y. On the one hand, the atomic radius of Cu is 0.128 nm, while 
the atomic radius of Y is 0.180 nm, which is about 41% differ-
ence. Therefore, Y has low solid solubility in Cu, and the solid 
solution strengthening effect is obvious. On the other hand, Y 
has an effect of removing impurities and deoxygenating, as Y 
with impurities in copper forms refractory compounds. Hot large 

deformation increases the number of dislocations. Hot deforma-
tion at the same conditions increases the amount of stored energy 
in the matrix, providing additional driving force for dynamic 
recovery and dynamic recrystallization.

3.3. Effect of Y addition on Cu-1%Zr alloy 
microstructure

Fig. 6 shows microstructure of the Cu-Zr and Cu-1%Zr-
0.15%Y alloys solution treated at 900°C for 1 h, where Y addi-
tion can evidently refine the grain size. Optical micrographs of 
the Cu-1%Zr and Cu-1%Zr-0.15%Y alloys deformed at 0.1 s–1 
strain rate and different temperatures are shown in Fig. 7. Fig. 7a 
and Fig. 7c are Cu-1%Zr structures. Fig. 7b and Fig. 7d are Cu-
1%Zr-0.15%Y structures. When the deformation temperature is 
550°C with the 0.1 s–1 strain rate, large grains are elongated and 
there are no dynamic recrystallization grains, as seen in Fig. 7a 
and Fig. 7b. Fig. 8a shows that a large number of dislocations 
are stored in the grain interior of the Cu-1%Zr alloy deformed at 
550°C with 0.1 s–1 strain rate. The dispersed secondary phases 

(a) 

Fig. 5. (a) TEM micrographs of the Cu-1%Zr alloy deformed at 0.1 s–1 strain rate and 850°C; (b) selected area diffraction pattern from (a)

 

Fig. 6. Microstructure of: Cu-Zr(a) and Cu-1%Zr-0.15%Y(b) alloys after solution treatment at 900°C for 1 h
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in the crystal and the secondary phases at the grain boundaries 
are obviously hinder dislocation and grain boundary movements. 
Surface tension leads to grain boundary protrusion into a circular 
arc shape, as seen in Fig. 8b. Nearly 120° grain boundaries show 
that sub-grain has begun to grow and merge, which is an obvious 
characteristic of dynamic recrystallization [24].

It can be seen from the ellipse marked by Fig. 7c and Fig. 7d, 
Cu-1%Zr alloy has less dynamic recrystallization grains, while 
Cu-1%Zr-0.15%Y alloy has more dynamic recrystallization 
grains. Under the same conditions, the addition of rare earth Y 
can contribute to the occurrence of dynamic recrystallization. 
The original grain size and the dispersed secondary phases are 

 

Fig. 7. Optical micrographs of the Cu-1%Zr(a,c) and Cu-1%Zr-0.15%Y(b,d) alloys hot deformed at 0.1 s–1 strain rate and different temperatures: 
(a) 550°C; (b) 550°C; (c) 850°C; (d) 850°C

 

 

(a) 

Fig. 8. TEM micrographs of the Cu-1%Zr alloy deformed at 0.1 s–1 strain rate and different temperatures: (a) 550°C; (b) 850°C
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important factors affecting dynamic recrystallization. The addi-
tion of Y has an obvious effect on the Cu-1%Zr grain refinement. 
The high density of very fine, semi-coherent Zr-rich particles 
effectively retard both dynamic recovery as well as grain bound-
ary migration during dynamic recrystallization. Observed grain 
refinement for Cu-1%Zr-0.15%Y alloy result from the effect of 
increased stored energy that rises nucleation sites for DRX and 
reduce velocity of DRX grains growth in the presence of fine 
particles. Both fine Zr-rich particles as well as solid solution of 
Zr and Y in Cu matrix effectively retard dynamic structure res-
toration processes. On the other hand, dynamic recrystallization 
occurs at the beginning of a corresponding critical strain point. 
Theta-parameter is the derivative differential of stress in strain, 
θ = ∂σ /∂ε. The lowest point of curves are dynamic recrystalliza-
tion critical strain point, as shown in Fig. 9. With the addition of 
rare earth, the critical strain points of dynamic recrystallization 
have been advanced. Therefore, the addition of rare earth Y can 
promote the occurrence of dynamic recrystallization.

4. Discussion

We found Cu10Zr7 in the experiment. There are many dif-
ferent opinions about the types of precipitates. Mu et al. [25] 
believe that the Cu-Cr-Zr-Mg-RE alloy has a zirconium-rich 
phase at 450°C. Su et al. [26] think precipitated phase is Cu5Zr 
in the Cu-Cr-Zr alloy at 500°C aged for 30 min. Xie et al. [27] 
believe that Cu4Zr precipitates are nucleated preferentially at the 
pre-nucleated Cr-rich particles in the Cu-Cr-Zr-Sn alloy, being 
semi-coherent with the matrix. Kawakatsu et al. [28] hold that 
Zr-rich precipitates in Cu-Cr-Zr are Cu3Zr type. Deng et al. [29] 
believe that Cu-0.1%Zr alloy prepared by prepared by powder 
metallurgy method result in precipitation of Cu2Zr particles dur-
ing solid solution and aging treatment. Huang et al. [30] analyze 
the microstructure of Cu-0.31Cr-0.21Zr and the precipitated 
phase is considered as Cu51Zr14. Saitoh et al. [31] studied the 
microstructure formed by the eutectic reaction of Cu-Zr alloy 
with a Zr concentration of 12.3 mass % and the precipitated phase 

is considered as Cu9Zr2. The precipitated phase is Cu10Zr7 and 
its eutectic temperature is 895°C [28], while the solid solution 
treatment temperature is 900°C. The solution temperature and 
eutectic temperature are almost the same and higher Zr content 
addition results in Cu10Zr7 precipitation.

5. Conclusions

The Cu-1%Zr and Cu-1%Zr-0.15%Y alloys have similar 
hot compression deformation features. Typical characteristics 
of dynamic recovery occur at 550-750°C deformation tem-
perature, while dynamic recrystallization operate at deformation 
temperature 850-900°C. High Zr content and the addition of Y 
significantly improve Cu-1%Zr alloy hot deformation activa-
tion energy. Compared with hot deformation activation energy 
of pure copper, hot deformation activation energy of the Cu-
1%Zr and Cu-1%Zr-0.15%Y alloys is increased by 54% and 
81%, respectively. Zr addition has solid solution strengthening 
effect, impeding dislocation slip and climb. The atomic radius 
of Cu and the atomic radius of Y are dramatically different and 
Y has an effect of removing impurities and deoxygenating, 
which make hot deformation activation energy of the Cu-1%Zr 
alloy increase by 18% with the addition of Y. The addition of 
Y refines the grain size, advances the dynamic recrystallization 
critical strain point and promotes the occurrence of dynamic 
recrystallization.
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