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Abstract: The hot deformation behavior of homogenized zinc alloy was investigated through uniaxial compression test on a 
Gleeble−1500 thermal-mechanical simulator within a temperature range of 230−380 °C and a strain rate range of 0.01−10 s−1, the 
corresponding flow curves and their characters were determined and analyzed, and microstructures were studied by optical, SEM and 
TEM microscopy. The results indicated that the microstructure evolution of zinc alloy during hot deformation involves the 
spheroidization of the phase of TiZn15, coarsening of the precipitated phase and dynamic recrystallization (DRX) of the phase of 
matrix, leading to the formation of the polyphase (η+ε+TiZn15) structure. The spheroidization of the phase of TiZn15 during hot 
deformation was beneficial to the particle nucleation stimulated and then promoted to DRX of matrix. The dynamic recrystallization 
grain size of the matrix phase decreased firstly and then increased with elevating the temperature, and the degree of DRX became 
more complete when the strain rate and strain became larger. Hot deformation accelerated the diffusion of Cu atom, which resulted in 
the coarsening of the precipitated phase. Thus, the microstructure was refined owing to the pinning effect of the precipitated phase. 
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1 Introduction 
 

Peritectic alloys have been targeted as the most 
appealing engineering materials in recent years. 
Peritectic reactions involve one solid phase reacting with 
a liquid phase during cooling to generate a second solid 
phase, and are displayed in many alloy systems, such as 
steels, Cu alloys and titanium alloys. Extensive and 
systematic research efforts have been devoted to the 
solidification process of these alloys by many 
groups[1−5]. Zn−Cu alloy is a typical peritectic alloy, 
and is the most promising candidate of machined, 
pressed, and structural items due to its comparatively 
high strength and hardness. Additionally, Zn−Cu alloy 
has also been introduced into a series of daily 
commercial electronic products owing to its excellent 
electrical performance and shielding capability [1]. As a 
result of the low melting temperature and good casting 
property, zinc alloy has received rapid and 
comprehensive development. The microstructure 
evolution and phase selection have been investigated at 
different copper contents and under various solidification 
rates by many researchers in the past decades. 
Meanwhile, relatively mechanical and thermal-physical 

parameters have been measured [1,4−9], and thereby the 
simulated models have been established for the 
solidification process of Zn−Cu alloy [10]. 

Many efforts have been done for Zn−Cu alloys, 
preferably the cast Zn−Cu alloys. However, there are few 
reports on the deformed Zn−Cu alloy. Recently, the 
predictions of the microstructure and properties for 
deformed alloys have become one of the hotspots in the 
material science research, especially the investigation of 
microstructure evolution due to its determination to the 
alloys property [11−13]. Herein, in the present work 
uniaxial compression test of Zn−8Cu−0.3Ti was 
conducted. The microstructure evolution under different 
deformation conditions (temperature, strain rate and 
strain) was researched by optical microscopy (OM), 
scanning electron microscopy (SEM), X-ray diffraction 
(XRD) and transmission electron microscopy (TEM). 
 
2 Experimental 
 

The material used in the present study was 
commercial zinc alloy billet from Ningbo Powerway 
Alloy Materials Co., Ltd., China, with a composition of 
Zn−8Cu−0.3Ti (mass fraction, %). The homogeneous 
annealing was carried out in the air at 400 °C for 12 h to 
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eliminate the microstructure segregation. Figures 1 and 2 
display the pristine microstructure composed of white 
equiaxial ε phase, bone-like TiZn15 phase and gray 
matrix η phase. The annealed Zn−8Cu−0.3Ti alloy was 
machined to cylindrical specimens with a diameter of   
8 mm and a height of 12 mm. 
 

 
Fig. 1 Optical image showing microstructure of homogenized 
zinc alloy 
 

 
Fig. 2 XRD patterns of Zn−8Cu−0.3Ti zinc alloy 
 

Hot compressive deformation simulation was 
performed on a Gleeble−1500 thermo-simulation 
machine. Graphite flake was used to eliminate the 
nonhomogeneity of temperature and the friction between 
specimen and the anvil. The temperature was measured 
by a thermocouple in the middle of specimen in real time. 
The specimen was firstly heated to 200 °C at a velocity 
of 5 °C/s, then to the deformation temperature at the 
speed of 3 °C/s followed by a 3 min heat preservation 
before compression. The deformed specimens were 
water quenched after compression to maintain the 
microstructure for observation because the water 
quenching was sufficient to inhibit the occurrence of 
static recrystallization. Deformation temperature ranged 
from 230 °C to 380 °C at the strain rates of 0.01, 0.1, 1 
and 10 s−1. The specific strains were 0.3, 0.5，0.7，0.9 and 
1.2. The deformed specimens were then sectioned 
parallel to the axis, polished and then etched. The 
microstructure observation was performed with an 

Axiovert 200MAT optical microscope and HITACHI− 
S4800 scanning electron microscope. X-ray diffraction 
(XRD) patterns were obtained on a Rigaku D/MAX 2000 
PC diffractometer operating at 40 kV and 25 mA, using 
Cu Kα radiation (λ=1.5406 Å). 
 
3 Results and discussion 
 
3.1 Flow stress characteristics of Zn−8Cu−0.3Ti zinc 

alloy 
Figure 3 illustrates the true stress—strain curves in 

temperature range of 230−380 °C at a fixed strain rate of 
1 s−1 and at a fixed temperature of 320 °C in a strain rate 
range of 0.01−10 s−1, which exhibits a typical 
characteristic behavior of dynamic recrystallization. At 
the initial stage, the flow stress increased rapidly with the 
increase of the strain and reached the peak stress, then 
the stress decreased to a steady stress with the increase of 
the strain. Simultaneously, Figure 3 reveals that the 
steady stress and peak stress increase with the decrease 
of deformation temperature at a given strain rate of 1 s−1 
and decrease with the increase of strain rates at a given 
deformation temperature of 320 °C. 

During the deformation process the material 
 

 

Fig. 3 True stress—true strain curves of Zn−8Cu−0.3Ti zinc 
alloy during hot compression deformation: (a) ε& =1 s−1;     
(b) t=320 °C 
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undergoes work hardening and thermally activated 
softening, which contribute to the three stages of true 
stress—strain curves shown in Fig. 3: stage I (work 
hardening stage), stage II (yielding stage), and stage III 
(steady stage) [14−16]. It can be seen that the 
characteristics of true stress — strain curves were 
fluctuant at 320 °C and 10 s−1 in Fig. 3(b). It probably is 
assigned to the interactive effect of DRX softening and 
work hardening [17,18]. 

True stress—strain curves at the strain rate of 1 s−1 
shown in Fig. 3(a) show that the peak stress rose from 80 
MPa at 380 °C to 187 MPa at 230 °C, when peak strain 
rose from 0.12 at 380 °C to 0.245 at 230 °C. It is 
assigned to the evaluation of temperature which lowered 
the resistance of the dislocation motion and facilitated 
the deformation. Meanwhile, the atom thermal vibration 
and dislocation motion were aggravated, which reduced 
the atomic interaction force and the critical shearing 
stress. Subsequently, more slip systems were triggered, 
which enhanced the matrix DRX and thereby reduced the 
flow stress. 

True stress—strain curves at 320 °C shown in Fig. 
3(b) reveal that the peak stress and flow stress increase 
with elevating the strain rate. This is attributed to the 
increase of strain rate which diminished the deformation 
time, and thus the accelerated dislocation motion speed 
induced plentiful multiplication and entanglement of 
dislocation. Eventually, the flow stress was increased. 
TEM image of the alloy after deformation under 260 °C 
and 1 s−1 is shown in Fig. 4(a). Pristine deformed grains  
 

 
Fig. 4 TEM images of specimens compressed under different 
conditions: (a) 260 °C, 1 s−1; (b) 380 °C, 1 s−1 

existed abundantly while plentiful dislocation presented 
at grain boundaries and sub-grains interior. Therefore, 
the 260 °C curve in Fig. 3(a) is comparatively high. 
Pristine deformed grains disappeared when the 
temperature was elevated to 380 °C, as shown in Fig. 
4(b). Sub-grains grew up and the inside dislocations were 
annihilated, which resulted in the rapid decrease of flow 
stress. 
 
3.2 Microstructure evolution of Zn−8Cu−0.3Ti alloy 

during deformation process 
The microstructure evolution during hot 

deformation was not only affected directly by 
deformation process conditions (temperature, strain rate, 
strain) [19], but also controlled by the difference of alloy 
systems. It can be concluded that Zn−8Cu−0.3Ti alloy 
was composed of primary ε phase, bone-like TiZn15 
phase and matrix η phase from the optical microscopy 
(Fig. 1), the XRD pattern (Fig. 2) and the EDS spectrum 
(not given here). It is arduous to elucidate the 
microstructure evolution characteristic of Zn−8Cu−0.3Ti 
alloy owing to the different deformation mechanism and 
poor deformation compatibility of the phases [20]. 
3.2.1 Effect of deformation temperature 

Figure 5 displays the deformed microstructures 
under different temperatures at strain rate of 1 s−1 and 
strain of 0.7. The original ε phase was flexural deformed 
vertically to the compression direction. Spheroidization 
and fracture occurred in the bone-like TiZn15 phase also 
vertical to the compression direction. When the 
temperature was bellow 260 °C, the matrix η phase 
presented necklace-like structure composed of elongated 
initial grains and DRX grains. With the temperature 
elevated above 290 °C, the DRX degree was further 
enhanced, and the matrix was composed of abundant fine 
equiaxial DRX grains and a few elongated initial grains. 
Complete DRX took place with an average grain size of 
5 μm when the temperature was elevated to 380 °C. The 
microstructure evolution with the temperature resulted 
from the thermal activated softening mechanism as 
discussed above. 

Fine grains due to discontinuous dynamic 
recrystallization (DDRX) distributed at the initial grain 
boundaries and phase boundaries, which are marked with 
the black arrows in Fig. 5(a). The reason why DDRX 
grains appeared at the above mentioned place was that it 
provided the formation conditions for both high angle 
grain boundary (HGB) and high density of defects, 
which were in favor of the storage of deformation energy 
and the formation of DDRX nuclei [19]. 

The bone-like TiZn15 phase was spheroidized with a 
size of 2.5−5 μm, of which stimulation effect on DRX 
could be elucidated by particle stimulate nucleation 
(PSN). The PSN was ascribed to the mechanical property  
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Fig. 5 SEM images showing microstructure evolution of zinc alloy deformed at strain rate of 1 s−1 and strain of 0.7 at different 
temperatures: (a) 230 °C; (b) 260 °C; (c) 290 °C; (d) 320 °C; (e) 350 °C; (f) 380 °C 
 
discrepancy between phases. To coordinate the plastic 
deformation, large strain gradient formed around the big 
particles, which finally promoted the DRX nucleation. 
TiZn15 phase acted as a hard barrier during the 
deformation process due to the incoherent relationship 
between matrix η phase and TiZn15 phase. The barriers 
hindered the motion of dislocations and the further 
deformation of η phase. Therefore, the high dislocation 
density areas and high orientation gradient appeared in 
the matrix phase nearby the TiZn15 phase, where was the 
favorable position of DRX nucleation. With the elevation 
of temperature, the spheroidization of TiZn15 phase was 
more complete and the dislocation motion was fiercer, 
which provided more PSN nuclei and thereby stimulated 
the DRX. However, the DRX grains grew up slightly and 
the grain boundaries straightened when the temperature 
elevated to 380 °C [20]. 
3.2.2 Effect of strain rate 

Figure 6 displays the deformed microstructures 
under different strain rates at 320 °C and strain of 0.7. 
When the strain rate was below 1 s−1, the DRX grains 
were finer and volume fraction of DRX was larger with 
the increase of the strain rate. However, the grains grew 
up when the strain rate reached 10 s−1. This phenomenon 
was attributed to the competition of two mechanisms. 
One was that the decrease of strain rate enhanced the 
diffusion and adjustment of atoms, lowered the 
accumulated dislocation density, and thereby diminished 
the DRX nuclei quantities; meanwhile, the lower strain 
rate was capable of the migration of grain boundaries and 
the growth of the DRX grains. The other one was that 
many fine white ε phases precipitated at the grain 
boundaries during deformation, as shown in Fig. 6. The 
new formed phase pinned the grain boundaries, slowed 
down the mobility of grain boundaries, and effectively 
blocked the growth of the DRX grains. Therefore, the 
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DRX degree of the zinc alloy was jointly influenced by 
the dislocation density and the precipitated phase. 

Figure 6(a) (at strain rate of 0.01 s−1) displays that 
the precipitated ε phase mainly distributed along the 
perpendicular direction to the compression direction with 
long ribbon-like shape of 4−6 μm. Additionally, a very 
small quantity of particles with size less than 1 μm 
dispersedly precipitated at the grain boundaries. When 
the strain rate was fixed at 0.1 s−1 as presented in Fig. 
6(b), the precipitated white ε phase was generally less 
than 1 μm in size, and uniformly dispersed at the matrix 
grain boundaries. Only a few ribbon-like precipitated 
phase particles were observed. Besides, kinks and fusing 
spheroidization were observed in TiZn15 phase vertically 
to the compression direction. The microstructure at 1 s−1 
(Fig. 5(d)) exhibited that the sizes of the precipitated 
phase particles were all less than 1 μm but the quantities 
started reducing. As the strain rate rose to 10 s−1 in  
 

 
Fig. 6 SEM images showing microstructure evolution of zinc 
alloy deformed at 320 °C and strain of 0.7: (a) ε& =0.01 s−1;  
(b) ε& =0.1 s−1; (c) ε& =10 s−1 

Fig. 6(c), the precipitated ε phase was comprised of 
particles all less than 1 μm, and the amount was greatly 
reduced. This was because the high strain rate confined 
the diffusion of Cu atom to the grain boundaries, which 
decreased the precipitation of fine dispersing ε phase. 
Accordingly, the pinning effect of precipitated phase to 
the grain boundaries was weakened, leading to the 
growth up phenomenon of the grains. 

From the above analysis, it was concluded that the 
influence of strain rate on the deformed microstructure 
should be considered to determine the deformation 
technics, preferably not more than 1 s−1. 
3.2.3 Effect of strain 

It is obvious that complicated microstructure 
occurred and ultra-fined composite phases finally formed 
during the deformation process of the Zn−8Cu−0.3Ti 
alloy. The deformation process includes the 
spheroidization of the bone-like TiZn15 phase, the 
precipitation of CuZn5 phase and the DRX of the matrix 
η phase. To further make clear the microstructure 
evolution during the deformation process, the deformed 
microstructures at different strains were investigated and 
the probable deformation mechanism was discussed. 

The microstructure evolution of Zn−8Cu−0.3Ti 
alloy at different strains under 320 °C and 0.1 s−1 is 
shown in Fig. 7. TiZn15 phase began bending and even 
kinking at part larger curvature place when the strain 
reached 0.3, as displayed in Fig. 7(a). At the same time, 
quantities of CuZn5 phase ribbons with length of 5−15 
μm precipitated near the bone-like TiZn15 phase layers 
and distributed at the originally deformed grain 
boundaries vertical to the deformation direction. Due to 
the existence of large scale TiZn15 phase and its 
spheroidization, PSN occurred in the high density 
dislocation η phase matrix, and therefore DRX grains 
were observed in some place. Moreover, sphere-like 
CuZn5 phase with size less than 1 μm precipitated at the 
grain boundaries which efficiently blocked the growth of 
the DRX grains. Further spheroidization of TiZn15 phase 
was observed with the strain increased to 0.5 (Fig. 7(c)), 
and complete ribbon-like TiZn15 phase disappeared at 
this time. The increase of the spheroidization particles 
enlarged the phase boundary energy which further 
accelerated the DRX of the η phase. The thorough 
spheroidizaiton of TiZn15 phase was accomplished with a 
maximum size less than 3 μm when the strain rose to 0.9. 
The sphere-like CuZn5 phase precipitated at the DRX 
grain boundaries was coarsened with size somewhat 
decreased. This phenomenon was assigned to the 
increase of activation energy which made the Cu atom 
precipitate preferably at the DRX grain boundaries and 
finally resulted in the coarsening [21]. Figure 7(d) 
presents the microstructure at the strain of 1.2, which 
proved that 90% of matrix η phase underwent the DRX  
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Fig. 7 SEM images showing microstructure evolution of zinc alloy deformed at 320 °C and 1 s−1: (a) ε=0.3; (b) ε=0.5; (c) ε=0.9;   
(d) ε=1.2 
 
with straight and distinct grain boundaries. Furthermore, 
great part of the bone-like microstructure was 
spheroidized except a very few regions. 
 
4 Conclusions 
 

1) When homogenized Zn−8Cu−0.3Ti alloy was 
deformed at an elevated temperature, the work hardening 
stage, yielding stage and steady stage varied with the 
temperature and strain rate; the flow stress and its peak 
value decreased with the increase of temperature and the 
decrease of strain rate. 

2) Spheroidization occurred in the bone-like TiZn15 
phase during the deformation process, and the common 
border of it and the matrix was the favored site for DRX 
grain nuclei. 

3) During the DRX process of the matrix, the CuZn5 
phase precipitated at the grain boundaries and effectively 
pinned the grain boundaries, which blocked the growth 
of the grains and finally made the ultra-fined composite 
microstructure obtained. 
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摘  要：利用 Gleeble−1500 热力模拟试验机在温度 230~380 °C，应变速率 0.01~10 s−1 的条件下进行均匀化态

Zn−8Cu−0.3Ti 锌合金的热压缩变形实验，测定真应力—真应变曲线，利用 OM、SEM 和 TEM 对变形组织进行分

析。结果表明：在变形过程中该合金发生了 TiZn15 相的球化、析出相的粗化和基体 η 相的动态再结晶，形成了

(η+ε+TiZn15)复相组织。变形过程中 TiZn15相的球化有助于粒子协同方式实现粒子激发形核，有利于基体动态再结

晶的发生。随着压缩变形温度的升高，基体动态再结晶晶粒的尺寸先减小后增大；随着应变速率和应变量的增大，

动态再结晶进行得更充分；形变促进 Cu 原子的扩散，导致析出相的粗化，析出相的钉扎作用使组织得到细化。 

关键词：锌合金；动态再结晶；高温变形；复相组织 
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