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Abstract: Hot deformation behavior and microstructure of 60NiTi alloy during hot compressive deformation were 
investigated using Gleeble−3500 thermal simulation test machine in the temperature range of 500−650 °C and strain 
rate range of 0.001−1 s−1. The constitutive equation of hot compression was constructed and the hot processing maps 
were plotted. When the compression temperature rose or the strain rate declined, the peak stress reduced. The hot 
deformation activation energy was calculated as 327.89 kJ/mol, and the proper hot working parameters of compression 
temperature of 600−650 °C and strain rate of 0.005−0.05 s−1 were obtained. The recrystallization degree increased with 
increasing compression temperature. When the strain rate increased, both dislocation density and number of twins were 
improved, and the Ni3Ti phase tended to aggregate. Ni3Ti precipitation phase was beneficial to inducing dynamic 
recrystallization of the 60NiTi alloy. The dynamic recovery, dynamic recrystallization and twinning took place during 
hot compressive deformation of the 60NiTi alloy. 
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1 Introduction 
 

60NiTi alloy is an intermetallic compound 
with 55 at.% nickel and 45 at.% titanium, and has 
some special performances including high strength 
and hardness, low attenuation, non-magnetism  
and excellent corrosive resistance etc, which  
works as an ideal bearing material in aerospace  
and ocean engineering [1−3]. In addition, 60NiTi  
alloy possesses good bio-compatibility and good 
dimensional stability, which has a wide application 
prospect in biomedical field [2,4]. 

In order to meet shape and size requirements 

of bearing devices, hot rolling and hot extrusion  
of NiTi alloy are required [5,6]. However, many 
intermetallic compounds (Ni4Ti3, Ni3Ti2, and  
Ni3Ti) exist in NiTi alloy, resulting in its poor 
workability [7]. It is difficult to control deformation 
of hot working process; therefore, suitable hot 
deformation process parameters should be given. 
Hot deformation of metallic material is carried out 
by using the thermal simulation test. Using high 
temperature plastic flow constitutive model and hot 
processing map, the rheological behavior of the 
material can be well understood, and the feasible 
processing parameters can be also determined, 
which has been widely used in various alloys such  
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as copper alloy [8,9], magnesium alloy [10,11] and 
Ni−Ti alloy [12−14]. MORAKABATI et al [14] 
discussed the hot compressive deformation of 
Ni49.8Ti50.2 alloy, and the ductility of the hot 
deformed alloy was the lowest in the instability 
region and some dynamic recrystallized grains were 
observed in stability region during hot deformation. 
YEOM et al [12] optimized the hot-forged process 
of as-cast Ni−44.5wt.%Ti shape memory alloy by 
finite element analysis and hot processing map. No 
defect was found in the hot-forged alloy at 1050 °C. 
ZHANG et al [15] reported the hot compressive 
deformation behavior of equiatomic NiTi alloy and 
obtained feasible hot working processing windows. 
Adiabatic shear bands were observed in the 
unstable domain at low temperature. Abnormal 
grain growth was found in the unstable region at 
high temperature. Compared with the above 
equiatomic NiTi alloys, the Ni content in 60NiTi 
alloy is higher and the number of intermetallic 
compounds (Ni4Ti3, Ni3Ti2 and Ni3Ti) in the alloy 
increases obviously. Therefore, the microstructure 
and hot deformation behavior of 60NiTi alloy was 
different in the process of hot working due to    
the different ratio between B2 matrix and Ni−Ti 
precipitation. 

In this work, the hot compressive deformation 
of 60NiTi alloy was investigated at temperature 
between 500 and 650 °C and strain rate of 
0.001−1 s−1. The constitutive equation of 60NiTi 
was built, and the hardening rate (θ) versus true 
stress (σ) curve and hot processing map were drawn. 
Its structure evolution and deformation mechanism 
during hot compression were discussed, which can 
offer a reference for hot working technology of the 
60NiTi alloy. 
 
2 Experimental 
 

60NiTi alloy billet with diameter of 100 mm 
was melted in vacuum kiln and then extruded into 
d40 mm rod by hot extrusion with an extrusion ratio 
of 6.25 at temperature of 900 °C. The extruded rod 
was annealed at 650 °C for 12 h. The cylindrical hot 
compression specimens with 8 mm in diameter and 
12 mm in height were cut by wire electrical 
discharge machining. 

In this work, a large number of Ni3Ti 
precipitates were formed in the sample after 
annealing at 650 °C for 12 h, which induced 

softening of the alloys [16], and our previous work 
indicated that the annealed sample can be hot 
worked at a deformation temperature below 650 °C. 
Hot compressive deformation of the samples   
was performed by using Gleeble−3500 thermal 
simulation test machine at various temperatures 
(500, 550, 600 and 650 °C) with diverse strain rates 
(0.001, 0.01, 0.1 and 1 s−1), and the true strain was 
0.5. The heat rate of hot compression samples was 
approximately 20 °C/s and the holding time was 
3 min. The graphite plate was placed between the 
compressive samples and the penetrator. Figure 1 
shows the schematic drawing of hot compression 
test. 
 

 
Fig. 1 Schematic diagram of hot compression test 
 

The microstructure of the 60NiTi alloy after 
compressive deformation was observed by ZEISS 
EVO−MA10 scanning electron microscope (SEM), 
equipped with the energy disperse spectroscopy 
(EDS) to analyze chemical composition of the 
phases. The phases of 60NiTi alloy were also 
identified using X-ray diffractometry (D/max 2550). 
The wafers of the samples of 50 μm in thickness 
and 3 mm in diameter were firstly thinned using the 
mechanical thinning instrument, and then thinned 
by the Struers Tenupol−5 twin-jet electropolishing 
instrument with an electrolyte of 5 vol.% 
perchlorate acid and 95 vol.% methanol. The 
twin-jet electropolishing parameters were the 
voltage of 12 V, current of 28 mA and electrolyte 
temperature of approximately −35 °C. Transmission 
electron microscopy (TEM) observation of micro- 
structure in the compressed samples were conducted 
by using Tecnai G2 F20 S−TWIN. 
 
3 Results and discussion 
 
3.1 True stress versus true strain curves 

Figure 2 shows the true stress versus true strain 
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Fig. 2 True stress−true strain curves of 60NiTi alloy at different deformation temperatures and strain rates: (a) 0.001 s−1; 
(b) 0.01 s−1; (c) 0.1 s−1; (d) 1 s−1 
 
curves of the 60NiTi alloy during hot compression 
at the temperature of 500−650 °C and the strain rate 
of 0.001−1 s−1. From Fig. 2, the true stress of the 
alloy increased rapidly in the early period of 
deformation, then increased gradually, and finally 
approached to the stable stage or dropped slightly 
with raising the true strain. When the strain was  
low, the main factor for the sharp ascent of flow 
stress was the rapid increase of dislocation density 
resulting in large work-hardening effect. While the 
strain increased, the dislocation density increased. 
Meanwhile, the dynamic recrystallization (DRX) 
took place under the combined action of heat and 
stress, which resulted in slow growth of the flow 
stress. When the stress approached to the peak, the 
softening from dynamic recovery (DRV) or DRX 
balanced with the working hardening, and the 
curves came to the steady stage. In addition, the 
true stress versus true strain curve presented distinct 
zigzag characteristics at strain rate of 1 s−1, as 
indicated in Fig. 2(d). The fluctuation of the curve 
was mainly attributed to the two main factors: one 

was the combined action of hardening effect and 
softening effect, and the other was the formation of 
twins during hot deformation [9,17]. 60NiTi alloy 
pertains low stacking fault energy metal, and a large 
number of Ni3Ti phase precipitated in the alloy. 
Especially, twins preferred to form in the stress 
concentration region during deformation. The Ni3Ti 
phase pinned dislocations, causing the substantial 
piling-up of dislocation around Ni3Ti phase during 
hot deformation. As the deformation proceeded, the 
dislocation slip was impeded, and twins are easy  
to germinate at the stress concentration region [18]. 
After the formation of the twins, the stress was 
released quickly, which induced the sudden  
decline of the curves. When the hot compression 
proceeded, the stress kept increasing, and new 
stress concentration and twin occurred around  
Ni3Ti phase, which caused the serrated curves.  

Figure 3 shows the peak stress value with 
different compression parameters. While the 
compression temperature dropped or the strain rate 
grew, the peak stress rose. When the compression 
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Fig. 3 Peak stresses of 60NiTi alloy under different 
deformation conditions 
 
temperature was 650 °C, the peak stress declined 
from 703 to 279 MPa as the strain rate decreased 
from 1 to 0.001 s−1. The peak stress decreased from 
1160 MPa of 500 °C to 703 MPa of 650 °C when 
the strain rate was 1 s−1. The diffusion ability     
of alloy atoms was high at high compression 
temperature, which resulted in high nucleation ratio 
and growth rate of dynamic recrystallization grains. 
Therefore, the more dislocations were consumed, 
which resulted in the increase of the softening effect 
and the reduction of the peak stress. Additionally, 
when the strain rate was lower, time for DRX 
nucleation and growth was longer, which caused  
the greater softening effect and the smaller peak 
stress [19]. 

According to the above analysis, dislocation 
density gradually increased with the strain. When 
dislocation density increased to a critical value, 
DRX took place, which affected the hardening 
behavior and deformation mechanism [20]. By 
fitting and differentiating the true stress−true strain 
curves, the variation of the work hardening rate θ 
with true stress σ can be obtained. The inflection 
point of θ−σ curves represented the critical value of 
the DRX occurrence [21]. Figure 4(a) shows θ−σ 
curves at strain rate of 0.1 s−1, and the circle in   
the figure represented the critical value of 
occurrence of the DRX. Additionally, θ equaled   
0 at the peak stress. From Fig. 4(a), the θ−σ  
curves showed similar characteristics at various 
compression temperatures. The slope of the curve 
was sharp in the early period of deformation. 
Moreover, with the increment of stress, the 
softening effect caused by DRV was less than the  

 

 
Fig. 4 Relationship between θ and σ at different strain 
rates: (a) 0.1 s−1; (b) 0.001 s−1 

 
work hardening effect induced by the high 
dislocation density, which reduced the value of    
θ [22]. With further increase of dislocation density, 
when the dislocation density approached to the 
critical value (corresponding to the inflection point 
on the curve of Fig. 4(a)), DRX occurred, and the 
rapid decline of work hardening rate made      
the stress slowly approach to the peak stress 
(corresponding to θ=0). POLIAK and JONAS [23] 
determined the inflection point of the θ−σ curves by 
the extreme points of (∂θ/∂σ)−σ curves. Figure 4(b) 
showed that on the (∂θ/∂σ)−σ curves at strain rate  
of 0.001 s−1, the critical stress dropped with the 
increase of compression temperature. 
 
3.2 Flow stress constitutive equation 

Based on the true stress−true strain curves of 
60NiTi alloy in Fig. 1, the peak stress was closely 
associated with the compression temperature and 
the strain rate. Arrhenius equation can describe the 
relationship, as given in Eq. (1) [24]: 
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[sinh( )] expn QA ασ
RT

ε  = ⋅ − 
 

               (1) 
 
where Q is the activation energy (kJ/mol), ε  is 
strain rate (s−1), σ is peak stress or flow stress (MPa), 
T is compression temperature (K), R is molar gas 
constant (8.314 J/(mol·K)), and α, A and n are 
material constants. 

According to the stress magnitude, Eq. (1) can 
be rewritten as follows:  

1 exp[ /( )]nA Q RTε σ= − , ασ<0.8            (2) 
 

2exp( )exp[ /( )]A βσ Q RTε = − , ασ>1.2        (3) 
 
β=nα                                   (4)  

Zener−Hollomon parameter, Z, can describe 
the relationship between strain rate and compression 
temperature [25]:  

  exp[ /( )] [sinh( )]nZ Q RT Aσ ασε= =          (5) 
 

Equations (1)−(3) can be rewritten in the 
logarithm form as follows:  
ln ln /( ) ln[sinh( )]A Q RT n ασε = − +         (6) 
 

1ln ln ln /( )A n σ Q RTε = + −               (7) 
 

2ln ln /( )A βσ Q RTε = + −                 (8) 
 

From Eqs. (7) and (8), when the compression 
temperature is a constant, the curves of ln ln ε σ−  
and ln σ ε−   were in the liner relationship, and 1/n 
and 1/β are the slopes of the ll  n n σ ε−   curve and 
the ln σ ε−   curve, respectively. The ln σ ε−   
curve was indicated in Fig. 5(a) and the average 
slope value of σ − ln ε  curve was calculated as 
β=2.1×10−2 MPa−1. From Fig. 5(b), the average 
slope value can be calculated as n=7.8. Therefore, α 
can be calculated from Eq. (4), namely α=β/n= 
2.7×10−3 MPa−1. 

When compression temperature is a constant, 
Eq. (6) is rewritten as follows:  

[ ln / ln[sinh( )]]Tn ασε= ∂ ∂                 (9) 
 

If the strain rate is a constant, Eq. (6) is 
rewritten as follows:  

[ ]/( ) ln[sinh( )]/ (1/ )Q Rn ασ T ε= ∂ ∂            (10) 
 

From Eqs. (9) and (10), the hot deformation 
activation energy Q is written by  

[ ]ln[sinh( )]/ (1/ )Q R ασ T ε= ∂ ∂ ⋅  

[ ]ln / ln[sinh( )] Tασε∂ ∂                (11) 

 

 
Fig. 5 Relationship between peak stress and strain rate: 
(a) ln σ ε−   curve; (b) ll  n n σ ε−   curve 
 

Figures 6(a, b) showed the ln[sinh(ασ)]− ln ε  
curve and ln[sinh(ασ)]−1/T curve, respectively. 
From Eq. (11), the deformation activation energy Q 
was 327.89 kJ/mol. Equation (5) can be written by  
ln Z=ln A+nln[sinh(ασ)]                   (12)  

Figure 7 shows the linear relationship between 
ln Z and ln[sinh(ασ)]. The value of A can be 
calculated to be 9.0×1015 by fitting the relationship 
of ln Z and ln[sinh(ασ)]. Replacing Q, A, α, and n 
into Eq. (1), the constitutive equation of the 60NiTi 
can be determined as  

15 3 5.79.0 10 [sinh(2.7 10 )]σε − ⋅= × ×  
exp[ 327887.5/( )]RT−               (13) 
 exp[327887.5/( )]Z RTε=                 (14) 

 
To assess the precision of the flow stress 

constitutive equation, the peak stresses under 
various compression conditions were calculated and 
contrasted with the experimental values according 
to Eq. (13), as shown in Fig. 6. By Eq. (15), the 
relative error (r) between the measured stress value 
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Fig. 6 Linear relationship of ln[sinh( )] ln ασ ε−   (a) 
and ln[sinh(ασ)]−1/T (b) 
 

 
Fig. 7 Linear relationship between ln Z and ln[sinh(ασ)] 
 
and calculated one can be calculated, and the results 
are shown in Fig. 8.  

c m

m
100%σ σr

σ
−

= ×                       (15) 
 
where σc is the calculated value of the peak stress, 
and σm is the measured value of peak stress. In 
accordance with the results in Fig. 8, the maximum 

error was −4.5%, the minimum error was −1.1% 
and the average error was 2.9%, which indicated 
that the calculated Arrhenius constitutive equation 
had high accuracy and can better predict peak stress 
of the 60NiTi alloy. 
 

 
Fig. 8 Correlation between experimental and measured 
values of peak stress 
 
3.3 Hot processing map 

From the dynamic material model (DMM),  
the absorbed power (P) for hot working consists  
of J and G, where J is the energy consumed     
by microstructure evolution and G is the energy 
consumed by plastic deformation [26], which is 
written as  

  

 0  0
d dP σ G J σ σ

ε σε ε ε= ⋅ = + = + 
            (16) 

 
The relationship between J and G can be 

described by the strain rate sensitivity (m) [8], 
which is expressed as follows:  

d /d [ / ] [ ln / ln ]T Tm J G ε εε σ σ ε σ ε= = ∂ ∂ = ∂ ∂       (17) 
 

For a given ε, T, σ and ε  satisfy a specific 
relationship as follows:  

mσ K ε=                                (18)  
where K is material coefficient. 

Dissipation energy can be written as  
 

 0
d ( ) / ( 1)J σ mσ m

σ ε ε= = +                (19) 
 

“m=1” is regarded as ideal linear dissipation 
state, and J is up to the maximum value:  

max /2J J σε= =                          (20) 
 

The coefficient efficiency of power dissipation 
(η) reflects the power dissipation characteristics  
for the nonlinear dissipation state, which can be 
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written as  
max/ 2 /( 1)J J m mη = = +                   (21) 

 
From the extremum principle of irreversible 

thermodynamics [27], the instability criterion is 
expressed as  

( ) ln[ /( 1)] / ln m m mξ ε ε= ∂ + ∂ +             (22) 
 
where ( )ξ ε  is regarded as the function of T and 
ε , and the negative value of ( )ξ ε  represents the 
instability region. At last, the processing map is 
acquired by combining the instability map and 
power dissipation map. 

Figure 9(a) shows the 3D power dissipation 
map of the 60NiTi alloy at strains of 0.3, 0.35, 0.4 
and 0.45. The different colors represent different 
values of η, and the darker the color is, the higher 
the power dissipation efficiency is, which is closer 
to ideal linear dissipation state. From Fig. 9(a), the 
region of the efficiency of power dissipation varied 
with true strain. When the true strain was 0.3, there 
were two peak power dissipation regions, namely 
620−650 °C, 0.001−0.01 s−1 and 550−600 °C, 

0.001−0.005 s−1. The peak power dissipation 
regions varied with strain. When the true strain  
was 0.45, the peak power dissipation region was 
600−650 °C, 0.005−0.05 s−1. Figure 9(b) shows  
the 3D instability maps at different strains, where 
white region represents safe region and grey  
region represents instability region. Processing in 
instability region may result in shear bands, 
deformation twins and micro-cracks [28,29]. The 
instability region of the 60NiTi alloy gradually 
expanded with an increase in the true strain. 

 
3.4 Microstructure evolution 
3.4.1 Microstructure characterization of 60NiTi 

alloy 
Figure 10 shows XRD pattern and SEM image 

of the as-extruded 60NiTi alloy. From Fig. 10(a), 
there were B2 phase matrix, Ni3Ti phase and B19′ 
martensite in the alloy. The Ni content in matrix 
was reduced due to the precipitation of Ni3Ti phase, 
which increased the phase temperature of the 
60NiTi alloy and led to phase transformation from  

 

 
Fig. 9 3D power dissipation map (a) and 3D power instability map (b) 
 

 

Fig. 10 XRD pattern (a) and SEM image (b) of as-extruded 60NiTi alloy 



Dong CHEN, et al/Trans. Nonferrous Met. Soc. China 33(2023) 189−200 196

B2 to B19' [30]. From Fig. 10(b), after annealing, 
spherical precipitates (P1 in Fig. 10(b)), lenticular 
precipitates (P2 in Fig. 10(b)) were formed in the 
alloy, and the content of spherical precipitates was 
much higher than that of the lenticular precipitates. 
The chemical compositions of the phase were 
analyzed by EDS, as indicated in Table 1. The 
results of EDS and XRD showed that the spherical 
precipitates were Ni3Ti phases and the lenticular 
precipitates were Ni3Ti2 phases. However, Ni3Ti2 
phase was not detected by XRD due to its low 
content, Ni4Ti3→Ni3Ti2→Ni3Ti phase transition 
occurred during hot deformation [31], and Ni3Ti2 
phase is a metastable phase, resulting in the low 
content of Ni3Ti2 phase. 

Figure 11 shows the microstructure of the 
60NiTi alloy under different compression 
conditions. After hot compression at 500 °C and 
0.001 s−1, a great number of dislocations piled 
 
Table 1 Chemical composition of precipitates in 60NiTi 
alloy by EDS analysis 

Precipitate x(Ni)/at.% x(Ti)/at.% 

P1 73.9 26.1 

P2 61.2 38.8 

 
up around grain boundaries, and some parallel 
deformation twins and a few DRX grains were 
observed, as shown in Fig. 11(a). By selected area 
electron diffraction (SAED), the red box was 
identified as {11 1}  type I twin with orientations 
of M 2[110] //[1 10]B . {11 1}  type I twin belongs to 
transformation twins formed by the transformation 
of high symmetry B2 matrix to low symmetry B19′ 
martensite, which released the strain caused by 
phase transformation [32,33]. 

The B19′ martensite was observed in the 
sample after hot compression at 650 °C and 
0.001 s−1. Meanwhile, the spherical phase was 
identified as (Ti2Ni)3O using EDS, i.e., 31.2 at.%  
Ti, 59.3 at.% Ni and 9.5 at.% O. The formation of 
B19′ martensite was discussed in Section 3.4.1. The 
(Ti2Ni)3O phase with a diameter of 200 nm would 
be formed during the solidification at 984 °C [34]. 
During the hot compression, the (Ti2Ni)3O phase 
particles impeded dislocation motion to form 
dislocation tangles, which provided large storing 
energy enough for inducing DRX in the matrix. 
Therefore, some DRX grains were formed around 
(Ti2Ni)3O particles under the combined actions   
of temperature and strain, which can partially 
eliminate work hardening. Figure 11(c) shows the 

 

 
Fig. 11 Microstructures of 60NiTi alloy under different hot deformation conditions: (a) 500 °C, 0.001 s−1; (b, c) 650 °C, 
0.001 s−1; (d) 650 °C, 0.01 s−1; (e) 650 °C, 0.1 s−1; (f) 650 °C, 1 s−1 
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microstructure and selected area electron diffraction 
(SAED) pattern of strip-like Ni3Ti phases, and the 
spacing between Ni3Ti phases was about 25 nm. 

After hot compression at 650 °C and 0.01 s−1, 
the number of twins and the dislocation density rose 
obviously, and the ellipsoid Ti2Ni and Ni3Ti phases 
with numerous dislocation piling-up around were 
found. The orientation relationship between Ti2Ni 
and Ni3Ti, B19′ and Ti2Ni, and B19′ and Ni3Ti were 

2 3M Ti Ni Ni Ti[0 11] //[0 11] //[132] , (111)M//
2Ti Ni(044) , 

and 
3M Ni Ti(111) //(201) , as shown in Fig. 11(d). As 

the strain rate was 0.1 s−1, there were numerous 
dislocations, sub-grain boundaries and DRX grains 
in the sample, as indicated in Fig. 11(e). During hot 
compression, sub-grain boundary transformed to 
large angle grain boundary by consuming abundant 
dislocations, which resulted in nucleation of   
DRX grains, as shown in Fig. 11(e). After the hot 
compression at 650 °C and 1 s−1, DRX grains 
nucleated preferentially at the primary grain 
boundary and distributed in chains, which  
indicated the occurrence of discontinuous dynamic 
recrystallization (DDRX) [35]. 

According to the experimental results, the 
combination of dynamic recovery, dynamic 
recrystallization and twinning were the main hot 
deformation mechanisms of the 60NiTi alloy. 
3.4.2 Relationship between microstructure and hot 

processing map 
Figure 12 shows the hot processing map and 

microstructure of the 60NiTi alloy after hot 
compression at a true strain of 0.45. In the hot 
processing map of Fig. 12(a), the shadow region 
represents the instability region and the line 
indicates the value of η. In general, the higher η 
represents the better processability, and the   
lower η represents flow localization or unstable 
flow [17,36]. After the deformation under the 
conditions of high temperature and low strain rate, 
the value of η was relatively high, ~38%. As the 
deformation was carried out at medium temperature 
with low strain rate, the peak power efficiency 
region also occurred with η of ~32%, which was 
lower than that of high temperature with low strain 
rate. When the deformation was carried out at low 
temperature with high strain rate, the value of η was 
relatively low, ~8%. In addition, the region of high 
strain rate and low temperature was instability 
region, which was not suggested for hot working. 

The value of η has great impact on 
deformation mechanism of the metallic material as 
follows [37−39]: (1) For η<0.3, DRV was the main 
softening mechanism; (2) For 0.3≤η＜0.6, DRX 
was main softening mechanism; (3) For η>0.6, 
superplasticity was the main softening mechanism. 
The softening mechanism of the region was DRX 
as the sample was deformed at high temperature 
with medium−low strain rate (η>0.3), and the 
softening mechanism of region at low temperature 
with high strain rate (η<0.3) was dynamic recovery.  

 

 
Fig. 12 Hot processing map (a) and SEM microstructures (b−f) of 60NiTi alloy after hot compression with true strain  
of 0.45: (b) 650 °C, 0.01 s−1; (c) 650 °C, 0.1 s−1; (d) 650 °C, 1 s−1; (e) 500 °C, 0.1 s−1; (f) 550 °C, 0.01 s−1 



Dong CHEN, et al/Trans. Nonferrous Met. Soc. China 33(2023) 189−200 198

Figures 12(b−f) show the microscopic structures of 
the 60NiTi alloy at various hot compression states. 
The phase particles were identified as Ni3Ti by EDS 
analysis, i.e., 74.3 at.% Ni and 25.7 at.% Ti. From 
Fig. 12(d), the Ni3Ti phase particles were uniformly 
distributed. While the strain rate grew, Ni3Ti  
phase began to agglomerate and was continuously 
distributed at grain boundary with a strain rate of 
1 s−1, as indicated in Fig. 12(d). Figure 12(e) 
demonstrated the microstructure of the alloy at 
500 °C and 0.1 s−1, and many Ni3Ti phase particles 
gathered, forming some local precipitate-free 
regions. 

According to hot processing map and 
microstructure analysis of the 60NiTi alloy 
mentioned above, it can be determined that the 
smaller precipitates were uniformly distributed in 
high power dissipation region. With the decrease of 
power dissipation efficiency, the precipitates began 
to gather at grain boundary. In the region with the 
lowest power dissipation efficiency, a large number 
of Ni3Ti phase particles gathered and many local 
precipitate-free zones were formed, which had 
adverse effect on the properties of the alloy [40,41]. 
Therefore, the hot processing parameters of the 
60NiTi alloy can be determined as compression 
temperature of 600−650 °C and the strain rate of 
0.005−0.05 s−1. 
 
4 Conclusions 
 

(1) After annealing at 650 °C for 12 h, 
numerous spherical Ni3Ti phase, and lenticular 
Ni3Ti2 phase were formed in the extruded 60NiTi 
alloy. 

(2) Compression temperature as well as strain 
rate significantly affected the peak stress of the 
60NiTi alloy. When strain rate remained constant, 
the peak stress decreased as the compression 
temperature increased. When the compression 
temperature remained constant, the peak stress 
increased as strain rate rose. 

(3) The hot deformation activation energy Q of 
the 60NiTi alloy was 327.89 kJ/mol, and the peak 
stress constitutive equation was calculated as ε = 
9.0×1015×[sinh(2.7×10−3σ)]5.7·exp[−327887.5/(RT)]. 
By plotting hot processing map, the proper hot 
processing parameters of the 60NiTi alloy were 
compression temperature of 600−650 °C and  
strain rate of 0.005−0.05 s−1. The Ni3Ti phase was 

uniformly distributed in the matrix at compression 
temperature of 650 °C with strain rate of 0.01 s−1. 

(4) When the compression temperature 
increased, the dynamic recrystallization degree 
increased. While the strain rate increased, the 
number of twin and dislocation density increased, 
and the Ni3Ti phase tended to aggregate. 
Additionally, Ni3Ti phase was beneficial to 
inducing dynamic recrystallization. The combined 
actions of the dynamic recovery, dynamic 
recrystallization and twinning were the main hot 
deformation mechanisms of the 60NiTi alloy. 
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摘  要：采用 Gleeble−3500 热模拟试验机对在变形温度 500~650 ℃和应变速率 0.001~1 s−1条件下的 60NiTi 合金

进行热压缩变形，分析其热变形行为和显微组织，建立变形本构模型，绘制热加工图。结果表明，当压缩温度     
升高或应变速率降低时，峰值应力减小。合金的热变形激活能为 327.89 kJ/mol，热加工工艺参数为变形温度

600~650 ℃和应变速率 0.005~0.05 s−1。当变形温度升高时，合金的再结晶程度增大；当应变速率增大时，位错密

度和孪晶数量增大，Ni3Ti 相易于聚集；Ni3Ti 析出相有利于诱发合金基体的动态再结晶。动态回复、动态再结晶

和孪生是 60NiTi 合金热变形的主要机制。 
关键词：60NiTi 合金；热压缩变形；显微组织；动态再结晶 
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