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Abstract: Numerical control (NC) warm bending is a proven strategy to form the large diameter thin-walled (LDTW) Ti−6Al−4V 
tubes, which are typical light-weight and high-performance structural components urgently required in many industries. In virtue of 
unveiling the thermo-mechanical coupled deformation behaviors, uniaxial tensile tests were conducted on Ti−6Al−4V tube within 
wide ranges of temperatures (25−600 °C) and strain rates (0.00067−0.1 s−1). Moreover, a modified Johnson−Cook (JC) model is 
proposed with a consideration of nonlinear strain rate hardening and the interaction between strain hardening and thermal softening. 
Resultantly, the present model gives more accurate predictions for flow stress over the entire deformation ranges and the maximum 
error decreases by about 90%. By employing proposed model to NC warm bending, preferable precision is obtained in predicting 
forming defects including fracture, wrinkling and over thinning. The present work lays foundation for the forming limit prediction 
and process optimization in NC warm bending of LDTW Ti−6Al−4V tubes. 
Key words: NC warm bending; Ti−6Al−4V tube; Johnson−Cook model 
                                                                                                             

 
 
1 Introduction 
 

Titanium alloys have been extensively used in 
aerospace, defense, energy and medical industries [1]. 
Tubes made from them, especially large diameter 
thin-walled (LDTW) Ti−6Al−4V tubes, satisfy the 
requirements of weight reduction, energy economization, 
high-pressure resistance, and gain increasing applications 
in hydraulic pneumatic, fuel or environment control 
systems for advanced aircraft and spacecraft [2]. 

Rotary draw bending (RDB) is advantageous in 
achieving stable bending and thus becomes an ideal 
forming technology for manufacturing LDTW titanium 
tubes [3]. However, the formability of Ti−6Al−4V tube is 
limited at room temperature, viz. cracking and tearing 
occurring during room-temperature bending [4]. 
Furthermore, under multi-die constraints as shown in  
Fig. 1, RDB is a tri-nonlinear physical process which is 
affected by various parameters. Many potential defects 
such as wrinkling, over thinning and cross-section 

distortion happen easily. Therefore, a new forming 
technology is urgently needed in the RDB of LDTW 
Ti−6Al−4V tube. 

As reported by many investigators [5−10], 
increasing working temperature leads to the reduction of 
deformation resistance and the improvement of 
formability in many sheet metal forming processes,   
e.g. CP-Ti tubes warm bended at 300 °C [6,7], Ti-6242 
sheets hot formed at 1050 °C (above the transition- 
temperature) [8] and TC4 sheets warm deep drawn at 
400 °C [9]. According to LAI et al [8], the formability of 
TC4-tailored welded blanks (TWBs) can be enhanced by 
elevated tooling temperatures, and the optimum forming 
behavior of TC4-TWB is achievable under the nearly 
isothermal forming condition at (550±10) °C for both 
tooling and TWB specimen. Thus, it is believed to be a 
practical method to achieve bending of Ti−6Al−4V tube 
at suitable elevated temperature without inducing  
defects. An understanding of thermo-mechanical 
deformation behaviors of Ti−6Al−4V tube within wide 
ranges of temperature and strain rates is the prerequisite 
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Fig. 1 Relative mounting position (a) and principle (b) of NC 

bending process [2] 

 

of reliable numerical simulation of above-mentioned 
warm rotary draw bending (WRDB) process and 
processing parameters optimization based on it, and is 
thus of great importance [11]. 

To date, numerous efforts have been conducted to 
investigate the deformation behaviors and formability of 
titanium sheets and pillars at different strain rates and 
temperatures. LAI et al [12] proposed a set of isothermal 
uniaxial tests of Ti−6Al−4V using flat-sheet samples at 
temperatures ranging from room temperature up to 400 
and 650 °C, respectively. Compared with room 
temperature condition, approximately half the ultimate 
tensile stress and twice the maximum strain are achieved 
at 650 °C. CHEN et al [13] studied the temperature 
dependent work hardening in Ti−6Al−4V alloy over 
large temperature ranges (20−900 °C) and strain rate 
ranges by the uniaxial compression tests. KOTKUNDE 
et al [14] also noticed the complicated interaction 
between strain hardening and thermal effects. 
Nevertheless, mechanical tests of Ti−6Al−4V based on 
curve-section samples at elevated temperatures are still 
less reported, resulting in limited comparability between 
mechanical tests and actual WRDB process. Additionally, 
an accurate prediction of flow behaviors of Ti−6Al−4V 
by considering the combined effects of strain, strain rate 
and temperature is essential for understanding flow 
responses in tube WRDB process. 

In past decades, numerous phenomenological 
constitutive models, which unite high precision and 
simple implementation, have been developed in order to 
capture the coupling effects of deformation parameters. 
Among these models, the Fields−Bachofen model 
studied in Refs. [15−17] is a multiplication typed model 
with simple expression and is able to predict the thermal 
effect well. However, it is not suitable for predicting 
complex deformation process and thus satisfied 
prediction can only be achieved in a strain range of 
0.1−0.3 and a temperature range of 150−300 C for 
AZ31 alloy as indicated by CHENG et al [18] and LIN 
and CHEN [19]. Moreover, KOTKUNDE et al [20] also 
drew conclusion that Fields−Bachofen model was not 
suitable for prediction of flow behavior of Ti−6Al−4V 
alloy at elevated temperatures. The Johnson−Cook (JC) 
model [21] is another extensively used model which 
considers strain hardening, strain rate hardening/ 
softening and thermal softening separately by using 
multipliers. With certain modifications of the original JC 
model, many characteristic deformation behaviors 
become predictable including the nonlinearity of 
logarithmic strain rate dependence [22], complex thermal 
dependence [23] and flow localization induced  
softening [24]. And some modified forms of JC 
constitutive models and parameters calibration methods 
were also developed to achieve higher prediction 
accuracy [25−27]. KHAN and LIANG [28,29] 
established a series of half-phenomenological models 
comprising Khan−Huang−Liang model, Khan−Liang− 
Farrokh model [30], etc. With these models, the effects 
of temperature/ deformation history, grain size and also 
coupling effects between temperature and hardening 
behaviors are taken into consideration. Nevertheless, the 
complexity of model formulation and parameter 
optimization also multiplies. 

With above-mentioned analyses in mind, isothermal 
uniaxial tensile tests of Ti−6Al−4V tube have been 
carried out using curve-section specimens in a 
temperature range of 25−600 C and a strain rate range 
of 0.00067−0.1 s−1. Deformation behaviors of the alloy 
have been characterized via both microstructure 
observation and constitutive analyses. Finally, a 
modified JC model considering the coupling effects 
among strain, strain rate and temperature, was originally 
developed and verified within wide ranges of 
temperatures and strain rates. 
 
2 Experimental 
 

A commercial Ti−6Al−4V tube of 1 mm in wall 
thickness, with an average initial grain size of 10 μm 
(shown in Fig. 2), was used in this work. Quasi-static 
tensile tests were performed on a CMT5205 universal 
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testing machine equipped with a heating furnace at 
temperatures ranging from 25 to 600 C and strain rates 
of 0.00067−0.1 s−1. Three tests for every testing 
condition were carried out. The dimensions of specimens 
(GB/T 4338—2006) for tensile tests are shown in Fig. 3. 
The microstructures near the fracture zone of the 
deformed specimens were observed by means of 
scanning electron microscope (SEM) in order to compare 
the deformation behaviors of Ti−6Al−4V alloy at 
different strain rates and temperatures. 
 

 
Fig. 2 Microstructure of as-received Ti−6Al−4V tube 

 

 

Fig. 3 Test specimen and sampling schematic (unit: mm) 

 
3 Experimental results 
 

Figure 4 shows the flow curves at different 
temperatures and strain rates. It can be seen in Fig. 4(a) 
that with increasing testing temperature from 25 to   
600 C, the flow stress shows an obvious drop of about 
50%. Moreover, increasing testing strain rate causes the 
evident increase of flow stress and the strain hardening 
rate, as observed in Fig. 4(b). 

It is noteworthy that significant flow softening is 
observed with the increase of deformation temperature 
within the whole temperature range. However, fracture 
strain barely changes at 250−450 C but exhibits 
remarkable increase at 500−600 C. Overall, 500 C can 
be approximately considered as the critical temperature 

 

 
Fig. 4 True stress−true strain curves of Ti−6Al−4V tube: (a) At 

different temperatures; (b) At different strain rates 

 
for the warm/hot deformation of Ti−6Al−4V tube and 
also the threshold temperature of processing including 
machining and hot working [13]. 

The change of deformation behaviors is usually 
related with the variation of the microstructure evolution 
mechanisms. As a result, the microstructures of 
Ti−6Al−4V tube samples deformed at different 
temperatures and strain rates, as illustrated in Figs. 5 and 
6, are further analyzed. When the temperature is lower 
than 500 C, the microstructure of the specimen is 
characterized by light transformed β decorated around 
elongated coarse gray α. Within the scope of hot working, 
i.e., 500−600 C, part of α phase transforms into β phase, 
and the increase of β phase at high temperatures leads to 
higher ductility and formability since β phase is 
relatively soft and is beneficial to the compatibility of 
deformation. Moreover, the change of volume fraction of 
β phase also leads to the variation of control mechanisms 
in hot deformation of titanium alloy, such as dynamic 
recovery, dynamic recrystallization, grain boundary 
sliding and adiabatic shear banding [31−34]. Especially 
at 600 C and 0.00067 s−1, the elongation is significantly 
improved, as shown in Fig. 4(a); meanwhile, equiaxed 
and refined α grains are exhibited. The decrease of α 
grain size can be attributed to the recrystallization caused 
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Fig. 5 Microstructures of fracture zone of samples: (a) Tested at 25 C with strain rate of 0.05 s−1; (b) Tested at 200 C with strain 

rate of 0.05 s−1; (c) Tested at 400 C with strain rate of 0.05 s−1; (d) Tested at 25 C with strain rate of 0.005 s−1; (e) Tested at 200 C 

with strain rate of 0.005 s−1; (f) Tested at 400 C with strain rate of 0.005 s−1 
 

 

Fig. 6 Microstructures of fracture zone of samples tested at different temperatures with strain rate of 0.00067 s−1: (a) 25 C;       

(b) 200 C; (c) 400 C; (d) 500 C; (e) 600 C 

 
by the strain localization and the local adiabatic 
deformation heating [35]. Subsequently, the refined α 
grains bring about the change of deformation mechanism 
from dislocation gliding to grain boundary sliding, which 
can lead to the enhancement of plasticity. 
 

4 Constitutive modeling 
 

In order to describe the constitutive response of the 
as-received Ti−6Al−4V tube, the flow stress (σ) in the 
Johnson−Cook (JC) model [21] is defined as a function 
of plastic strain (ε), strain rate (  ) and temperature (T): 
 

+ 1 + ln 1n mε
σ = A B C T

ε
 

  
 





0

( ) ( )          (1) 

where 0  (0.00067 s−1 in this work) is the reference 
strain rate, T*=(T−Tr)/(Tm−Tr) (Tm is the melting 
temperature (1660 C in this work) and the reference 
temperature Tr is determined as 25 C in this work), A is 
the yield stress under the reference temperature and 
strain rate, B and n are strain hardening coefficient and 
exponential, respectively, C describes strain rate 
hardening and m accounts for thermal softening effects. 
 
4.1 Procedure of data processing 

The five constitutive parameters required by the JC 
model can be determined from experimental results using 
the following procedures: 

1) Determination of A, B and n 
At reference temperature and reference strain rate, 
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Eq. (1) is reduced to 
 
σ=A+Bεn                                    (2) 
 

By taking natural logarithm of Eq. (2), Eq. (3) is 
gained as follows: 
 
ln(σ−A)=ln B+nln ε                           (3) 
 

Then, ln(σ−A) is plotted against ln ε and thus B is 
obtained from the y-intercept and n from the slope. 

2) Determination of C 
At reference temperature, Eq. (1) can be expressed 

as 
 

1 ln
+ n

0

σ ε
= C

εA B





                     (4) 

 
The flow stress at the same temperature and strain 

but different strain rates is used to plot [σ/(A+Bεn)−1] vs 

0ln( / )   , and then C can be obtained from the slope of 
the curve. 

3) Determination of m 
At reference strain rate, Eq. (1) can be expressed as 

 

1
( + )

m
n

σ
= T

A B




                        (5) 

 
By taking natural logarithm of Eq. (5), Eq. (6) can 

be gained as follows: 
 

*ln 1 ln
( )n

σ
= m T

A + Bε

 
 

  
                 (6) 

 
Using the flow stress at the same strain rate and 

strain but different temperatures to plot the curve 
ln[1−σ/(A+Bεn)] vs ln T* gives m from the slope of the 
curve. It should be noted that effective plastic strain in 
the JC model is used as a state variable for calculating 
work-hardening. In this work, the effective plastic strain 
is therefore calculated by subtracting the elastic portion 
from the true strain. By substituting the corresponding 
experimental data into Eqs. (3), (4) and (6), the 
relationships of ln(σ−A) vs ln ε, [σ/(A+Bεn)−1] vs 

0ln( / )   and ln[1−σ/(A+Bεn)] vs ln T* are obtained, 
respectively, as shown in Fig. 7. Then, the values of B, n, 
C and m are gained from the fitting curve, as summarized 
in Table 1. It is clear in Figs. 7(b) and (c) that the values 
of y-intercept for [σ/(A+Bεn)−1] vs 0ln( / )    and 
ln[1−σ/(A+Bεn)] vs ln T* are not zero, which is against 
the requirements of Eqs. (4) and (6) that y-intercept must 
be zero. 
 
4.2 Results of JC model fitting 

Using the parameters in Table 1, the flow stresses 
for the target materials were predicted by the JC model 
under various conditions. The comparisons between   
the experimental and predicted data are shown in     
Fig. 8. Obviously, the estimated values are not in good 

 

 

Fig. 7 Relationships of ln (σ−A) vs ln ε (a), [σ/(A+Bεn)−1] vs 

0ln( / )    (b) and ln[1−σ/(A+Bεn)] vs ln T* (c) 

 

Table 1 Parameters of JC model for Ti−6Al−4V alloy 

A B n C m 

814 700 0.69 0.0218 0.893 

 
agreement with experimented data, especially at higher 
temperatures. This indicates that the JC model is 
inadequate to describe the flow behaviors of the target 
materials in the wide ranges of strain rates and 
temperatures. 
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Fig. 8 Flow stress comparisons between experimental and 

predicted results by JC model: (a) Temperature; (b) Strain rate 
 
It is well known that the formulation of the JC 

model starts from an empirical basis and provides a fairly 
simple model, which may not always give precise 
predictions of flow stress, in particular, over wide ranges 
of strain rate and temperature [36−40]. This can be 
mainly attributed to the two shortcomings: 1) logarithmic 
function and power law function are unsuitable to fit the 
strain rate and temperature sensitivities of some materials 
since they determine a linear dependence of the yield 
stress on the natural logarithm of the dimensionless 
strain rate and temperature; 2) the effects of plastic strain, 
strain rate and temperature on the yield stress are totally 
independent. Hence, for a given equivalent plastic strain, 
its effect on the yield stress is the same whatever values 
the strain rate and temperature assume. This may cause 
heavy modeling errors as observed in Fig. 8. 
 
4.3 Modification of JC model 
4.3.1 Strain rate term 

In the view of the two main shortcomings above, 
many researchers [36−41] have proposed modifications 
of the strain rate and temperature terms of the original JC 
model to improve the prediction precision. To date, the 
above-mentioned first issue of the JC model is partially 

solved or mitigated by the possibility of choosing 
different strain rate and temperature related terms so as 
to better fit the experimental data of the considered 
material. It is clear in Fig. 7(b) that the strain has almost 
no influence on the slope of [σ/(A+Bεn)−1] vs 0ln( )   , 
and thus there is no need to consider the effect of the 
strain on flow stress in the strain rate term. As a result, 
based on the work of HUH et al [42] and ULACIA    
et al [22], the quadratic term is added to the logarithmic 
strain rate term to correctly represent the effect of strain 
rate on flow stress in this work. Then, Eq. (1) becomes 
 

2

1 2( + ) 1 + ln ln (1 )n m

0 0

ε ε
σ A B C C T

ε ε


          

 
 

  

            (7) 
Following the same fitting procedure, C1 (0.0048) 

and C2 (0.004) are gained by the quadratic fit with the 
data of [σ/(A+Bεn)−1] vs 0ln( )   , as shown in Fig. 9. 
With the aid of Eq. (7), the flow stresses of the target 
material at different strain rates are predicted, and 
comparisons between the experimental and predicted 
results are shown in Fig. 10. Evidently, it can be 
observed that the material behavior is more accurately 
 

 
Fig. 9 Quadratic fit for data of [σ/(A+Bεn)−1] vs 0ln ( )    
 

 

Fig. 10 Flow stress comparisons between experimental and 

predicted results by Eq. (7) 
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reproduced with the modified strain rate term not only at 
different strain rates but also at entire range of strain. 
This indicates that adding quadratic term to the 
logarithmic strain rate term is feasible for describing the 
change of flow stress with strain rate. Hence, there is no 
need to take into account the dependence of strain 
hardening parameter on strain rate in strain rate term of 
Eq. (7). 
4.3.2 Temperature term 

It is clear that the values of m, i.e. the slopes of the 
curves in Fig. 7(c), at different strains and temperatures 
are not a constant. Conversely, they are related to strain 
and temperature. That is against the initial assumption 
that m is a constant, never changing with the strain and 
temperature. Hence, a new model is proposed for better 
predictions based on Eq. (7) by modifying temperature 
term, i.e. accounting for the strain hardening change with 
temperature:  

( + )nσ = A B   

 *

2

1 2 ( , )
1 + ln ln 1

ε ε
C C f

ε ε

         

 
  
0 0

T
    (8) 

with  
2 3 4

*
+ +

( , )

2 3 4
1 1 1 1 1

2 3 4
2 2 2 2 2

2 3 4
3 3 3 3 3

2 3 4
4 4 4 4 4

2 3 4
5 5 5 5 5

=

= + + +

= + + +

= + + +

= + + +

= + + +

* * * **a+bT cT dT eTf T

a a b ε c ε d ε e ε

b a b ε c ε d ε e ε

c a b ε c ε d ε e ε

d a b ε c ε d ε e ε

e a b ε c ε d ε e ε






 

 

 

 

 T

           (9) 

 
where ai, bi, ci, di and ei (i=1, 2, 3, 4 and 5) are regression 
coefficients needed to be solved. 

Firstly, according to the data of ln[1−σ/(A+Bεn)] vs 
ln T* shown in Fig. 11(a), the five coefficients (a−e) are 
solved. Subsequently, the changes of a, b, c, d and e with 
ε are obtained as shown in Fig. 11(b). From Fig. 11(b), ai, 
bi, ci, di and ei are determined directly by fitting. Now all 
the material constants in Eq. (8) for Ti−6Al−4V tube are 
obtained and given in Tables 2 and 3. 

Using the parameters in Tables 2 and 3, the flow 
stress data for the target material are predicted using   
Eq. (8), and comparisons between the experimental and 
predicted results are shown in Fig. 12. Apparently, the 
modified JC model (Eq. (8)) provides good agreement 
with the experimental data in a wide range of 
temperature. In addition, this modified model captures 
the change of strain hardening with temperature. 
4.3.3 Verifications and comparisons 

In order to verify the modified JC model proposed 
in this work (i.e. Eq. (8)), new tensile experiments at 
different temperatures and strain rates were conducted. 

 

 
Fig. 11 Relationships of [1−σ/(A+Bεn)] vs ln T* (a), and five 

coefficients vs ε (b) 

 

Table 2 Parameters of modified JC model for Ti−6Al−4V tube 

A B n C1 C2 

814 700 0.69 0.0048 0.004 

 

Table 3 Parameters of f(ε, T*) in modified JC model 

i ai bi ci di ei 

1 4 119 −5781 158654 −1587367

2 −47 −2466 122382 −3214816 31047758

3 271 19294 −930167 23355628 −218211518

4 −642 −62545 2926376 −70961268 645776835

5 508 71212 −3258131 76883328 −684633645

 

Comparison between the new experiment results and 
predicted results by Eq. (8) is shown in Fig. 13. It can be 
seen that the new modified JC model in this work also 
provides good agreement with all new experiments as 
observed in Figs. 9 and 11. Compared with the JC model, 
the parameters for Ti−6Al−4V tube are obtained by 
minimizing the relative errors of measured flow stress 
and calculated value by the model. The error of the 
predicted results and experimental results is quantified 
by employing statistical average absolute relative error 
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Fig. 12 Flow stress comparisons between experimental and 

predicted results by Eq. (8) 
 
(AARE) [43]. AARE is defined as 
 

1
p exp

1 1 exp

1
i iN

i
i

P P
E =

N P


                         (10) 

 
where p

iP is the predicted value, exp
iP  is the 

experimental value, and N is the total number of data. 
The AARE of the original JC model is about 10.7%, 
while the result of the modified JC model is about 1.2%. 
And the maximum error decreases from 30% to 3%. This 
clearly indicates that the modified JC model in this work 
is feasible to predict the flow behaviors of Ti−6Al−4V 
tube in a wide range of strain rates and temperatures. 
 

 
Fig. 13 Flow stress comparisons between new experimental 

and predicted results at different strain rates and temperatures 

 
4.4 Application 

The warm tube bending experiments are performed 
at different temperatures with modified W27YPC−159 
tube bending equipment, as shown in Fig. 13. 

Meanwhile, with the foundation of CP-Ti warm 
bending and cold tube bending [44], a 3D finite element 
(FE) model was developed to simulate the NC warm 

bending of the LDTW Ti−6Al−4V tube using ABAQUS 
platform. The 3D-FE model of NC warm bending 
includes the heat transfer process and the warm bending 
process. The detailed modeling issues can be found in 
Ref. [44]. The modified JC model proposed in this work 
was implemented into the FE code and the simulation of 
LDTW Ti−6Al−4V warm NC tube bending process was 
carried out. 

The whole warm bending process was separated 
into two parts, as shown in Fig. 14: heating and bending. 
In the heating process, all of the dies were assembled 
with Ti−6Al−4V tube and were heated to proper 
temperature. In the bending process, Ti−6Al−4V tube, 
clamped by the clamp die and bend die, rotated along the 
bending die with mandrel filling inside to provide 
support and pressure die moving forward to provide 
boosting velocity. 
 

 
Fig. 14 Simulation modeling of LDTW Ti−6Al−4V warm NC 

tube bending process: (a) Heating process; (b) Bending process 

 

Figure 15 shows the simulated results and 
experimental parts after NC warm tube bending. The 
simulation results shown in Figs. 15(a, c, e) indicate that 
higher temperature brings about better deformation 
quality, which is in agreement with the material tensile 
tests. Then, the NC warm bending experiments under 
same conditions were carried out to compare with the 
simulation results, as shown in Figs. 15(b, d, f). As 
shown in Figs. 15(a) and (b), the evident stress 
concentration can be found especially at the extrados of 
the bending part, indicating the occurrence of fracture at 
the extrados of Ti−6Al−4V tube. Figures 15(c) and (d) 
exhibit that stress concentration at the inside of the 
bending part causes tube wrinkling. The comparison of 
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Fig. 15 Comparison of simulated and experimental results: (a) Simulated fracture; (b) Experimental fracture; (c) Simulated wrinkling; 

(d) Experimental wrinkling; (e) Simulated preferable result; (f) Experimental preferable result 
 
simulation and experiment shows that the present model 
exhibits good ability to capture the deformation 
behaviors of Ti−6Al−4V LDTW tube over the entire 
temperature and strain rate ranges. As a result, the 
defects of over-thinning, wrinkling and fracture are 
predictable and the formation conditions of different 
kinds of defects can be well explained. The obtained 
results are very instructive for bending parameter 
optimization and process design. According to the results 
of high temperature tensile tests, proper bending 
temperature was set to be 500−600 C and the FE 
simulations were further carried out. Resultantly, the 
steady bending of Ti−6Al−4V LDTW tube can be 
achieved in this temperature range without causing 
defects. Additionally, experimental results coincide well 
with the simulated ones, as illustrated in Figs. 15(e) and 
15(f). 

In order to validate the reliability of the constitutive 
model, the wall thinning at the extrados and the wall 
thickening at the intrados of the preferable tube were 
used for comparison of experiment and the simulation 
results. Figure 16 shows the comparison of the wall 
thickness and wall thickening between experimental data 
and the predicted data by the modified constitutive 
model. Note that the definition of angle θ is illustrated in 
Fig. 16, representing the measured position in the tube. It 
can be seen that all the simulated results are very close to 
the experimental values. The maximum error of wall 

thinning ratio is 4% for LDTW Ti−6Al−4V warm NC 
tube bending at the bending angle of 65°, and the 
maximum error of wall thickening ratio is 2%, which are 
in the allowable range. Therefore, the established 
modified JC model is valid and reliable. 
 

 
Fig. 16 Comparison of thinning/thickening ratio between 

experimental data and predicted data by modified JC model 
 
5 Conclusions 
 

1) Deformation behaviors of Ti−6Al−4V alloy have 
been characterized by SEM observations and constitutive 
analyses. Significant thermal softening and dramatically 
increased fracture strain, i.e., 4−5 times of the room 
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temperature one, is exhibited at 600 °C and 0.00067 s−1. 
Correspondingly, homogeneous equiaxed grains rather 
than elongated grains are observable, indicating the 
change of deformation control mechanism from 
dislocation gliding to grain boundary sliding. 

2) A modified JC model has been proposed by 
introducing nonlinear strain rate hardening and the 
interaction between strain hardening and thermal 
softening. In modeling, the temperature term is expressed 
by four strain related 3-order polynomials. Resultantly, 
the present model captures the variation features of 
temperature coefficient with strain which is failed to be 
predicted in original JC model, and thus maximum error 
decreases from 30% to 2%. 

3) Applied to WRDB process, the present model 
exhibits good ability to capture the deformation 
behaviors of LDTW Ti−6Al−4V tube over the entire 
temperature and strain rate ranges, by successfully 
predicting the experimentally observed defects of 
over-thinning, wrinkling and fracture. The present work 
lays solid foundation for process optimization of NC 
WRDB forming of LDTW Ti−6Al−4V tube. 
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大口径薄壁 Ti−6Al−4V 管材数控温弯中 
不同应变速率和温度下的 Johnson−Cook 本构模型 

 

陶智君，樊晓光，杨 合，马 俊，李 恒 

 

西北工业大学 材料学院 凝固技术国家重点实验室，西安 710072 

 

摘  要：大口径薄壁 Ti−6Al−4V 管是航空航天等高端制造领域亟需的典型轻量化高性能构件，数控温弯能够有效

实现大口径 Ti−6Al−4V 管的精确成形。由于数控温弯工艺过程是多场耦合复杂变形过程，建立其材料本构模型并

实现全过程有限元模拟是亟待解决的瓶颈技术。利用管材单向拉伸实验，结合温弯工艺参数变化，研究温度在

25~600 °C 和应变速率在 0.00067~0.1 s−1情况下 Ti−6Al−4V 管的力学性能。考虑非线性硬化率和应变的交互作用，

建立了修正的 Johnson−Cook 本构模型，并根据实验数据对相关修正参数进行了拟合。将该模型应用于温弯模拟

中可发现，修正的 JC 模型与传统的模型相比，可降低最大误差 90%，并且可以有效预测管材断裂、起皱等成形

缺陷发生的位置，为大口径薄壁 Ti−6Al−4V 管数控温弯成形极限和工艺优化奠定基础。 

关键词：数控温弯；Ti−6Al−4V 管；Johnson−Cook 本构模型 
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