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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™'). 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—6A1—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—6A1-4V 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—6A1—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
temperature range of 25—600 °C and a strain rate range
of 0.00067—0.1 s™'. 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.

in a

2 Experimental

A commercial Ti—6Al-4V tube of 1 mm in wall
thickness, with an average initial grain size of 10 pum
(shown in Fig. 2), was used in this work. Quasi-static
tensile tests were performed on a CMTS5205 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'. Three tests for every testing
condition were carried out. The dimensions of specimens
(GB/T 4338—20006) 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. 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
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Fig. 4 True stress—true strain curves of Ti—6A1-4V 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-6A1-4V 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 S decorated around
elongated coarse gray a. Within the scope of hot working,
i.e., 500—600 °C, part of o phase transforms into S phase,
and the increase of S phase at high temperatures leads to
higher ductility and formability since S phase is
relatively soft and is beneficial to the compatibility of
deformation. Moreover, the change of volume fraction of
£ 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 ', the elongation is significantly
improved, as shown in Fig. 4(a); meanwhile, equiaxed
and refined o grains are exhibited. The decrease of o
grain size can be attributed to the recrystallization caused
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rate of 0.05 s '; (c) Tested at 400 °C with strain rate of 0.05 s '; (d) Tested at 25 °C with strain rate of 0.005 s '; (¢) Tested at 200 °C
with strain rate of 0.005 s '; (f) Tested at 400 °C with strain rate of 0.005 s '

Fig. 6 Microstructures of fracture zone of samples tested at different temperatures with strain rate of 0.00067 s ': (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 a
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 (o) in the
Johnson—Cook (JC) model [21] is defined as a function
of plastic strain (g), strain rate ( £ ) and temperature (7):

o = <A+Bg">(1+c1n,iJ<1_T*m> 1)

&y

where &, (0.00067 s in this work) is the reference
strain rate, T =(T-T)/(Tn—T,) (T, is the melting
temperature (1660 °C in this work) and the reference
temperature 7, is determined as 25 °C in this work), 4 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 4, B and n

At reference temperature and reference strain rate,
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Eq. (1) is reduced to
0=A+B¢" (2)

By taking natural logarithm of Eq. (2), Eq. (3) is
gained as follows:

In(6—A)=In B+nln ¢ 3)

Then, In(c—A) is plotted against In & and thus B is
obtained from the y-intercept and » from the slope.

2) Determination of C

At reference temperature, Eq. (1) can be expressed
as

— 7 1= (4)
A+ Bé&" €y

The flow stress at the same temperature and strain
but different strain rates is used to plot [6/(4+B&")—1] vs
In(¢/¢,), 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

j-—Z2 — =™ )
(4 + Bs")

By taking natural logarithm of Eq. (5), Eq. (6) can
be gained as follows:

In {1 - ;} = mnh T* (6)
(4 + Bg")

Using the flow stress at the same strain rate and
strain but different temperatures to plot the curve
In[1-6/(A+Be")] vs In 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 Egs. (3), (4) and (6), the
relationships of In(c—4) vs Ine, [o/(A+Be")—1] vs
In(¢/€y) and In[1-6/(4+B¢")] vs InT " 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 [o/(A+Be")—1] vs In(¢/é&,) and
In[1-6/(A+Be")] vs In T are not zero, which is against
the requirements of Egs. (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
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Fig. 7 Relationships of In (6—4) vs In¢ (a), [6/(4+Be")—1] vs
In(¢/&,) (b)and In[1-c/(A+Be")] vsIn T " (©)

Table 1 Parameters of JC model for Ti—-6A1-4V 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 [o/(4+Be")—-1] vs In(¢/&),
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

o =(4+Be")|1+Ch<+C, [1ni] (1- 1"
€y €

(7

Following the same fitting procedure, C; (0.0048)

and C, (0.004) are gained by the quadratic fit with the

data of [0/(A+Be")~1] vs In(£/&,), 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
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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:

c=(4+ B&") -

. . 2
& &
1+ Cln < + G, (m _—j (1 - _fw*)) (8)

& &
with
f _ T*a+bT*+cT*2+dT*3+eT*4
(&)

a=a +be+ 0182 + dlg3 + 6184

_ 2 3 4
b= a, +be+ce” +de + e )
_ 2 3 4
¢ = ay T bhetce” tdie + e

_ 2 3 4
d =a, +be+ce +de +ee

_ 2 3 4
e—a5+b58+c58 +d58 + ese

where a;, b;, ¢;, d; and e; (i=1, 2, 3, 4 and 5) are regression
coefficients needed to be solved.

Firstly, according to the data of In[1—6/(4+B&")] vs
In 7" shown in Fig. 11(a), the five coefficients (a—e) are
solved. Subsequently, the changes of a, b, ¢, d and e with
¢ are obtained as shown in Fig. 11(b). From Fig. 11(b), a,,
b;, ¢;, d; and e; are determined directly by fitting. Now all
the material constants in Eq. (8) for Ti—6A1—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.
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Fig. 11 Relationships of [1-0/(4+Be")] vs In T" (a), and five
coefficients vs ¢ (b)

Table 2 Parameters of modified JC model for Ti—-6Al-4V tube
A B n C G,
814 700 0.69 0.0048 0.004

Table 3 Parameters of f;, 7+ in modified JC model

i a; b; ¢ d; e

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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(AARE) [43]. AARE is defined as

N, Pi _Pi
:L _P " eXp (10)

i
i=1 Pexp

where Ppi is the predicted value, P;Xp 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.
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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—6A1-4V 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.

Temperature/°C
~+5.497x10?

STH
(Avg: 75%)
r+1.077x10°

&
I+91676x18j;
9386 (0)
Fig. 14 Simulation modeling of LDTW Ti—6A1-4V 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, ¢) 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; (¢) 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(%).

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 6 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.

L 0°10°00
20 -

16

—&— Simulated wall thinning at extrados
Experimental wall thinning at extrados

Thinning/thickening ratio/%

4+ Simulated wall thickening at inside
—A— Experimental wall thickening at inside
==
0 I L L 1 L
0 20 40 60 80 100
o)

Fig. 16 Comparison of thinning/thickening ratio between
experimental data and predicted data by modified JC model

5 Conclusions

1) Deformation behaviors of Ti—6A1-4V 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 .

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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KO EEE Ti-6Al1-4V B EsE S
A E M TIRZFEFRE T B Johnson—Cook A4 1&REY

MEE, R, B A, B R, F B
PEIE AL RS MpRbEl B BOR E X A LI =, P9% 710072

 E. KORHEE Ti-6AI-4V B R T2 i R 55 w1 Uik 75 10 s 1 B Ak m PR Re A 1, B IRS Re s 1T 4L
KK D42 Ti-6AI-4V E RS EE . B THERES LEUER LG E IR, B AR AR I
S ARG PR TR R A AR R DI AR . R EM BB sEEs, SAES L2808, FFRREE
25~600 °C FRAFHZALE 0.00067~0.1 s~ IEIL T Ti—6A1-4V B 11 )15k GE . % R AL M AL R AR AR (1932 FLAE FH
L TIEIER Johnson—Cook AMARAL, FFARYE STIQEE X HH OB IE ST T LA Kz AL R TR 2 A
AR, BIER IC R A G R RA L, PTFERER RRZE 90%, JF BT DUA S M I . B a5 iow
B R AL E, K DR MR Ti-6A1-4V &5 IR 25 BB SR AN T 2004k 25 e 6.
KEEIR: HEEIRE; Ti-6A1-4V &; Johnson—Cook ALY
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