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Abstract: The flow stress behavior of commercial pure titanium (CP-Ti) was studied by uniaxial tension tests at temperatures
ranging from 283 to 573 K and strain rates from 0.000 05~0.005 s™. The tensile properties of CP-Ti was investigated to determine
the quantitative variation of the strain rate sensitivity and the strain hardening with temperature. The results show that the strain rate
sensitivity of CP-Ti at 283~423 K is not obvious and strain hardening index increases with temperature at 353~573 K. A
mathematical model using an updated Fields-Backofen (FB) equation based on temperature changing was established to describe the
plastic flow stress behavior of CP-Ti. Meanwhile by considering the coupled effects of strain, strain rate and temperature, a modified
Johnson-Cook (JC) model were proposed to predict the flow behavior. Compared with the original JC model, the modified JC model
shows better agreement with the experimental stress, which validates the accuracy of the modified model describing the plastic flow

stress of CP-Ti.
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Commercial pure Titanium (CP-Ti) is attractive material for
its good properties such as high strength, high specific work
hardening ability, excellent plasticity, toughness, corrosion
resistance and weld ability™. Fully understanding the
mechanical properties of CP-Ti is a foundation of titanium
equipment design and manufacture. At present, many studies
discuss the relationship between microstructure and macro
flow stress based on the Arrhenius model at different
temperatures and strain rates”®!. Obviously, the strain rate
sensitivity and strain hardening is affected by temperature®®™;
however, the coupled effects of the strain rate sensitivity, the
strain hardening and the temperature on the flow stress of
CP-Ti is not clear. Meanwhile on a macroscale the flow stress
mathematical equation with the deformation temperature,
strain rate and deformation degree as variables for CP-Ti at
ambient and intermediate temperature is less.

In the present study, uniaxial tensile tests of CP-Ti were
conducted under different deformation conditions to
investigate the effects of strain rate and deformation
temperature on the flow behaviors.
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1 Experiment

The material used in this investigation was CP-Ti TA2. The
specimens with in 3 mm thickness, in 25 gauge and 6 mm in
width were machined from the as-received plate by wire
electrical discharge machining. The tensile testing was carried
out by Instron tensile experimental equipment. The detailed
experimental scheme is listed in Ref. [5].

2 Results and Discussion

Fig.1 shows the results of the stress-strain curves for CP-Ti
at different temperatures and strain rates.

It can be seen that the typical strain hardening curves can be
obtained. As shown in Fig.1a and 1b, when the strain rate is
certain, the plastic flow stress-strain curves decrease with
temperature. On the country, the flow stress increases with
strain rate when the temperature is certain, shown as Fig.1c,
1d. Therefore, it is necessary to investigate how the strain
hardening and strain rate sensitivity vary with temperature. In
this paper, two constitutive models viz. Fields-Backofen
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Fig.l Typical stress-strain curves for CP-Ti at different temperatures and strain rates: (a) £=0.00005s™, (b) £=0.0005s?, (c) T=283 K, and (d) T=573 K

(FB) model and Johnson-cook(JC) model will be developed to
describe its plastic flow behavior.
2.1 Fields-Backofen model

FB model, expressed as follows:

Inoc=InK+nlng+mlng (1)
where, K is the strength coefficient, n is the strain hardening
exponent, and m is the strain rate sensitivity exponent.

(1) m-value

The relationship between true stress and strain rate in
log-log scale at 423 K and different strains is linear as shown
in Fig.2a and the slope of the stress-strain rate curve is equal
to the value of the strain rate sensitivity (SRS) exponent.
Using this method, m at different temperatures are obtained.
From Fig.2b, it can be seen that the mvalue gradually
decreases with strain increasing at 283~573 K. The decreasing
tendency of mvalue with strain has also been found in
magnesium alloy AZ31, and it can be explained as the larger
strain hardening at lower strain rate®®®. In order to obtain the
influence of temperature on m, the curves of m vs. temperature
under different strains are shown in Fig.3. At relatively low
temperature (283~423 K), the SRS of CP-Ti is not obvious,
which is the common feature of alloys due to dynamic strain
aging™. At relatively high temperature (423~573 K), the
increase of m is the result of softening behavior caused by
dynamic recovery. Based on the relationship between m and
strain and temperature, the equation of m varies with
temperature and strain can be obtained as follows:

m=-0.01668log & —4.3061x107 T2 + @)
0.000395T —0.0733

(2) n-value

The strain hardening exponent n decreases linearly with
strain rate increasing, which is shown in Fig.4. As it is known,
the deformation of CP-Ti requires interactions of twins and
dislocation™. The amount decrease of twins at 283~353 K
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reduce the value of n with the temperature increasing as
shown in Fig.5. Liu et al. ™ found that more slip systems will
be activated as temperature increases. Therefore, the increased
dislocation density as well as their interaction may be the
major role of the increased n at the temperature of 353~573
K. According to the relationship between n and strain rate
and temperature, n is approximately given by:

n =-0.016637log £ +0.000001T * —0.000538T ®)
+0.173229

(3) K-value

Fig.6 shows the relationship between K and strain, Fig.7
shows the relationship between K and stain rate and Fig.8
shows the relationship between K and T*. Based on the
relationship between K and the strain, strain rate, temperature,
the K-value can be expressed as the following equation:

K =-329.304¢ —5.73142log £ +99437.2/T + @)
289.3288

(4) Evaluation of the constitutive equations

The comparison between the calculated results by FB
equations and the experimental data at different strain rates
and temperatures is shown in Fig.9. The predictability of the
constitutive equation is further verified via employing
standard statistical parameters. The FB model shows very high
degree of goodness of fit as the correlation coefficient is above
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0.98 at different temperatures and strain rates and the
mean absolute error is 4.08%.
2.2 Johnson-Cook model
The original JC model is expressed as:
o=(A+Be")(1+CIngH(A-T™) (5)
where ¢ is the Von-Mises flow stress, A is the yield stress at
the reference temperature and reference strain rate, B is the
coefficient of strain hardening, n is the strain hardening
exponent, ¢ is the plastic strain, C and m are the material
constants. The original JC model could be accepted only under
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Fig.9 Comparison between the experimental value and the predicted
value: (a) £ =0.00005 s™ and (b) & =0.005 s

the reference temperature and reference strain rate. This is
because the original JC model assumes that thermal softening,
strain rate hardening and strain hardening are three
independent phenomena and can be isolated from each other.
Many modified JC model have been proposed with
considering the couple effects of temperature and strain
ratest™ ! Therefore, in this section, a modified JC model will
be proposed to describe the flow stress of CP-Ti under
different deformation conditions.
2.2.1 Original JC model

The ambient temperature 283 K and the strain rate 0.00005 s
were taken as the reference temperature and the reference
strain rate respectively, and T,, was adopted as 1941 K. The

traditional JC constitutive equation is obtained as follows:
o = (213.89 + 355.8192"4%¥1?)(1+ 0.02559In £") - ©)
(1_1—*1.08)
2.2.2 Modified JC model

Considering the coupled effects of strain and temperature,
and of strain rate and temperature on the flow behaviors, a
modified JC model was proposed in this paper. It can be
expressed as follows:

o=(A+Be+B,e?)1+ClIng )exp fT” 7
Where A, B, B,, C are material constants, f is the function of
strain and strain rate, expressed as f = f(g,In¢), and other
variables are defined as the original JC model.

(a) Calculation of the parameters A, B; and B,

Like the original JC model, 283 K is taken as reference
temperature and 0.000 05 s™ the reference strain rate to evaluate
the material constants. The value of A, B, and B, can be fitted as
238.5783, 1605.288, and —4667.36 MPa, respectively.

(b) Calculation of the parameter C

When the deformation temperature is 283 K, Eq.(7) can be
expressed as follows:

%:1+Clng’* 8
(A+Be+B,e%)

o
(A+Be+B,e?)
be obtained as linear. Then, the value of C is fitted as
0.025588.

(c) Determination of the function f
Taking natural logarithm of Eq.(7), Eq.(9) could be gained
as follows:

The relationship between and Ing can

In i B
(A+Bs+B,s?)(1+CIng") ©)

The relationship between In[a/(A+ B,e+B,&?)1+Cln g'*)]
and T* can be obtained, as shown in Fig.10. It can be seen that
the relationship between them is linear and the corresponding
value of f can be obtained. The value of f is dependent on the
deformation strain and strain rate. In order to obtain the
relationship between f and strain and strain rate, curves of f-&
and f—Ing" were drawn as shown in Fig.11 and Fig.12. It
can be seen that the relationship between f and stain could be
fitted by quartic equation from Fig.11, expressed as follows:

f=f(eIng") = (a +ae+as’+a,c +age')- (10)
f,(Ing")

From Fig.12, the linear relationship between f and Ing”
can be obtained, expressed as follows:

f=1f(eIng)=f(e)(aIné" +a,) (11)

According to Eq.(10) and Eq.(11), the function of f
containing strain and strain rate can be obtained, expressed as
follows:

f = f(e,Iné") = (a+a,e+ae’+a, e+ (12)
a.e*)(a;Ing" +a’)

Substituting the values of f into Eq.(12), the parameters of
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a,, ay, as, a4, as, g, @; Can be obtained. Thus, f is expressed as:
f =(-92.9631+1031.585¢ —16558.85 +104130.6¢° — (13)
216844£*)(—0.000643In£” +0.032566)
The modified JC model is finally expressed as follows:

o = (2385783 1605.288¢ ~ 4667.3657)(1+ 0.025588In ¢ )exp fT” )
f = (—92.9631+1031.585s — 16558.85” +104130.6¢° (14)
—2168445*)(~0.000643In £” +0.032566)

and T*: (a) £ =0.000 05 s, (b) &=0.0005s?, and (c) & =0.005s"

2.3 Comparison between the original JC and modified
JC model

In order to investigate the prominence of the modified
JC model, comparisons between experimental data and the
flow stress predicted by original JC model and that by the
modified JC model at different temperatures and strain rates
are shown in Fig.13. From Fig.13, some conclusions can be
obtained:

(1) When the deformation temperature 283 K is the
reference temperature and strain rate is in the range of
0.000 05~0.0005 s, both original JC model and the modified
JC model can describe the flow stress of CP-Ti well. However,
as the strain rate increases to 0.005 s™, much deviation appears
between the experimental value and the value predicted by
original JC model, as shown in Fig.13b.

(2) When the deformation temperature is higher than the
reference temperature (283 K), the flow stress predicted by
original JC model is much higher than the experimental value
and it seems like that the higher the deformation temperature
is, the more deviation appears between experimental value and
the value predicted by original JC model, as shown in
Fig.13c~13f.

(3) At the temperature of 283~573 K and strain rate of
0.000 05~0.005 s™, a good agreement between the experi-
mental data and the predicted data of MJC model is obtained,
which indicate that the modified JC model can be used to
precisely predict the flow stress for CP-Ti.

What is more, the performance of the original JC(OJC) and
the modified JC model (MJC) are further evaluated by
statistical analysis of the average absolute error. As the
deformation temperature increases, the average absolute error
of OJC is getting higher and the highest error of OJC is
34.16%. While, the average absolute error of MJC is much
lower, the highest error of MJC is 6.02% and most of the
average absolute error of MJC are in the range of approxi-
mately 1%~4%. Therefore, the flow stress of CP-Ti is fitted
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