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In the present work, the hot deformation behavior of TB18 titanium alloy was investigated by isothermal hot compression tests
with temperatures from 650 to 880°C and strain rates from 0.001 to 10s™". The flow curves after friction and temperature
correction show that the peak stress decreased with the temperature increase and the strain rate decrease. Three typical
characteristics of flow behavior indicate the dynamic softening behavior during hot deformation. At a strain rate of 0.001~0.01s ",
the flow stress continues to decrease as the strain rate increases after the flow stress reaches the peak stress; the flow softening
mechanism is dynamic recovery and dynamic recrystallization at a lower temperature and dynamic recrystallization at a higher
temperature. The discontinuous yielding phenomenon could be seen at a strain rate of 1 s™", dynamic recrystallization took place
in the 8 single-phase zone, and flow localization bands were observed in the & + 3 two-phase zone. At a higher strain rate of 10s™",
the flow instabilities were referred to as the occurrence of flow localization by adiabatic heat. Constitutive equation considering the
compensation of strain was also established, and the results show high accuracy to predict the flow stress with the correlation
coefficient of 99.2% and the AARE of 6.1%, respectively.

1. Introduction

Owing to the high specific strength, remarkable fracture
toughness, excellent creep and corrosion resistance, /3 tita-
nium alloys have been used widely in many fields such as
aerospace, aircraft, ship, and nuclear energy [1-4]. For in-
stance, Ti-10V-2Fe-3Al was used in landing gear forgings in
Boeing 777 [5], and landing gear forgings were manufac-
tured by Ti-5Al-5Mo-5V-3Cr-0.5Fe alloys in Boeing-787
and Airbus-350 [6]. Thermomechanical processing to fab-
ricate these large products is very complicated and the key
processes are related to two steps as follows: (1) to produce
usable and intricate shapes through hot die forging; (2) to
meet the high quality mechanical properties through the
subsequent heat treatment [7]. Due to the hexagonal close-
packed structure (HCP) with less slip systems, titanium
alloys are more difficult to deform than other metallic
materials, such as Fe alloys [8] and aluminium alloys [9].
Previous studies proved that f titanium alloys had a

relatively narrow process window and were sensitive to the
processing parameters, such as temperature, strain, and
strain rate [7, 10-12]. Finite element simulation has been
widely applied in the production of large forgings, and
accurate material models are essential to improve the pre-
cision of the simulation results.

Considerable research studies have been carried out on
the constitutive relationship and flow behavior for the high-
temperature deformation by using simulative laboratory
tests. Lin et al. [13] studied the flow behavior of TC18 ti-
tanium alloy in the o+ f phase zone by hot compression
tests with the strain rates of 0.001-0.1s™" and temperature of
1033-1123K. Three constitutive models, including the
strain-compensated Arrhenius type, Hensel-Spittel (HS),
and artificial neural network (ANN) models were used to
describe the flow behavior. Long et al. [14] investigated the
flow behavior of Ti-6Cr-5Mo-5V-4Al and compared the
prediction accuracy between the genetic algorithm opti-
mized Arrhenius model (GAOAM) and the strain-
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compensated Arrhenius model (SCAM). Also, dynamic
globularization behavior was conducted to explain the flow
softening at different strain rates. Zhao et al. [15] considered
that the main dynamic restoration mechanism of Ti-10V-
2Fe-3Al deformed above f§ transus temperature is dynamic
recovery. Chuan and Liang [16] studied the hot deformation
and dynamic recrystallization of Ti-55531 in the f3 single-
phase region, discontinuous yield and flow softening phe-
nomena in the true stress-true strain curves have shown the
sensitivity to temperature and strain. Fan et al. [17] found
that Ti-7333 exhibits flow instabilities in the form of flow
localization when strain rates reach more than 1s™' and
moderate-low strain rate at a lower temperature. Lei et al.
[18] indicated that the hot workability of Ti-5A14Zr8Mo7V
is better at higher deformation temperature, higher strain,
and lower strain rate.

It is well known that the Arrhenius equation is most
widely used to describe the relationship between tempera-
ture, stress rate, and flow stress [19-21]. However, it is found
that the effect of strain was not considered on the flow stress.
In order to accurately predict the flow behavior, the strain-
compensated Arrhenius-type constitutive model was pro-
posed [22]. The material constants values of Q, A, n, and «
were expressed as different order polynomial functions of
strain. The modified models, verified in steels [23], titanium
alloys [24], aluminium alloys [25], and magnesium alloys
[26], are in good agreement with the experimented flow
stress.

TB18 titanium alloy is a new near beta titanium alloy that
has potential applications in aerospace structural parts and
whose hot workability deserves to be figured out. In the
present work, isothermal hot compression tests were con-
ducted under the temperature from 650 to 880°C with a
strain rate from 0.001 to 10s~" to study the hot deformation
behavior of TB18, and the strain-compensated Arrhenius-
type constitutive model was built to describe the relationship
of the flow stress, strain rate, and temperature after the
friction and temperature correction. Finally, the flow of
softening behavior was analysed. The research results are
expected to provide guidance for the application of the alloy.

2. Materials and Methods

The nominal composition of TB18 titanium alloy used in this
paper is as follows: (Bal.)Ti, (5.5-6.5%)Cr, (4.5~5.5%)Mo,
(4.5~5.5%)V, (3.5~4.5%)Al, and (0.5~1.5%)Nb. The p
transus temperature measured using the metallographic
method is 798°C. The microstructure of the as-received
material is shown in Figure 1, which consists of equiaxed and
acicular « phase in the # matrix and grain boundary.
Cylindrical specimens with a size of ¢10x 15 mm were
machined from the as-received billet. Hot compression
experiments were carried out on a Gleeble 3800 machine
with the deformation temperatures of 650, 700, 750, 800,
820, 850, and 880°C, strain rates of 0.001, 0.01, 0.1, 1, and
105", and the height reductions of 60%. A K-type ther-
mocouple with a precision of +2°C was welded in the middle
of the samples to record temperature changes during de-
formation. All the specimens were heated up to the
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Ficure 1: The original microstructure of the as-received alloy.

deformation temperature with 5°C/s and kept for 3 min to
homogenize the temperature. Graphite pieces as a lubricant
were covered on the two ends of specimens to reduce the
friction between specimens and the anvils.

3. Results and Discussion
3.1. Analysis of True Stress-Strain Curve

3.1.1. Friction Correction. The friction between the specimen
and anvils will restrict the metal flow during the deforma-
tion, although lubricants were used [27]. The velocity of
metal flow gradually increases from the surface to the core
with the increase of the deformation, resulting in a barrelled
shape of the specimen, as shown in Figure 2. Therefore, the
original flow stress should be corrected with friction. A
barrelling coefficient was proposed to revise the effect of
friction by Roebuck et al. [28], which can be expressed as
follows:
2
= MJ) (1)
hyR3

where B is the barrelling coefficient, iy and / are the height
of specimen before and after deformation, R, is the initial
radius, and Ry, is the maximum radius of the specimen after
deformation, respectively. When 1 < B< 1.1, there is no need
to revise the differences between the original flow stress and
the true flow stress; when B>1.1, the original flow stress
curves must be corrected.

The calculated values of B at different deformation
conditions are listed in Table 1. It can be seen that almost all
the B values are above 1.1, which means that the original flow
stress should be corrected under all the deformation
conditions.
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FIGURE 2: Schematic diagram of the specimen before and after the compression.
TasLE 1: The barrelling coefficient B values under different deformation conditions.
) Deformation temperature (°C)
Strain rate
650 700 750 800 820 850 880
0.001 1.19205 1.15483 1.14460 1.14949 1.12273 1.14120 1.09103
0.01 1.20623 1.17324 1.14540 1.14240 1.12167 1.16406 1.13168
0.1 1.25331 1.16809 1.15232 1.16827 1.11149 1.15791 1.14637
1 1.23472 1.18423 1.20384 1.20712 1.12823 1.20444 1.14137
10 1.31615 1.18826 1.21172 1.18175 1.13728 1.20282 1.11533

According to the upper-bound theory [29], the friction-
corrected flow stress can be written as follows:

P _8bR [1+<H)2]3’2_(H>3_me‘“
o H 12 Rb Rb 24 ’3 (e—b/z _ 1)

(2)

where P and o represent the true stress before and after
correction, b is the barrel parameter, m is the coeflicient of
friction, R = Roexp(—¢/2), and H = hyexp(—¢). m and b can be
calculated by the following equations:

R 3+/3b
hX12—2b’ 3
R, —R h
b=4x-M Ty s 4
R, “ho-h “

Ry is the average radius of the specimen after defor-
mation, Ryis the top radius of deformed samples, and Rrand
Ry can be calculated by the following:

hy
Rf=R0 h, (5)
R —\jax@sz—ZRz (6)
T — h 0 M

Based on equation (2) to equation (6), the flow stress
curves after friction correction are shown in Figure 3. It is
obvious that the influence of friction between the specimen
and the anvils is noteworthy with the increasing strain rate
and the decreasing deformation temperature.

3.1.2. Temperature Correction. Adiabatic heating is a
common characteristic of stress-strain curves at high tem-
peratures caused by the deformation heat or (and) phase
transition. In the compression tests, the welded thermo-
couple is often not sensitive enough to measure the tem-
perature and record the value by computer [30]. Figure 4
shows the instantaneous temperature recorded by ther-
mocouple during deformation. It can be seen that at strain
rates <1371, the instantaneous temperature is almost the
same as the setting value, in this situation, deformation heat
is usually very small and is transmitted away with plenty of
time, so the temperature corrections are not necessary to
perform at lower strain rate levels; at strain rates >1 s!, the
instantaneous temperature increases fast as the deformation
proceeds, and the value is much bigger than the setting one,
the deformation heat could not be transferred from the core
to the surface because of short deformation time and low
thermal conductivity of titanium alloys. Thus, the flow stress
data must be corrected for adiabatic heating. The temper-
ature increase due to deformation heating may be calculated
using the following equation [31]:
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FIGURE 4: Instantaneous temperature of TB18 alloy deformed at different temperatures: (a) 650°C, (b) 700°C, (c) 750°C, (d) 800°C, (e) 820°C,

(f) 850°C, and (g) 880°C.

€

0.9511J. ode
AT =—20—,
PCy

(7)

where AT is the variation in temperature, # is the adiabatic
correction factor, IZ ode equals to the area under the true
stress-strain curve, and p and C, are the density and the
specific heat, respectively. The value of 0.95 is the fraction of
mechanical work transformed to heat. The adiabatic cor-
rection factor # varies with strain rate: at strain rates

<107s7", = 0; at strain rates of 1s™", =0.75; ad at strain
rates >10s", =1 [32, 33].

Figure 5 shows the calculated temperature changes
during the compression test from 650°C to 880°C at strain
rates of 1 and 10s™". As can be seen, a linear relationship is
shown between true strain and temperature rise, where
adiabatic heating is getting higher with the strain increases.
When deformed at 650°C with the strain rate of 10s™" and
the true strain of 0.9, the temperature increases by about
90°C.
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The measured flow stress curves corrected at strain rates
of 1 and 10s™" takes one of the following forms [34-36]:

o Q

E=A0 exp(—R—T> (for low stress level), (8)
. Q .

&= A, exp(Bo)exp “RT (for high stress level), (9)

& = A[sinh (a0)]” eXp(—%) (for all stresslevels),  (10)

where Q is the activation energy (kJ/mol), R is the universal
gas constant (8.314]/mol K), ¢ is the strain rate, T is the
deformation temperature (K), and A;, A,, A, , ny, n, and «
are material constants, o = f3/n;.

The flow stress can be corrected using equations (8) and
(9) for low stresses and high stresses, respectively. The
correction of flow stress for deformation heating was ac-
complished by plotting In (¢) against 1000/ T'at a lower strain
rate of 15", and o against 1000/T at a higher strain rate of
10s™", as shown in Figures 6 and 7, respectively; then, the
corrected flow stress was calculated by extrapolating back to
the preset testing temperatures. Because there is no corre-
lation of flow stress with strain in equations (8) and (9), the
correction has to be made for each selected strain value
(30, 37].

3.1.3. Flow Behavior Analysis. The true stress-strain curves
of TB18 alloy after friction and temperature correction at
different experimental conditions are shown in Figures 3 and
8, respectively. It is evident that the flow behaviors are
significantly sensitive to deformation temperature and strain
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rate. At the beginning of deformation, the flow stress in-
creased rapidly to a peak value with increased strain rate,
then dynamic softening started, and the flow stress decreases
with the decrease of strain rate and the increase of defor-
mation temperature. Figure 9 shows the relationship be-
tween peak stress and deformation temperature at different
strain rates. The peak stress decreases as the deformation
temperature increases while the strain rate declines. The flow
softening is significant when deformed at a lower temper-
ature in the a+  phase zone and relatively gentle in the f3
single-phase zone.

The flow curves, reflecting the competition of work
hardening and dynamic softening effect, exhibit three typical
characteristics at different deformation temperatures and
strain rates:

(1) At a strain rate of 0.001~0.01 s~ ' with a deformation
temperature of 650~880°C, as shown in Figures 3(a)
and 3(b), the flow stress continues to decrease as the
strain increases after the flow stress reaches the peak
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stress. This type of hot deformation behavior was also
found in Ti-6554 [14] and Ti-5Al4Zr8Mo7V [18].
The deformed microstructures in Figures 10(a)~
10(f) showed that recrystallization occurred on this
occasion. When deformed in the a+f two-phase
zone, little recrystallized grains were found at the
junction of two or three grain boundaries, which
indicated that dynamic recrystallization was hard to

take place at lower temperature and lower strain rate,
and the flow softening mechanism is dynamic re-
covery and dynamic recrystallization. When de-
formed in the f single-phase zone, small
recrystallized grains distributed in the vicinity of the
deformed grain boundaries, this type of recrystalli-
zation referred to as necklace recrystallization [7]
was also observed in AZ31 [38], Ni-30 [39], and
Ti55531 [16]. It can be concluded that at a higher
temperature and lower strain rate, the dominant flow
softening mechanism is dynamic recrystallization.

(2) Sharp initial peak stress followed by a softening effect

to a steady-state is called discontinuous yielding
phenomenon (DYP), which is presented with a strain
rate of 0.1~1s"" at all deformation temperatures. A
similar phenomenon occurs in the other near f3 ti-
tanium alloys such as Ti-5553 [40] and Ti-1300 [41].
The deformed microstructures in Figures 10(g)~
10(j) showed that dynamic recrystallization took
place in the f single-phase zone, and flow localiza-
tion bands were observed when deformed in the
a+f two-phase zone. The occurrence of dynamic
recrystallization reduced the dislocation density and
eliminated the effect of strain hardening [42].

(3) At a strain rate of 10s™", the flow curves reveal a

continuous flow softening behavior below the
transus temperature, and a discontinuous yielding
phenomenon above the transus temperature. As can
be seen in Figures 10(k)~10(l), the deformed mi-
crostructure showed that the flow instability was
referred to as the occurrence of flow localization by
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F1GURE 10: Deformed microstructure of TB18 alloy: (a) 700°C/0.001s™"; (b) 750°C/0.001s™"; (c) 800°C/0.001s"; (d) 850°C/0.001s™"; (e)
700°C/0.01s™"; (f) 850°C/0.01s™"; (g) 850°C/0.1s™"; (h) 650°C/1s™"; (i) 700°C/1s™"; (j) 850°C/1s™"; (k) 750°C/10s™"; (1) 850°C/10s".

adiabatic heat, which is consistent with Ti-55531 ) Q
Iné=n,;In o +1In A, — — (forlowstresslevel),  (11)
[43]. 1 ' T RT
Iné=Bo+In A, - Q (for high stress level) (12)
3.2. Constitutive Relationship. The constitutive relationship B 2 RT 8 ‘

can be established by the Arrhenius type, which is listed from

equations (8) to (10). Taking the nature logarithm of At the low stress level, the n; value can be obtained by
equations (8) and (9), gives the following: plotting In o ~In ¢ at fixed temperatures and the slope of the
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In o~In¢ gives the value n;. At the high stress level, the f3
value can be calculated by plotting o~Iné at given tem-
peratures and the slope of the o-In ¢ gives the  value.

The corrected flow stress and the corresponding strain
rate (0.4) were then substituted into equations (11) and (12).
The relationship between flow stress and strain rates is shown
in Figure 11. The average slopes of the lines are used to
compute the values of n; and f, which are 5.57391 and
0.03144 MPa ™", respectively. Then, = f3/n; = 0.00564 MPa .

For all stress levels, equation (10) can be represented as
the following:

& = A[sinh (a0)]" exp(—%). (13)

Differentiating equation (12) gives the following:

a Oln¢ 0 In[sinh (a0)]
Q= R{a In[sinh (a0)] }T{ o(1/T) }8'

(14)

From equation (14), the Q value can be derived from the
slopes ofln[sinh (ao)]-In & and  In[sinh(«a0)]-1/T.
Substituting the values of the corrected flow stress, defor-
mation temperature and corresponding strain rate at the
strain of 0.4 into equation (14). Then, the relationships of
In é-In[sinh (ao)] and In[sinh («0)]-1000/T can be acquired,
as shown in Figure 12. Because the slopes of the lines are
approximately the same, the average slopes are used for
acquiring the value of activated energy and it is 238.465 kJ/
mol.

Taking the natural logarithm of both sides of equation
(10) gives

. Ine Q InA
In[sinh (a0)] = " + RT 7 (15)

The values of ((Q/nRT) - (In A/n)) and 1/n are the
intercept and slope of In[sinh (ao)]~In ¢ plot, respectively.
Substituting the value of Q, 1, R, and T'into equation (15), the
values of In A at different deformation temperatures can be
obtained, the average of which is 23.89918.

According to this method, all the material constants with
the strain range from 0.1 to 0.9 can be obtained as listed in
Table 2.

3.3.  Establishment and Verification of Constitutive
Relationship. In equation (10), the influence of strain on
high temperature deformation behavior is not considered.
In order to consider the effect of strain, the material
constants in constitutive equations (i.e., n, a, 8, Q, and A)
are expressed as polynomial functions of strain. First, the
values of material constants (i.e., n, , f, Q, and A) are
calculated at various strain conditions; second, these values
are fitted by polynomial function by the order from 2 to 9.
Finally, a six-order polynomial is confirmed with a good
correlation for TB18 alloy, as shown in the following
equation and Figure 13:

9
a=By+Be+ 3282 + B3£3 + B4s4 + 3585 + B686,
n=Cy+Ce+ C282 + C3s3 + C484 + Css5 + C6£6,

Q= Dy +D,e+D,&* + D&’ + D,e* + Dy’ + Dge’,
In A=Ey+Ee+E,e +Ey +E,e" + Ece” + Ege’.
(16)

After the materials constants are obtained, the flow stress
at a constant strain can be predicted. The flow stress can be
expressed as the function of the Zener-Hollomon param-
eters. And the proposed constitutive model can be sum-
marized as follows:

azéln{g)l’“{(g)z/’:1]“},

7 = éexp(%),

a = 0.006 — 0.013¢ + 0.074¢” — 0.195¢° + 0.306¢"
—0.2626°0.093¢°,

n=4.186 — 2.798¢ + 11.767¢" — 19.656¢ + 19.658¢"
—14.214¢” + 5.992¢°,

Q = 181.5 + 1702.78¢ — 10879.25¢> + 31126¢” — 46483¢*

+35064.882¢° — 10533.241¢°,

In A =17.03 + 200.735¢ — 1274.8¢> + 3633.545¢> — 5414.6¢"

+4084.5¢° — 1229.6¢°.
(17)

The comparison between the corrected flow stress and
the predicted data from the strain-compensated constitutive
equation at different deformation temperatures and strain
rates are shown in Figure 14. It can be seen that the predicted
flow stress matches well with the corrected results at dif-
ferent deformation conditions.

In order to quantify the accuracy of the constitutive
equation, standard statistical parameters, namely, correla-
tion coefficient (R) and average absolute relative error
(AARE) are used [44], which are expressed as follows:

Yii (Ei —E)(Pi - P)

R= —\2 —\2
VEL, (B - BV X0, (P - P)

(18)

1
AARE(%) == )
ni3

i— P

x 100,

1
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TaBLE 2: Material constants and m, Q values at different true strains.

True strain n o In A Q (kJ/mol)
0.1 4.00701 0.00516 27.49874 269.882
0.2 3.96643 0.00513 27.76949 271.675
0.3 4.01222 0.00531 25.93519 255.724
0.4 4.06849 0.00564 23.89918 238.465
0.5 4.16015 0.00595 23.02189 230.871
0.6 4.22272 0.00621 21.90254 220.727
0.7 4.2919 0.00651 20.92657 212.121
0.8 4.38679 0.00668 20.39894 207.074
0.9 4.56564 0.00706 19.8164 202.771
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Figure 14: Continued.
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where E is the original value and P is the predicted one
obtained from the constitutive equation, E and P represent
the mean values of E and P, respectively. N is the total
number of data points. The correlation coefficient is a
commonly used statistic, which reflects the strength of the
linear relationship between observed data and predicted data
by comparing relative errors term by term. A good

correlation (R=99.2%) is obtained between the original and
the predicted data, as seen in Figure 15. The calculated AARE
value equals to 6.1% at the tested deformation conditions.
The statistical results show high accuracy of the established
constitutive equation for the TB18 alloy ranging from the
strain rate of 0.001~10s™' and the temperature of
650~880°C.
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4. Conclusions

In this work, the isothermal hot compression test with a
temperature of 650-880°C and a strain rate of 0.001~10s™"
was performed to study the hot deformation behavior of
TB18 alloy. The following conclusions could be drawn from
the current research:

(1) The measured flow stress was revised by friction and
temperature correction, and the peak stress de-
creased with the deformation temperature increase
and the strain rate decline.

(2) The flow stress curves revealed three typical char-
acteristics at various deformation conditions: (1) At
lower strain rate of 0.001~0.01s"', the flow stress
continues to decrease as the strain rate increases after
the flow stress reaches the peak stress. The flow
softening mechanism is dynamic recovery and dy-
namic recrystallization at lower temperatures and
dynamic recrystallization at higher temperatures. (2)
The discontinuous yielding phenomenon could be
seen at a moderate strain rate of 1s™', dynamic
recrystallization took place in the f8 single-phase
zone, and flow localization bands were observed in
the a+ 5 two-phase zone. (3) At a higher strain rate
of 105", the flow instabilities were referred to as the
occurrence of flow localization by adiabatic heat.

(3) The constitutive equation considering the compen-
sation of strain was established to predict the flow
stress, whose results accurately showed the corre-
lation coeflicient and the AARE are 99.2% and 6.1%,
respectively.
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