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Abstract: The hot deformation behavior of as-extruded Ti-6554 alloy was investigated through isothermal compression at 700 —
950 °C and 0.001—1 s™'. The temperature rise under different deformation conditions was calculated, and the curve was corrected. The
strain compensation constitutive model of as-extruded Ti-6554 alloy based on temperature rise correction was established. The
microstructure evolution under different conditions was analyzed, and the dynamic recrystallization (DRX) mechanism was revealed.
The results show that the flow stress decreases with the increase in strain rate and the decrease in deformation temperature. The
deformation temperature rise gradually increases with the increase in strain rate and the decrease in deformation temperature. At
700 °C/1 s™', the temperature rise reaches 100 °C. The corrected curve value is higher than the measured value, and the strain
compensation constitutive model has high prediction accuracy. The precipitation of the a phase occurs during deformation in the two-
phase region, which promotes DRX process of the § phase. At low strain rate, the volume fraction of dynamic recrystallization

increases with the increase in deformation temperature. DRX mechanism includes continuous DRX and discontinuous DRX.
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1 Introduction

The excellent mechanical properties of Ti-6Cr-5Mo-5V-4Al
alloy show good potential for application in critical load-
bearing components in the aviation field"™. At present, the
cogging of bar required for the load-bearing components can
be conducted by hot extrusion to achieve the purpose of
refining the as-cast microstructure. Because the plasticity of
the material can be brought into full play under the action of
three-dimensional compressive stress. After hot extrusion, it is
necessary for the bar to forge to obtain parts with stable
microstructure and mechanical properties”. Meanwhile, the
microstructure in as-extruded state shows significant differ-
ences compared with that in the as-cast state. Considering
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that titanium alloy is a kind of difficult-to-deform material,
and there are problems, such as large deformation-resistance
and uneven microstructure in the forging process, it is
necessary to systematically study the hot deformation
behavior and microstructure evolution of as-extruded
titanium alloys.

Thermal compression experiments have become an effec-
tive way to analyze the flow behavior and microstructure
evolution of metal materials. Ding et al! analyzed the hot
deformation behavior of ZL270LF aluminum alloy, and found
that the suitable processing parameters are 470 — 530 ° C/
0.01-1 s™'. And continuous dynamic recrystallization (CDRX),
discontinuous dynamic recrystallization (DDRX), and geomet-

ric dynamic recrystallization (GDRX) occurred during hot
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deformation. Feng et al® analyzed the hot deformation
behavior of the dual-phase Mg-Li alloy, and found that the
o -Mg phase was transformed into the f -Li phase, which
precipitated in the a-Mg phase in the form of spheroidization.
At the same time, DRX is easy to occur in the f-Li phase, but
is retarded in the a-Mg phase. Wang et al” studied DRX be-
havior of a new nickel-based superalloy, and found that both
DDRX and CDRX coexist at low temperatures and low strain
rates. With the increase in temperature, CDRX becomes
weaker, while DDRX becomes stronger with the increase in
strain. Cai et al” studied the hot deformation behavior of
equiatomic FeCrMnNi high-entropy alloy, and found that the
deformation microstructure is closely related to the power
dissipation efficiency. When the power dissipation efficiency
is 28%, DRX volume fraction is 17.6%. When the power
dissipation efficiency increases to 38%, DRX volume fraction
increases to 37.5 %. Shi et al™ analyzed the high temperature
deformation behavior and recrystallization mechanism of
Ti-55511 alloy, and found that with the increase in
deformation temperature, DRX mechanism gradually
transforms from DDRX to CDRX.

In the process of hot deformation, the stress-strain curve is
an important mean to reflect the flow stress of the material
and to measure the processing performance of the material.
The heat generated during the deformation process of the
sample, especially at high strain rates, is difficult to dissipate
effectively, resulting in a significant temperature rise inside
the sample™. This will cause the measured value of the flow
stress to deviate from the true value. Therefore, in order to
deeply analyze the high temperature deformation behavior of
titanium alloy and accurately obtain the stress-strain curve
during hot compression, it is necessary to consider the
influence of temperature rise on the curve. At present,
researchers have conducted temperature rise correction in
AZ31 magnesium alloy"”, Ti-55531 alloy"", 300M steel"”,
and other materials.

In previous studies, the hot extrusion process of Ti-6554
has been extensively analyzed™. At the same time, the
researchers have also delved into the hot deformation behavior
of the as-forged Ti-6554 alloy"*'". Considering that the
microstructure in as-extruded state is significantly different
from that in as-cast state and as-forged state, it is necessary to
analyze the hot deformation behavior of as-extruded alloys.
Therefore, in this study, the hot deformation behavior of as-
extruded Ti-6554 alloy was analyzed, the deformation
temperature rise under different conditions was calculated, the
stress-strain curve was corrected, and the constitutive equation
was established. In addition, the microstructure evolution and
DRX mechanism under different conditions were also
analyzed.

2 Experiment

The material used in the present study was an extruded
Ti-6554 alloy bar with a diameter of 70 mm. During the
extrusion process, the extrusion speed was 40 mm/s, the
extrusion temperature was 1100 ° C, and the extrusion

ratio was 10™. The chemical composition is 6.2Cr-5.3Mo-5.5V-
4.0A1-0.170-0.09N-Ti (wt%) and its initial microstructure is
shown in Fig. 1", The phase transition point for this alloy
is 78545 °C. The samples were cylinders of @8 mmx12 mm
fabricated by wire cutting. The hot compression test was
conducted on a Gleeble3800
deformation temperatures were 700—950 °C, and strain rates
were 0.001—1 s™. In order to reduce friction, tantalum sheets

thermal simulator, the

were placed between the sample and the mold. Before hot
compression, the samples were heated to the deformation
temperature at a rate of 10 °C/s and held for 5 min. After
hot compression, the samples were immediately water-cooled
to obtain the deformed structure. Subsequently, the sample
was cut along the compression direction by a wire cutting
machine. The samples were mechanically ground and
polished, followed by etching at room temperature in a
solution of 2 mL hydrofluoric acid, 10 mL nitric acid, and
88 mL water. Microstructure characterization was per-
formed on an optical microscope. Samples for electron
backscattred diffractor (EBSD) were mechanically ground
and then electropolished in the mixed solution of 70 mL
methanol, 20 mL ethylene glycol, and 10 mL perchloric acid.
EBSD used an OXFORD-NordlysMax system with a step
0f 0.5-1.0 um.

3 Results and Discussion

3.1 Stress-strain curve

Fig. 2 shows the stress-strain curves under different
conditions. Work hardening is dominant in the early
deformation stage,
rapidly. At the same time, with the increase in strain, the
flow stress increases rapidly to the peak. Subsequently,
various softening mechanisms appear, such as DRX and

and dislocation density increases

dynamic recovery (DRV). The flow stress shows an obvious
downward trend. When the work hardening and dynamic
softening reach equilibrium, the flow curve reaches a stable
state. In addition, it can be found that the flow stress of the as-
extruded Ti-6554 alloy is significantly affected by the
deformation parameters, and gradually increases with the
increase in strain rate and the decrease in deformation
temperature. At 700 ° C/0.001 s, the curve drops very
significantly, while in the single-phase region the drop is very
small. This shows that the softening mechanism in the two-

Fig.1 Initial microstructure of as-extruded Ti-6554 alloy
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Fig.2 Stress-strain curves of as-extruded Ti-6554 alloy under different conditions: (a) 0.001 s™'; (b) 800 °C
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The deformation heat effect is a common phenomenon in 7 =03161ge +0.95
the hot deformation process of titanjum alloy. The where AT is deformation temperature rise, ¢ is strain, ¢ is
deformation heat effect will cause the actual deformation

strain rate, o is stress, # is adiabatic correction factor, f ode is
temperature of titanium alloy to be higher than the heating 0

. . . . . the area under the uncorrected stress and strain curve, p is
temperature, which is beneficial to promote dislocation ) ) . ] ] ]
rearrangement and reduce dislocation density'”". The increase materials density (4.5 g/em’), and c is specific heat capacity of
in deformation temperature can further promote DRX and 0.52 J/(g'K). In this study, the deformation heat under diffe-
DRV, and enhance the softening effect of titanium alloy. In rent conditions is calculated, as shown in Fig.3. The defor-
addition, due to the poor thermal conductivity of titanium mation temperature rise gradually increases with the increase
alloy, the deformation temperature rise will lead to the in strain rate and the decrease in deformation temperature. At
generation of local plastic flow!"¥. At present, under the same 700 °C/1 s™', the temperature rise reaches 100 °C. Xu et al™
deformation temperature and deformation amount, the found that the temperature rise of Ti-17 alloy at 780 °C/10 s
influence of deformation heat effect on the flow stress of is 80 °C, and the change trend of temperature rise is also
titanium alloy mainly depends on the strain rate. The consistent with this study. Therefore, at 700 ° C/l s, the
temperature rise in the deformation process is calculated by reason for the obvious softening of the stress-strain curve may
the following formula™*'"": be related to the deformation heat effect.
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Fig.3 Temperature rise of as-extruded Ti-6554 alloy under different strain rates: (a) 0.001 s™'; (b) 0.01 s™; (c) 0.1s™;(d) 15
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3.3 Stress-strain curve correction

At high strain rates, due to the short deformation time,
the thermocouple can only measure the temperature of sample
surface. And the Gleeble system is difficult to adjust the
temperature change, which significantly the
deformation resistance. Therefore, it is necessary to correct

reduces

the curve. At present, at a given strain and strain rate, the
stress-strain curve should be corrected by the following
formula’":

_do

a7 r"’gAT

c=0

2

where 7T is deformation temperature, is true stress
(corrected), & is the measured stress (uncorrected). Fig. 4

shows the comparison between the corrected curve and the

o

uncorrected curve. It can be found that there is no significant
difference between the measured value and the corrected
value at a low strain rate. Therefore, the deformation heat
effect at a low strain rate can be ignored. At high strain rates,
the corrected value is significantly higher than the measured
value, which means that temperature rise can effectively
promote flow softening, as shown in Fig.4d.

3.4 Constitutive equation

The effect of strain on flow stress is not as significant as
that of strain rate and deformation temperature. Therefore, the
influence of strain on flow stress can be ignored, and it is
proposed that the relationship between flow stress, strain rate
and deformation temperature in steady-state flow stage
conforms to three Arrhenius models, namely exponential
function type, power function type, and hyperbolic sine type.

Their expressions are as follows™":

éexp(Q/RT) = A,exp(fio)
éexp(Q/RT) = Asinh (a0 )"

“
)
the O represents the
thermal deformation activation energy, R represents the gas
constant, ¢ represents the flow stress, I represents the
deformation temperature, n, and n represent material para-
meters related to the strain rate sensitivity index, and 4, 4,, 4,,
a, and f represent material constants. In order to calculate the

parameters in the above equations, take the natural logarithm
of Eq.(3-5):

where ¢ represents strain rate,

In = Ind, + n,Ino - Q/RT 6)
Iné = Ind, + o — Q/RT %
Iné = Ind + nln [sinh (ac) ] — Q/RT ®)

According to Eq.(6) and Eq.(7), it can be found that In¢ has
an obvious linear relationship with Ino and o, respectively.
Subsequently, the peak stress in the stress-strain curve is
selected for linear fitting, and the results are shown in Fig.5a—
5b. n, and S are the average of reciprocal of the curve slope in
the figure. The calculated values of n, and f are 4.8833 and
0.031, respectively. The value of o can be calculated by the
following formula.

o= pin, )

According to Eq.(9), the value of o under peak stress can be
calculated to be 0.006 347. In addition, according to Eq.(8),
the thermal activation energy @ can be calculated by the

|

where o, represents predicted flow stress, and n is the stress

following formula:
dlnsinh (ao, )

Q—Rnk—Rn{ 3(UT) (10)
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Fig.4 Comparison of stress-strain curves before and after correction under different strain rates: (a) 0.001 s™'; (b) 0.01 5™ (c) 0.1s;(d) 1 s
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According to Eq. (10 — 11), the average values of the
slopes of In [sinh (0o, ) ]-1né and In [sinh (0o, ) ]-1/T can be
determined (Fig. Sc —5d), and then the values of Q and n
are calculated to be 233.514 kJ/mol and 3.384, respectively.
In addition, it was noted that the effect of deformation
temperature and strain rate on the hot deformation behavior
of the alloy can be expressed by the Zener-Hollomon
parameter:

Z = éexp(Q/RT) = A[sinh(ac)]" (12)
Taking the natural logarithm of both sides of the Eq.(12):
InZ = Iné + Q/RT = In4 + nIn[sinh (ao) | (13)

According to Eq.(13), it can be determined that there is a
clear linear relationship between InZ and ln[sinh( ao)], and
the fitting results are shown in Fig. 6. The intercept in the
figure is the value of Ind4, which can be determined as 21.65.
Therefore, the constitutive model of as-extruded Ti-6554 alloy
under peak stress after temperature rise correction can be
expressed as:

3.384
£=2.533x10°[sinh (0.0063470,) | exp(-233514/RT) (14)

It can be seen from Fig. 4 that the strain significantly
affects the flow stress. In fact, both the material constants
and the thermal deformation activation energy are affected by
the strain and follow a polynomial 224
Obviously, as shown in Eq. (14), the Arrhenius constitutive
model does not consider the effect of strain on the flow

relationship

stress, which may lead to the low accuracy of the constitutive
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Fig.6 Relationship between InZ and In[sinh (o) |

equation. Therefore, the Arrhenius constitutive model must be
modified by strain compensation to improve its accuracy and
achieve better predictability. The material constants and
thermal deformation activation energy under different strains
are shown in Fig. 7. It can be observed that the material
constants and thermal activation energy change significantly
with strain. According to Ref.[24], the relationship between
true strain and material constants can be fitted by a fifth-order
polynomial, as shown in Eq.(15), with the coefficients of the
polynomial function presented in Table 1.

P=c,+ce+ce®+c,e+ceet +cee’ + - (15)
where P is material constant. After calculating the material
constants and thermal activation energy under different
strains, the strain-compensated Arrhenius constitutive model
can be used to predict o, as follows:
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Table 1 Polynomial fitting results of a, n, O, and InA4 of Ti-6554

alloy in two-phase region

Coefficient ~a/MPa™ n O/kJ-mol™! InA
c, 0.006 98 3.790 19 254.622 09 12.860 44
c, 0.002 76  -2.864 84 131.398 80 —-159.725 10
c, -0.01422 -235929 -1495.11767 341.67247
cy 0.04543  19.03922 3143.96135 -305.33547
c, -0.05249 -26.88646 -2772.77896 100.152 24
s 0.01941 12.65748 897.130 47 12.860 44
! PR
ool [éemp(gx/RT)]n+ (éexp(Qx/RT) ) a1l Las)

a, A, A,

Fig.8 is the comparison between the predicted flow stress
and the experimental flow stress. It can be seen that the
predicted values based on the constitutive model are basically

consistent with the experimental values. Furthermore, the

prediction accuracy is quantitatively analyzed by correlation

coefficient (R*) and average absolute error (A), as follows™:

_ 27:1(05 - EE)(O-P - a-p)
,/z;n:l(”rz B 5E)<Jp B &p)z

n

>

i=1

RZ

(17

i
P

oL- o
—L 1 % 100% (18)

n

Og
where o represents experimental flow stress, o, represents
predicted flow stress, n represents the total amount of data.
The linear correlation coefficient between the predicted and
experimental values is 0.988 (Fig.9), and the absolute value of
average relative error is 5.75%. This shows that the hot
deformation constitutive model of as-extruded Ti-6554 alloy
considering strain compensation has high accuracy and can be
used to predict the flow stress of the alloy in the hot
deformation.
3.5 Microstructure analysis

Fig. 10 shows the microstructure of as-extruded Ti-6554
alloy under all deformation conditions. It can be found
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that some o phases precipitate at low strain rates in the two-

phase region. With the increase in strain rate, the volume
fraction of the o phase decreases significantly, and there is no

950 °C

900 °C
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Is’

obvious change rule. This shows that the precipitation
behavior of the a phase is not only affected by the strain
rate, this phenomenon has also been reported in other

studies™

. Notably, the original § grains become distinctly
elongated at lower temperature and higher strain rates,
indicating that DRV is the predominant deformation
mechanism. Meanwhile, it should be noted that flow
localization occurs at 700 ° C/1 s™'. This is related to the
deformation temperature rise at low temperature and high
strain rate, which further illustrates the necessity of
temperature rise correction. In the single-phase region,
obvious grain boundary bulging occurs at low strain rate,
and many DRX grains are also observed. The increase
in temperature provides sufficient driving force for DRX. At
the same time, a low strain rate is beneficial to nucleation
and growth of DRX grains. With the increase in deforma-
tion temperature, the volume fraction and grain size of

0.1s"

Fig.10 Microstructures of as-extruded Ti-6554 alloy under different conditions
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DRX gradually increase. As the strain rate increases, the
original f grains are also elongated. Different from low
temperature, the grain boundary is serrated at 900 and 950 °C.
EBSD is used to analyze the microstructure evolution in the
deformation process of the two-phase region. Fig. 11 shows
EBSD results at 700 °C with different strain rates. Black is
high angle grain boundary (HAGB), blue is f phase, and red is
o phase. The a phase precipitates at the grain boundary and
interior of elongated £ grain. It should be noted that some fine
DRX grains are also found in Fig. 11a. Some studies have
pointed out that during the deformation process, the
incoherent phase interface can hinder the dislocation

movement?* "

, thus providing sufficient driving energy for
the p -phase DRX process. Furthermore, the dislocation
density will increase significantly at lower deformation
temperature, which will further provide energy for DRX
process. Therefore, the curve decreases significantly at low
strain rate in the two-phase region (Fig.2a).

3.6 DRX behavior

Fig.12 shows EBSD results at 900 °C/0.001 s™' and 900 °C/

100 pm

0.1 s'. Black is HAGB, and white is low angle grain
boundary (LAGB). At 900 °C/0.001 s™', the lower strain rate
is beneficial to the migration of grain boundaries, and most
grain boundaries show obvious bulging, as shown in Fig.12a,
which is consistent with the results in Fig. 10. The grain
boundary bulging can be regarded as the nucleation stage of
DDRX. This is the phenomenon of strain-induced grain
boundary migration, which belongs to DDRX process™ *.
The proportion of LAGBs in the sample is very low. At
the same time, according to the cumulative misorientation
inside the grains, it can be found that the cumulative
orientation inside the grains does not exceed 15° (Fig. 13a—
13b). A similar phenomenon has been observed in
previous studies”™**. At 900 °C/0.1 s, the grain boundaries
gradually become straight, as shown in Fig.12b. Higher strain
rate promotes dislocation proliferation, but reduces the
time of dynamic recrystallization nucleation and growth.
According to the cumulative misorientation in Fig.13c, it can
be determined that CDRX occurs during the deformation
process. In the existing research, 10° — 15° indicates the

20 pm

Fig.11 IPF maps (a, c, €) and phase distribution maps (b, d, f) of as-extruded Ti-6554 alloy at 700 °C with different strain rates: (a—b) 0.001 s™';

(c—d) 0.01 s7'; (ef) 17"

Fig.12 EBSD results of as-extruded Ti-6554 alloy at 900 °C with different strain rates: (a) 0.001 s™'; (b) 0.1 s
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occurrence of CDRXP’. CDRX can be regarded as the
recrystallization mechanism through progressive subgrain
rotation. Meanwhile, DDRX also occurs under this condition
(Fig.13d).

4 Conclusions

1) The flow stress increases with the increase in strain rate
and the decrease in deformation temperature. The deformation
temperature rise is more significant at a high strain rate. At
700 °C/1 s™', the temperature rise reaches 100 °C.

2) The corrected curve value is higher than the measured
value. The constitutive model of as-extruded Ti-6554 alloy is
established as follows:

3.384
£=2.533 10" sinh (0.0063475, ) |~ exp(~233514/RT)

3) The precipitation of the a phase occurs during
deformation in the two-phase region, which promotes DRX
process of the f phase.

4) DRX mechanism includes CDRX and DDRX.
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ETFEFEIEEMFFER Ti-6554 & & AR B Fn {48 255E 4k,

ZERY, BHEZ?, B 70, #bE, BUINGG, o R, R W &, | Rl
(1. H [ 58 — S R BUAR AR B BH T B PRFTAE A 1, P11 45BH 618000)
2. SRR MORLRL RS TR MR SOE SR EAR E R & 9 s, Wdt ®iL 430074)
(3. PHEE SRR R A PR A ], BevE pise 710018)

#  FE: 7E700-950 'C. 0.001-1 s MEEEELE KT, HTR THIES Ti-6554 A& IRABTAT N W TAFBTE &4 TR, xfih
LT TIRTHEIE, @5 TR TIRITHE BB ER Ti-6554 & 4 M N ARFMEARFIBRL . /34T 1A E &4 T IO s JidE, 7R 1
HAFL S (DRX) ML HRERY, TN AT AR 26 1385 0 A0 AR TR B A BT T [ A8 TR T B A 10 70 i 28 fr 33 om0 AR
TR L AR IZ W . 7E700 C/1 'R, IRAHAZEI 100 Co AZIEJE MMt m T, SASRMEARIRER TR B8 . TEPIAHIX
BRI T ofll, MEMREET AAHM DRX SRR . RN ARHE R, MEBTRRE T m, & HE RS HE . DRXHLHIE & %L
DRX F13E#£4: DRX,

KR FIEATI-6554 G4 RMAEIE; AWBA, A ZUEN

fEZ®Nr: ZER, B, 199454, ML, PEE ERPMEREHEGHBEARFEAR, V) #EH 618000, E-mail:
1lem940214@126.com



