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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 of strain rate and the decrease of deformation temperature. The
deformation temperature rise gradually increases with the increase of strain rate and the decrease of deformation temperature. At
700 <T/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 the DRX process of the 3 phase. At low strain rate, the volume fraction of dynamic recrystallization

increases with the increase of deformation temperature. The DRX mechanism includes continuous dynamic recrystallization (CDRX)

and discontinuous dynamic recrystallization (DDRX).
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The excellent mechanical properties of Ti-6Cr-5SMo-5V-
4Al alloy show good potential for application in critical load-
bearing components in the aviation field 2. At present, the
cogging of the bar required for the load-bearing components
can be carried out 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. For the bar after hot
extrusion, it is necessary to forge to obtain parts with stable
microstructure and mechanical properties ). Meanwhile, the
microstructure after hot extrusion shows significant differ-

ences compared to that of the as-cast state. Considering that
Received date:

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. Therefore, it is
necessary to systematically study the hot deformation behav-
ior and microstructure evolution of as-extruded titanium al-
loys.

It has become an effective way to analyze the flow be-
havior and microstructure evolution of metal materials during
deformation by thermal compression experiments. Ding et al.
4 analyzed the hot deformation behavior of ZL270LF alumi-
num alloy, and found that the suitable processing regions are

470-530 °C/0.01-1 s'. And continuous dynamic
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recrystallization (CDRX), discontinuous dynamic recrystalli-
zation (DDRX) and geometric dynamic recrystallization
(GDRX) occurred during hot deformation. Feng et al. 1 ana-
lyzed the hot deformation behavior of the dual-phase Mg-Li
alloy and found that the a-Mg phase was transformed into the
B-Li phase in the form both of spheroidization and precipita-
tion in the a-Mg phase. At the same time, DRX is easy to oc-
cur in the B-Li phase and is retarded in the o-Mg phase. Wang
et al. [ studied the DRX behavior of a new nickel-based sup-
eralloy and found that both DDRX and CDRX coexisted at
low temperatures and low strain rates. With the increase of
temperature, the CDRX became weaker, while the DDRX be-
came stronger with the increase of strain. Cai et al. [ studied
the hot deformation behavior of equiatomic FeCrMnNi high-
entropy alloy and found that the deformation microstructure
was closely related to the power dissipation efficiency. When
the power dissipation efficiency was 28%, the DRX volume
fraction was 17.6 %. When the power dissipation efficiency
increased to 38 %, the DRX volume fraction increased to
37.5 %. Shi et al. ™ analyzed the high temperature defor-
mation behavior and recrystallization mechanism of Ti-55511
alloy and found that with the increase of deformation temper-
ature, the DRX mechanism gradually transformed from
DDRX to CDRX.

In the process of hot deformation, the stress-strain curve
is an important means 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 influ-
ence of temperature rise on the curve. At present, researchers
have carried out temperature rise correction in AZ31 magne-
sium alloy "%, Ti-55531 alloy '), 300M steel ['* and other
materials.

In previous studies, the hot extrusion process of Ti-6554
has been extensively analyzed !'*l. At the same time, the re-
searchers have also delved into the hot deformation behavior
of the as-forged Ti-6554 alloy !¢, Considering that the mi-

crostructure after extrusion is significantly different from that

of as-cast and as-forged, it is necessary to analyze the hot de-
formation 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 mecha-

nism under different conditions were also analyzed.

1 Experiment

The material used in the present study was an extruded
Ti-6554 alloy bar with a diameter of 70mm. During the ex-
trusion process, the extrusion speed is 40mm/s, the extrusion
temperature is 1100 °C, and the extrusion ratio is 10131, The
chemical composition (wt.%) is: 6.2Cr-5.3Mo-5.5V-4.0Al-
0.170-0.09N-(Bal.)Ti and its initial microstructure is shown
in Fig 1031, The phase transition point for this alloy is 785 %
5°C. The samples were cylinders of ®8 mmx12 mm by wire
cutting. The hot compression test was carried out on a Glee-
ble3800 thermal simulator, and the deformation temperatures
were 700-950 °C, and strain rates were 0.001-1 s*'. In order
to reduce friction, tantalum sheets 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 to and held for 5 min. After hot compression, the sam-
ples were immediately water-cooled to obtain the deformed
structure. Subsequently, the sample was cut along the com-
pression direction by a wire cutting machine. The samples
were mechanically ground and polished, followed by etching
at room temperature in a solution of 2ml hydrofluoric acid,
10ml nitric acid and 88ml water. Microstructure characteriza-
tion was performed on an optical microscope. For EBSD, the
samples were mechanically ground and then electropolished
in the mixed solution of 70ml methanol, 20ml ethylene glycol
and 10ml perchloric acid. EBSD scanning was performed on
an OXFORD-NordlysMax system with a step of 0.5-1 pum.
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Fig 1 The initial microstructure of as-extruded Ti-6554 alloy
2 Results and Discussion

2.1 Stress-strain curve

Fig 2 shows the stress-strain curves under different con-
ditions. Work hardening is dominant in the early deformation
stage, and dislocation density increases rapidly. At the same
time with the increase of strain, the flow stress increases rap-
idly to the peak. Subsequently, various softening mechanisms
appear, such as DRX, dynamic recovery (DRV) and so on.
The flow stress shows an obvious downward trend. When the

work hardening and dynamic softening reach equilibrium, the

180 :

150+
=120+

% 700 °C
% 90+

§ 750 °C|

’ 60‘%:%’0 <

0 °C|

30 , —300°q

N 950 °C]|

0 T T T T
00 02 04 06 08 10

Strain

flow curve reaches a stable state. In addition, it can be found
that the flow stress of the as-extruded Ti-6554 alloy is signif-
icantly affected by the deformation parameters, and gradually
decreases with the increase of strain rate and the decrease of
deformation temperature. At 700 °C/0.001 s, the decrease of
the curve is very obvious, while the decrease of the curve in
the single-phase region is very small. This shows that the sof-
tening mechanism in the two-phase region is different from

that in the single-phase region.
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Fig 2 The stress-strain curves of as-extruded Ti-6554 alloy under different conditions: (a) 0.001 s; (b) 800 °C

3.2 Deformation heat effect

The deformation heat effect is a common phenomenon
in the hot deformation process of titanium alloy. The defor-
mation heat effect will cause the actual deformation temper-
ature of titanium alloy to be higher than the heating tempera-
ture, which is beneficial to promote dislocation rearrange-
ment and reduce dislocation density 1. The increase of de-
formation temperature can further promote DRX and DRV,
and enhance the softening effect of titanium alloy. In addition,
due to the poor thermal conductivity of titanium alloy, the de-
formation temperature rise will lead to the generation of local
plastic flow ('8, At present, under the same deformation tem-
perature and deformation amount, the influence of defor-
mation heat effect on the flow stress of titanium alloy mainly
depends on the strain rate. The temperature rise in the defor-
mation process is calculated by the following formula [1% 1

- 0.95n fog od,
pc M)
n = 0.316log(¢) + 0.951073

where AT is deformation temperature rise, 7 1is

adiabatic correction factor, [ 05 od, is the area under the un-
corrected stress and strain curves, p is materials density
(4.5g/cm®), ¢ is specific heat capacity (0.52 J/(g-K)). In this
paper, the deformation heat under different conditions is cal-

culated, as shown in the
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Fig 3 Temperature rise of as-extruded Ti-6554 alloy under different conditions: (a) 0.001 s%; (b) 0.01s%; (c) 0.1 s%; (d) 1 s?

3.3 Stress-strain curve correction
At high strain rates, due to the short deformation time,

the thermocouple can only measure the temperature of the
sample surface, and the Gleeble system is difficult to adjust
the temperature change, which significantly reduces the de-
formation resistance. Therefore, it is necessary to correct the
curve. At present, at a given strain and strain rate, the stress-

strain curve should be corrected by the following formula [!:
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where T is deformation temperature, ¢ is true stress (cor-
rected), & is the measured stress (uncorrected). Fig 4 shows
the comparison between the corrected curve and the uncor-
rected curve. It can be found that there is no significant dif-
ference 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 cor-
rected value is significantly higher than the measured value,
which means that temperature rise can effectively promote
flow softening (Fig 4(d)).
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Fig 4 Comparison of stress-strain curves before and after correction under different conditions: (a) 0.001 s*; (b) 0.01s%; (c) 0.1 s%; (d) 1 s*

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 pro-
posed that the relationship between flow stress and strain rate
and deformation temperature in steady-state flow stage con-
forms to three Arrhenius models, namely exponential func-
tion type, power function type and hyperbolic sine type. Their
expressions are as follows !;

¢ exp(Q/RT) = A,exp (n,0) ®)

¢ exp(Q/RT) = A,exp (o) )

£exp(Q/RT) = Asinh (ao)" (5)

where € represents the strain rate, Q represents the thermal
deformation activation energy, R represents the gas constant,
o represents the flow stress, T represents the deformation
temperature, n; and n represent material parameters related to
the strain rate sensitivity index, and A, A, A, and a represent
material constants. In order to calculate the parameters in the
above equations, take the natural logarithm of the Egs. (3)-

(5):
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Iné = lnA, + nylnoc — Q/RT (6)
Iné = InA, + po — Q/RT (7
Iné = InA + nln[sinh(ao)] — Q/RT (8)

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

a=p/n 9)
According to Eq. (9), the value of a under peak stress

can be calculated to be 0.006347. In addition, according to Eq.

(8), the thermal activation energy Q can be calculated by the
following formula:

— Rk = R dlnsinh(ao,) o

where n is the stress index, which is defined as:
_ ( dlné ) i
n= dln[sinh(ao)]/ (11)

According to the Eq. (10) and Eq. (17), the average val-
ues of the slopes of In[sinh(ac,)] - Iné and
In [sinh (a0,)]-1/T can be determined (Fig 5 (c)(d)), and
then the values of Q and n are calculated to be 233.514kJ/mol
and 3.384, respectively. In addition, it was noted that the ef-
fects of deformation temperature and strain rate on the hot
deformation behavior of the alloy can be expressed by the Ze-
ner-Hollomon parameter:

Z = £exp(Q/RT) = A[sinh(ao)]™ (12)

Taking the natural logarithm of both sides of the Eq. (12):

InZ = In¢ +Q/RT = InA
(13)
+ nin[sinh(ao)]

According to Eq. (13), it can be determined that there is
a clear linear relationship between InZ and In[sinh(ao)],
and the fitting results are shown in the Fig 6. The intercept in
the figure is the value of InA, 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:

= 2533
(14)

3.384

x 10°[sinh(0.0063470,)|"" exp(—233514

/RT)

It can be seen from Fig 4 that the strain significantly af-
fects the flow stress. In fact, both the material constants and
the thermal deformation activation energy are affected by the
strain and follow a polynomial relationship 2241, Obviously,
the Arrhenius constitutive model (Eq. (14)) does not consider
the effect of strain on the flow stress, which may lead to the
low accuracy of the constitutive equation. Therefore, the Ar-
rhenius constitutive model must be modified by strain com-
pensation to improve its accuracy and achieve better predict-
ability. The material constants and thermal deformation acti-
vation energy under. different strains are shown in Fig 7. It
can be observed that the material constants and thermal acti-
vation energy change significantly with strain. According to
reference 4 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.

K =cy+cie+ 8% + 568
+ ¢, &t (15)

+ cse® + -

After calculating the material constants and thermal ac-
tivation energy under different strains, the strain-compen-
sated Arrhenius constitutive model can be used to predict as

follows:

1
L I <éexp [Q(@/RT])WS)

(e A (16)

2

gex RT]\ne

N p [Qe/RT] e
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
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coefficient (R?) and average absolute error (A) as follows?!:
RZ — Z?:l(O-E - EE)(O-p - ap)
_ >

\/Z?=1(0-E - 0-E)(O-p - Gp)

i=1
where og represents experimental flow stress, o), rep-

A7)

i i
E— Op

—P1x 100 (18)
E

resents predicted flow stress, n represents the total amount of
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data. The linear correlation coefficient between the predicted
and experimental values is 0.988 (Fig 9), and the absolute
value of the 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 accu-
racy and can be used to predict the flow stress of the alloy in

the hot deformation.
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Table 1 Polynomial fitting results of o, n, Q and InA of Ti-6554 alloy in two-phase region
a (MPa™) n Q (kJ/mol) InA
Co 0.00698 3.79019 254.62209 12.86044
C 0.00276 -2.86484 131.3988 -159.7251
e -0.01422 -2.35929 -1495.11767 341.67247
C3 0.04543 19.03922 3143.96135 -305.33547
Ca -0.05249 -26.88646 -2772.77896 100.15224
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Fig 8 Comparison of experimental and predicted values: (a) 0.01 s, (b) 0.1 s~
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3.5 Microstructure analysis
Fig 10 shows the microstructure of as-extruded Ti-6554

alloy under all deformation conditions. It can be found that
some o phases precipitate at low strain rates in the two-phase
region. With the increase of strain rate, the volume fraction of
the o phase decreases significantly, and there is no obvious
change rule. This shows that the precipitation behavior of the
a phase is not only affected by the strain rate, this phenome-
non has also been reported in other studies . Notably, the
original [} grains become distinctly elongated at lower tem-
peratures 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 tempera-
tures and high strain rate, which further illustrates the neces-
sity of temperature rise correction. In the single-phase region,
obvious grain boundary bulging occurs at low strain rates,
and many DRX grains are also observed. The increase of tem-
perature provides sufficient driving force for DRX. At the
same time, a low strain rate is beneficial to the nucleation and

growth of DRX grains. With the increase of deformation

temperature, the volume fraction and grain size of DRX grad-
ually increase. As the strain rate increases, the original
grains are also elongated. Different from low temperature, the
grain boundary is serrated at 900 °C and 950 °C.

Then, EBSD is used to analyze the microstructure evo-
lution in the deformation process of the two-phase region. Fig
11 shows the EBSD results at 700 °C with different strain
rates. Black is a large angle grain boundary, blue is a  phase,
and red is a a phase. The a phase precipitates at the grain
boundary and interior of elongated 3 grain. It should be noted
that some very fine DRX grains are also found in the Fig 11
(a). Some studies have pointed out that during the defor-
mation process, the incoherent phase interface can hinder the
dislocation movement %27 thus providing sufficient driving
energy for the B-phase DRX process. Furthermore, the dislo-
cation density will increase significantly at a lower defor-
mation temperature, which will further provide energy for the
DRX process. Therefore, the curve decreases significantly at

low strain rate in the two-phase region (Fig 2 (a)).
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Fig 10 Microstructure of as-extruded Ti-6554 alloy under different conditions
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Fig 11 EBSD results: IPF maps of (a) 700 °C/0.001 s°%; (c) 700 °C/0.01 s; (e) 700 °C/1's; phase distribution maps of (b) 700 °C/0.001 s™;
(d) 700 °C/0.01 s%; (f) 700 °C/1 st

3.6 Dynamic recrystallization behavior
Fig 12 shows the EBSD results at 900 °C /0.001 s and

900 °C 0.1 s'. Black is a large angle grain boundary, and
white is a low angle grain boundary. At 900 °C /0.001 s*, the
lower strain rate is beneficial to the migration of grain bound-
aries, and most grain boundaries show obvious bulging, as
shown in Fig 12 (a). This is consistent with the results in Fig
10. The grain boundary bulging can be regarded as the nucle-
ation stage of DDRX. This is the phenomenon of strain-in-
duced grain boundary migration, which belongs to the DDRX
process %21 This is a strain-induced grain boundary migra-
tion mechanism, which belongs to a typical 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 in-
side the grains does not exceed 15° (Fig 13 (a)(b)). A similar
phenomenon has been observed in previous studies 3?1, and
the grain boundaries gradually become straight, as shown in
Fig 12 (b). Higher strain rate promotes dislocation prolifera-
tion, but reduces the time of dynamic recrystallization nucle-
ation and growth. According to the cumulative misorientation
in Fig 13 (c), it can be determined that CDRX occurs during
the deformation process. In the existing research, the 10°-15°
indicates the occurrence of CDRX B3, CDRX can be re-
garded as the recrystallization mechanism through progres-
sive subgrain rotation. Meanwhile, DDRX also occurs under
this condition (Fig 13 (d)).

Fig 12 EBSD results: (a) 900 < /0.001 s%; (b) 900 < 0.1 s*
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Fig 13 Misorientation angle along the arrows marked in Fig 12: (a) L1; (b) L2; (c) L3; (d) L4

3 Conclusions

1) The flow stress decreases with the increase of strain
rate and the decrease of deformation temperature. The defor-
mation temperature rise is more significant at a high strain
rate. At 700 °C/1s’!, 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
was established:

3.384

£ = 2.533 X 10°[sinh(0.0063470,)| exp(—233514

/RT)

3) The precipitation of the o phase occurs during defor-
mation in the two-phase region, which promotes the DRX
process of the  phase.

4) The DRX mechanism includes continuous dynamic
recrystallization (CDRX) and discontinuous dynamic recrys-
tallization (DDRX).
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FER 2, BHEE 2, 73, I, BN, mfE L, B2, iER Y, e
(1. H [ 28 — E RN UAAE IR PR G USSR A IR ST A ], PUJ1] 1HFH 618013)
2 B RHE RS, MRS S TSR, MRV SEABH AR A EE S, #idh i 430074)
(3. VEHH SRR ERAE, BPE 752 710000)

8 E: 7E700-950°C. 0.001~1 s [SFIRIEAG AT, HIAL T HERS Ti-6554 A& EIAT A TR T AR & T iR,
S FERREAT TIRTHEIE, B TR TFHRE EMBES Ti-6554 A& MR ARAMEARMBIR . S8 7 AN 254 T RO SUs e, 18
AN T BNAS TR AL o G5 TR BN 7 B A I AR R P 1 R R V) B AR I o AR PR T I o 7 73858 2 1 8 I R A 3 T 1
FEARIZHEG N, 7E 700°C/1 s™ B, IRFHEE] 100°C. BRI MR TR, RATHMEA MBI BB . 75 PR IX AR TR BT
T oA, BEMRHBET B AR DRX IR, RRHE T, METIGEEA =R, ShAHESRARSEIEMN. DRX MLk E&ELAH L
S AR BB A A
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