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Abstract: Hot compression behavior of Ti—5Al-5Mo—5V—-1Cr—1Fe alloy with an equiaxed (o+f) starting microstructure was
investigated by isothermal compression test and optical microscopy. Based on the true strain—stress data with temperature correction,
constitutive models with a high accuracy were developed and processing maps were established. Strain inhomogeneity at different
locations in the compressed sample is reduced by raising temperature, leading to a uniform distribution of a phases. For the
temperature range of 800—840 °C with a strain rate of 10 s™', the transformed volume fraction of & phase increases and the average
grain size of a phase decreases slightly with increasing the temperature, indicating co-existence of dynamic recovery and dynamic
recrystallization. Flow localization and faint £ grain boundaries are observed at the strain rate of 10 s ' in the temperature range of
860—900 °C. The processing map analysis shows that hot working of Ti—5Al-5Mo—5V—1Cr—1Fe alloy should be conducted with the

strain rate lower than 0.01 s ' to extend its workability.
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1 Introduction

Titanium alloys are widely used in aerospace,
aviation industries due to their high specific strength and
excellent corrosion resistance. Ti—5Al-5Mo—5V—1Cr—
1Fe alloy is a near f-type titanium alloy with high
strength, high ductility and deep hardenability, which has

been widely used as a structural component in aircraft [1].

However, the microstructure of titanium alloys is very
sensitive to processing parameters, such as strain rate,
deformation degree and deformation temperatures during
hot working process [2—5]. Ti—-5Al-5Mo—5V—1Cr—1Fe
alloy has a narrow processing window due to its high
flow stress. Thus, it is very crucial to investigate the
deformation behavior during hot deformation process in
order to extend the workability. LUO et al [1]
investigated the correlation between the flow behavior
and the microstructure evolution during hot working of
TC18 (Ti—5Al-5Mo—5V—1Cr—1Fe) alloy. It was shown
that the shapes of flow curves were dependent on the
competing processes of the work hardening, the thermal
softening and the microstructure-related softening [6,7].

NING et al [8] studied the competition between dynamic
recovery (DRV) and dynamic recrystallization (DRX)
during hot deformation for TC18 titanium and found that
various work hardening behaviors corresponded to
different dynamic softening mechanisms. QU et al [9]
studied the hot deformation behavior of Ti—-5Al-5Mo—
5V=1Cr—1Fe alloy and confirmed two soften
mechanisms of DRV and DRX in Ti—5AI-5Mo—5V—
1Cr—1Fe alloy [9]. LIANG et al [10] constructed power
dissipation efficiency distribution map from strain rate
sensitivity coefficients for hot deformation of TC18 alloy.
LIU et al [2] investigated the effect of the processing
parameters on the flow stress of Ti—5Al-5Mo—-5V—
1Cr—1Fe alloy and calculated the apparent activation
different
conditions. During past years, a substantial amount of

energy for deformation at deformation
effort has been made to describe the flow stress as a
function of deformation temperature, strain rate and
strain in titanium alloys [11-13]. However, reports on
construction of constitutive equations of titanium are all
based on the true flow stress—strain curves without any
correction ignoring the effect of deformation heat. In

the present work, hot compression behavior of Ti—5Al—
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SMo—5V—1Cr—1Fe alloy with an equiaxed (a+p) starting
microstructure is investigated with the help of isothermal
compression tests in the temperature range of
800—900 °C at strain rates of 0.0005—10 s and strain up
to 0.8. Based on the true strain—stress data with
temperature correction, constitutive models with a high
accuracy are developed and processing maps at the stains
0f 0.2, 0.6 and 0.8 are established.

2 Experimental

The as-received Ti—5Al-5Mo—5V—1Cr—1Fe bar is
in hot-forged condition with a diameter of 280.0 mm.
The p transus temperature of as-received material was
determined to be ~855 °C and the original optical
microstructure is shown in Fig. 1(a). The microstructure
consists of  matrix and primary a (white color) with an
average grain size of ~1.2 um. The alloy was treated with
a two-stage heat treatment process: for stage I, the
as-received bar was heated to 830 °C for 2 h followed by

furnace cooling to 750 °C with a cooling rate of 160 °C/h.

Then, the sample was held at 750 °C for 2 h followed by
air cooling. The optical microstructure of Ti—5SAl-
SMo—5V—1Cr—1Fe alloy after heat treatment is shown
in Fig. 1(b). After heat treatment, a (a+f) microstructure

Fig. 1 Optical microstructures of Ti—5Al-5Mo—5V—1Cr—1Fe
alloy: (a) Hot-forged; (b) Heat-treated

with equiaxed a grains was obtained. Due to heat
treatment, the average grain size and the volume fraction
of a phase were increased to be ~4.7 um and ~42%,
respectively.

Cylindrical compression samples with a diameter of
10 mm and a height of 15 mm were machined from the
as-received Ti—5A1-5Mo—5V—1Cr—1Fe bar. The hot
compression was conducted on a Gleeble—3800 thermal
simulator at the deformation temperatures of 800, 820,
840, 860, 880 and 900 °C, the strain rates of 0.0005,
0.001, 0.01, 0.1, 1 and 10 s ' and the strain of 0.8. Before
compression, the sample was heated and held for 2 min
at the deformation temperatures to obtain a homogeneous
temperature distribution inside the whole sample. After
the hot compression, the sample was quenched into water
immediately to maintain the deformation microstructure.
For optical microstructure observation, the compressed
sample was axially sectioned, ground, polished and
chemically etched in a solution of 5 mL HF + 10 mL
HNO; + 85 mL H,O.

3 Results

3.1 Flow stress—strain curves

During compression of materials, most plastic work
transforms into thermal energy, leading to temperature
raising in the sample, which is defined as deformation
heating effect. Actually, during isothermal compression,
although the temperature at the surface of the sample
retains constant, local temperature inside the sample
raises at different levels owing to heat energy which can
not be dissipated promptly. When the temperature and
deformation strain are the the effect of
deformation heating on the flow stress is mainly
dependent on the equivalent strain rate. Therefore, it is
crucial to make corrections on the flow stress—strain data
in order to obtain accurate constitutive equations. LIANG
et al [14] reported a method to establish constitutive
relationship considering effect of the deformation heating.
According to their discussion, temperature rising due to
deformation heat is defined to be

same,

AT=To T (D
And the flow stress could be corrected to be
(. AT
oy =—=| 1+——— |0 2
th T;h [ Tm _T;gx J ex ( )

where 61, 0ex, T, Tex and Ty, are the theoretical stress,
experimental stress, theoretical
experimental temperature and melting temperature,
respectively. Flow stress—strain curves during isothermal
compression of Ti—5Al-5Mo— 5V—1Cr—1Fe alloy with
and without temperature correction are shown in Fig. 2.
When the strain rate is lower (as shown in Fig. 2(b)), the

temperature,



1116 Li-li CHANG, et al/Trans. Nonferrous Met. Soc. China 28(2018) 1114-1122

deformation heat effect is small and its influence on the
flow stress is slight. It should be noted that the difference
between flow stress—strain curves with and without
temperature correction can be neglected when the strain
rate is low and the temperature is high enough. For the
sample with the same temperature and strain, the
deformation heat effect on flow stress becomes
significant with increasing the stain rate, as shown in
Fig. 2, which can not be ignored anymore. Further
investigation indicates that the flow stress with
temperature correction is higher than the uncorrected one,
indicating that softening occurs due to temperature rising,
which is the result of deformation heat. As discussed,
making temperature correction with flow stress—strain
curves is necessary to acquire accurate constitutive
equations for titanium alloys. In the present work, the
construction of constitutive equations was based on the
flow strain—stress curves after temperature correction to
ensure their accuracy.
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Fig. 2 Comparison between corrected and measured flow

stress of Ti—5Al-5Mo—5V—1Cr—1Fe alloy: (a) & =10 s';
(b) £=1s"

3.2 Microstructure evolution

Optical microstructures of Ti—5Al1-5Mo—5V—1Cr—
1Fe alloys isothermally compressed in temperature range
of 800—840 °C with strain rate of 10 s™' are shown in

Fig. 3. The volume fraction and average grain size were
analyzed by Image Pro Plus. For isothermally
compressed samples with a strain rate of 10 s~ at 800,
820 and 840 °C, the volume fractions of a phase are 41%,
22% and 17%, respectively. Both equiaxed and elongated
o grains are observed in Figs. 3(a) and (b), which is a
microstructural characteristic of dynamic recovery (DRV)
and dynamic recrystallization (DRX), indicating the
co-existence of DRV and DRX process during isothermal
compression. The long axis of the elongated o grains
aligns along the direction with +45° to the loading
direction, which is the direction along the maximum

| 20um
Fig. 3 Optical microstructures of Ti—5Al-5Mo—5V—1Cr—1Fe
alloy isothermally compressed at different temperatures with
strain rate of 10 s™": (a) 800 °C; (b) 820 °C; (c) 840 °C
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shear stress during compression. During the deformation,
accumulated strain inside different £ grains is
inhomogeneous, resulting in different distortion degrees
of o grains. As circled in Fig. 3(a), ellipicity of a grains
inside neighbored regions is quite different: o grains
inside regions with higher strain are elongated
significantly, while those inside regions with lower strain
rate exhibit a lower axis ratio. At the boundary zone of
regions with elongated o grains, equiaxed a grains are
observed. When the deformation temperature is raised to
820 °C, equiaxed and elongated a phases with finer
grains are observed to distribute uniformly inside the S
matrix. It should be noted that the grain size of a phase is
much finer and axis ratio of a grains is much lower,
which is considered to be the a-to-f transformation
during the heat preservation process before the hot
compression. The transformed volume fraction of a
phase increases with increasing the temperature, leading
to a (a+p) duplex microstructure with a lower volume
fraction and fine grains of o phase. Therefore,
microstructures with equiaxed and elongated o phase
with finer grains and lower axis ratio are observed after
isothermal compression. Meanwhile, strain
inhomogeneity inside different regions is reduced by
raising temperature, leading to a uniform distribution of
o phases. When the deformation temperature increases
further to 840 °C, the distribution of o phases becomes
much more homogeneous and a grains are refined further,
as shown in Fig. 3(c). Besides, a grains with necklace
structures are observed, which is a typical microstructure
characteristic of DRX, indicating that DRX occurs
during the isothermal hot compression at 840 °C with a
strain rate of 10s™".

Optical microstructures of isothermally compressed
Ti—5A1-5Mo-5V-1Cr-1Fe at higher temperatures with
strain rate of 10 s ' are shown in Fig. 4. When the hot
deformation temperature is close to or higher than the S
transus temperature (855 °C), most o phases are
transformed into S phase and the retained o phases are
elongated to be strings along the direction perpendicular
to the compression direction. Typical characteristics of
flow localization and faint S grain boundaries are
observed in Figs. 4(b) and (c), respectively. As discussed
above, the characteristics of isothermal hot compression
in (a+f) and f regions are totally different, and therefore,
the calculation of constitutive equation for (o+f) and f
fields should be conducted separately.

3.3 Constitutive equations

The constitutive equations relating flow stress to
temperature, strain and strain rate were provided by
empirical approach. Empirical modeling of the hot
deformation of titanium alloys can be expressed by the

Fig. 4 Optical microstructures of isothermally compressed
Ti—5Al1-5Mo—5V—-1Cr—1Fe alloy at different temperatures
with strain rate of 10 s~ ': (a) 860 °C; (b) 880 °C; (c) 900 °C

relationship between flow stress (¢) and strain rate (&)
according to the creep power law equation:

Y

&= Aoc" exp(—=
1 p( RT

) 3
where A, is a constant, n; is the stress component, QO is
the activation energy of deformation (kJ/mol), R is the
gas constant (8.31 J-mol "-K™") and T is the deformation
temperature (K).

However, this equation is not valid for deformation
with high stress levels, due to the fluctuation of n; with
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strain rate. Consequently, the following exponential
equation was developed for higher stress:

i =y exp(fo)expl-2) (4)

where 4, and f are constants.

However, this relationship is not valid for high
temperatures and a strain rate below 1 s '. Therefore, a
function that includes both Egs. (3) and (4) was
developed:

0

& = Asinh(ao)” exp(——=
(ao)” exp( RT

) (5)
where 4 and o are materials constant and » is the stress
component.

The effects of temperature and strain rate on the
deformation behavior of materials could be presented by
Zener—Holloman parameter (Z) in the exponent type:

Y

Z = exp(——
p(RT

) (6)
By introducing Eq. (6) into Eq. (5), the
Zener—Holloman parameter is presented by

Z=A[sinh(ao)]" (7)

By introducing Z into Eq. (5), the flow stress can be
expressed by Z:

1/n an V2
o=t (%) {(%) +1} ®)
a

In the present work, the constitutive equation given
in Eq. (5) was used to determine the values for stress
component and activation energy for Ti—5Al-5Mo—
5V—-1Cr—1Fe alloy. Materials constants were derived by
the relationships of In&—Ino and Iné& —o at different
deformation temperatures. The flow stress at different
strain rates are fitted by a group of straight lines. The
slopes of the lines present value of n and S, respectively.
The value of a is determined to be the ratio of f to n.

According to Eq. (5), there is

In ¢ = In 4+ nln[sinh(ao)] —% 9)

Differentiating Eq. (9) gives
Olné

" St "
_ . Oln(sinh(ao))
Quer = Rn 2(1/T) b

By submitting the vales of «, deformation
temperature 7, strain rate and peak flow stress into
Eq. (11), the relationships of Iné&—In[sinh(ao)] and
In[sinh(ac)]-T~" were obtained. The values of 7 and

O can be derived by the slope of the straight lines of
linear regression. The activation energy of deformation
can be derived from the Arrhenius plot within a linear
range based on the assumption that the phase constituent
of the microstructure does not change significantly
during the isothermal compression tests [15]. In the case
of Ti—5SAl-5SMo—5V—1Cr—1Fe alloy, the f transus
temperature was determined to be about 855 °C, and the
activation energy for (a+f) and f regions was calculated
separately. The values of Qy.r for temperature range of
800—840 °C and 860—900 °C are determined to be 288.4
and 247.25 kJ/mol, respectively. The average apparent
activation energy for deformation of Ti—SAl-5SMo—5V—
1Cr—1Fe alloy at (atp) region was determined to be
291 kJ/mol by LIU et al [2], which agrees well with the
results in this work. For the activation energy in
deformation at f region, their results indicated that the
Qger ranged from 214.2 to 150 kJ/mol with an average
value of 180 kJ/mol, which is much lower than the value
of Qqer (247.25 klJ/mol) in this work. The difference in
QOqerin S phase region is considered to be the result of the
temperature correction. The relationship between Z and
flow stress at a strain of 0.8 is shown in Fig. 5 and
parameters from Fig. 5 are summarized in Table 1.
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Fig. 5 Relationship between Z and steady flow stress of

Ti—-5A1-5Mo—5V—1Cr—1Fe alloy at strain of 0.8: (a) 800—

840 °C; (b) 860—900 °C
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Table 1 Parameters in constitutive model from linear fitting of
In Z—In(sinh(ao)) of Ti—-5Al-5SMo—5V—1Cr—1Fe alloy

Temperature/°C o n In 4
800—840 0.01021 3.282 28.23
860—900 0.01341 3.184 22.54

Temperature/°C A Ouer/(kJ-mol ")
800840 1.81842x10" 288.40
860—900 6.31748x10° 247.25

Activation energy values for two-phase (a+f)
region and S region are different, and therefore, the data
are divided into two distinct plots each with a
well-defined linear segment, as shown in Figs. 5(a) and
(b), respectively. High R* values in Figs. 5(a) and (b)
indicate a good approximation of the constitutive model
with the experimental data. From the equations for the
lines in Fig. 5, the constitutive equations for low and
high temperature may be written as

3
xp( 2840107 6164051012
8.3145T
. 3.282
[sinh(0.10210)]"**, 800850 °C
zZ= i (12)
exp(CAL2X10 3748109
8.3145T
[sinh (0.013410) "™, 850-900 °C

In order to determine the accuracy of the
constitutive relationship, an error analysis has been
carried out and the relative errors of measured and
calculated steady flow stress are determined. The mean
relative error 4 has been calculated by the following form:

1 i=N i
A=—

v

Tex 9 1,100% (13)
Oex

where N is the number of experimental data, o is the
measured flow stress and o is calculated value of flow
stress. Results of relative error analysis for temperature
ranges are contained in Fig. 6. It is shown that for the
two temperature ranges, the relative error is lower than
10% except in some individual cases (880 °C, 0.1 s ).
Further investigation indicates that the relative error
alternatively distributes as positive and negative, which
means that the measured flow stress values fluctuate
around the calculated ones. The mean relative errors for
temperature range of 800—840 and 860—900 °C are
determined to be 0.29% and 0.34%, respectively. These
small values of relative errors suggest that the
established constitutive equations for two temperature
ranges are accurate to describe the relationships between
the stress, strain rate and temperature.
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Fig. 6 Relative error of measured and calculated steady flow
stress of Ti—5Al-5Mo—5V—-1Cr—1Fe alloy: (a) Low
temperature; (b) High temperature

3.4 Processing map

According to the dynamic materials model (DMM),
the instantaneous power P absorbed by the work-piece
during hot deformation consists of two parts: dissipater
content G and co-content J, in which the former
represents power dissipated by plastic deformation and
the latter relates to the microstructure evolution. Then,
the P can be presented as follows:

P=aé=G+J:J;crdé+J‘:g'da (14)

According to Eq. (14), the power partitioning
between J and G is given:
o
oG

Olno

T~ Olng

_&o
= s
&0 opé

er =M (15)

where m is the exponent of strain rate sensitivity.
Then, the dissipater co-content ./ can be written as

J=""" & (16)
1+m
The power dissipation efficiency # is defined to be
J 2m
7 J m+1 1n

max
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At a given strain, the variation of # with strain rate
and deformation temperature constitutes the power
dissipation map, characterizing the microstructure
evolution during hot deformation. Considering the
instability during deformation, a continuum criterion
predicting the occurrence of plastic flow instability is
presented by

&= i +m<0 (18)
where ¢ is the instable parameter varying with
deformation temperature and strain rate. The values of ¢
constitute the instable map and the region with <0 being
the plastic flow instability region. A superimposition of
the instable map on the power dissipation map
constitutes the processing map.

The processing maps obtained at stain of 0.2, 0.6
and 0.8 for Ti—-SAI-5Mo—5V—1Cr—1Fe alloy are shown
in Fig. 7. The numbers against each contour line
represent the efficiency of power dissipation, while dot
line represents the boundary of the plastic flow
instability region. As shown in Fig. 7, the efficiency of
power dissipation at the same temperature decreases with
increasing the strain rate. At the same strain rate level,
the variation in the efficiency of power dissipation is not
significant. The domain with the highest dissipation
efficiency of 0.6 appears at the left corner of Fig. 7(a)
with the temperature of 800 °C and strain rate of
0.0005 s '. Efficiency values as high as 55%—60%
indicate superplastic deformation process since the strain
rate sensitivities associated with this efficiency range are
about 0.4-0.5 [16]. Power dissipation iso-efficiency
contours with values lower than 0.39 indicate a transient
behavior where unstable microstructure evolution
occurs [16]. On the other hand, the critical efficiency for
DRX in o-Ti is about 43% [17]. Therefore, the
microstructure evolution in the stable region with power
dissipation efficiency lower than 0.35 is likely to be
caused by DRV, while DRX occurs at the region with %
being in the range of 0.35-0.55, as shown in Fig. 3. For
processing map obtained at strain of 0.2, there are two
domains of instability region and the temperature ranges
are 800-823 °C and 885-900 °C, while the
corresponding strain rate ranges are 0.3—10 s ' and
0.5-10 s ', respectively. The two instability domains are
located in the (o+f) region and f region, respectively,
both being in the higher strain rate region. As the strain
increases, the area of instability region increases while
the efficiency of power dissipation decreases. When the
strain is 0.8, the instability region spreads almost in the
whole temperature range (800—900 °C). The occurrence
of flow instability is generally related to flow

localization, adiabatic shear bands or cracking, as shown
in Fig. 4. Therefore, according to the processing map
analysis, hot working should be conducted with the strain
rate lower than 0.01 s to avoid defects.

In(¢/s™)

800 820 840 860 880 900
Temperature/°C

In(é/s™")

; -

800 820 840 860 880 900
Temperature/°C

In(¢/s™)

-6.9r

(H)
800 820 840 860 880 900
Temperature/°C
Fig. 7 Processing maps of Ti—5Al-5Mo—5V—1Cr—1Fe alloy
isothermally compressed at different strains: (a) ¢=0.2;
(b) €=0.6; (c) e=0.8
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4 Conclusions

1) Softening occurs due to temperature rising as a
result of deformation heat. Based on flow stress—strain
data with temperature correction, the constitutive
equations for (a+f) and S region with high accuracy are
as follows:

exp(288.40><103 )=

8.3145T
1.81842x10'* [sinh(0.10210)
800—-850 °C for (a + B) region
Xp(247.25><1o3 )=

8.3145T
6.13748x10° [sinh (0.013415) "™,

850—-900 °C for f region

]3.282 ,

2) Strain inhomogeneity inside different regions is
reduced by raising temperature, leading to uniform
distribution of a phases. For the temperature range of
800—840 °C (a+p field), the transformed volume fraction
of a phase increases and the average grain size of o
decreases slightly with increasing the temperature,
leading to a (atp) duplex microstructure with a low
volume fraction and fine grains of a phase, which is the
result of co-existence of DRV and DRX. When the
deformation temperature range is 860—900 °C (f field),
flow localization and faint f grain boundaries are
observed.

3) The processing maps at different strains indicate
that the efficiency of power dissipation at the same
temperature decreases with increasing the strain rate. At
the same strain rate level, the variation in the efficiency
of power dissipation is slight. The domain with the
highest dissipation efficiency of 0.6 appears at 800 °C
with a strain rate of 0.0005 s, indicating superplastic
deformation process. The area of instability region
increases with increasing strain and the instability region
at strain of 0.8 spreads almost to the whole temperature
range (800—900 °C). The processing map analysis shows
that hot working of Ti—5Al-5Mo—5V—1Cr—1Fe alloy
should be conducted with the strain rate lower than
0.01 s to avoid deformation defects.
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Ti-5A1-5Mo—5V-1Cr-1Fe
Fim A EARITA R AW FEREIL

FWW, A%
Wk MRRLSES TR0, WE 250061

o E. W SR AR R S A B AT T B S (o p) ERRLI LR R Ti-5A1-5Mo—-V—1Cr—1Fe &4
HIR R A PERE . SE TR R HE R BN - R AR E I, BT T RO AR BRI T . TR SRR, R4
B SRS AR AN 38 5 M B A T E (O T R T kD (645 o AR AT 3850 o %o il P Y I AE 800~840 °C AR N 105!
HIRAE TN, o AR 2 SO IR FE s M3, 1 o AR AT 38 kR T BE IR T R i 2 180N, BB AR
RSN R FER R, RN 860~900 °Cy MASHE RN 10 s~ FIATLAIE T, 1RE o0 82 248 & 0
RIS g M. TR, Ti-5A1-5Mo—5V-1Cr—1Fe & 4N T3&E T4E M A E LT 0.01 s
TRHT, DRSS T
KiEiF: Ti—5A1-5Mo—5V-1Cr-1Fe &4 SRIES; AR, #nTH
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