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Hot Deformation Behavior of Fe-microalloyed Ti-6Al-4V
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Abstract: Hot deformation behaviors of Ti-6A1-4V-0.35Fe were studied, which is significant to improve plastic deformation
ability of titanium alloys. In experiment, we used a Gleeble 3800 thermo-mechanical simulator to obtain the relationship
between thermomechanical parameters and flow stress in a range of temperatures (800~950 °C) and strain rates (0.001~10 s™).
The single-peak profiles of the flow curves indicate that dynamic recrystallization (DRX) mechanism dominates the
deformation. TEM analysis indicates that the grain size in DRX changes under different deformation temperatures, and finer
grains are formed at relatively lower temperature due to the dynamic globularization. The dislocation walls are formed in
subgrain boundaries due to dislocation slipping-climbing. The Avrami-type DRX model and the strain compensated
multivariable regression model were applied to fit the experimental stress-strain data during hot deformation. A comparative
study between these two types of constitutive models was conducted to represent the flow behavior. It is found that both
models have good accuracy in predicting the flow stress of Ti-6A1-4V-0.35Fe alloy. A processing map based on dynamic
material model (DMM) at the strain of 0.8 (steady-state flow stage) was established to identify the flow instability regions and
stability regions. The strain rate range of stability region is 0.001~0.6 s which has been expanded compared to the range of
0.0003~0.1 s™" of Ti-6Al-4V. Optimal hot working parameters are confirmed to be 920~950 °C and 0.001~0.005 s, and nearly
complete DRX has taken place. Our results indicate that hot working property of Fe-microalloyed Ti-6Al-4V is better than that

of Ti-6Al-4V alloy in 800~950 °C temperature scale, and processing cost is decreased.
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Due to its light weight, high strength and fracture tough-
ness, Ti-6A1-4V(TC4) titanium alloys have been critical
materials for aerospace and ocean engineering equipment.
However, high deformation resistance and the high cost of
hot processing of Ti-6Al1-4V severely restrict their wide ap-
plications. The key to improve the hot working technology
of titanium alloys is to reduce the flow stress of hot proc-
essing, which could reduce deformation resistance under
the constant processing condition. Therefore, energy dissi-
pation and hot working cost would be reduced. On the other
hand, our previous work have shown that comprehensive
mechanical properties of titanium alloys can be improved
by the micro-addition of Fe!!. Therefore, it is important to
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investigate flow behavior of Fe-microalloyed Ti-6Al-4V.
The flow behavior of titanium alloy is always very compli-
cated due to the fact that its hot deformation process is sen-
sitive to many parameters such as strain capacity, strain rate

Bl 1t is essential to obtain

and deformation temperature
stress-strain curves during hot deformation and eventually
to find out the optimum working condition for guiding the
practical manufacturing process. ™.

Generally speaking, the models which have been estab-
lished to predict the flow stress under different deformation
conditions can be classified into three categories, including
physical-based constitutive model (PBC model), phenome-

nological constitutive model (PLC model) and artificial
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neural network (ANN)\ As an effective computational
approach to solve the non-linear problems, ANN can de-
scribe the flow behaviors of titanium alloy™®. As a model
based on empirical mathematical equations, PLC model has
less material constants to be determined than PBC

model!'*!!

. Dynamic recrystallization (DRX) takes place
during hot deformation and plays an important role in work
hardening and flow softening. As a significant softening
mechanism, DRX can refine the original grains effectively
and achieve good high-temperature mechanical proper-
ties!'>"*!. Currently, the Avrami equation has been success-
fully used to describe the DRX behavior'*"*!. Cai'"®! pre-
dicted DRX volume fraction of AZ41M magnesium alloy
through Avrami-type DRX kinetic model which has good

U7 investi-

correlation with the experimental results. Zhang
gated the hot deformation behaviors of medium carbon
Cr-Ni-Mo alloyed steel and adopted the kinetics models of
Avrami relationship to predict the flow stress in DRX pe-
riod successfully. However, due to the complexity of hot
deformation behaviors and microstructural evolution of
two-phase titanium alloy, limited researches considering
DRX have been attempted to describe the flow behavior'''l.
Consequently, it is essential to model the flow stress of
Ti-6A1-4V-0.35Fe alloy in terms of the Avrami-type DRX
model. The Arrhenius equation, the most widely used con-
stitutive model, has been applied to represent the relation-
ship between strain rate, deformation temperature and flow
stress in titanium alloys'®. In order to predict the flow
curves, the method of compensation of strain is constantly
proposed to obtain an accurate modified Arrhenius-type
equation™"”. However, the calculation of activation energy
in Arrhenius-type constitutive model makes it so tedious to
redefine relevant parameters when the experimental data is
changed. Consequently, some simple and effective PLC
models would be better for predicting flow stress'”>".
Moreover, the processing map based on dynamic material
model (DMM) is an effective tool to predict the applicable
hot working conditions and lessen the thermal processing
defects. It is associated with the DRX, globularization of la-
mella and superplastic deformation in stable domains, or the
flow localization, adiabatic shear bands and microscopic

(21211 ju! had proposed the

cracks in instable domains
means of finite element simulation and 3-D processing maps
to analyze the workability of Mg-3Al-1Zn. Zhang**!

gated the appropriate hot working domain of lamellar

investi-

Ti-43Al-2Si alloy by processing map and microstructural
observation. Meanwhile, optimal thermo-mechanical pa-
rameters can be acquired from the respective processing map.

In the present study, the flow behavior analysis and the
microstructural evolution of Fe-microalloyed Ti-6A1-4V
were carried out to understand the characterization of hot
deformation behaviors. A physically based Avrami-type
DRX model and a phenomenological multivariable regres-

sion model have been proposed to investigate the hot com-
pressive deformation behaviors. A comparative study on
these two types of models is to be made to predict the flow
stress under a wide range of deformation conditions. Fur-
thermore, the optimal hot working process is to be found
out by integration of the processing map and microstructure
observations.

1 Experiment

Differential thermal analyses (DSC: NETZSCH, STA449)
and metallographic microstructure analyses were used to
measure £ transus temperature. Cylindrical specimens for hot
compression tests are 8.0 mm in diameter and 12.0 mm in
height. The isothermal compression experiments were carried
out on a Gleeble 3800 thermal-mechanical simulator at defor-
mation temperatures of 800, 850, 900 and 950 °C , and with
strain rates of 0.001, 0.01, 0.1, 1 and 10 s™. All specimens
prior to deformation were heated up to the corresponding de-
formation temperature at a heating rate of 10 °C/s and held for
5 min in order to eliminate the effect of local temperature dif-
ference. When the deformed specimens were pressed to height
reduction of 60%, the specimens were immediately quenched
in water to retain the deformed microstructure.

Compressed samples were sectioned parallel to the com-
pressing axis, and prepared through mechanical polishing
and chemical etching in the Kroll’s reagent. Microstructure
observations were conducted by an optical microscopy (OM:
ZEISS, A1M), a scanning electron microscopy (SEM) and a
transmission electron microscopy (TEM, JEM2100F). The
foils for TEM were prepared by a twin-jet electrolysing
polisher using 30 mL perchloric acid+ 170 mL butanol+
300 mL methanol as the electrolyte.

Chemical composition of Ti-6A1-4V-0.35Fe titanium al-
loy employed in this investigation was 6.39 Al, 4.16 V,
0.33 Fe, 0.13 O, 0.014 C, 0.016 N, and balanced Ti, and all
numbers given are weight percentage (wt%). As shown in
Fig.1, widmanstatten and basket-weave microstructure co-
existed in the initial state, in which lamellate a colonies
with 1.5~3 um lined up in the original coarse prior f grains.
The volume fraction of S phase is about 10% and the S
transus temperature is 973 °C.

Fig.1 Initial microstructure of the Ti-6A1-4V-0.35Fe alloy before

hot deformation
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2 Results and Discussion

2.1 Flow behavior

Fig.2a shows the flow curves of tested titanium alloy. In
the initial stage of hot deformation, work hardening causes
the increase of flow stress to peak stress. With the increase
of strain, the enhanced flow softening reduces flow stress
gradually. Finally, because of the balance between work
hardening and flow softening, the stress-strain curves of all
tested alloys achieve a steady state. Compared with the
values of peak stress and steady stress under different de-
formation conditions in Fig.2b, it is apparent that flow
stress is sensitive to the deformation temperature and strain
rate. At a constant strain rate, the flow stress decreases with
the increase of temperature. This might be ascribed to the
promotion of nucleation of DRX and improvement of grain
boundary migration rate at higher temperature. Under a
certain deformation temperature, the reduction of flow
stress also appears with a lower strain rate which provides
enough time for DRX grain to grow up'>!. This phenome-
non can also be confirmed through TEM analysis in Fig.3
which shows the alloy deformed at 800 °C and a strain rate
of 107 s'. Fig.3a shows that some bending subgrain
boundaries occur in deformation microstructure and the
dislocation walls are formed in subgrain boundaries due to
dislocation slipping-climbing. When the strain rate is low
enough, the dynamic recrystallized nuclei are formed which
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Fig.2 Typical true stress-strain curves at deformation temperature of
800 °C (a); peak stress and steady stress as functions of strain

rate for different deformation temperatures (b)
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Fig.3 TEM images of specimens deformed at 800 ‘C and a strain rate of 10~°s™": (a) DRX, (b) DRX nuclei, (c) dislocation tangles, and

(d) high angle grain boundaries in deformed microstructure

are shown in Fig.3b. Moreover, subgrain boundaries can
absorb dislocation and lead low angle grain boundaries
transform into high angle grain boundaries, as shown in
Fig.3d”**”). For the deformation of titanium alloy in the
o+f dual phase region, the flow softening of lamellar mi-
crostructure usually presents DRX or dynamic globulariza-
tion!**],

Fig.4a and Fig.4b indicate the occurrence of DRX in de-
formed samples under different deformation conditions, in
which the prior § grain boundaries almost disappear and a
large number of recrystallized grains are formed. As an effec-
tive method to refine the coarse f grains, DRX also can be re-

garded as a competitive process between nucleation and
growth of recrystallized grains”. In the initial process of DRX,
the original § grain boundaries become serrated and corrugated.
Simultaneously, some fine DRX grains are formed along the
grain boundaries due to the strong driving forces for recrystal-
lization. During the nucleation of DRX, high density disloca-
tion would occur and develop in the nearby coarse boundaries.
Subsequently, with the continuation of deformation, the con-
version of dislocation cell walls leads to the formation of sub-
grain structure. Eventually, the dislocation completes the re-
covery and rearrangement, and subgrain boundaries gradually
evolve into grain boundaries™. The growth of DRX grains
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Fig.4 Microstructures of the specimens deformed under different conditions: (a) 950 °C and 0.001 s, (b) 950 °C and 0.01 s, and

(¢) 900 °C and 0.01 s™

depends on the migration of grain boundaries. The higher de-
formation temperature provides the driving forces for DRX,
which promotes the DRX process. On the other hand, despite
the lower strain rate decreases the nucleation rate of DRX
grains, it supplies sufficient time for DRX grains to grow up.
That is the reason that the size of DRX grains in Fig.4a is
greater than that of the DRX grains in Fig.4b.

By comparing the microstructural distinction in Fig.4b
and Fig.4c, it is obvious that the microstructure is inclined
to present the phenomenon of dynamic globularization
when the deformation temperature declines at a given strain
rate. The globularization of lamellar structures at elevated
temperatures, which caused by the shearing of the lamellae,
was also considered to be a type of DRXP"!,

The TEM microstructures of the studied alloy that deforms
at the condition of 950 °C /107 s™" are depicted in Fig.5. It is
generally known to us that the slip systems in f phase is
more than that in o phase in the titanium alloys, which means
p phase will undergo deformation more easily. As can be
seen in Fig.5a, dislocation pile-up occurs in the S phase. At
the beginning stage of globularization, the imposed shear
strain promotes the colonies with favorable orientations to
participate in the shearing process, while the other neighbor
colonies would rotate to appropriate orientations for further
shear. Then the deformation induces the generation of dislo-
cations along the line of shear. Afterwards, on intersecting
slip planes, the dislocations with opposite sign would anni-

-
s#Dislocatighipile-up

Dislocation pile-{lp

2 pm

hilate as a result of the recovery caused by cross-slip. At a
higher shear strain, the original § grain boundaries become
serrated (Fig.5b and Fig.5¢). Meanwhile, the same sign dis-
locations would nucleate an interface along the line of shear.
Moreover, the leaving behind dislocations with the same sign
transform to substructure due to strong driving forces for re-
crystallization (Fig.5d). Finally, in consideration of mini-
mizing the surface energy, the interface migration which re-
sults from diffusion effect facilitates lamellar structure to

BU Based on above-mentioned

achieve globularization
analysis of microstructure, it can be concluded that the main
hot deformation mechanism about flow softening in Fig.2 is
DRX.
2.2 Avrami-type DRX model

The microstructure evolution of DRX primarily depends on
the dislocation motion and dislocation density. When energy
accumulation caused by dislocation interaction reaches to the
critical value, the deformed grains begin to decompose. Mean-
while the nucleation and growth of fine DRX grains with less
defects take place at fragmentized grain boundaries as well as
other regions. The Avrami-type DRX model has been proved to
be effective to represent the kinetics of DRX behavior. The
volume fraction of DRX could be expressed as follows!'”*:

N
Xprx =1 - exp k{ggcJ (1)

&y

2 pm 2 pm

Fig.5 TEM images of specimens deformed under the condition of 950 °C/107s™": (a) dislocation pile-up, (b) serrated boundaries and dis-

location pile-up, (c) serrated boundaries, and (d) DRX
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Where k£ and N are material constants, &, is the critical strain
for the appearance of DRX. ¢, represents the peak strain
corresponding to the peak stress.

On the other hand, the fractional softening attributed to
DRX can be defined by the following equation considering

net softening effect™!:
o, 0

Xppy = —8— 2)
O-sat B O-ss

Where o, is the saturated stress, which means the maximum
stress value brought by work hardening and regardless of the
effect of DRX softening. The steady-state stress, o, is con-
sidered as the macroscopic completion of DRX.

By combining Eqgs.(1) with (2), the flow stress o, under
different degrees of DRX can be derived:

e-z) 3)
gp

The application condition of Egs.(1)~(3) is that the value
of strain &, should be no less than the critical strain e

o= O-sat - (Gsat

—o,)q1-exp —k[

(namely e=¢,).
2.2.1 Confirmation of DRX volume fraction

The curve relation between work hardening rate (6=do/de)
and flow stress is generally employed to determine the
value of £,**!. In this study, the stress value at the true strain
of 0.8 had been adopted as oy like the same methods in
Ref.[11, 34].

Taking logarithm of both sides of Eq.(1) gives:

ln[—ln(l—XDRX)]:lnk+N1n[8_8°] 4)

%

The value of k£ and N can be obtained from the intercept
and slope of the linear relationship between In[-In(1-Xprx)]
and In[(e~¢;)/e;] (Fig.6). The values of k£ and N are calcu-
lated to be 0.1226 and 1.1082, respectively by means of
taking average. Therefore, the DRX kinetic equation can be
expressed as following:

1.1082 (5)
Xy =1 exp|:—0.1226[g L ] 1

&

2.2.2 Zener-Hollomon parameter

The effect of deformation temperature and strain rate on
hot deformation behaviors of metallic materials could be
represented by a widely used Zener-Hollomon parameter.
The hot deformation behaviors can be treated as a thermally
activated process like high-temperature creep. The Z pa-
rameter can be expressed with the flow stress in the follow-

ing three ways?*>*%:
A exp(po) (6)
Z= éexp(g =3 A,0o"
RT - .,
A;[ sinh (ac) ]
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Fig.6 Linear relationships between In[~In(1-Xprx)] and In[(e—¢.)/ep] at
different deformation temperatures: (a) 800 °C and
(b) 950 °C

Where ¢ is the strain rate (s™), Q is the deformation acti-
vation energy (kJ/mol), R is the gas constant (8.314 J/mol-K),
T is the absolute temperature (K), and A4, 4,, 43, B, ny, n, o
(= p/n;) are material constants. As the flow stress o is de-
pendent on the strain in Eq.(6), therefore the saturation stress
or peak stress is usually applied to Eq.(6). However, satura-
tion stress is difficult to determine precisely, and large strain
at high strain rate would possibly bring about the falling of
saturation stress”’\. Consequently, peak stress o, would be a
better choose to regress the equations.

According to the power, exponential, and hyperbolic
sine functions of Eq.(6), the average values of f and n,
can be obtained from the slopes of curves of o,-In¢ and
Ing,-In ¢ , respectively. Subsequently, in accordance with
o=f/n;, the n value can also be determined by the linear
relationship of In[sinh(ac)] and Ing . These plots are
shown in Fig.7 and the value of a is calculated to be
0.007264. Simultaneously, the related mathematical ex-
pressions are as below:

cr=i1ng+l(g—lnAl)
g B\RT

lna=ilng+L(g—lnAz)
RT

n n

)

ln[sinh (aa)] = ln—$+ I%)T - M
n n n

Similarly, at a given strain rate, the value of O can be ob-
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tained by averaging the values of O under different strain
rates as shown in Fig.8. The relevant equations are presented
as following:

aoc
Rﬁ[a(lOOO/T)l

_ alno
0= Rn'{a(lOOO/T)L

r{a In [sinh(aa)]}

®)

a(1000/T)

By comparing the activation energy O and the adjusted R
error values, the values of Q under three different laws are
close to each other and the hyperbolic sine law has the high-
est precision, relatively. Therefore, the O value is decided to
be 714.35 kJ/mol, which approaches to the value reported by
Peng'"”’. The mean value of InA; can be derived to be 72.25
from the intercept of liner fitting of In[sinh(ao)]-In & . Even-
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Fig.8 Linear fitting of o(a), Ino (b), In[sinh(ao)] (c) versus 1000/T

tually, the Z parameter is obtained:
7 éexp(714350
R

j =2.3866x10"" x [sinh(0.007264ap )T‘S‘” 9)

Moreover, according to the power law equation in Eq.(5), the
peak stress o, can be expressed as:

o,=AZ" (10)

Jonas®™ had verified that the values of 6., and o, have a
reasonably good linear fitting relationship with o, , so oy, and
o, have the identical expression with the Z parameter. Actu-
ally, the analogous relation between ¢ and Z likewise had
been confirmed®®. Fig.9 shows the variation of correlation
parameters in Eq.(3) with Z parameter. Then the following
equations can be received in accordance with the slop and the
intercept on each line:

o, =0.008438 2"

o, =0.003886 2" (11)
&, = 0.0004860 7"
&, =0.0007878 Z**"
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2.2.3  Verification of the Avrami-type DRX model

Now that the correlation parameters in Eq.(3) have been
determined, hence the values of flow stress can be predicted
by Eq.(3). Fig.10 presents the comparison between the ex-
perimental and calculated flow stress values. It can be seen
that the predicted values are in correspondence with the ex-
perimental values except for a remarkable deviation under
the condition of 800 °C/10 s"'. This may be caused by the
circumstance that adiabatic temperature shows a dramatic
increase or the rheological instability phenomenon leads to
the inapplicability of model under the lower temperature and
the larger strain rate.

In order to quantify the predictability of the Avrami-type
DRX model, several standard statistical parameters such as
correlation coefficient (R) and average absolute relative error
(AARE) have been applied. They are shown in Fig.11 and
expressed as follows:

ro_ 2m(E-E)(R-P) (12)
VEL(E-E) X (n-P)

N —
AARE :%Z E-F

i=1

«100/% 13)

Where E; is the experimental value of flow stress and P; is
the calculated value obtained from the model, £ and P
represent the mean values of all £ and P, respectively. N is
the total number of data employed in this study. The values
of R and AARE are computed to be 0.995 and 5.15%, re-
spectively, which reflect the good predictability of the
Avrami-type DRX model.

6.4
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Fig.9 Relationship between Ino and InZ (a); In¢ and InZ (b)

2.3 Multivariable regression model

It is widely known that the flow stress (o) is significantly in-
fluenced by strain rate (& ), deformation temperature (7) and
strain (). Fig.7b and Fig.8b show that the plots of Ino-In¢ at a
given deformation temperature and Ino-1000/7 under constant
strain rate all have a good linear correlation. In Fig.7a and Fig.8a,
linear relation of each line also presents fine but the slope of
every line exhibits large disparity, which leads to the inapplica-
bility of this multivariable regression model. Therefore, the ex-
pression about flow stress affected by strain rate and deforma-
tion temperature can be established as follows"”":

lnalené+N[$j+P (14)

Where the values of M, N and P are constants at a fixed
strain.
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Fig.10 Comparison between the experimental and predicted flow
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conditions by standard statistical parameters
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2.3.1 Compensation of strain and the validation of model

Certainly, the effect of strain can be introduced by obtain-
ing the development rule of parameters (M, N and P) at dif-
ferent strains. Fig.12 demonstrate the variation of M, N, P
with taking into account the change of strain. Then the rela-
tionships of relevant parameters and strain can be fitted by a
polynomial equation (the order is from 1 to 9). Among these
equations, a 8th order of polynomial has been confirmed to
be better due to its good correlation.

Once the correlation parameters as a function of the strain
are assessed, this multivariable regression model can be used
to describe the flow behavior in the temperature range of
800~950 °C and strain rate range of 0.001~10 s™. The flow
stress at different deformation conditions can be calculated

by Eq.(14), which is observed from Fig.13.

Fig.14 shows the correlation between the experimental
and predicted flow stress data from the strain-compensated
multivariable regression model, and the values of R and
AARE are 0.995 and 4.51%, respectively. Compared to the
phenomenological model represented by Arrhenius-type
constitutive model, this new empirical constitutive model
contains fewer variables. Compared with the Avrami-type
DRX model in section 2.2, it is found that both kinds of
models all possess reasonable predictability for the flow
stress. Meanwhile, it is noticed that an obvious deviation
also appears under the condition of 800 °C/10 s™. The ac-
tual microstructure evolution during hot deformation needs
further analysis.
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Fig.12 Polynomial fit of variation of M (a), N (b), and P (c) with true strain
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Fig.13 Comparison between the experimental and predicted flow
stress by the multivariable regression model at deformation
temperatures of 800 °C (a) and 950 °C (b)

2.4 Processing map of Ti-6A1-4V-0.35Fe alloy

In order to analyze the microstructural evolution and to
optimize processing parameters during hot working, the
processing map based on dynamic material model (DMM)
is applied to model the constitutive flow behavior. In the
model of DMM, the workpiece subjected to thermal defor-
mation is considered as a non-linear dissipater of power.
The absorbed energy for power dissipation can be divided
into two aspects: a temperature rise generated by plastic
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B
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Fig.14 Correlation between the experimental and predicted flow
stress by the multivariable regression model for all defor-

mation conditions by standard statistical parameters
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deformation and dissipation through microstructural change.

The proportion of dissipater power content through micro-
structural evolution could be described by a dimensionless

parameter (), which could be expressed as""":

2m (15)
m+1

n=

Where m (0lno/0ln & ) means sensitivity parameter of strain
rate and the value of m is between 0 and 1. For an ideal
linear dissipater, m reaches to the maximum.

The variation of # with temperature and strain rate estab-
lishes a power dissipation map, in which the different re-
gions may be directly correlated with specific microstruc-
tural mechanisms. In general, the domains with higher
power dissipation (#) values are beneficial to hot working.
However, based on the extremum principles of irreversible
thermodynamic during large plastic flow, the regime of
flow instability in processing map should be determined,
and the corresponding flow instability criterion is derived
as'*l:
~ aln[m /(m+ 1)]

alné

£(£) +m<0 (16)
Where &( & ) is a dimensionless instability parameter. The
dependence of this dimensionless parameter on deformation
temperature and strain rate constitutes an instability map.

According to the steady-state flow stress values at strain
of 0.8, the processing map of this Ti-6Al1-4V-0.35Fe
titanium alloy in the deformation temperature range from
800 to 950 °C and strain rate range from 0.001 to 10 s™' is
demonstrated in Fig.15. It can be found that the processing
map is composed of stability domain and instability domain
(the shadow region), in which the contour values indicate
the efficiency of power dissipation (7). The stability domain
with maximum value of # occurs in the temperature range
of 920~950 °C and strain rate range of 0.001~0.005 s
These regions with high dissipation efficiency exhibit the
better hot workability. The different areas in safe regions
present the varying degrees of DRX, which has been con-
firmed in Fig.4.

The instability domain of Ti-6A1-4V-0.35F¢ alloy is in
the temperature range of 800~890 °C and 910~950 °C,
which correspond to the strain rate range of 0.6~10 s™' and
3~10 s respectively. Compared to that of Ti-6Al-4V-
0.18Fe alloy, the instability domain shrinks, which means
the extension of stability domain'®!. In addition, the maxi-
mum strain rate in stability domain is extended from 0.1 to
0.6 s compared to that of Ti-6A1-4V*"). And the tempera-
ture range of steady state processing is increased by 50 °C,
compared to that of TC4-DT!*!.

Moreover, it is worth noting that the instability domains
occur in the region of strain rate above 1 s, especially in
the region with low deformation temperature. Fig.16 shows
microstructure of the deformed sample at 800 °C/10 s, Tt

reveals the occurrence of bands of flow localization, which

2%
-2.0 0 ’
-2.5 0
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Fig.15 Processing map of tested Ti-6A1-4V-0.35F¢ alloy at strain
0f 0.8

Flow lecalization

20&1:11

Fig.16 Flow localization of deformed sample observed at 800
°C/10 s™' (white arrow stands for the direction of com-

pression)

is nearly perpendicular to the compressive axis (the white
arrow). This phenomenon is related to the increased adia-
batic temperature, which is generated during the deforma-
tion. Due to the insufficient deforming time at high strain
rate and the low thermal conductivity of titanium alloy ma-
terial, the overmuch adiabatic deformation heat induces the
formation of flow localization along the flow direction of
the metal™. That is the reason why the evident deviation
between experimental values and predicted values would
appear in Fig.10a and Fig.13a.

Furthermore, in contrast to the Ti-6Al-4V alloy (con-
taining 0.052 wt% Fe) in Ref.[45], it has been concluded
that the flow stress of Ti-6A1-4V-0.35F¢ alloy is lower dis-
tinctly under the same hot deformation condition. It means
that deformation resistance of Ti-6Al-4V-0.35Fe alloy
could be reduced in comparison of that of Ti-6Al-4V alloy
under the same hot deformation condition. Therefore, a
small addition of Fe element could improve the hot worka-
bility of Ti-6Al-4V effectively.

3 Conclusions

1) The typical flow curves of Ti-6Al-4V-0.35Fe alloy
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express the characteristics of DRX, in which peak stress
appears at low strain then followed by a gradual decline to a
steady-state flow platform. Overall, the value of flow stress
decreases with the increase of deformation temperature and
the decrease of strain rate.

2) The Avrami-type DRX model and strain compensated
multivariable regression model are used to predict the flow
stress during hot compression deformation. Both models
possess good prediction precision of flow behavior resulted
in high R values and low AARE values.

3) According to the processing map established at strain
of 0.8, the optimum hot working parameters for Ti-6Al-4V-
0.35Fe alloy are obtained in the temperature range of
920~950 °C and strain rate range of 0.001~0.005 s”. The
stability domain is extended with the increase of Fe content.
The microstructure evolution indicates that the DRX occurs
under these optimal processing conditions, while dynamic
globularization occurs in the other stability domains.
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ETLWEIHER Fe & &1 Ti-6A1-4V AT AT AR

.

X F%, RIRSZ, FRHafe, EHE, RIRE, WO, BB
(g T K%, L5 Bat 210009)

M ZE: W Ti-6Al-4V-0.35Fe A4 MHE AT WIAT T REAIFIF . R Gleeble 3800 #y/ Iy RN AT T T I TS 4015 i A& M,
HZ IR, R 5 R AR A 43 3 R 800~950 °C 15 0.001~10 s HLAS 1125 i) BRI /) AT R W, B2 T 45 d ML 7R AR T
WP AL, TEM 20T R, B0 4 & fonn R BE AR T L 0 SR e 2, HARBARIELE N B T ah S BRE T R
INITERRL . TS I R SRS, R R PIR R T A A M BE . G2 Avrami A FEGY AT 5 R ) A2 22 AR s [R])H BER ) HhAR T
IEFE AR ) ARSI MR AT T B IE . 8 T R R AR AT R, XX 2 B A M MR AT T LU Y. SEIR R, 3K 2 PR
BT Ti-6A1-4V-0.35Fe & &M A8 W 1) # B H RAFHERPE. b T AW T oA TS KA T X, @3 T —A SN
N 0.8, TSR BN T . 5 Ti-6Al-4V 4k & &AL, FRZS I TR 48 18 %95 ] 1 0.0003~0.1 s 7K # 0.001~0.6 57
BARIHIN T 2400 920~950 'C5 0.001~0.6 s, fEMFE P LT e KA T AT &4 . 45REW, 1 800~950 CHI%&ME T,
Fe & & ALK Ti-6A1-4V BN THEREIR T Ti-6A1-4V &4, HIN T AR Ti-6Al1-4V K.
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