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Effect of Hot-rolling Temperature on Microstructure and
Dynamic Mechanical Properties of Ti-6Al-4V Alloy
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Abstract: The equiaxed Ti-6Al1-4V alloys were rolled with an overall reduction ratio of 0.78 at 840, 870, 900 and 930°C. The
microstructure, texture and anisotropy of dynamic mechanical properties of the rolled alloy were investigated. Results show that the
recrystallization and phase transformation do not occur until the rolling is performed at a temperature higher than 900°C, and then
the microstructure of the rolled alloy turns into bimodal, while the amount of lamellar as+f structure and recrystallized a grains
shows an increasing tendency with the increased rolling temperature. Moreover, it is interesting to find that although the texture
varies with the rolling temperature, the <0001> direction of a phase keeps parallel to the normal direction (ND) during the
hot-rolling process at various temperatures. Based on the analyses of dynamic mechanical properties, Ti-6Al-4V alloy exhibits
anisotropy of dynamic mechanical properties after hot-rolling at different temperatures. However, resulting from the
rolling-temperature-depended texture and distribution of dislocation, the anisotropic tendency of dynamic mechanical properties
varies with the rolling temperature. Moreover, with the increased rolling temperature, the dynamic flow stress loaded along ND
decreases, while the adiabatic shearing failure strain slightly increases. The dynamic flow stress loaded along RD remains constant,
while the adiabatic shearing failure strain exhibits an obviously decreasing tendency with the increased rolling temperature. The
dynamic mechanical properties loaded along Transverse Direction (TD) remain constant when the rolling temperature is in the range

of 840°C to 900°C, while the dynamic flow stress loaded along TD increases evidently when the rolling temperature reaches 930

°C, but the adiabatic shearing failure strain decreases greatly.

Key words: titanium alloy; hot-rolling; dynamic mechanical properties; anisotropy

Ti-6A1-4V alloy, owing to its excellent combination of
high strength, low density and good corrosion properties, is
known as the most important structural used alpha/beta

titanium alloy ',

Due to its high specific strength,
Ti-6Al1-4V alloy also has good application prospect in
high-speed-impact protection field.

Since most of the industrial application of Ti-6Al-4V alloy
rely on plate via hot-rolling, the microstructure and texture
evolution of Ti-6Al1-4V alloy during hot-rolling has been well

documented ¥

. However, due to the complex influence
factors such as rolling temperature, reduction ratio, cooling
rate and initial microstructures, it is a huge workload to

reveal the whole changes in texture, microstructure and the
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mechanical properties of the hot-rolling Ti-6Al1-4V alloy.
1." particularly investigated the effects of preheat
temperature and inter-pass reheating on texture evolution

Salem et a

during unidirectional hot-rolling of Ti-6Al-4V with an
equiaxed microstructure. Results revealed that, with the
decreased rolling temperature, the intensity of basal poles
decreased on the rolling direction, while that increased on the
1.®linvestigated
the microstructure evolution and texture of two kinds of
Ti-6Al-4V alloys with different transformed f initial
microstructures, and the effect of reduction ratio, and rolling

normal and transverse direction. Ari-Gur et a

temperature on macrotexture and microtexture was revealed
particularly, but the microstructure evolution was not
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described in detail. Soon afterwards, to fully distinguish the
globular primary o microtexture and the secondary a

1.8

microtexture, Dye et al. "™ made an in situ observation of the

texture and microstructure evolution of f-annealed
Ti-6Al-4V during rolling and globularization. In their
research, in situ synchrotron X-ray diffraction was employed
to examine how the texture develops during dynamic
showed that

globularization, the texture strength was increased at highly

recrystallization, and results during
strained areas. In conclusion, the investigations on the texture
of Ti-6Al-4V alloy during the rolling process are relatively
detailed, but the evolution of microstructure is not well
documented. So far, how the rolling temperature influences
the microstructure including the phase proportion, phase
morphology, phase dimension, grain distribution tendency
and dislocation structures is not clear. Moreover, since the
industrial rolling process is partially conducted to ingot or
forged Ti-6Al1-4V alloy with a lamellar or martensitic
structure, studies about the microstructure and texture
evolution of the Ti-6Al1-4V alloy with an equiaxed or
bimodal structure are relatively less.

Apart from the texture and microstructure, the
mechanical properties and anisotropy of the rolled
Ti-6A1-4V alloy also draw attention. Amateau, Dull and
Raymond ' investigated the effect of rolling process on
plastic anisotropy of Ti-6Al1-4V alloy. In their study, the
anisotropy of quasi-static tensile mechanical properties was
described in detail. Similarly, the yield strength under
quasi-static condition of hot-rolled Ti-6Al-4V alloy along
the rolling direction was reported to be a little lower than
that along TD """ Song et al. investigated the effect of hot
rolling condition on the anisotropy of quasi-static
mechanical properties in Ti-6Al1-4V alloy""!. Results show
that, the anisotropy of quasi-static mechanical properties
was greatly influenced by the rolling temperature and cross
rolling ratio. However, among these studies, there is little
work focusing on dynamic mechanical properties of the
hot-rolling Ti-6Al1-4V alloy. It is well known that under
dynamic loading condition, the failure mechanism of
Ti-6Al1-4V alloy is adiabatic shear failure as a result of
relatively higher adiabatic shear sensitivity. Due to different
failure mechanisms between dynamic and quasi-static
conditions, the properties and

anisotropy of mechanical properties may have great

dynamic mechanical
differences with that under quasi-static condition. Thus, it is
necessary to investigate the dynamic mechanical properties
and their anisotropy of the rolled Ti-6Al-4V alloy.
Furthermore, the study on dynamic mechanical properties
has merit for the application of rolled material in the fields
of protection.

In the present work, Ti-6Al-4V alloy with an equiaxed
structure was rolled with the same reduction ratio at four
different rolling temperatures. The purpose of the present

paper is to investigate the effect of the hot-rolling
temperature on microstructure and texture of Ti-6Al-4V
alloy with an initial equiaxed microstructure. Moreover, the
effect of hot-rolling temperature on dynamic mechanical
properties and anisotropy of mechanical properties is also
studied.

1 Experiment

The material used in this study was forged Ti-6Al-4V
alloy with a typical equiaxed structure which is shown in
Fig.1, and the chemical compositions are 6.22 wt% Al, 3.98
wt% V, 0.024 wt% C and balance Ti. The f transus
temperature of the alloy is about 982 °C. The texture of the
original material used in this investigation is almost random.
Then four bulks of forged Ti-6A1-4V alloy were
unidirectional rolled with an overall reduction ratio of 0.78
at four different temperatures: 840, 870, 900 and 930 °C.
Before rolling, the bulk was kept at rolling temperature for
45 min. Then, rolling was performed in 5 passes with
thickness reduction process of 45 mm—33 mm—24 mm—
18 mm—13 mm— 10 mm, and all the rolling plates were air
cooled after the final pass.

Microstructural features of the plates were examined on
the Normal Surface (NS), Rolling Surface (RS) and
Transverse Surface (TS) by Scanning Electron Microscope
(SEM), soon after metallographic polishing and etching.
The texture measurements were carried out by X-ray
diffraction using Cu Ko radiation. Moreover, samples for
TEM observations were prepared from the rolled plates
with the surface parallel to NS, RS and TS, and dislocation
structures were investigated.

In order to investigate the dynamic mechanical properties
of the Ti-6Al1-4V rolled at different temperatures, uniaxial
dynamic compression tests were carried out at the strain
rate of about 3.5x10°s™
Bar (SHPB), as shown in Fig.2. The cylindrical specimens

using Split Hopkinson Pressure

with a dimension of @5 mmx5 mm were machined from the
rolling plates. Fig.3 shows the schematic of cutting
specimens. In this figure, RD is the rolling direction of the

Fig.1 Microstructure of Ti-6Al-4V alloy before rolling
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plate, ND is the normal direction, and TD is the transverse
direction. To study the anisotropy of mechanical properties,

Specimen specimens were sectioned with their axial directions
—o| | . i . [ | parallel to the three orthogonal directions listed above.
| Gage | | Gage 2 Results and Discussion
Incident b
Bullet e nsmission bar 2.1 Microstructure and texture

The microstructure of rolled Ti-6Al-4V demonstrates a
marked dependence on rolling temperature. Figs.4b~4d
show the SEM microstructures observed on different
surfaces (NS, RS and TS) of Ti-6Al-4V rolled at 840 °C,
and results show that the rolled Ti-6A1-4V has an elongated
microstructure. The initial equiaxed a grains are greatly
elongated along the RD and slightly compressed along ND.
Since no equiaxed grain or lamellar a grain is observed by
SEM, it can be sure that dynamic recrystallization and
phase transformation do not occur during the rolling
process at 840 °C. Compared with the SEM results of
Ti-6Al1-4V rolled at 840 °C, the microstructure of the
Ti-6Al1-4V rolled at 870 °C (Figs.4e~4g) shows the same
microstructure  feature, indicating that  dynamic
recrystallization and phase transformation do not occur
while the rolling temperature is 870 °C.

Fig.2 Schematic of the Split Hopkinson Pressure Bar (SHPB)

equipment

Fig.3 Diagrammatic sketch of cutting specimen

840 °C

870 °C

930 °C

Fig.4 SEM microstructures observed on different surfaces of T 6A1-4V alloy at different temperatures
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Significant variation of microstructure appears at a
rolling temperature of 900 °C. Figs.4h~4j show the
microstructures of Ti-6Al-4V rolled at 900 °C observed
along ND, RD and TD, respectively. Compared with the
microstructure of 840 and 870 °C, there are also some
elongated initial a grains in Ti-6Al-4V rolled at 900 °C.
However, it should be pointed out that, there are some
equiaxed grains observed by SEM. Observed by TEM, it is
clear that these low-dislocation-density equiaxed grains are
recrystallized (Fig.5). Thus, dynamic recrystallization
occurs during the hot-rolling process at 900 °C. Moreover,
another difference between the microstructure rolled at 900
and 870 °C is the proportion of the combination of lamellar
as+ f structure which is transformed from high-temperature
p phase. The proportion of the combination of lamellar o+
p structure in Ti-6Al-4V rolled at 900 °C is about 20%,
which is higher than the microstructure of Ti-6Al-4V rolled
at 870 °C, indicating the occurrence of phase transformation
during the hot-rolling process at 900 °C.

When the rolling temperature is 930 °C, the phase
transformation and dynamic recrystallization are more
obvious. Figs.4k~4m show the microstructure of Ti-6Al-4V
rolled at 930 °C observed along ND, RD and TD,
respectively. After hot-rolled at 930°C, Ti-6Al1-4V exhibits
a typical bimodal feature, instead of elongated initial «
grains. There are a large amount of approximately equiaxed
a grains and the combination of lamellar a,+f structures,
and the proportion of lamellar structure in Ti-6Al1-4V rolled
at 930 °C increases to about 50%, which is transformed
from the larger f grains formed at a relatively higher rolling
temperature. Moreover, owing to the severe phase
transformation and dynamic recrystallization process, the
microstructure is greatly refined.

Based on the analyses of microstructure mentioned above,
the three-dimensional microstructure evolution sketches of
Ti-6Al-4V varied with the rolling temperature are shown in
Fig.6. In conclusion, the effect of rolling temperature on
microstructure can be described as follows: when the
rolling temperature is lower than 900 °C, the a grains are
elongated along the rolling direction; when rolling is
performed at a larger than 900 °C,
recrystallization and phase transformation occurs, and the
proportion of elongated initial a grains decreases with the
while that of the
recrystallized equiaxed o grains and the combination of

temperature

increased rolling temperature,
lamellar a; + f structures increase. When the rolling
temperature reaches 930 °C, the microstructure turns into
typical bimodal.

To investigate the texture of rolled materials, the pole
figures and orientation distribution function (ODF) figures
were obtained by XRD. Fig.7 shows the texture analyzing
results of Ti-6Al-4V rolled at 840, 870, 900 and 930 °C, and

the results of the high-function-point are marked out

Fig.5 Low-dislocation-density grain in Ti-6Al-4V alloy rolled

at 900 °C
a b
ND| i ND
——— ———— w
RD / RD
TD 840 °C / D 870 °C
ND > ¢ ND d
"@\-’ 3 smee
RD RD
D 900 °C D 930 °C
Fig.6  Three-dimension sketch of microstructures formed at

different rolling temperatures: (a) 840 °C, (b) 870 °C,
(¢) 900°C, (d) 930°C

on the ODF figures. Based on the analysis of pole figures
and ODF figure, the main texture in the alloy rolled at 840
°C is {0001} <3410>, and {0001} <3410> and {0001}
<7430 > are the main textures of the Ti-6Al-4V rolled at
870°C. The textures formed in the material rolled at 900 °C
are analyzed to be {0001} <2110> and {0001} <4310>,
while the main texture in Ti-6Al-4V alloy rolled at 930°C
is analyzed to be {0001} <1100>. Thus, it is obvious that
the texture varies with the rolling temperature. However,
based on the results listed above, it should be noted that
though the texture varies with the rolling temperature, the
<0001> direction of a phase in the rolled Ti-6Al1-4V alloy is
always parallel to ND.

To further analyze the rolled alloy, TEM results of
Ti-6A1-4V alloy rolled at different temperatures were
compared. The dislocation of the Ti-6Al1-4V alloy rolled at
840°C is shown in Fig.8a and 8b. As mentioned before,
dynamic recrystallization does not happen when the rolling
temperature is lower than 900 °C. Thus, owing to the severe
deformation, the dislocation density is greatly high.
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Fig.7 Select pole figures (a, c, e, g) and ODF results (b, d, f, h) of the Ti-6Al-4V alloy rolled at 840°C (a, b), 870°C (c, d), 900°C (e, f)

and 930°C (g, h)

600 pm

150 um

Fig.8 Dislocation structures of the Ti-6Al-4V alloy rolled at 840°C (a, b) and 870°C (c, d), observed along ND: (a, c¢) high density

dislocations; (b, d) dislocations parallel to ND

Moreover, when the microstructure is enlarged, as shown
in Fig.8b, a large number of cross sections of dislocations
are observed distributed along ND. Thus, after the
hot-rolling at 840 °C, numerous dislocations are apt to
distributed parallel to ND. The dislocation structure of
Ti-6Al-4V rolled at 870 °C has the similar feature with that
rolled at 840 °C, as shown in Figs.8c~8d. The dislocation
density is also very high, and there are also some

dislocations parallel to ND. However, the amount of the
dislocations distributed parallel to ND exhibits a decreasing
tendency. Fig.9 shows the dislocation structure of
Ti-6Al1-4V rolled at 900 °C. In the alloy rolled at 900 °C,
the dislocations parallel to ND are not observed. As
mentioned before, several low-dislocation-density grains
are formed after rolling at 900 °C, indicating a decrease of
dislocation density, which results from the recrystallization
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Fig. 9  Dislocation structures observed along ND of the

Ti 6Al1-4V alloy rolled at 900 °C

process. In the Ti-6Al1-4V alloy rolled at 930 °C, as shown
in Fig.10a, there is a large number of approximately
equiaxed a grains with low dislocation density, due to the
dynamic recrystallization process. Compared with the
Ti-6Al-4V alloy rolled at 840, 870 and 900 °C, the
dislocation density of the alloy rolled at 930°C is evidently
decreased. Moreover, it should be noted that, after rolled at
930°C, lots of dislocations being parallel to TD are formed
in Ti-6Al1-4V alloy, as shown in Fig. 10b.

Luo Yumeng et al. / Rare Metal Materials and Engineering, 2018, 47(5): 1333-1340

2.2 Dynamic mechanical properties

In order to investigate the effect of rolling temperature on
the dynamic mechanical properties of Ti-6Al-4V alloy,
SHPB tests were conducted, and the true strain-stress
curves of the Ti-6Al-4V rolled at different temperatures
(840, 870, 900 and 930°C) were compared. Figs.1la~11c
show the dynamic compressive true strain-stress curves
loaded along ND, RD and TD, respectively. When loaded
along ND, with the increased rolling temperature, as shown
in Fig.11a, the flow stress exhibits a decreasing tendency,
while the adiabatic shearing failure strain slightly increases.
However, with the increased rolling temperature, the
adiabatic shearing failure strain loaded along RD greatly
decreases though the flow stress keeps constant, as shown
in Fig.11b. When the material is loaded along TD, the
stress-strain curves of the Ti-6Al1-4V alloy plates rolled at
840, 870 and 900 °C are nearly the same, while the material
rolled at 930°C exhibits a relatively higher flow stress and
a greatly decreased adiabatic shearing failure strain, as
shown in Fig.1lc. Based on the strain-stress curves of
Ti-6Al-4V alloy rolled at different temperatures, it can be
concluded that the effects of rolling temperature on

dynamic mechanical properties vary with the
direction.

loading

Fig.10 Dislocation structures of the Ti-6Al-4V alloy rolled at 930°C: (a) observed along ND; (b) dislocations parallel to TD, observed

along TD
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Fig.11
along RD; (¢) compressing along TD

Dynamic strain-stress curves of the Ti-6Al1-4V alloy at different rolling temperatures: (a) compressing along ND; (b) compressing
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Another point that should be noted is that the rolling
temperature also has obvious effect on anisotropy of
dynamic mechanical properties. It is well known that, Ti
alloys always exhibit the anisotropy of mechanical
properties after rolling ®. Fig.12 shows the dynamic
strain-stress curves of T Ti-6Al-4V rolled at different
temperatures (840, 870, 900 and 930°C). It is evident that
though the rolling temperature changes, all the dynamic
mechanical properties of Ti-6Al-4V exhibit an obvious
anisotropy. When Ti-6Al1-4V rolled at 840 °C is dynamic
loaded along RD, as shown in Fig.12a, the material exhibits
the best ductility and lowest flow stress, but the rolled alloy
shows the highest strength and lowest adiabatic shearing
failure strain when loaded along ND. Moreover, both the
flow stress and adiabatic shearing failure strain loaded
along TD are between that of RD and ND. In Fig.12b,
Ti-6Al-4V rolled at 870 °C also exhibits the same tendency
of dynamic mechanical properties anisotropy due to the
same microstructure. Fig.12c shows the dynamic
mechanical properties anisotropy of Ti-6Al-4V rolled at
900 °C. It is evident that when the rolling temperature is
900 °C, the ductility along TD is still better than that along
ND, but the flow stress loaded along ND is similar to that
along TD. Moreover, material still exhibits the best ductility
and the lowest strength when loaded along RD. Fig.12d
shows the dynamic mechanical properties curves of the
material rolled at 930 °C. The alloy also exhibits the best
ductility and the lowest strength when loaded along RD, but

1800
a
£ 1400} /ﬁxx
=R L
§1000-:} by
) I !i \
§ 600'{ 1 kk 840 °C
&= \ Y1 -
200 3.5X10°s™ ¥ X“ RD
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&
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200 s S

0 0.1 0.2 0.3 0.4
True Strain

the alloy exhibits the best strength and the lowest ductility
when loaded along TD instead of ND, which can be
attributed to the evidently increased flow stress and greatly
decreased adiabatic shearing failure strain loaded along TD.
In sum, with the increased rolling temperature, the
anisotropy of dynamic mechanical properties varies: the
flow stress loaded along RD is always the lowest, while the
adiabatic shearing failure strain is always the highest, but
both the flow stress and ductility between TD and ND show
an inverse tendency with the increased rolling temperature.
As mentioned before, while the rolling temperature
increases from 840 °C to 930 °C, the main texture is
changed from {0001} <3210> to {0001} <1100>. The
variation of texture is a reason of the difference in the
mechanical properties anisotropy. Moreover, research!'?!
shows that, dislocation distribution also exhibits obvious
effect on anisotropy of mechanical properties. In this work,
while the rolling temperature of Ti-6Al-4V alloy is
increased from 840 °C to 900 °C, the dislocations parallel to
ND disappear gradually. Moreover, while the rolling
temperature is 930 °C, several dislocations are apt to
parallel to TD. Since the dislocations parallel to loading
direction do not have an effective displacement as the
dislocations which are perpendicular to loading direction,
deformation parallel to a large amount of dislocations will be
more difficult. Thus, Ti-6A1-4V alloy rolled at 840 °C exhibits
the highest flow stress loaded along ND resulting from the
large amount of dislocations parallel to ND. Similarly,

1800
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Fig.12 Anisotropy of the dynamic mechanical properties of the Ti-6Al-4V alloy rolled at 840 °C (a), 870 °C (b), 900 °C (c),

and 930°C (d)
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the alloy rolled 930 °C exhibiting the best strength and
lowest ductility along TD can also be explained. Thus, the
distribution variation of dislocation is another reason of the
difference in the mechanical properties anisotropy.

3 Conclusions

1) For the Ti-6Al1-4V alloy with an equiaxed structure,
when the rolling temperature is lower than 900 °C, the
initial o grains are elongated along RD without dynamic
recrystallization and phase transformation. When the rolling
temperature is higher than 900 °C, the amount of lamellar o
+ B structure and globularized o grain increases with the
increased rolling temperature, and the material exhibits a
owing to the
recrystallization and phase transformation process.

bimodal feature severe dynamic

2) Texture also varies with the rolling temperature, but
the <0001> direction of a grain is always parallel to ND of
the plate. Moreover, a large number of dislocation parallel
to ND observed in the alloy rolled at 840 °C disappear with
the increased rolling temperature.

3) Dynamic mechanical properties of Ti-6Al1-4V alloy are
also greatly influenced by the rolling temperature, but the
effect of rolling temperature varies with the loading
direction. Furthermore, the tendency of dynamic
mechanical properties anisotropy also varies with the
rolling temperature. When the rolling temperature is lower
than 900 °C, the material loaded along ND exhibits the
largest flow stress and the lowest adiabatic shearing failure
strain, while the alloy loaded along RD exhibits the best

ductility and the lowest strength. However, when the rolling

temperature is higher than 900 °C, both the flow stress and
ductility between TD and ND show an inverse tendency
with the increased rolling temperature, but material loaded
along RD still exhibits the best ductility and the lowest
strength.
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