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A high-performance titanium alloy requires a fine and homogenous microstructure. The rational deformation process parameters
of the Ti-3Al-5Mo-4.5V (TC16) titanium alloy can contribute to achieving this important microstructure. Hot-compression ex-
periments were performed at temperatures in the range 100800 °C and at strain rates of 0.1 s' to 10.0 s™'. The effects of defor-
mation temperatures and deformation rates on the mechanical behaviour and microstructure evolution were analysed and dis-
cussed. The softening mechanism of the Ti-3Al-5Mo-4.5V alloy at an elevated deformation temperature was revealed.
Experimental results showed that 500 °C is the critical deformation temperature to distinguish the warm-deformation region of
100—400 “C and the hot-deformation region of 500-800 °C. The softening mechanism is dominated by f-phase spheroidization
in the temperature range 100—400 °C with a higher strain rate of 10.0 s™'. The softening mechanism is dominated by a local tem-
perature rise in the temperature range 500-800 °C with a lower strain rate of 0.1 s,
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Za visoko kvalitetne Ti zlitine je znacilna oziroma se zahteva drobnozrnata in homogena mikrostruktura. K doseganju takine
mikrostrukture lahko pripomorejo ustrezni parametri deformacije izbrane Ti zlitine tipa Ti-3Al-35Mo-4.5V (TC16). Avtorji v
Clanku opisujejo preizkuse vroce tlaCne deformacije v temperaturnem obmodju med 100 °C in 800 °C pri hitrostih deformacije
med 0,1 57" in 10,0 s™'. Analizirali in ugotavljali so vpliv tlemperature in hitrosti deformacije na mehansko obnaSanje in razvoj
mikrostrukture izbrane zlitine. Odkrili so, da je pri povi%anih temperaturah in hitrostih deformacije prislo do mehanizma
mehcanja izbrane Ti-3Al-5Mo-4.5V zlitine. Eksperimentalni rezultati so pokazali, da je 500 °C kriti¢na temperatura
deformacije, od katere naprej (500 °C do 800 °C) se deformacijski mehanizmi razlikujejo od tistih v temperaturnem obmodju
med 100 °C in 400 °C. Za mehanizem mehé&anja je odlo¢ilna sferoidizacija faza § v temperaturnem obmo&ju med 100 °C in
400 °C in najviji hitrosti deformacije 10,0 s™'. Za prevladujo¢ mehanizem meh&anja v temperaturnem obmoéju med 500 °C in
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800 °C pa so znacilne najniZje hitrosti deformacije 0,1 s7'.

Kljucne besede: izotermi¢no stiskanje, mehansko obnalanje, razvoj mikrostrukture, mehanizem mehcanja

1 INTRODUCTION

For several decades, titanium and its alloys have been
used to manufacture structural parts in aeronautics and
astronautics owing to their excellent mechanical proper-
ties, such as high specific strength and excellent resis-
tance to high temperature.! Two kinds of titanium alloy
material, Ti-6Al-4V and Ti-3Al-5Mo-4.5V, were often
used to manufacture aerospace fasteners. The Ti-6Al-4V
alloy was first developed by the USA in 1954. It is a
martensitic & + f§ two-phase middle-strength titanium al-
loy and can be worked at 400 °C for a long time. How-
ever, hot forming is the only way for TC4 to manufacture
fasteners owing to its poor cold plasticity.? Compared
with the Ti-6Al-4V alloy, Ti-3Al-5Mo-4.5V can be used
to produce the aerospace fasteners by cold forging due to
its good plastic-deformation capacity at room tempera-
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ture. It is a martensitic @ + # two-phase high-strength ti-
tanium alloy.’ Therefore, Ti-3A1-5Mo-4.5V became pop-
ular for the forming of aerospace fasteners all over the
world.

Some publications about Ti-3Al-5Mo-4.5V have
been found. Wang et al. investigated the microstructure
evolution in adiabatic shear band in a fine-grain-sized
Ti-3Al-5Mo-4.5V alloy, and the results showed that the
fine, equiaxed grains with « phase and a™ phase coexist
in the shear band.* Li et al. studied the tensile deforma-
tion behavior of the Ti-3Al-5Mo-4.5V titanium alloy,
they found that there are obvious yield points on the true
stress—strain curves of annealing structures, then a stress
drop occurs.” Wu discussed the effects of heat upsetting
on the microstructure and properties of the Ti-3Al-
5Mo-4.5V alloy, and found that the proper heat upsetting
temperature is 700 °C for the Ti-3Al-5Mo-4.5V alloy.
When the heat upsetting temperature is too high, a local
temperature rise will occur.® Song et al. studied the ef-
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fects of microstructural change on the dynamic compres-
sive deformation behavior of the Ti-3Al-5Mo-5V alloy.
The results showed that the microstructure characteris-
tics, such as the length, width and the aspect ratio of the
a platelets, changes regularly with the increase of tem-
perature or holding time. The aspect ratio and the size of
the « platelet affect the width of the deformed shear band
forming during the dynamic compressive deformation.”
Gao et al. analyzed the microstructure evolution of a
Ti-3Al-5Mo-5V alloy bar during hot working, and ob-
tained finer structure grains and better structure homoge-
neity by means of controlling the deformation parame-
ter.® Shen et al. built constitutive equations of the
Ti-3Al-5Mo-4.5V alloy by using a double multiple non-
linear regression model and a strain-compensated
Arrhenius model, and compared the difference between
the two different models at the elevated deformation
temperature.” The above research is involved in all as-
pects of Ti-3Al-5Mo-5V alloy. However, mechanical be-
havior and microstructure evolution of Ti-3Al-5Mo-4.5V
alloy at the high, elevated deformation temperatures
range from 100-800 °C has been seldom published. Es-
pecially, there is a lack of studies of the effects of defor-
mation temperatures and deformation rates on the me-
chanical behavior and the microstructure evolution.

The aim of this work was to study the deformation
behaviour and microstructure evolution of the Ti-3Al-
5Mo-4.5V alloy at an elevated temperature. Firstly,
hot-compression tests were conducted with different pro-
cess parameters to measure the stress-strain relationship
of the Ti-3Al-5Mo-4.5V alloy. Secondly, we sectioned
the compressed specimens and polished them for investi-
gating their microstructures. Thirdly, the effects of defor-
mation temperatures and deformation rates on the me-
chanical behavior and microstructure evolution were
discussed. The deformation softening mechanism of
Ti-3Al-5Mo-4.5V was analyzed.

2 EXPERIMENTAL PROCEDURES

A cylinder with a diameter of 8 mm and height of
12 mm was machined from a wire rod using a wire-cut-
ting machine to prepare specimens. The original micro-
structure of the ingot was captured by scanning electron
microscope (SEM), shown in Figure 1. It is composed of
a basket-weave microstructure, including the a phase
and f phase. The black equiaxed and stripe phase is the
a phase. Zherebtsov et al. defined the aspect ratio of the
equiaxed « phase to be, k = [/ b < 2, where [ and b are
the length and thickness, respectively, of the a phase.'?
The microstructural parameters were measured manually
based on ASTM: E 112-12. For a constituent phase, the
grain boundaries were picked up manually. The length of
the a phase is about 1.5 um, and the thickness of the a
phase is about 0.8 pm. The & phase and  phase are both
evenly distributed in the alloy.

The experimental procedures were carried out in a
Gleeble 3800 thermal mechanical simulator. The -phase
transition temperature (at which @ + f —= f) of the
Ti-3Al-5Mo-4.5V alloy was approximately 865 °C.!"
The deformation temperatures in this work were selected
in the range 100-800 °C. The detailed hot-compression
process was shown in Figure 2. Firstly, the specimens
were respectively heated to the deformation temperature
(100 °C, 200 °C, 300 °C, 400 °C, 500 °C, 600 °C,
700 °C, 800 °C) with a rate of 5 °C/s. Then, the speci-
mens were held for 3 min at the individual deformation
temperature for temperature uniformity. Subsequently,
the specimens were compressed to a true strain of 1.0
with a strain rate of 0.1 s, 1.0 s”' and 10.0 s*'. The de-
formed specimens were quenched with water to freeze
the microstructure. True stress-strain relationships were
measured during hot compression.

It is vital to investigate the microstructure of com-
pressed specimens. The compressed specimens were sec-
tioned along the longitudinal direction. The sectioned
surfaces were grinded with a waterproof abrasive paper,
and polished to a mirror surface with a polishing ma-

Figure 1: Initial SEM micrographs of Ti-3Al-5Mo-4.5V alloy
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Figure 2: Schematic depiction of hot-compression process.

chine. And then, the polished surfaces need to be etched
using mixed acid solution, which consists of 2.5 mL HF,
3 mL HNOs, 5 mL HCI and 91 mL H,O. The microstruc-
ture distribution was revealed after acid corrosion. The
micrographs were captured using the SEM.

3 EXPERIMENTAL RESULTS AND
DISCUSSIONS

3.1 Effect of deformation temperatures on the mechan-
ical behavior

Figure 3 shows the stress-strain relationships of
Ti-3Al-5Mo-4.5V at temperatures of 100 °C, 200 °C,
300 °C, 400 °C, 500 °C, 600 °C, 700 °C and 800 °C with
strain rates of 0.1 s!, 1.0 s' and 10.0 s-!. Relative soften-
ing (RS) rate was used to quantitatively describe the ex-
tent of the dynamic softening of the Ti-3Al-5Mo-4.5V.
The RS can be calculated as follows by using the rela-
tionship between o, and 0.'?

rs=2"Y

(D
OP

In Equation 1, 0, and o; are the peak flow stress and
flow stress at the strain of 0.8, respectively. If RS > 0, it
indicates that dynamic softening takes advantage, RS =0
means that work hardening and metal softening reached
a balance, and RS < 0 indicates that work hardening
takes advantage. Figure 4 shows the RS rate under dif-
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ferent deformation conditions. It can be seen from Fig-
ure 3 that the critical deformation temperature is 500 °C.
At 500 °C, the flow stress of the Ti-3Al-5Mo-4.5V alloy
almost remains stable. This is because the work harden-
ing and metal softening reached a balance, as Figure 4
shows that the RS of each strain rate at 500 °C nearly
equalled zero.

For the same strain rate of 0.1 s-!, when the deforma-
tion temperature is lower than 500 °C, the value of true
stress increases with the increase of the plastic strain.
The values of RS in this situation are negative, as Fig-
ure 4 shows. That is to say the work hardening is pre-
dominant during the metal forming when the deforma-
tion temperature is lower than 500 °C. When plastic
deformation occurs, the strength of titanium alloys will
increase, and more external forces must be applied to
metal materials. For the same strain rate of 0.1 s-!, when
the deformation temperature is higher than 500 °C, the
values of RS in this situation are positive, as Figure 4
shows. The softening mechanism predominates during
hot compression, whose stress value decreases with the
increase of the plastic strain. Ding et al. thought that the
phase transition, adiabatic temperature rise, dynamic re-
covery and dynamic recrystallization may happen, which
caused the material softening.”? Local temperature rise
here is regarded as the main reason for material soften-
ing, which will be discussed in detail in the following.
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Figure 3: Stress-strain relationships of Ti-3Al-5Mo-4.5V al strain rates of: a) 0.1 s, b) 1.0 s~ and c) 10.0 s
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Figure 4: RS rate under different hot compression conditions

The higher deformation temperature leads to a higher dy-
namic softening at the lower strain rate of 0.1 s\,

However, the case is different at the higher strain rate
of 10.0 s!. The dynamic softening is obvious in the tem-
perature range 100—400 °C with the higher strain rate of
10.0 s7!. This softening mechanism may be controlled by
microstructure spheroidization in the alloy, which will be
discussed in Section of 3.2.

For the same deformation temperature, the oscillation
frequency of stress-strain curve increases with the in-
crease of the strain rate. When the strain rate is 0.1 s-!, it
is hard to see an oscillation in Figure 3a. The oscillation
frequency of the stress-strain curve is very high at the
strain rate of 10.0 s, It indicates that the competition
between the work hardening and dynamic softening is
fierce during hot compression at a higher strain rate of
10.0 s The formation of a large number of new mov-
able dislocations at grain and grain boundaries is the fun-
damental reason for the sharp increase of flow stress.
This new movable dislocation will also accumulate in the
process of deformation and produce a new stress concen-
tration. When the stress concentration reaches a certain
degree, the microstructure evolution caused by it will re-
duce the movable dislocation density. The new produc-
tion and old annihilate of movable dislocation thus
causes the phenomenon of stress oscillation at the higher
strain rate.'* A higher strain rate can accelerate this dislo-
cation evolution mechanism, so the oscillation frequency
of the stress-strain curve is very high at a higher strain
rate of 10.0 s-!. Luo thought that the continuous oscilla-
tion of flow stress may be due to unstable deformation,
but has nothing to do with the softening mechanisms of
the material.”

According to Figure 3, most flow stresses tend to be
stable at the strain of 0.8. So, we calculated that the
stress value decreases by 95 MPa and 84 MPa, respec-
tively, for each increase of 100 °C at the strain of 0.8
with the strain rate of 1.0 s*' and 10.0 s-'. When the
strain rate is 0.1 s*!, for each increase of 100 °C, the
stress value decreases about 126 MPa at the strain of 0.8.
It indicates that the decrease of the stress value is re-
duced with the increase of strain rate for each increase of
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100 °C. That is to say that higher strain rate will reduce
the material softening effect during deformation.

3.2 Effect of deformation temperatures on the
microstructure evolution

Figure 5 shows the SEM micrographs of Ti-3Al-
5Mo-4.5V under a strain rate of 10.0 s-' and a strain of
1.0 at deformation temperatures of 100 °C, 200 °C,
300 °C and 400 °C. The compression deformation direc-
tion (CD) and radial direction (RD) of specimens were
indicated in Figure 5. It can be seen from Figure 5 that
the amount of the spheroidized 8 phase increases with
the increase of the deformation temperature. This is be-
cause the higher deformation temperature provides suffi-
cient thermal driving force and stacking energy for the
phase to complete the spheroidization process. So, with
the spheroidization of the 8 phase, the true stress-strain
curve shows a softening trend. Spheroidization of the
phase is obvious in Figure Sa, which corresponds to the
flow stress decreases as the increased of the plastic strain
under a strain rate of 10.0 s™' at 100 °C, in Figure 3c.

When the temperature is 400 °C, the distribution of
the @ phase and the spheroidized 8 phase is very uni-
form, no coarse grain appears in this situation. By ob-
serving the corresponding stress-strain curves in Fig-
ure 3c, it can be found that after the elastic stage, the
flow stress tends to be stable; and the peak flow stress is
about 580 MPa. Therefore, this deformation temperature
is conducive to the material processing of Ti-3Al-
5Mo-4.5V.

Figure 6 shows the SEM micrographs of the
Ti-3Al-5Mo-4.5V under a strain rate of 10.0 s-' and
strain of 1.0 at deformation temperatures of 500 °C,
600 °C, 700 °C and 800 °C. When the temperature is
500 °C, the phenomenon of -phase coarsening is obvi-

Figure 5: SEM micrographs of Ti-3Al-5Mo-4.5V under a strain rate
of 10.0 s™' and strain of 1.0 at different temperatures of: a) 100 °C,
b) 200 °C, ¢) 300 °C and d) 400 °C
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Figure 6: SEM micrographs of Ti-3Al-5Mo-4.5V under a strain rate
of 10.0 s~! and strain of 1.0 at different temperatures: e¢) 500 °C,
) 600 °C, g) 700 °C and h) 800 °C

ous. And the average size of the & phase is smaller when
the temperature is 600 °C. It shows that a small amount
of & phase started to transform into § phase. Chongzhou
holds a view that the severe deformation produces latent
heat, which stimulates the local temperature rise of the
titanium alloy. And the increase of the local temperature
made a small amount of « phase reach the phase-transi-
tion temperature.®

When the temperature is 700 °C and 800 °C, more
and more « phase transformed into § phase. The
globularization of the a phase started at 700 °C, Li
thought that the globularization started to occur in the
middle part of the partial & phase, and the « phase in the
middle part transforming to # phase caused the « phase’s
disconnection during compression. The disconnected «
phase was transformed into spheroidized a phase.'® At
800 °C, the a phase is almost completely spheroidized.
The spheroidization of the a phase is a thermal activa-
tion process.!”

From above analysis, at the strain rate of 10.0 s,
p-phase spheroidization is obvious in the temperature
range 100—400 °C. The phase transition of & phase is ob-
vious in the temperature range 700-800 °C. The results
indicate that the softening mechanism is controlled by
microstructure spheroidization under the higher strain
rate at the temperature range 100—400 °C. This is consis-
tent with the assumption in Section of 3.1. For the same
strain rate, a deformation temperature of 400 °C is bene-
ficial for manufacturing Ti-3Al-5Mo-4.5V with good
mechanical properties and uniform microstructure.

3.3 Effect of deformation rates on the mechanical be-
havior

Figure 7 shows the stress-strain relationships of
Ti-3A1-5Mo-4.5V at strain rates of (0.1, 1.0 and 10.0) s
with deformation temperatures of 100 °C, 200 °C,
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Figure 7: Stress-strain relationships of Ti-3A1-5Mo-4.5V at strain rates of 0.1 s, 1.0s7" and 10.0 57! with temperatures of: a) 100 °C, b) 200 °C,

¢) 300 °C and d) 400 °C
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300 °C and 400 °C. The stress-strain curve at a strain
rate of 0.1 s-! shows an upward trend in Figure 7. It indi-
cates that the effect of work hardening is greater than
that of dynamic softening. However, stress-strain value
decreases with the increase of the strain after peak strain
at higher strain rates of 1.0 s! and 10.0 s-'. Dynamic
softening takes place during compression at higher strain
rates. There is an intersection of stress-strain curve for
three different strain rates. The strain at the intersection
point is defined as the critical strain. Figure 7 shows the
critical strain is about 0.35, 0.29, 0.22 and 0.05, respec-
tively, at 100 °C, 200 °C, 300 °C and 400 °C. It can be
concluded that critical strain decreases with the increase
of the deformation temperature. It indicates that the dy-
namic softening was enhanced with the increase of the
deformation temperature for higher strain rates of 1.0 s-!
and 10.0 s! in the temperature range of 100 °C to
400 °C.

Before the critical strain, the true flow stress in-
creases with the increase of the strain rates. After the
critical strain, the true flow stress decreases with the in-
crease of strain rates. According to the analysis of Sec-
tion 3.2, the softening mechanism is predominant by
microstructure spheroidization at lower deformation tem-
peratures and higher strain rates.'®

Figure 8 shows the stress-strain relationships of
Ti-3Al1-5Mo-4.5V at strain rates of 0.1 s, 1.0 s*! and
10.0 s~! with temperatures of 500 °C, 600 °C, 700 °C and
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800 °C. The flow stress value decreases with the increase
of true strain at a strain rate of 0.1 s when the tempera-
ture is higher than 500 °C. With the increase of deforma-
tion temperature, the stress decreases more obviously. It
indicates that the dynamic softening was improved with
the deformation temperature at a strain rate of 0.1 s
The detailed material softening mechanism at a strain
rate of 0.1 s will be discussed in Section 3.5.

When the deformation temperature is higher than
600 °C, the variation law of flow stress conforms to the
normal, i.e., the stress value of higher strain rate is
greater than that at the lower strain rate. All stress-strain
curves show a downward trend, which appears obvious
dynamic material softening. According to Section 3.2,
the transformation from a small amount of  phase into
phase can be observed in Figure 6f. When the internal
temperature of the specimen reaches the phase-transition
temperature, some of the harder & phase was trans-
formed into softer  phase, which made the flow stress
decline."

3.4 Effect of deformation rates on microstructure evo-
lution

Figure 9 shows SEM micrographs of Ti-3Al-
5Mo-4.5V titanium alloy under true strain of 1.0 at
600 °C and strain rates of 0.1 s!, 1.0 s! and 10.0 s\
Figure 10 shows the effect of strain rates on the volume
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Figure 8: Stress-strain relationships of Ti-3Al-5Mo-4.5V al strain rates of 0.1, 1.0 and 10.0 57! with temperatures of: a) 500 °C, b) 600 °C,

¢) 700 °C and d) 800 °C
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Figure 9: SEM micrographs of Ti-3Al-5Mo-4.5V under true strain of 1.0 at 600 °C and strain rates of: a) 0.1 s,b) 1.0s7" and ¢) 10.0 5!

fraction of B phase under true strain of 1.0 at 600 °C.
The volume fraction of 5 phase is the area of all 8 phase
divided by the total area of the image.”” Under a lower
strain rate of 0.1 s, the volume fraction of 8 phase is the
smallest, i.e., 0.65, shown in Figure 9a. As the strain
rate increases, the number of small-sized « phase in-
creases for a strain rate of 1.0 s-', shown in Figure 9b.
The volume fraction of § phase is 0.78 at a strain rate of
1.0 s~'. When the strain rate reached 10.0 s, the volume
fraction of § phase is the largest. The volume fraction of
p phase is about 0.81 at the strain rate of 10.0 s'. Figure
9 and Figure 10 show that the volume fraction of g
phase increases with the increase of the strain rates. This
is because there is sufficient thermal activation energy
when the strain rate is higher.?! It is conducive to the
transformation of § phase. So, the formation of § phase
happens more easily at higher strain rates.

3.5 Softening mechanism analysis during hot compres-
sion

Figure 11 shows the SEM micrographs of Ti-3Al-
5Mo-4.5V under a strain rate of 1.0 s*! and strain of 1.0
at 500 °C, 600 °C, 700 °C and 800 °C. It can be seen
from Figure 11 that the phenomenon of microstructure
coarsening becomes more obvious with the increase of
the deformation temperature. This result can be attrib-
uted to the fact that the large deformation resistance
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Figure 10: Effect of strain rates on the volume fraction of § phase un-
der true strain of 1.0 at 600 °C
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caused the local temperature rise, and then a small
amount of # phase grows and forms coarse grains. Local
temperature rise easily occurs within the microstructure
of Ti-3Al-5Mo-4.5V. The stress-strain curves show a ma-
terial-softening trend at temperatures of 500-800 °C un-
der strain rate of 0.1 s, shown in Figure 8. The local
temperature rise accelerates the movement of the dislo-
cations, and it facilitates the processes of annihilation
and climbing and then alleviates the work hardening.'*

Therefore, local temperature rise causes material
softening at lower strain rate of 0.1 s! and higher defor-
mation temperatures of 500-800 °C. From above analy-
sis in Section 3.2, we know that the microstructure
spheroidization is predominant for material softening at
the higher strain rate of 10.0 s-' and the lower deforma-
tion temperatures of 100—400 °C.

4 CONCLUSIONS

The critical deformation temperature is 500 °C to dis-
tinguish the warm-deformation region of 100—400 °C
and the hot-deformation region of 500-800 °C. Local

Figure 11: SEM micrographs of Ti-3Al-5Mo-4.5V under a strain rate
of 0.1 s~ and strain of 1.0 at different temperatures of: a) 500 °C,
b) 600 °C, ¢) 700 °C and d) 800 °C
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temperature rise causes material softening at lower strain
rate of 0.1 s*! and higher deformation temperatures of
500-800 °C. The microstructure spheroidization is pre-
dominant for material softening at the higher strain rate
of 10.0 s! and the lower deformation temperatures of
100400 °C.

At deformation temperature of 100-400 °C, there is
an intersection point of the stress-strain curve for differ-
ent strain rates, which is defined as critical strain. Before
the critical strain, the true flow stress increases with the
increase of the strain rates. After the critical strain, the
true flow stress decreases with the increase of the strain
rates. Critical strain decreases with an increase of the de-
formation temperature. It indicated that the dynamic
softening was enhanced with the deformation tempera-
ture for higher strain rates of 1.0 s-' and 10.0 s

The phase transition of the a phase is obvious at the
temperature range of 700-800 °C. For the same strain
rate, deformation temperature of 400 °C is beneficial for
manufacturing Ti-3Al-5Mo-4.5V with good mechanical
properties and a uniform microstructure. At deformation
temperature of 600 °C, the volume fraction of § phase
increases with the increase of strain rates.
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