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Abstract: To understand the deformation mechanism and microstructure evolution of TC16 titanium alloy during cold heading, cold

compression tests were conducted using a Gleeble 3800 thermo-mechanical simulator. The effects of strains (0.2, 0.4, 0.6, 0.8 and 1.0)
and strain rates (0.1, 1.0 and 10.0 s™') on the deformation behavior and microstructure evolution of the alloys were investigated.

Results show that larger true strain and higher strain rate are prone to cause local grain coarsening and adiabatic shear bands within

the material. True strain should be selected in the range from 0.2 to 0.6. Uniform structure and fine grains that are suitable for cold

forming can be achieved at a strain rate of 1.0 s™. The deformation softening observed during cold deformation is caused mainly by

adiabatic temperature rise and local grain coarsening at larger true strains and higher strain rates.
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TC4 (Ti-6Al-4V) alloy is an internationally recognized
titanium alloy with good properties and a wide range of
application. However, because of its low plasticity at room
temperature’!, hot upsetting and long time solution aging
treatment are currently needed in the processing of fasteners,
which results in more production steps and higher cost™.
TC16 (Ti-3Al-5Mo-4.5V) titanium alloy is a type of
martensite strengthening (a + f) titanium alloy with good
mechanical and processing properties, such as high
plasticity, high strength, good hardenability and fatigue
resistance, low sensitivity to stress, excellent weldability,
machine workability, and corrosion resistance®™. TC16 alloy
has wide application in the aerospace industry', in part
because of its good plasticity at room temperature and
excellent workability at room temperature after annealing.
Fasteners can be fabricated from TCI16 alloy by a cold
heading process. Because of strengthening from cold
deformation, the fasteners thus formed can reach the required
service strength. These fasteners can also be used directly
without subsequent solution aging heat treatment, so
production cost is reduced, production efficiency is improved,
and the production time is greatly shortened”™'”. Therefore,
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TC16 titanium alloy has received more and more attention.
The effects of cold heading on the structure and properties

1]
, who

of TC16 titanium alloy were studied by Yang et al'
proved that softening during deformation is caused mainly by
adiabatic temperature rise and grain texture change. The
suitability of cold heading process for production of a TC16
titanium alloy bolt was analyzed by Wang et al"*. The bolt
head was largely deformed, and the service strength required
for fasteners was achieved through cold deformation. Liu et
al' found that the grain of TC16 is fine, the distribution is
uniform and a phase is fully broken, which fully satisfies the
microstructure requirements of titanium alloy for fasteners
after cold heading. Zhang"" researched the compression
deformation of TC16 titanium alloys at room temperature and
found that the dislocation density in the o phase increases with
increasing the deformation, and a large number of shear bands
appear at larger deformation. Yang et al” studied the true
stress-strain curves of TC16 alloy at different temperatures.
The Johnson-Cook dynamic constitutive relationship of TC16
was obtained. Under quasi-static and dynamic loads, the

model agreement with the

[16]

predictions achieve good

experimental stress-strain curve of TC16. Moiseev
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conducted a detailed study on the phase constitution and
chemical composition of TC16 alloy and found that suitable
strength can be obtained for fasteners after cold working
without heat treatment. Liu et al"” studied the effect of
solution treatment on the structure and properties of TC16
titanium alloy bar, and found that after solid solution
treatment, the sample contained unstable § phase, that the cold
heading performance was poor, and that the solid solution
state of TC16 titanium alloy bars was not suitable for cold
heading formation. Zhuang et al'¥ studied the structural
transformation of TC16 during large deformation forging
through optical microscope and microhardness measurements.
An adiabatic shear band was observed at the head of the nut,
with greater hardness than that of the matrix. The width of the
shear band increased as the heating temperature increased.
The above research has contributed to the development of
TC16 alloy for manufacturing fasteners. However, more
research is necessary to clearly understand the cold
deformation behavior of TC16 titanium alloy.

The aim of this work is to study the effects of strains and
strain rates on microstructure evolution of TCI16 titanium
alloy during cold compression. The true stress-strain curves of
TC16 titanium alloy were obtained by cold compression tests
on a Gleeble-3800 thermo-mechanical simulator, and the
microstructures were analyzed by
microscopy (SEM). Finally, the effects of different parameters
on the deformation behavior and microstructure of TC16
titanium alloy were analyzed.

scanning  electron

1 Experiment

The main chemical composition (mass fraction) of TC16
alloy includes 3.48% Al, 5.23% Mo, 4.68% V, 0.12% O, and
Ti balance. Specimens were machined from an annealed wire
rod (¢=8 mm). The material was processed by a wire-cutting
machine into cylindrical samples with a diameter of 8 mm and
a height of 12 mm. To investigate the metal flow behavior and
microstructure evolution of TC16 during cold forming, cold
compression tests were conducted on a Gleeble 3800 thermo-
mechanical simulator, as shown in Fig.1. The specimens were
compressed to true strains of 0.2, 0.4, 0.6, 0.8 and 1.0 at strain
rates of 0.1, 1.0, and 10.0 s™' at room temperature. The
instrument compressed the specimens along the compression
direction (CD); the radial direction (RD) was perpendicular to
the compression direction. After compression, the specimens
were quenched by water to retain the microstructure. The true
stress-strain curves were acquired by C-gauge measurements.

Compressed specimens were sectioned along the axial
direction. The following steps were required to visualize the
microstructure. (1) The sectioned specimens were ground
using waterproof abrasive paper in grades from 240# to 1500#
grit. The ground surfaces of specimens were further polished
on a polishing machine with abrasive pastes of W2.5#. The
sectioned surfaces of specimens were finally polished to a
mirror condition. (2) The specimens were etched for 3~4 s
with a solution of 2.5 mL HF+3 mL HNO,+5 mL HCL+91 mL
H,O ™. The etched surfaces were cleaned with purified water
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Fig.1 Gleeble-3800 thermo-mechanical materials simulator (a) and

executive device of compression tests (b)

and dried with an air dryer. (3) The microstructures of
specimens were observed using scanning electron microscopy
(SEM). The average diameters of a and f grains were
measured using ImagePro Plus 6.0 software with the linear
intercept method and a measuring multiple of 5 pm.

2 Results and Discussion

Fig.2 shows the initial microstructure of a wire rod before
treatment. The matrix phase consists of lath and equiaxial
black a phase particles with an obvious boundary and
elongated white § phases without an obvious boundary. The
sizes of the microstructures are less than 2 um, which
indicates that the microstructure distribution is fine and
uniform.

2.1 Effect of strain on microstructure evolution

Fig.3 shows SEM images of cold compressed specimens at
true strains of 0.2, 0.4, 0.6, 0.8 and 1.0, arranged from left to
right. Fig. 3a shows the initial microstructures of the
undeformed specimens. The « and S phases are evenly
distributed in the alloy. At a strain of 0.2 (Fig. 3b), the
microstructure is slightly deflected under the effect of
compression. With an increase of deformation, the dislocation

Fig.2 Initial microstructure of Ti-3Al-5Mo-4.5V wire rod
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density increases, and work hardening occurs. At a strain of
0.4 (Fig.3c), the morphology of the f phases changes from
elongated to equiaxed, and the grain size is refined. At a strain
of 0.6 (Fig. 3d), material softening is obvious. Grain
coarsening occurs due to a local temperature rise and leads to
nonuniform microstructure. Deformation amount should occur
at a true strain of 0.6. At a strain of 0.8 (Fig.3¢), the material is
further deformed, and the equiaxial structure is formed. At a
strain of 1.0 (Fig.3f), grain coarsening increases again, and an
adiabatic shear band appears at a certain angle to the CD due
to adiabatic temperature rise, grain slip and rotation.

The above results confirm that cold compression of TC16
titanium alloy should be conducted within the strain range
between 0.2 and 0.6. Grain structure cannot be refined
sufficiently when the strain is too small. When the strain is too
large, the amount of deformation also increases, grain
displacement and deformation become larger, the temperature
rise increases, and local grain coarsening and adiabatic shear
bands appear, leading to uneven microstructures”™”.

The changes in volume fraction and grain size of o and S
phases in TC16 alloy under different deformation and
compression conditions were measured. The grain sizes of a
and S phases in the initial wire are almost the same, both
about 2 um. As shown in Fig.4a, in the original microstructure
before strain occurs, the volume fraction of the o phase is
larger, about 52%, and the volume fraction of the f§ phase is
smaller, about 48%. With an increase in strain, the volume
fraction of a phase gradually decreases, while that of § phase
gradually increases. When the strain is 0.2, the volume
fraction of the two phases is almost the same, both about 50%.
At large strains, the volume fraction of a phase decreases to a
minimum of 36%, and the volume fraction of S phase
increases to a maximum of 64%.

Fig. 4b and 4c illustrate the changes trends observed in
lengths and thicknesses of grains of a and f phases with
strain. As the strain increases, the average lengths of the
grains in each of the two phases have an overall tendency to
increase: the maximum length of the o phase and f phase
reaches 2.5 and 3.2 pm, respectively. The average thicknesses
of the grains in each of the two phases have an overall
decreasing trend: the minimum thickness of the o phase and f
phase reaches 1.2 and 1.0 um, respectively. However, the local

True Strain

Fig.3 SEM images of cold compressed specimens at strain rate
of 10.0 s™" and different true strains: (a) 0, (b) 0.2, (c) 0.4,
(d) 0.6, (e) 0.8, and (f) 1.0

coarsening of grains and the occurrence of the adiabatic shear
band phenomenon at a strain of 0.8 lead to a discrepancy in
the grain size in both phases.
2.2 Effects of strain rates on microstructure evolution

Fig. 5 shows true stress-strain curves of cold compressed
specimens at strain rates of 0.1, 1.0 and 10.0 s™. The work
hardening occurs as deformation begins. The dislocation
density and the stress increase sharply as the strain rate
increases. Plastic deformation begins at a strain of 0.05. At a
strain rate of 0.1 s, the hardening increases with increasing
the strain. The decline of the curves for the strain rates of 1.0
and 10.0 s™' indicates dynamic softening of the material. The
stress-strain curve at a strain rate of 10.0 s™' declines faster
than at 1.0 s’ because the softening is more pronounced at
higher strain rates. As work hardening begins at a strain rate
of 0.1 s™, the stress-strain curve rises continuously with the
increase of true strain, and the true stress reaches the
maximum value of 1020 MPa at a strain of 1.0. At a strain rate
of 1.0 s7', the curve has little fluctuation, and the stress value
is always between the curves of 0.1 and 10.0 s™'. The curve
reaches the maximum stress of 1000 MPa at a strain rate of
10.0 s™ and a strain less than 0.4. At strains higher than 0.4,
the curve decreases rapidly because of softening; the
unloading occurs at a strain of 0.9. The three curves intersect
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Fig.4 Changes in volume fraction (a) and grain size of a (b) and j3 (c) phases with strains at strain rate of 10.0 s™
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Fig.5 True stress-strain curves of cold compressed specimens at
different strain rates of 0.1, 1.0 and 10.0 s

at a critical strain of 0.4. When the strain is below 0.4, higher
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strain rates lead to higher stress. However, when the true
strain exceeds 0.4, the softening mechanism predominates,
increasing material softening at higher strain rates.

In Fig. 6, SEM images of cold compressed specimens
demonstrate that strain rates have a significant effect on the
grain morphology of TC16 titanium alloy. At a strain rate of
0.1 s, the grain gradually changes from equiaxed to
elongated along the radial direction, with a concomitant
increase in deformation. At a strain rate of 1.0 s™', the grain
size is refined when the strain is less than 0.6, and the grain
distribution is uniform. At the same strain rate, when strain is
greater than 0.6, grain coarsening occurs, leading to softening
of the material. At a strain rate of 10.0 s™', grain coarsening

occurs when the strain is 0.6. An adiabatic shear band appears
at a true strain of 1.0. The true stress-strain curve at the
highest strain rate declines significantly, accompanied by a
noticeable softening effect.

Fig.6 SEM images of cold compressed specimens under different deformation conditions
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The work hardening phenomenon is obvious at the strain
rate of 0.1 s, as shown in Fig.5 and Fig.6. The strain rate
of 10.0 s is unsuitable for cold forming since this strain
rate leads to obvious dynamic softening, grain coarsening,
the appearance of adiabatic shear band, and a nonuniform
and unstable structure. Therefore, the strain rate of 1.0 s
is preferable for cold forming, since it results in a
stable microstructure with refined and uniformly distributed
grain.

2.3 Analysis of material flow softening during cold
compression

Fig. 7 shows the true stress-strain curve and strain-
hardening rate at 25 °C and strain rate of 10.0 s'. The
zones in Fig. 7 are divided into regions A and B at the
critical strain value (&) of 0.25, indicated by the vertical
dotted line. In region A, the effective stress initially
increases as the strain increases, and the strain hardening
rate is positive. The true stress-strain curve levels off when
the strain reaches a local minimum at 0.07, as indicated
by the dotted circle, and the strain hardening rate curve
decreases briefly at this point, and then increases briefly.
As the strain continues to increase, both curves fluctuate
only slightly within this region. When the material goes
through the plastic yield stage, the interaction between
the grains causes the grains to rotate. The shape and
rotation of the grains lead to uneven deformation of the
microstructure in the material, which results in fluctuation
of the curves®.

In region B, the effective stress decreases as the strain
increases. The strain hardening rate fluctuates only slightly
until it drops off steeply at the highest strains. These results
indicate the occurrence of material flow softening of the TC16
wire rod in region B of Fig.7.

Fig.8 shows SEM images of cold compressed specimens
at a true strain of 1.0 and strain rates of 1.0 and 10.0 s™.
Fig.8a reveals that at a strain rate of 1.0 s™', the grains are
almost perpendicular to the compression direction and
elongated along the radial direction. The excessive heat of
deformation at higher strains causes a transformation of
some areas of the lamellar structure into local grain
coarsening, which results in a nonuniform structure. At
higher strain rates, the deformation time of the material is
shortened, the change in the microstructure cannot be
completed, and the deformation energy is higher, which
results in the formation of adiabatic shear bands, as shown
in Fig.8b. The angle of inclination of the adiabatic shear
band to the compression direction is determined by the
strength of the shearing force.

Compared with the close-packed hexagonal a phases, the
body-centered cubic S phases have more slip systems. The
low plasticity of the f phase relative to the a phase renders
that it is more prone to deformation. The softening
phenomenon occurring at higher strain rates during cold
deformation is caused mainly by adiabatic temperature rise
and local grain coarsening structure.
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Fig.7 True stress-strain curve and strain-hardening rate at 25 °C and

strain rate of 10.0 ™'

Fig.8 SEM images of cold compressed specimens at true strain of
1.0 and different strains rates: (a) 1.0 s and (b) 10.0s™'

3 Conclusions

1) The cold compression deformation of TC16 titanium
alloy should be performed in the strain range between 0.2 and
0.6 at a strain rate of 10 s”'. The grain cannot be refined
sufficiently when the strain is too small. When the strain is too
large with higher strain rates, local grain coarsening and
adiabatic shear band appear easily, leading to uneven
microstructures.

2) The lengths of the o and f phases increase and the
thicknesses decrease with increasing the strain. At a lower
strain rate of 0.1 s™', work hardening is stable with the increase
of strain. At a higher strain rate of 10.0 s™', microstructure
uniformity is destroyed by a local temperature rise. A strain
rate of 1.0 s™' should be selected which is most suitable for
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cold forming of TC16 titanium alloy.
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