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Abstract: In order to investigate the effect of strain rate on the tension behavior of TC11 titanium alloy, uniaxial tensile tests were

conducted on this material over a wide range of strain rate. The results demonstrate that as the strain rate increases from quasistatic to

dynamic, the yield strength of the TCI1 titanium alloy increases slightly. The reduction of the strain hardening modulus is found

under dynamic tension. Furthermore, the TCI11 titanium alloy fails in shear under both the quasistatic and dynamic tension. However,

the dimple size under dynamic fracture is smaller than that under quasistatic loading. By analyzing the temperature rise in the material

during deformation, it is found that the easier strain softening and the smaller dimple size on the fracture surface at high strain rate

may be attributed to the higher temperature rise.
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According to the type of the microstructure, the titanium
alloy can be classified as a-type, f-type and a+f-type. Com-
pared to the other two alloys, the a+p-type titanium alloy has
even better properties. It exhibits excellent high temperature
properties, low mass, high room temperature strength, high
tolerance resistance, etc. These prompt this alloy to be used in
a wide variety of applications such as aircraft engine and
structural components to bio-applications' . During the actual
applications, the titanium alloy may be subjected to extreme
environments and loading conditions such as high speed
impact. Therefore, it is necessary to investigate the
mechanical response of the titanium alloys under various
strain rates.

The TC11 titanium alloy, which has the normal composition
of Ti-Al(5.8~7.0)-Mo(2.8~3.8)-Zr(0.8~2.0)-Si(0.2~0.35), is a
typical a+p-type titanium alloy. During the past several years,
much attention has been paid on the dynamic mechanical
properties of the Ti-6A1-4V (TC4), which is the most widely
used a+p-type titanium alloy*'?
strain rate in-plane shear and tensile tests on the Ti-6Al-4V
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titanium alloy!"?. Combined with the numerical approach, the
stress-strain behavior of this alloy was determined. Compared
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to the Ti-6Al-4V, TCI11 titanium alloy has a higher strength.
However, restricted work has been conducted to study the
dynamic mechanical properties of this titanium alloy. Tensile
experiments were carried out on the Ti-6.6Al-3.3Mo-1.8Zr-
0.29Si alloy at quasistatic and dynamic strain rate by Zhang
and Wang!"*'¥. Tt is found that the mechanical properties of
this alloy are dependent on the strain rate. The tension yield
strength increases with increasing the strain rate. However, the
strain hardening behavior reduces at high strain rate. It is
known that heat will be generated in the material due to the
transition of plastic deformation work, which further results in
temperature rise. This temperature rise, which will soften the
strength of material, is related to the time scale of loading
reflected by the strain rate. Then, the key problem of studying
the TC11 titanium alloy is how the temperature rise couples
with the strain hardening and strain rate hardening to affect
the mechanical behavior. Furthermore, from the previous
studies, it can be concluded that the TC4 alloy usually
fractures by generating and propagating adiabatic shear band.
Then, for the TC11 titanium alloy, these problems such as how
the strain rate affects the fracture mode deserve further
investigation.
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In this study, the quasistatic and dynamic tensile experi-
ments were conducted on the TCI11 titanium alloy, aiming to
investigate the effect of the strain rate on the mechanical
properties of this alloy. For each tested specimen, the failure
mode and the fracture surface were carefully examined. Based
on the experimental observation and temperature rise analysis,
the strain rate dependent tension deformation behavior of the
TCI11 titanium alloy was discussed. The localized deformation
temperature as a function of distance and time was obtained as
well. Our present results may increase the understanding of
the deformation and fracture mechanism of TCI1 titanium
alloy.

1 Experiment

The chemical composition of the tested TC11 titanium alloy
was Ti-6.6Al-3.3Mo-1.8Zr-0.29Si. The specimen used in the
present study was obtained from the commercial forged rods
without any heat treatment process. The microstructure of this
alloy is shown in Fig.1.

Quasistatic tensile tests were conducted by the material test
machine, with the sample gauge section dimensions of 5 mm
in diameter and 25 mm in length. The average strain rates,
controlled by the velocity of the load head, were about 1x107
and 1x10? s'. Dynamic tensile tests were performed by the
split Hopkinson tension bar (SHTB) apparatus. The schematic
illustration of this apparatus is shown in Fig.2. During the test,
the hammer impacts the block at a high speed, which induces
the deformation and even fracture of the prefixed metal bar.
This further generates the tensile pulse in the incident bar. The
amplitude and duration of incident pulse can be controlled by
adjusting the length and diameter of the prefixed metal bar
and the impact velocity of the hammer. The tensile incident
pulse propagates towards the specimen. When encountering
the specimen, one part of the incident pulse reflects back to
the incident bar, and at the same time, the other part transmits
into the transmitted bar. Based on the one dimensional elastic
wave propagation theory and the assumption of stress
equilibrium in the specimen, the tension stress, tension strain
rate and tension strain can be calculated according to the
incident wave ¢(f), measured by the gauges on the incident

Fig.l Microstructure of the TC11 titanium alloy
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Fig.2 Schematic diagram of the split Hopkinson tension bar

bar, and the transmitter wave &.(¢), measured by the gauges on
the transmitted bar as follows:

a=%&m) (1)
2C,

é(t)= v [&(1)- e (1) ] ()
2C, |

20 = [Ta(0-a(0]d 3

where C,, E and A, are elastic wave velocity, elastic modulus
and cross section area of the bar, respectively; 4, and L are
initial cross section area and length of the specimen gauge
section, respectively. In the present test, the prefixed metal bar
with 8 mm in diameter was used to keep the average strain
rate of 3.2x10? s, while 10 mm was used to keep the strain
rate of 1.2x10° s™'. To obtain reliable test results at different
strain rates, at least four specimens were performed for each
case. After testing, the failure modes and the fracture surfaces
of all specimens were carefully checked.

2 Results

2.1 Stress-strain behavior

Fig.3 shows the true stress-strain curves of the TC11 tita-
nium alloy under quasistatic and dynamic tension. The
specimens at the strain rate of 3.2x10* s
plastic deformation. From this figure, it can be seen that the

only experience

TCI11 titanium alloys have different strength and ductility
values at one strain rate. This dispersion of strength and
ductility may be attributed to the fact that the mechanical
properties of this alloy are sensitive to the flaws which come
from material preparation or specimen machining. Fig.4 shows
the typical true stress-strain curves of the TC11 titanium alloy
under quasistatic and dynamic strain rate. It can be seen that
the deformation process can be divided into three stages.
Upon loading, the material responds elastically first. Just after
yielding, the material demonstrates approximately linear
stress-strain relation because the differential of the stress-
strain curve shown in Fig.5 maintains a constant value. After
that, nonlinear decrease of the stress occurs, followed by the
rapid drop of stress, indicating the fracture of the specimen.
The variation of yield strength with strain rate is shown in
Fig.6. As the strain rate increases from 1.0x107 s to 1.2x10°
s”, the average yield strength changes slightly from 1.03 GPa
to 1.23 GPa. It can be seen from Fig.4 that the TC11 titanium
alloy exhibits different strain hardening abilities under various
strain rates. In order to quantitatively characterize the strain
hardening behavior, linear fitting is conducted on the second
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Fig.3 True tensile stress-strain curves of the TC11 titanium alloy under different strain rates:
(a) 1.0x107 s, (b) 1.0x102 s, (¢) 3.2x10% s, and (d) 1.2x10° 5!
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Fig.4 True stress-strain curves under different strain rates: (a) 1x107

stand (b) 1.2x10° 5!

deformation stage of the TCI11 titanium alloy. The slope of the
fitting curve is taken as the linear strain hardening modulus.
The variation of linear strain hardening modulus with strain

rate is shown in Fig.7. From this figure, it can be seen that
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Fig.5 Differential of the stress-strain curve of the TC11 titanium al-

loy under different strain rates: (a) 1x10° s and (b) 1.2x10°s™!

with increasing the strain rate, the linear strain hardening
modulus decreases from 1.5 GPa to -0.8 GPa. This indicates
that strain hardening disappears under high strain rate. Strain
softening dominates the deformation of the TCII titanium
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Fig.7 Variation of linear strain hardening modulus of TC11 titanium

alloy with strain rate

alloy under dynamic loading.
2.2 Fracture morphologies

Fig. 8 shows the macroscopic deformation and fracture mor-
phologies of TC11 titanium alloy at the strain rate of 1.0x10?
s'. It can be seen from Fig. 8a that the specimens fail by
shearing. The magnification of the area marked in Fig.8a is
shown in Fig. 8b. The specimen has a rough shear fracture
surface. This is different from the brittle material such as
metallic glass which has a smooth tensile fracture surface!*'®l,
Furthermore, the specimen does not exhibit visible necking
near the fracture surface. Typical cell-like and river-like vein
patterns are observed on the fracture surface, as shown in
Fig.8c and 8d, respectively. The cell-like vein pattern is the
typical fracture morphology of titanium alloy under dynamic
shear loading, while the river-like vein pattern is the typical
tensile fracture morphology!”?". These indicate that both the
local shear and tensile fracture occur in the TC11 titanium alloy.

Fig.9 gives the macroscopic deformation and fracture mor-
phologies of the TC11 titanium alloy at the strain rate of 1.0%
10? s™. Fig. 9b is a magnified image corresponding to the
marked area in Fig.9a. As can be seen from Fig.9a and Fig.9b,

Fig.8 Fracture morphologies of TC11 titanium alloy under the strain
rate of 1.0x107 s': (a, b) specimens after fracture, (¢) cell-like

vein pattern, and (d) river-like vein pattern

this titanium alloy mainly fails by shearing, which is similar to
the situation of 1.0x10° s strain rate. Little necking can be
observed near the fracture surface. As shown in Fig.9c, a
smooth fracture slip zone can be observed at the edge of the
fracture surface, which indicates the occurrence of shear
fracture in this area. This zone has the maximum width of
about 70 pum. Fig. 9d and Fig. 9¢ show the typical morpho-
logies in the middle of the fracture surface. Dimple-like vein
pattern can be observed, indicating the tensile fracture.

Since the specimen under the strain rate of 3.2x10” s™ does
not fail finally, the fractured specimens under the strain rate of
1.2x10° s are carefully examined, as shown in Fig.10. Fig. 10b
shows the magnification of the marked area in Fig.10a. It can be
seen that the specimen fails by shearing. Furthermore, necking
can be clearly observed. This indicates that obvious nonuni-
form deformation occurs before fracture, which is consistent
with the results mentioned in Section 2.1. Similar to the
specimen under the strain rate of 1.0x10? s, the smooth shear
slip zone exists at the edge of the fracture surface. However,
under dynamic loading, the width of this slip zone is 90 um,
which is larger than that of the quasistatic specimen. As
shown in Fig.10d and 10e, typical dimple-like pattern can be
observed in the middle of the fracture surface, indicating the
occurrence of tensile fracture. The characteristic dimple size is
smaller than that in the quasistatic tension, which is consistent

with the observation found by Zhang and Wang!*'*l,

3 Discussion

The experimental results and observation reveal some
crucial features of TCI11 titanium alloy behavior during
deformation, as follows. (1) Under quasistatic loading, the
TC11 titanium alloy exhibits linear strain hardening behavior
after yielding. However, instead of strain hardening, strain
softening occurs for this alloy under high strain rate loading.
(2) Uniform deformation dominates the TC11 titanium alloy
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1 mm

Fig.9 Fracture morphologies of the TC11 titanium alloy under the strain rate of 1.0x10? s™': (a, b) specimen after fracture, (c) edge morphology

of the fracture surface, and (d, e) typical pattern in the middle of the fracture surface

Fig.10  Fracture morphologies of the TC11 titanium alloy under the strain rate of 1.2x10° s™': (a, b) fractured specimens, (¢) edge morphology of

the fracture surface, and (d, e) typical pattern in the middle of the fracture surface

under quasistatic loading. However, nonuniform deformation
mainly occurs at high strain rate. (3) Macroscopically, the
TC11 titanium alloy fails by shearing under both quasistatic
and dynamic loading. Microscopically, both the local shear
and tensile fracture exist on the fracture surface. Furthermore,
under dynamic loading, TCI11 titanium alloy has larger shear

slip zone and smaller dimple size.

As aforementioned, heat will be generated in the material
due to the transition of plastic deformation work, which
results in temperature rise. This temperature rise will induce
strength softening of material. Thus, the mechanical properties
of material are affected by the competition between thermal
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softening and strain hardening. The temperature rise is

dependent on the plastic deformation and the thermal

diffusion, as can be expressed by the following equation:
Jat p pC b 9x

4)

where p,, C, are the density and specific heat of the material,
respectively; a=1/p,C,, which is the thermal diffusion coeffi-
cient, and A is the heat conduction coefficient; x is the
conversion factor of plastic work to heat; ¢ and ¢ are the stress
and strain rate of the material, respectively; 7T is the tempe-
rature, ¢ is the time, and x is the distance from the heat source.
In Eq.(4), the first term in the right of the equal sign refers to
the generation of the temperature, while the second term
indicates the diffusion of the temperature. The temperature
rise in the material is dependent on the competition between
the generation of the heat and the diffusion of the temperature.

The deformation of the TC11 titanium alloy can be divided
into three major processes before final failure, as shown in
Fig.4. In the first stage, no temperature is generated because
the material behaves elastically. In the second deformation
stage, the material demonstrates approximately linear stress-
strain relation, which refers to uniform deformation. In this
stage, every part of material has the same plastic deformation,
indicating that the temperature is distributed uniformly in the
material, no heat diffusion occurs in the material. In Eq. (4),
the second term on the right of the equal sign can be ignored.
However, heat will be conducted into the environment since it
has lower temperature. In the quasistatic tension, the defor-
mation process has a longer duration. The generated heat has
enough time to diffuse into the environment. Thus, the uni-
form deformation stage acts like an isothermal process. The
deformation of the TCI11 titanium alloy is controlled by the
strain hardening. However, under high strain rate tension, the
deformation lasts for a much shorter time. The heat generated
in the material does not have enough time to diffuse into the
environment. This dynamic deformation stage acts like an
adiabatic process. The strength softening caused by the
temperature rise will control the deformation of the TCI1
titanium alloy, which is why the strain hardening modulus
becomes a negative value under dynamic tension.

In the third deformation stage, the stress decreases
nonlinearly with increasing the strain, as shown in Fig.4. In
this stage, nonuniform deformation such as necking and local
shearing occurs in the materials. The localized plastic
deformation zone in the material has the highest temperature
rise. From the experimental observation, the TCI1 titanium
alloy fails by shearing under both quasistatic and dynamic
loading. According to the previous studies, if the localized
shear can be treated as the planar sources of heat, the thin-film
solution of Eq.(4) can be obtained. The temperature rise can
be given by the following equation™*:

H 1 -x?
rol | e )
2p,c, Vo Vit dat

where H is the heat content (energy per unit area) generated
by shear. It can be given by H=xt i, in which y.is the critical

800
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Fig.11 Variation of temperature rise with the distance to the shear

fracture surface at different time

shear displacement that can be measured by the value of
smooth shear slip zone observed on the fracture surface, 7, is
the shear strength. Taking the values of parameters of the
TC11 titanium alloy as follows: p, of 4480 kg/m’, ¢, of 605
J/kg'K, a of 2.32x10°m%s. x is the Taylor-Quinney coeffi-
cient which has the value of 0.9. From the dynamic experi-
ments, , has the value of 90 pum, z, has the value of about 0.6
GPa which corresponds to the shear stress in the fracture
surface. Substituting these parameters into Eq.(5), the varia-
tion of the temperature rise with the distance x can be
obtained, as shown in Fig. 11. Here, five different values of
time are considered.

According to the experimental study of TC4 titanium alloy
by Liao and Duffy ?¥, the temperature inside the shear band
will increase from the room temperature to the maximum
value during the local shear deformation. This process lasts
for only 20 us under the strain rate of 1.4x10° s”'. Considering
that the TC11 titanium alloy in this study experiences the
similar strain rate with the experiment conducted by Liao and
Duffy™, the typical time of 20 ps is chosen. From Fig. 11, it
can be seen that the maximum temperature rise in the shear
fracture surface is 750 °C. Furthermore, the temperature rise
in the shear fracture surface decreases with increasing the
time. Compared to the dynamic tension, the material has
smaller heat content under quasistatic situation since it has
smaller shear slip zone. The duration of temperature rise under
quasistatic tension should be larger than under dynamic
situation due to the fact that the material has slower defor-
mation rate. Thus, the temperature rise in the shear fracture
surface under dynamic tension should be higher than under
the quasistatic tension. From the previous study®™, it is found
that the dimple like vein pattern in the fracture surface is
related to the evolution of the micro-hole in the alloy. This
evolution process is affected by the strain rate and
temperature. Under dynamic tension, the higher deformation
rate and temperature rise may result in smaller dimple size.

4 Conclusions

1) With increasing the strain rate, the yield strength
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increases slightly from 1.03 GPa to 1.23 GPa, while the strain
hardening modulus decreases from 1.5 GPa to -0.8 GPa.

2) Macroscopically, the TCI11 titanium alloy fails by
shearing under both quasistatic and dynamic strain rate.
Microscopically, both the local shear and tensile fracture exist
on the fracture surface. The dimple size becomes smaller
under dynamic loading.

3) The temperature rise during nonuniform deformation
stage is estimated. The maximum temperature rise can achieve
750 °C under dynamic tension. It is proposed that higher
adiabatic temperature rise will cause the strain softening under
dynamic tension, which further induces the smaller dimple
size in the fracture surface.
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