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Abstract: In order to investigate the static and dynamic mechanical properties of TC18 titanium alloy,
the quasi-static stress—strain curve of TC18 titanium alloy under room temperature was obtained
by DNS 100 electronic universal testing machine (Changchun Institute of Mechanical Science Co.,
Ltd., Changchun, China). Meanwhile, the flow stress—strain curves under different temperatures and
strain rates are analyzed by split Hopkinson pressure bar (SHPB) device with synchronous assembly
system. On the basis of the two experimental data, the JC constitutive model under the combined
action of high temperature and impact load is established using the linear least squares method.
The results show the following: the yield strength and flow stress of TC18 titanium alloy increase
slowly with the increase of the strain rate, and the strain value corresponding to the yield strength is
reduced. With the increase of strain, the flow stress increases at first and then decreases at different
temperatures. The strain value corresponding to the transition point rises with the temperature
increase, and the corresponding stress value remains basically unchanged. With the increase of
experimental temperature, the flow stress shows a downward trend, and the JC constitutive model
can predict the plastic flow stress well.

Keywords: TC18 titanium alloy; Hopkinson pressure bar (SHPB); JC constitutive model; dynamic
mechanical properties

1. Introduction

TC18 (Ti-5A1-5Mo-5V-1Cr-1Fe) is a high strength « + f titanium alloy developed by the Soviet
Union, and it has excellent comprehensive properties such as high strength, good corrosion resistance,
high temperature resistance, good elongation, and section shrinkage [1-3]. Therefore, it is widely used
in aerospace, ship, and weapon industries [4-7]. However, TC18 titanium alloy has the characteristics of
low plasticity, low thermal conductivity, low modulus of elasticity, and strong chemical activity [8-10].
It needs more cutting force and consumes more power in the cutting process. At the same time,
the heat generated is not easy to be transmitted out, so the temperature in the cutting zone rises and
the sticking phenomenon is serious, which aggravates the wear of the tool and causes serious damage
to the machined surface. This shows that TC18 titanium alloy has poor machinability, so it is necessary
to study the dynamic mechanical properties of TC18 titanium alloy.

At present, scholars at home and abroad have done some research on the dynamic mechanical
properties of TC18 titanium alloy. Zhang et al. [11] conducted solution quenching treatment on TC18
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titanium alloy, and studied the microstructure evolution of § phase and (« + f) phase in the aging
process of TC18 titanium alloy. Balaykin et al. [12] conducted high temperature bending test on
Ti-5A1-5Mo-5V-1Cr-1Fe titanium alloy, and analyzed the relationship between the homogeneity
of grain structure and annealing time. Ran et al. [13] conducted static and dynamic compression
experiments on TC18 titanium alloy, and studied the plastic deformation and fracture behavior of TC18
titanium alloy at room temperature, medium, and high strain rate. The results show that the strain
hardening effect and strain rate strengthening effect of TC18 titanium alloy are obvious, and collapse
of the specimens occurs along a plane inclined at an angle of about 45° to the compression axis under
quasi-static and dynamic compression loads at room temperature. Luo et al. [14] conducted isothermal
compression experiments on TC18 titanium alloy, studied the influence of process parameters on
grain size and volume fraction, and clarified the deformation mechanism of TC18 titanium alloy.
Shi et al. [15] studied the relationship between three kinds of microstructure of TC18 titanium alloy
and its fatigue properties and micro-hardness before and after fatigue, and analyzed the correlation
between fatigue strength and hardness decline under different microstructure. Luo et al. [16] conducted
dynamic compression experiments on TC18 titanium alloy at different temperatures, strain rates,
and strains, and studied the influence of process parameters on its rheological stress, strain rate
sensitivity, and strain hardening index. Niex et al. [17] conducted creep experiments on TC18 titanium
alloy at different temperatures and tensile stresses, studied the influence of microstructure on its creep
behavior, and analyzed the creep mechanism. Zrebtsov et al. [18] carried out compression experiments
at high temperature and high strain on Ti-5Al-5Mo-5V-1Cr-1Fe titanium alloy. The microstructure
evolution of Ti-5Al-5Mo-5V-1Cr-1Fe titanium alloy at high temperature and high strain has been
studied by means of scanning electron microscope (SEM) and transmission electron microscope
(TEM), and it is concluded that the microstructure evolution of f phase is the main factor affecting
the microstructure evolution at both temperatures. Wang et al. [19] studied the fatigue crack growth
mechanism of TC18 titanium alloy, and concluded that the deformation crack growth path of specimen
can prolong the fatigue crack growth life. Therefore, scholars at home and abroad have mainly studied
the mechanical properties and microstructure changes of TC18 titanium alloy at low temperature or
low strain rate. There are few studies on the dynamic mechanical properties and flow stress model
construction at high temperature and high strain rate. Because the dynamic mechanical properties of
the material are different from the static mechanical properties, only the dynamic mechanical properties
can truly reflect the actual performance of the material deformation [20,21]. Therefore, this paper not
only studies the dynamic mechanical properties of TC18 titanium alloy at high temperature and high
strain rate, but also constructs JC constitutive model, which can predict the flow stress.

In this paper, TC18 titanium alloy was subjected to quasi-static compression test and dynamic
compression test of different temperature and strain rate by using DNS 100 electronic universal testing
machine (Changchun Institute of Mechanical Science Co., Ltd., Changchun, China) and split Hopkinson
compression bar (SHPB) device with a synchronous assembly system. The relationship between flow
stress and strain rate of TC18 titanium alloy under different impact loads, different temperatures,
and different strain rates was analyzed. According to the experimental results, the JC constitutive
model under the combined action of high temperature and impact load is established by the linear
least squares method, and the correctness of the constitutive model is verified, which lays a foundation
for the study of cutting mechanism and the prediction of plastic flow stress.

2. Dynamic Mechanical Properties of TC18 Titanium Alloy

2.1. Preparation of Test Sample

According to the relevant parameters of the experimental equipment and experimental parameters,
the TC18 titanium alloy sample in the static and dynamic compression test is a @5mm X 4 mm [22]
cylindrical bar produced by the processing plant, with 85 samples [22]. The main chemical composition
and mechanical properties are shown in Tables 1 and 2, respectively. In the process of processing, in
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addition to the geometric dimension requirements of TC18 titanium alloy sample, the parallelism of
the two ends must be about 0.01 mm. At the same time, the burr should be removed after the sample
is processed to ensure that the two ends have good surface roughness to reduce the impact of end
friction during the test.

Table 1. Main chemical composition of TC18 titanium alloy (%) [23].

Al Mo \% Cr Fe (0] N Ti
4.67 4.78 5.08 1.06 0.936 0.14 0.012 Bal

Table 2. Mechanical properties of TC18 titanium alloy [23].

Tensile Strength Yield Strength Reduction of Area Elongation
op/MPa 00.2/MPa P/% 6/%
1120 1060 17% 8.5%

2.2. Quasi-Static Compression Test Device and Experimental Scheme

The quasi-static compression experiment adopts a cylindrical TC18 titanium alloy sample with
@5mm X 4 mm [22] and the experiment is carried out on a DNS 100 electronic universal testing
machine (Changchun Institute of Mechanical Science Co., Ltd., Changchun, China) machine according
to the national standard GB/T 7314-2005, and the experimental device and the sample clamping
diagram are shown in Figures 1 and 2, respectively. During the experiment, the temperature was kept
at room temperature, and the loading strain rate of the sample was from 0.001 s~! to 0.01 s~!. Before
the experiment, the end face of the sample was coated with grease to reduce the friction between
the end face of the sample and the loading platform. The volume change of the sample before and
after the experiment is small, so it is assumed that the volume of the sample before and after the
experiment is constant. In order to reduce the experimental error and ensure the accuracy of the
experimental results, each experiment is repeated three times and the average value is calculated as
the final experimental results.

Figure 1. Experimental device diagram.
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Figure 2. Sample clamping drawing.

Experimental Results and Analysis under Quasi-Static Conditions

The data of compression load P and compression displacement are obtained by data acquisition
and processing system of DNS 100 electronic universal testing machine (Changchun Institute of
Mechanical Science Co., Ltd., Changchun, China). We load the equipment without loading the sample
and measure the deformation of the indenter. Then, we apply load to the indenter with the sample
and measure the deformation. The deformation AL of the sample is the difference before and after
loading the sample. The engineering stress and engineering strain of the specimen are calculated
according to Formulas (1) and (2), and the real stress and real strain data of the specimen are calculated
according to Formulas (3) and (4). The sample is subjected to a positive value of stress and strain
during the compression process. The real stress and strain data obtained at room temperature and
different loading strain rates are drawn into a real stress—strain curve by using Origin 8.0 software
(Origin Lab Corporation, Northampton, MA, USA), and the mechanical properties of TC18 titanium
alloy during quasi-static compression were analyzed. The stress—strain relationship curve at room
temperature is shown in Figure 3.

o =5 1)

AL
& = L_l, (2)
02201*(1—81), (3)
go= —In(1-¢7). @)

where 07 is the engineering stress of the sample, ¢; is the engineering strain of the sample, o7 is the
real stress of the sample, ¢; is the real strain of the sample, P is the compression load, A; is the initial
cross-sectional area of the sample, AL is the compression displacement, and L is the initial length of
the sample.



Metals 2020, 10, 44 50f 18

1600

1400

1200

1000

800

600

Real Stress(MPa)

400 —=— 0.001/s

200 —e—0.01/s

o 1 1 1 1
0.00 0.15 0.30 0.45 0.60

Real Strain

Figure 3. Stress—strain relation curve at room temperature quasi-static.

It can be seen from Figure 3 that TC18 titanium alloy material has no obvious yield stage under
quasi-static compression, so the stress corresponding to the plastic strain of 0.2% is used as the yield
stress (0p,), with the increase of strain rate, the yield strength shows a downward trend, but the
downward range is small, which shows that TC18 titanium alloy material has poor sensitivity to
the change rate under static compression. When the loading strain rate is ¢ =0.001s7!,0m is the
elastic deformation stage of the sample. Meanwhile, with the increasing of the strain, the stress of
the materials also increases proportionally. If the load is suddenly unloaded, the deformation of the
material disappears immediately and can completely restore its original shape. mn is the elastic-plastic
deformation stage of the sample, and the stress corresponding to the point n is the yield stress of the
TC18 titanium alloy, which is 6, = 1180 MPa. ng is the stage of uniform plastic deformation of the
sample. Owing to the existence of the strain hardening effect, the flow stress of material increases
continuously with the increase of plastic deformation, and the stress corresponding to point g is the
strength limit of the material, which is g = 1500 MPa. After point g, the flow stress of TC18 titanium
alloy decreases rapidly. It is related to the plastic deformation work and cracks of the sample [23].

2.3. Hopkinson Pressure Bar Experiment Device, Principle, and Scheme

2.3.1. Split Hopkinson Pressure Bar Device

The split Hopkinson pressure bar experimental technique is based on one-dimensional hypothesis
and uniform hypothesis. The one-dimensional stress wave theory can be used to determine the strain
rate, strain, and stress of the material, and then the dynamic stress—strain relationship of the material
can be obtained. It has the advantages of ingenious and simple measurement method, a wide range
of strain rate measured and easy to measure and control the loading waveform. Split Hopkinson
pressure bar device is the most commonly used method to measure the dynamic flow stress of materials.
It mainly includes the following parts: pneumatic loading device, striker, incident bar, transmission
bar, buffer, USB-12047 information acquisition, and processing system. The striker, incident bar,
and transmission bar are made of maraging steel with yield stress of more than 1.8 GPa. Because of the
high yield strength of maraging steel, the striker, incident bar, and transmission bar remain elastic and
will not be destroyed in the experiment. The induction coil of the device can provide high heating
rates and stamping speeds, avoids annealing softening and aging hardening of materials, and enables
obtaining the stress—strain relationship at high temperatures. Before the experiment, the impacted
end of the incident bar is pasted with a shaping sheet of copper material to reduce the high frequency
oscillations during the experiment. The coaxiality of incident bar and transmission bar should be
guaranteed in the experiment to avoid the scattering phenomenon of stress wave in the process of
propagation. In the experiment, the sample is placed between the incident bar and the transmission
bar and coated with grease. By adjusting the air pressure, the striker produces an accelerated pulse,
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and the sample is loaded. At the same time, the BE120-3AA strain gauge pasted on the incident bar and
the transmission bar will record the pulse signal. Through the processing of the corresponding variable
bar signal, the change course of the load at the end of the bar with time can be measured [24], thus the
dynamic stress-strain curve of the material can be obtained. The experimental schematic diagram and
experimental device of the split Hopkinson pressure bar are shown in Figures 4 and 5, respectively.

Gas Chamber StrikerIncident Strain Sample Transmission Strain Buffer

Heating Device

High Dynamic
train Indicator

Data Acquisition and
Processing System

Figure 4. Principle diagram of Hopkinson compression bar experiment.

Figure 5. Hopkinson pressure bar experimental device.

When doing the high temperature pressure bar experiment, it is necessary to install the
high-temperature synchronization device on the Hopkinson pressure bar device. In Figure 4, the buffer
in the device is replaced with the driving piston, which is connected with the pneumatic loading
device at the striker to ensure the synchronization between the driving piston and the transmission bar.
The purpose of piston movement is to push the transmission bar to ensure that the sample contacts the
two bars. Before the test, the sample was separated from the two bars, which is to avoid the change of
the modulus of the bar due to the temperature rise and affect the test data. During the experiment,
the sample is fixed on the bushing through thermocouple wire, and the bushing can slide arbitrarily
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on the transmission bar. The incident bar and the transmission bar are equipped with bushing fixed
gasket and grease at both ends to avoid damage at the end of the bar.

In the high temperature test, the cold contact time (CCT) has a certain impact on the accuracy
of the test results. The cold contact time (CCT) is defined as the time of direct contact between the
sample and bar prior to the arrival of the incident stress wave. Because the temperature of the sample
is higher than that of the bar, there is heat conduction between the sample and the bars, so the cold
contact time (CCT) has an effect on the temperature decrease of sample and the temperature increase
of the bars. After the sample is heated, when the pneumatic loading device is opened, the piston in
the high temperature synchronization device can push the transmission bar to ensure that the sample
contacts the two bars. The time for the synchronous cylinder wave to propagate from the sample to the
strain gauge on the incident bar is t. At the same time, the striker in the bore hits the incident bar at a
certain speed. The time for the loading wave to propagate from the strain gauge on the incident bar to
the sample is t. The actual cold contact time is obtained by subtracting 2 t from the time difference T
between the synchronous cylinder wave signal and the loading wave signal recorded by the strain
gauge on the incident bar. Different test air pressure can obtain different cold contact time, so in order
to test the cold contact time, we conduct the test without clamping the sample, so that the cold contact
time is 38 ms. When the cold contact time is less than 50 ms [25], the test data can truly reflect the
behavior of the material, so it can be seen that the cold contact time in this test has little impact on the
measurement results. The cold contact time diagram was shown in Figure 6.

In the experiment, the sample is heated in an electric furnace, and the sample reaches the
predetermined experimental temperature. The heating control system is used to keep the sample warm
for 2-3 min. The velocity of the piston is so small that it is negligible relatively to the velocity of the
striker. In the high temperature dynamic compression experiment, when the pneumatic loading device
is opened, the movement of the piston and the striker in the bore are synchronous, but the piston
stops after a full stroke, then the striker hits the incident bar. The pulse signals under different strain
rates can be obtained by changing the air pressure of the high-temperature synchronization device.
Figures 7 and 8 show the schematic diagram of specimen clamping and the diagram of experimental
device in high temperature experiment, respectively.

0.6

04
Synchronous Cylinder Signal

< o2f \
=
s
3
»n 0.0 (i
E CCT
E 02}
E 38 ms
=
04
Loading Wave
0.6 | 1 1 1 1 1
-0.05 -0.04 -0.03 -0.02 -0.01 0.00

Time (s)

Figure 6. Cold contact time (CCT) diagram.
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Figure 7. Schematic diagram of sample clamping.

Figure 8. Experimental device.

2.3.2. Experimental Principle of Split Hopkinson Compression Bar

The sample is placed between the incident bar and the transmission bar and is heated by a
resistance furnace, the length L of the striker (the density is p, the one-dimensional elastic wave velocity
is Cp) is driven by a high-pressure gas in the air chamber to impact the front end of the incident bar
at a certain speed vy, the incident pulse ¢; is measured by a BE120-3AA strain gauge on the incident
bar, a part of the incident wave causes high-speed plastic deformation of the sample and enters the
transmission bar to form a transmission pulse ¢, and the other part of the incident wave is reflected
back to the incident bar to form a reflection signal ¢, owing to the difference in wave impedance
between the incident bar and the sample. In the low temperature experiment, only the buffer is used,
and the transmission wave is finally absorbed by the buffer. The high-temperature synchronization
device replaces the buffer in the high temperature experiment, and the transmission wave is finally
absorbed by the synchronization device, which plays the role of the buffer. The signals of incident
wave, reflected wave, and transmitted wave measured by BE120-3AA strain gauge are amplified
by SDY2107B high dynamic strain indicator (Beidaihe Institute of practical electronic technology,
Qinhuangdao, China) and then transmitted to USB-12047 data acquisition and processing system.
The average stress, average strain, and average strain rate of the specimen are obtained by theoretical
analysis and calculation of one-dimensional stress wave and stress uniformity [26-28]. The engineering
stress and engineering strain of the material are derived from Formulas (5)—(14). Under the assumption
of incompressibility of the material, the real stress and real strain of the material can be converted from
Formulas (3) and (4). Figure 9 shows a set of waveform signals measured by experiments.

EgA
= (et te), (5)
Cu (!
e=——| (&—&—g)dt, (6)

_L1 i
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¢ =-—L(ei—e,—e). 7)
If the force on the end face 1 and 2 of the sample is F; and F;, respectively, there are the following:
Fy = —ApEp(¢i + &), (8)
Fy = —AnEpet. ©)

When the force on both ends of the sample is balanced, that is,
Fy =F,. (10)

It is considered that there is an equilibrium state and a uniform process of stress and deformation
in the sample. The average stress represents the one-dimensional stress state in the material, which can
be obtained from the Formulas (8)—(10):

&+ & = &t (11)

By substituting Formula (11) into Formulas (5)—(7), we can obtain the following:

AHEH
_ 12
o A (12)
2Cy
£ = —— &dt, (13)
Ly Jo
2 2CH, (14)
Ly

where Ep represents the elastic modulus of a bar; Ay indicates the cross-sectional area of the bar;
Ch represents the elastic wave velocity of the bar; L; indicates the initial length of the specimen;
A indicates the initial cross-sectional area of the specimen; and ¢;, €;, and ¢, represent incident wave
signal, reflected wave signal, and transmitted wave signal, respectively. The elastic wave velocity and
elastic modulus of the incident bar material are 4904 m/s and 190.00 GPa, respectively.

0.6 - _
Reflected Wave
04
S
T" 0.2 ™~
=
20
«» 0.0 £
=
2
£ 02
>3
2
= 04 Transmission Wave
Incident Wave
0.6 |
1 1 1
0.0000 0.0001 0.0002 0.0003 0.0004

Time (s)
Figure 9. Waveform signal measured by experiment (room temperature, 5200 s71).
2.3.3. Experimental Scheme of Split Hopkinson Compression Bar

In order to study the dynamic mechanical properties of TC18 titanium alloy at high temperature and
high strain, a cylindrical bar with a diameter of ¢10 mm [22] and a diameter of @5mm X 4 mm [22] was
used in this experiment. The mean strain rates were 1033 s71,2100s71,3011s71, 3065 571, and 5015 571,
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and the temperatures were 25 °C, 200 °C, 400 °C, and 600 °C. In order to reduce the experimental
error and ensure the accuracy of the experimental results, each experiment is repeated three times and
the average value is obtained as the final experimental results. The experimental scheme is shown in
Table 3.

Table 3. Split Hopkinson compression bar (SHPB) experimental scheme.

Temperature 25°C 200 °C 400 °C 600 °C
1033 57! 1033 s 1 1033 57! 1033 571

Strain rate 3011 s71 2100 571 2100 s~1 2100 571
5015 s~1 3065 g1 3065 s~1 3065 g1

2.4. Dynamic Compression Test Results and Analysis of TC18 Titanium Alloy

2.4.1. Strain Rate Sensitivity Analysis of TC18 Titanium Alloy

Through the processing of the results of Hopkinson dynamic compression experiment, the real
stress and strain data measured at the same temperature and different strain rate are simulated by
Origin software to form the curve, so as to obtain the true stress—strain curve of TC18 titanium alloy at
different temperature and different strain rate, and analyze the effect of strain rate on the flow stress of
TC18 titanium alloy. Figure 10 shows the stress-strain curves of TC18 alloy at different strain rates at
(@ T=25°C,(b) T=200°C, (c) T =400 °C, and (d) T = 600 °C.

1800 1600
®) 28°C (b) 200°C
1600 |- -
- d § = 1200
& -~
= 1200 | &
< Z 1000
2 1000 |- 2
£ £ 800
g —a—10335" -
— . z
S 600 P s 600
x —e— 3011 &
.1 400
400 —a— 50155
200 200
0 1 1 1 0 1 1 1
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
Real Straln Real Strain
1400
() 400 °C
1200
E 1000 - E
€ s
; 800 <
£ £
7 600 3
s Al 3
2 400 —a—1033 s ~
—o—2100 \'l
o — 3065 5™ —a—30685°)
0 1 1 1 0 1 1 1
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
Real Strain Real Strain

Figure 10. Stress—strain curve of TC18 alloy at the same temperature and different strain rates ((a) shows
the stress—strain curves of different strain rates at T = 25 °C, (b) shows the stress—strain curves of different
strain rates at T = 200 °C, (c) shows the stress—strain curves of different strain rates at T = 400 °C,
and (d) shows the stress—strain curves of different strain rates at T = 600 °C).
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It can be seen from Figure 10a that, under the condition of T = 25 °C, when the strain rate increases
from 1033 57! to 3011 s~!, the maximum flow stress of TC18 titanium alloy increases from 1300 MPa to
1560 MPa, showing a significant increase trend. When the strain rate increases from 3011 s~! to 5015
s71, the maximum flow stress of the material increases from 1560 MPa to 1680 MPa, showing a slow
growth trend. When the strain rate reaches 3011 s, the sample collected after the experiment has a
broken shape [23].

It can be seen from Figure 10b that, under the condition of T = 200 °C, with the increase of
loading strain rate, the flow stress of the material show an increasing trend, and the strain values
corresponding to the yield strength decrease. When the loading strain rate is 1033 s7!, in section hp of
the figure, the flow stress of the material increases from 1210 MPa to 1320 MPa with the increase of
strain, which shows a sharp upward trend, because the work hardening effect of the material increases
the flow stress. In the pe section of the figure, the flow stress of the material is basically stable with
the increase of strain, which is because part of the plastic work is converted into heat energy, and the
thermal softening effect of the material will reduce the flow stress, so the flow stress increases slowly
with the strain. When the strain exceeds the e point, the flow stress of the material shows a sharp
downward trend with the increase of strain. This is because the thermal softening effect of the material
exceeds the strain hardening effect, and the stress drop caused by the thermal softening effect exceeds
the stress rise caused by the strain hardening, so the flow stress shows a sharp downward trend [29,30].

It can be seen from Figure 10d that the flow stress of TC18 titanium alloy is basically constant
during plastic deformation. When the experimental temperature is lower than 600 °C, the flow stress
increases with the increase of strain rate, but when T = 600 °C, the yield stress and flow stress of TC18
titanium alloy increase first and then decrease with the increase of strain rate. This is because, under the
condition of high temperature and high strain rate, the dislocation packing and dislocation density
of TC18 titanium alloy increase under the action of the impact load. It shows that the flow stress of
the material increases, but the heat generated in the plastic deformation process will promote the
regeneration and the recrystallization of the material, reduce the dislocation sliding, and increase the
dislocation density, so it shows that the flow stress decreases with the increase of the strain rate [29,30].

2.4.2. Temperature Sensitivity Analysis of TC18 Titanium Alloy

In order to analyze the temperature sensitivity of TC18 titanium alloy, the real stress and strain
data measured at the same strain rate and different temperatures were simulated by Origin software to
obtain the stress—strain curves at the same strain rate and different temperatures, and the influence of
temperature on the flow stress of TC18 titanium alloy was analyzed. Figure 11 shows the stress—strain
curves of TC18 alloy at different temperatures at (a) ¢ =1033s7 and (b) &€ = 306557\

It can be seen from Figure 11a that, with the increase of strain, the flow stress shows a trend
of increasing first and then decreasing, and the strain values corresponding to the transition point
increase, and the corresponding stress values remain basically unchanged. This is because, with the
increase of plastic strain in the early stage, the dislocation slip, dislocation packing, and dislocation
density appear in the grains, which shows the increase of flow stress. As the plastic deformation
continues to increase, part of the plastic deformation work is converted into heat energy, and the
strength value reduction caused by the temperature rise softening effect of the material is greater than
that caused by strain strengthening, showing the decrease of flow stress [30]. At temperatures of 25 °C
and 200 °C, the jump of elastic part of stress—strain curve is because of the fluctuation effect of the
sample. Because, in the initial stage of stress pulse action, the internal state of the sample is uneven,
the elastic part of the stress—strain curves jumps [31].

It can be seen from Figure 11b that, with the increase of the experimental temperature, the flow
stress shows a downward trend and the stress value in the plastic deformation stage is basically constant.
This is because the increase of temperature will enhance the dynamic recovery and recrystallization
softening mechanism of the material. When the softening effect of the material exceeds the hardening
effect, the flow stress of the material decreases, which shows that TC18 titanium alloy is very sensitive
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to temperature and has strong thermal softening effect [30]. So the flow stress increases with increasing
strain rate and decreasing temperature. Meanwhile, the flow stress is more sensitive to temperature
than to the strain rate [32].

1400 1
1200
= =
& 1000 =
z z
> -,
g oo
3 3
-4 x
400
200
0 L 4 1 0 1 1 1
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
Real Strain Real Strain

Figure 11. Stress—strain curve of TC18 alloy at the same strain rate and different temperatures ((a) shows
the stress—strain curves of different temperatures at ¢ =1033 571, (b) shows comparison of calculated
value and experimental value of different temperatures at &€ =3065s71).

2.4.3. Analysis of Strain Hardening Rate of TC18 Titanium Alloy

Select the experimental data with strain rate ¢ = 1033 571, calculate the strain hardening index at
different temperatures by the linear least squares method, and then use Origin software to simulate the
strain hardening temperature curve, as shown in Figure 12.

0.55

0.50 e 1033571

0.45 |-
0.40 |-
0.35 -
0.30 |-

0.25 |-

Strain hardening rate

0.20 |-

015 1 1 1 1 1 l
0 100 200 300 400 500 600

Temperature (°C)

Figure 12. Strain hardening rate-temperature curve of TC18 titanium alloy.

It can be seen from Figure 12 that, with the increase of temperature, the strain hardening rate
of materials presents a downward trend. When the temperature is lower than 200 °C, the strain
hardening rate decreases slowly, and when the temperature is higher than 200 °C, the strain hardening
rate decreases greatly, which shows that the thermal softening effect of the material exceeds the strain
hardening effect at high temperature, so the thermal softening effect is the main factor affecting the
flow stress drop.
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2.5. JC Dynamic Constitutive Model for Dynamic Impact Test of TC18 Titanium Alloy

In order to better describe the mechanical properties of the material, it is necessary to establish a
dynamic constitutive model suitable for the cutting process. In the cutting process, the strain, strain
rate, temperature, and microstructure of the material are the main factors that affect the flow stress,
but for the specific metal material, the strain, strain rate, and temperature constitute a comprehensive
deformation condition. At present, there are many models to describe material flow stress, among
which the JC constitutive model considers the influence of material strain, strain rate, and temperature
on material flow stress. It describes the strain hardening effect, strain rate hardening effect, and thermal
softening effect of material in cutting process, respectively, and has the characteristics of few parameters
and simple form [33,34]. Therefore, the model is widely used to describe the flow stress of materials,
with the following mathematical model form:

04 = [A + B(eq)n] 14 Cln

?]}[1 —(my"], (15)
€0

where 0, is flow stress, ¢ is plastic strain, A is yield strength under quasi-static condition, B is the
strength coefficient, 7 is strain hardening index, C is the sensitivity of the material to the plastic strain
rate, m is the sensitivity of material to thermal softening effect, e.q is plastic strain rate, and €o is the
reference plastic strain rate. We consider the elastic strain in the formula calculation.

T = %, Ty isroom temperature, T is the melting point of the material, and T is the temperature
of the material.

In the JC constitutive model, the lowest experimental temperature and strain rate were selected to
be the reference condition [35], among which Ty is 25 °C and €015 0.001 s71. The melting temperature
(Tg) of the TC18 titanium alloy was determined as 1678 °C [36]. Other unknown parameters need to
be combined with the data of quasi-static compression experiment and Hopkins on compression bar
experiment, and the JC constitutive model of TC18 titanium alloy can be obtained by the linear least
squares method.

2.5.1. Determination of Parameters A, , and 7 in JC Constitutive Model

The five parameters of the JC constitutive model are fitted by static and dynamic compression
experiments [37,38], in which the parameters A, B, and 7 in the JC constitutive model can be obtained
from the experimental data of €0 = 0.001 s7! and T = 25 °C under the quasi-static compression
experiment. Under the quasi-static condition of room temperature, TC18 titanium alloy can be
approximately linearly strengthened elastic-plastic material, and its strain rate hardening and thermal
softening effects have little effect on the dynamic stress. Therefore, Formula (15) can be simplified as
Formula (16):

04 =A+B(eg) . (16)

According to the quasi-static experimental data of room temperature and the stress—strain
relationship curve under the strain rate of 0.001 s~! in Figure 3, it can be seen that the yield stress of
TC18 titanium alloy is 1180 MPa, that is to say, the parameter A is 1180 MPa, so Formula (16) can be
simplified as follows:

04— 1180 = B(e,) . (17)

Order:
y=o04-1180, x = ¢,. (18)

Formula (17) can be changed to the following:

y = Bx". (19)
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Taking the logarithm on both sides of Formula (19), one gets the following:
Iny=InB+nlnx. (20)

According to the quasi-static experimental data and using the linear least squares [39] method in
Statistical Product and Service Solutions 17.0 (SPSS) software (IBM Company, USA) to fit the equation,
the following results are obtained: B = 762.079, n = 0.625.

Namely,

)0‘625

o4= 1180 + 762.079(¢, (21)

2.5.2. Determination of Parameters C and m in JC Constitutive Model

The parameter C in the JC constitutive equation can be obtained from the dynamic compression
test data under different strain rates at room temperature. The flow stress of TC18 titanium alloy
in the plastic stage no longer increases with the increase of strain, and the trend is close to gentle.
The effect of strain strengthening on the dynamic stress is small. Therefore, the strain strengthening
and thermal softening effects are not considered in the JC model; only strain rate strengthening effects
are considered, so Formula (15) can be simplified as follows:

)
€0

where g, is the yield stress at different strain rates at room temperature, oy is 1180 MPa of the yield

o4, = 0o|1+CIn

stress under the quasi-static condition, and e.o is 0.001 s~1 of the strain rate under quasi-static condition.
Order: .
0y4. &

y=—-1,x= ln(Tq] (23)

o) €0

Then, Formula (22) can be changed into the following:
y=Cx. (24)

The linear least squares method in SPSS software is used to fit the experimental data under different
strain rates at room temperature, and the following results are obtained: C = 0.0157, and substitute the
obtained C value into Formula (22) to get Formula (24):

K
o4= 1180 x |1 + 0.0157 x 1n[—”7ﬂ. (25)

0.001

Under the action of high temperature and high strain rate, the thermal softening effect of TC18
titanium alloy becomes the main factor affecting the flow stress. The parameter m of the JC constitutive
equation can be obtained from the dynamic compression experimental data (a total of nine sets of
data) with the temperature of 200 °C, 400 °C, and 600 °C and the strain rate of 1033 s71, 2100 s71,
and 3065 s71.

At high temperature and high strain rate, the JC model can be simplified to Formula (26):

oa(r) = oumo1- (722 | 26)



Metals 2020, 10, 44 15 0f 18

where 04(T") is the yield stress of TC18 titanium alloy at high temperature and o,(T}) is the yield
stress of TC18 titanium alloy at reference temperature. Taking the logarithm on both sides of Formula
(26), one gets Formula (27):

T -
ln(l _a(T) ): mln( T-Tk ) 27)
oa(Tk) T —Ti
where Ty is 25 °C and Ty is 1678 °C. Order:
Od(T*)) (T—Tk)
=1In|1- , x=1In . (28)
/ ( oa(Ti) Ty =Tk

Then, Formula (28) can be changed into the following:

The linear least squares method in SPSS software is used to fit nine groups of experimental data
under different temperature and strain rate. m = 0.939 was obtained, and the m value obtained is
substituted into Formula (26) to get Formula (30):

0.939
T I ) ] (30)

Te— Ty

0(T") = mm{l —(

The JC constitutive equation can be obtained by substituting the values of parameters A, B, n, C,

and m into Formula (15):
. 0.939
& T-Ty
1+ 0.0157 x ln[T]l[l - (Tg — Tk) ] (31)

€0

0.625
0= [1180 +762.079 % (&) ]

2.5.3. Verification of JC Constitutive Model of TC18 Titanium Alloy

The JC constitutive equation of TC18 titanium alloy is obtained through the data of quasi-static
compression experiment and Hopkinson pressure bar experiment. In order to verify the accuracy of
Formula (31), the data calculated by Formula (31) are fitted into the synthetic curve, and compared
with the experimental curve under high temperature dynamic condition. The results are shown in
Figure 13.

1400 1800 -
-1 -
1033 s (b) 3065 s
1200 1600
1400
= 1000 - =
& n /1_;-*—3/* * & 1200
< 800 < PP >
1000 = e
é / é 7';:4/1;,47 Ly ¢ e
7 600 |/ ~—a— 200 °C Experimental value 7 800 I ~&— 200 °C Experimental value
3 —&— 200 °C Calculated value E 600 —&— 200 °C Calculated value
X 400 ~—a&— 400 °C Experimental value = —a&— 400 °C Experimental value

~w— 400 °C Calculated value 400 —w— 400 °C Calculated value
~—4— 600 °C Experimental value

200 ~—4— 600 °C Experimental value 200 §
»— 600 °C Calculated value »— 600 °C Calculated value
0 1 Il 1 0 1 1 N
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
Real Strain Real Strain

Figure 13. Comparison of calculated value and experimental value of TC18 titanium alloy at the same
strain rate and different temperatures ((a) shows comparison of calculated value and experimental value
of different temperatures at ¢ =1033 s71, (b) shows the stress—strain curves of different temperatures at
¢ =3065s71).
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We choose some measuring points of the strain rate at ¢ =1033s"'and ¢ =3065s" to compare the
calculated value and the actual measured value of the fitting model. It can be seen from Figure 13a,b that
the fitting result of Formula (31) is in good agreement with the high-temperature dynamic compression
test result, which shows that the JC constitutive model can better predict the plastic flow stress of TC18
titanium alloy under the joint action of high temperature and impact load [40].

3. Conclusions

The dynamic mechanical behavior of TC18 titanium alloy can truly reflect the actual properties of
material deformation in the actual cutting process. On the basis of the constitutive equation, the flow
stress in the milling process can be predicted, and the appropriate milling parameters can be selected to
improve the surface quality. Therefore, the dynamic mechanical properties of TC18 titanium alloy were
studied using the split Hopkins pressure bar experimental device (SHPB). The relationship between
flow stress and strain of TC18 titanium alloy under different impact loads, different temperatures,
and different strain rates was analyzed, and the JC constitutive equation was established according to
the experimental data. The conclusions are as follows:

(1) Under the same temperature, the yield strength and the flow stress of the TC18 titanium alloy
material tend to increase slowly with the increase of the strain rate, and the strain value corresponding
to the yield strength is reduced. However, when the temperature exceeds 600 °C, the yield stress and
flow stress increase first and then decrease with the increase of strain rate.

(2) With the increase of strain, the flow stress increases first and then decreases, and the strain
value corresponding to the transition point increases, and the corresponding stress value basically
remains unchanged.

(3) With the increase of experimental temperature, the flow stress shows a downward trend and
the stress value in plastic deformation stage is basically constant.

(4) The linear least squares method is used to establish the JC constitutive model under the common
action of the high temperature and the impact load, and verify the correctness of the constitutive model.
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