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Abstract: The response of any engineering design components to stresses should be predictable,
While the response of a material to complex loading, such as high strain rates experienced during
service, is difficult to represent with simple tests, the Taylor impact test is one of a number of tests
devised for high strain rate complex loading. To expedite the acceptance of LPBF Ti6 Al4V (ELI) for
use in demanding structural applications, there is a need to develop numerical models based on the
internal microstructural state variables to predict the performance of the alloy over a wide range of
high strain rates using such complex tests. This paper documents the numerical simulation of Taylor
impact tests for direct metal laser-sintered and post-processed Ti6Al4V (ELI—Extra Low Interstitial)
alloy. A microstructural variable-based constitutive model was used to predict the mechanical
properties (stresses and evolution of plastic strains) of the material. The corresponding material
parameters of the model were based on the specific microstructure obtained upon post-process heat
treatment. The model was first implemented as a user material subroutine in the explicit finite
element program ABAQUS using the VUHARD subroutine. Subsequently, the symmetrical Taylor
impact tests of Laser Powder Bed Fusion (LPBF) Ti6Al4V (ELI) parts were numerically simulated
using the VUHARD subroutine at different impact velocities. The equivalent von Mises stress and
check for plastic strain obtained from numerical simulations were compared with the analytical solutions based
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o o . on the strain rates obtained. It was shown that the instantaneous and average absolute errors between
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1. Introduction
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years, with many successful insertions for non-mission-critical applications such as in the
biomedical sector. To meet the full potential that LPBF has to offer, especially for demand-
ing structural applications such as flight-critical components and armaments, qualification
and certification are necessary [1]. Some of the key areas that can be considered in the
qualification routes include the development of analytical and numerical models that can
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The manufacturing of parts with Ti6Al4V, an alloy commonly used for structural
applications in jet engines and as a material for biomedical implants, has traditionally
relied on the forging, casting, and rolling of bulk feedstock materials [6]. This is followed
by subsequent machining to final shapes and dimensions [6,7]. However, the manufac-
turing of parts with this alloy through these conventional processes is always challenging
due to its poor thermal conductivity, reactivity with oxygen, and susceptibility to strain
hardening [7,8]. Besides, the nature of these traditional manufacturing processes leads to
wastage of high volumes of material, which increases the cost of production. Compared
to other additive manufacturing techniques, LPBF has provided a better alternative in
the production of Ti6Al4V alloys, which accounts for more than 50% of the titanium alloy
usage in the market [9-11]. To expedite the acceptance of LPBF Ti6Al4V (ELI) for use in
demanding structural applications, there is a need to develop numerical models based on
the internal microstructural state variables in order to predict the performance of the alloy
over a wide range of external state variables. Such models are critical in instances where it
is difficult to test the mechanical performance of the parts in their actual environmental
conditions, such as for temperature and strain rate.

A constitutive model for predicting the mechanical performance of different forms of
LPBF Ti6Al4V (ELI) over a wide spectrum of strain rates and temperatures was developed
and validated in the authors” work, which can be found in Muiruri et al. [3]. The consti-
tutive model was based on microstructural internal state variables. The model took into
consideration the meso-deformation of various forms of post-process heat-treated LPBF
Ti6Al4V (ELI) alloy, emphasizing the different sizes of o-grains and initial dislocation den-
sities in these microstructures. The validated model was further implemented separately
in the two ABAQUS/Explicit subroutines: VUMAT and VUHARD, which are useful in
modelling the isotropic plasticity of materials. The implementation process and simulation
results of single and multiple-element numerical models for testing VUMAT and VUHARD
subroutines were reported in the authors” work in reference [12]. The obtained positive
test results provided a foundation for simulating more complex numerical models with
contact interaction, such as the split Hopkinson pressure bar (SHPB) test and Taylor impact
test, that allow for modelling at large magnitudes of strain and strain rates. The finite
element modelling of the SHPB test for LPBF Ti6Al4V (ELI) alloy was carried out, where
test samples were modelled using the VUMAT and VUHARD subroutines for this material
that were extended in this work, the results of which were reported in reference [2].

The Taylor impact test typically consists of a cylindrical rod /bar/projectile striking a flat,
rigid surface at high velocity to determine the dynamic properties of the rod /bar/projectile.
During the test, the impact end of the rod/bar deforms plastically while the free end is
undeformed. The impacted end experiences very high stresses and, once the elastic limit is
exceeded, a plastic front moves towards the free end of the cylindrical rod /bar/projectile.
Moreover, the cylindrical rod shortens as material flows out radially when the elastic rear
portion of the rod becomes plastic. The Taylor test was used in this study to further validate
the utility of the extended VUHARD subroutine reported in [12] to predict the high strain rate
properties of LPBF Ti6Al4V (ELI) parts. The obtained numerical solutions were compared
with analytical solutions based on the range of strain rate obtained during the simulations.

It is important to note that the Taylor impact test has been widely used in studying the
high strain rate properties of materials [13,14]. In contrast to quasi-static material testing,
where several standards such as ASTM and BS are used [15,16], the Taylor impact technique
has not yet been standardised. Depending on the mechanical properties of the material being
tested, various Taylor impact test specimen dimensions have been employed [13,14,17-19].

2. Finite Element Model of the Taylor Impact Test

Finite element modelling of the direct Taylor impact test was performed using
ABAQUS/Explicit. The developed model consisted of a deformable three-dimensional
(3D) cylinder impacting on a rigid surface at an initial prescribed velocity. The diameter
and length of the cylindrical model used in this study were 5 mm and 15 mm, respectively.
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Furthermore, due to the axisymmetric nature of the cylindrical model, a quarter-symmetric
model of the cylinder shown in Figure 1 was used in all analyses to reduce the total number
of mesh elements used and therefore, the computation resources.
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Figure 1. A quarter-symmetrical model of the Taylor impact test in (a) isometric view and (b) front
view. The arrows show the direction of prescribed velocity.

A hard contact with separation after contact was used as the normal interaction property
between the rigid surface and the deformable symmetrical model of the cylinder. The
tangential behaviour between the symmetrical model of the cylinder and the rigid surface
was modelled as frictionless. An initial prescribed velocity was assigned to the deformable
quarter cylindrical model in the negative z-direction as shown in Figure 1. The prescribed
impact velocities used for this study were 130 m/s, 200 m/s, and 250 m/s. The Taylor impact
test specimens were modelled as elastic-plastic. The elastic properties of the Ti6Al4V (ELI)
model were assigned as: elastic modulus, 113 GPa and Poisson’s ratio, 0.34 [20]. The plastic
material model was defined by the microstructural-based constitutive model presented in
Equation (1) that was developed and validated for LPBF Ti6Al4V (ELI) in [3]. The definitions
of the parameters of this constitutive model are summarised in Table 1.

o= () (1 (hw)ne)) set-emina)
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Table 1. Definitions and values of the constant parameters of the analytical model obtained from
the literature, and those calibrated, as well as those determined from the microstructure of Ti6Al4V
(ELI) samples.

Symbol Parameters Description Value and Units Ref
ky Boltzmann constant 1.38 x 10°2 m2~kg~s*2. K! -
Mo Shear modulus at absolute zero temperature K
p Shear modulus 49.02 —5.821/ (e% - 1) GPa [21]
b Burgers vector 295 %107 0m [22]
£ Reference strain rate 107 s71 [21]
€ Test strain rate s1
o’ Threshold stress 1063.2 MPa Calibrated
Qoi Normalised activation energy 0.25 Calibrated
h Dislocation accumulation coefficient 8.3 x 10° m 2 Calibrated
k Dislocation annihilation coefficient 10 Calibrated
p Fitting constant 1 [21]
q Fitting constant 2 [21]
M Taylor factor 3 [23]
o Geometrical factor 0.2 [24]
Ky_p Hall-Petch constant 0.328 MPa.m!/2 [25]
T Temperature K
C Material constant Calibrated for different microstructures
X Effective damping coefficient Calibrated for different microstructures
Oo Initial dislocation density Measured in different microstructures
d Average grain size Measured in different microstructures
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The model was further implemented as a VUHARD material subroutine in
ABAQUS/EXPLICIT, and the results were presented in the authors” work published in
reference [12]. The coding for VUHARD generated in FOTRAN 90 and saved as a .for file
can be found as a supplementary file in [12]. An in-built explicit central difference time
integration rule was used for time integration of the equivalent strain and plastic strain
rate and updating equivalent von Mises stress at the gauss point [26,27]. The increments
and computation time for each simulation with 3632 elements were recorded as 1920 and
4065 s, respectively. Modelling and simulation of the Taylor impact test were carried out
for the LPBF Ti6Al4V (ELI) alloy with known microstructural internal state variables.

Various forms of the Ti6Al4V (ELI) alloy were obtained via a heat treatment strategy
to vary the microstructure of the alloy. Details of the heat treatment strategy and a com-
prehensive discussion of the resulting microstructure can be found in the authors” work
published in reference [28,29]. For ease of reference, the secondary electron image (SEI)
and crystallographic texture of the three microstructures obtained after heat treatment are
presented in Figure 2. The measured model parameters and those calibrated based on these
microstructures of the alloy, as presented in Table 1, are summarised in Table 2.

"SEY 2 20KV S WD ISnIm - 88507 7 L5 o4 S

Samplo

7 - » . /
SEINIQKV, DI2mm S50 10pm, - —
~Sample * - 0000 Y06 Apr 2022

x1,100  10pm

Figure 2. The secondary electron images and crystallographic texture of heat-treated microstructures
of LPBF Ti6Al4V (ELI) (a) and (b) at 800 °C/2 h (samples C), (c) and (d) 950 °C/2 h followed by
750 °C/2 h (Samples D), and (e) and (f) 1020 °C/2 h (Samples E), respectively.
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Table 2. Measured and calibrated model parameters for different forms of LPBF Ti6Al4V (ELI) alloy.

Variable Measured Value
Samples C Samples D Samples E
Average grain size 2.5 um 6.0 um 9.0 um
Initial dislocation density (m~2) 5.73 x 1014 5.09 x 1014 7.00 x 1014
Material constant ({) 207 210 210
Effective damping coefficient (x) 0.00032 0.00030 0.00020

A mesh convergence study for the proposed VUHARD model to obtain the optimum
mesh size for accurate simulation of the dynamic properties of LPBF Ti6Al4V (ELI) was pre-
viously conducted and reported in Muiruri et al. [2]. Further extensive mesh convergence
analyses of implemented VUHARD subroutines were carried out by Muiruri et al. [12].
The results from these two publications found values of equivalent plastic strain and von
Mises stress to converge for meshes equal to or less than 0.5 mm. From the foregoing
discussion, therefore, continuum elements C3D8R having meshes with a global size of
0.5 mm were used in this study. The 0.25 mm mesh size yielded a total of 3632 elements for
the quarter-symmetrical cylindrical model.

3. Results and Discussion
3.1. Strain Rate-Time Graph

Figure 3 shows the strain rate-time curves generated from the Taylor impact test
numerical simulations conducted at the prescribed velocities of 130 m/s, 200 m/s, and
250 m/s. The range of impact velocity from 130 m/s to 250 m/s was selected to ensure
sufficient noticeable plastic deformation of the numerical model.
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Figure 3. The strain rate-time graph for the Taylor impact numerical simulations conducted at
various imposed velocities.

It is clear from this figure that there was a sharp increase in strain rate in all three
cases. Furthermore, the rate of increase in strain rate was higher for higher simulation
velocities and vice vasa. At a prescribed velocity of 250 m/s, the strain rate initially peaked
at a time of about 2.6 ps before going through a series of rises and drops and subsequently
attaining a maximum value of strain rate at 6.01 ps. The range of strain rates attained at
these times were 61,320 s~1 and 78,946 s~ 1, respectively. The time for the initial peak strain
rate at a simulation velocity of 200 m/s was at about 4.11 pm before dropping and rising
again and reaching a maximum at 7.61 pum. The strain rate within this range of times was
between 40,061 s~ and 52,982 s~1, as seen in Figure 3. At the lower simulation velocity
of 130 m/s, the initial peak strain rate was approximately 38,875 s 1, followed by a series
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of rises and drops. The time for the initial peak strain rate at this simulation velocity was
approximately 7.21 pm. In all cases, the strain rate eventually decreased to zero, as seen in
Figure 3. This difference in times for the initial peak strain rates in each case was ascribed
to the difference in times taken for the impact wave, generated by impact of the cylinder
onto the rigid surface, to travel through the cylinder. It is clear from these times that the
impact wave was faster at high impact velocities and vice versa.

3.2. Numerical Model at Different Prescribed Velocities

Figure 4 shows the typical results obtained from the numerical simulation of the Taylor
impact test for the LPBF Ti6Al4V (ELI) alloy at three imposed velocities. From Figure 4a, it
can be seen that the lower velocity of 130 m/s produced a plastic strain of about 0.467 and
the deformation of the model is characteristic of the Taylor impact test results, where the
impacted end of the model deforms plastically while the free end is undeformed. Lateral
bulging of the model at this velocity increased from the impacted to the free end.

Equivalent von Mises stresses

Equivalent plastic strains

Figure 4. Typical distribution of equivalent von Mises stresses and strains obtained after numerical
simulation of LPBF Ti6Al4V (ELI) specimens at impact velocities of (a,b) 130 m/s, (c,d) 200 m/s, and
(e,f) 250 m/s. Image (g) shows the status of the model at the beginning of simulation prior to impact.

Remarkable deformations near the impact region were observed with an increase
in prescribed velocity. Figure 4c,e clearly show that the higher velocities of 200 m/s
and 250 m/s resulted in greater inelastic deformation (plastic strain > 0.9) which was
concentrated near the impacted end and decreased in magnitude away from it. It is
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evident that, at these higher velocities, the impacted surface of the projectile deforms into a
mushroom shape, which can be ascribed to large plastic flow in the highly strained regions.

Figure 4g depicts an undeformed model of a Taylor test specimen with a length of
15 mm and a uniform cross section diameter of 5 mm (the radius of a quarter rod being
0.25). A comparison between the undeformed and deformed Taylor impact models shows
that the cylindrical rod shortens as material flows out radially due to plastic flow. The
diameter at the impact end increased during the simulation due to the induced tensile hoop
stress caused by the compressive plastic wave. The parameters of the final shape of the
deformed model are illustrated in the schematic diagram shown in Figure 5.
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Figure 5. Schematic illustrations of the parameters of the deformed Taylor impact test model.

The radial ratio, expressed as R¢/R,, and the length ratio, expressed as L¢/L,, for the
simulation of LPBF Ti6Al4V (ELI) were extracted from the simulation results in Figure 5
and are presented in Table 3.

Table 3. Comparison of deformed model parameter ratio for samples C, D, and E.

Samples C D E

Prescribed velocity R¢/Ro L¢/Lo R¢/Ro L¢/Lo R¢/Ro L¢/Lo
130 m/s 1.356 0.843 1.371 0.782 1.362 0.801
200m/s 1.630 0.710 1.662 0.667 1.647 0.664
250m/s 1.874 0.612 1.897 0.581 1.878 0.600

From this table, it can be seen that the R¢/R,, ratio increased as the velocity imposed
on the model increased. Conversely, the L¢/L, ratio decreased as the imposed velocity
increased. It can be inferred from a study of the values in this table that the deformation
configuration that characterised the numerical Taylor impact tests was the same as observed
in other studies [19,20]. The foregoing discussion suggests that the typical features of the
Taylor impact model were numerically predicted using the VUHARD subroutine.

3.3. Equivalent Stress—Equivalent Plastic Strain Behaviour

The values of equivalent von Mises stress and plastic strain obtained from numerical
simulations were compared with the analytical solutions based on the strain rates which
were obtained and presented in Figure 3. It is important to note that, as the strain rates
presented in Figure 3 were not constant during plastic flow, the ranges of plastic strain
rates discussed in Section 3.1 were selected for use in this section. The ranges selected from
Figure 3 are shown in Table 4.
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Table 4. Imposed velocities and ranges of obtained strain rates.

Imposed Velocity Approximate Range of Plastic Strain Rate Obtained from Figure 3
130 m/s 25,000-38,000 s
200 m/s 40,000-50,000 s~
250 m/s 60,000~80,000 s~

Equivalent von Mises stress (MPa)

—
©

MP

(

Equivalent von Mises stress

The curves of the equivalent von Mises stresses and plastic strains obtained from
numerical simulations and those obtained from analytical solutions, based on the range of
strain rates obtained and presented in Table 4, are shown in Figures 6-8.
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Figure 6. Comparison of the equivalent von Mises stress and plastic strain curves for samples C
obtained by numerical modelling at three imposed velocities, with those obtained from analytical
solutions within the range of strain rates obtained in preceding section, under each simulation velocity.
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Figure 7. Comparison of the equivalent von Mises stress and plastic strain curves for samples D
obtained by numerical modelling at three imposed velocities, with those obtained from analytical
solutions within the range of strain rates obtained in preceding section, under each simulation velocity.
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Figure 8. Comparison of the equivalent von Mises stress and plastic strain curves for samples E
obtained by numerical modelling at three imposed velocities, with those obtained from analytical
solutions within the range of strain rates obtained in preceding section, under each simulation velocity.
To evaluate the capability of the numerical model to generate results equal to those
obtained from analytical solutions, the instantaneous and average absolute errors at values
of plastic strain up to a value of 0.4 were determined using the following expressions:
R4 —RN
o = ‘ — 2)
Ra
5o 1 NIR4A— Ry 3)
"N £ R4
i=1
where the symbol N denotes the total number of data points employed in the analysis, R 4
and Ry denote the analytical and numerical values of flow stress, respectively, while 6; and
ém represent the obtained values of instantaneous and average absolute errors. The results
obtained using these two equations are summarised in Table 5.
Table 5. Instantaneous and average absolute errors of the numerical solutions based on the analytical
results at different imposed velocities for the three different forms of LPBF Ti6Al4V (ELI).
Samples C
[R4 — Ry Instantaneous absolute error (4;)
Velocity Strain 0.1 02 0.3 0.4 Average absolute error (3. )
|Ra1 — Ry 0.03 0.01 0.02 0.01
130 m/s IRa2 — Ry 0.01 0.03 0.02 0.03 0.02 +0.009
|Ra1 — Ry 0.03 0.02 0.03 0.03
200 m/s Ry — Ru| 005 001 005 001 0.03 + 0.016
|Ra1 — Ry 0.01 <0.01 0.01 0.03
250 m/s IRa2 — Ry <0.01 0.03 <0.01 <0.01 0.015 = 0.009
Samples D
0.1 0.2 0.3 0.4
|Ra1 — Ry 0.004 0.02 0.03 0.02
130 m/s IRa2 — Ry| 0.04 0.02 0.01 0.02 0.021 4 0.011
|Ra1 — Rn| 0.02 0.01 0.03 0.03
200m/s IRa» — Ry| 0.05 0.05 0.03 0.03 0.031 40014
|Ra1 — Ru| 0.03 0.04 0.06 0.06
250m/s IRa» — Ry| 0.02 0.01 0.01 0.05 0.035 + 0.021
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Table 5. Cont.
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som/s AR oo o0 006 001 00 & 00181

NB: R41 and R4, denote the instantaneous analytical solutions obtained using the maximum and minimum
ranges of selected strain rates.

It is evident from the data presented in this table that the instantaneous and average
absolute errors between the numerical values and analytical values of the model are
generally less than 5%, which is an acceptable range. This is a good indication that the
VUHARD subroutine used in this study is reasonably good for use in numerical simulation
of the Taylor impact test to predict large plastic deformation of LPBF Ti6Al4V (ELI) under a
very high strain rate.

4. Conclusions

A numerical simulation of the Taylor impact test at different high imposed impact
velocities, using the VUHARD material’s subroutine for LPBF Ti6Al4V (ELI), was presented
in this study. The following deductions arise from this work:

e  The initial peak strain rates for the Taylor impact model were lower at higher imposed
velocities and vice versa.

e  Remarkable deformation near the impact region was observed, whose magnitude
increased with an increase in prescribed velocity.

e The R¢/R, ratio increased as the velocity imposed on the model increased and, con-
versely, the L¢/L, ratio decreased as the imposed velocity increased.

e The instantaneous and average absolute errors between the numerical values and
analytical values of the two models were generally less than 6%, indicating that the
VUHARD subroutine is adequate for numerical simulation of the Taylor impact test of
LPBF Ti6Al4V (ELI) alloy.

Future research should aim to test the utility of the VUHARD subroutine used in this
study in the numerical simulation of the Taylor impact test of various metals and their
alloys with a wider range of internal state variables. The accuracy of the numerical model
should also be compared with sets of experimental data.
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