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Abstract

Background The utilization of Finite Element Analysis (FEA) has emerged as a crucial methodology in the field

of structural and elasticity analysis, facilitating researchers in their understanding of material responses to diverse ther-
mal or structural loads. This study investigates the utilization of FEA to simulate the Impact characteristics of titanium
composites, with specific emphasis on the Charpy impact test. The research utilizes the Abaqus Explicit software,
which is widely recognized for its explicit dynamic analysis functionalities, to simulate high-speed and short-duration
events such as impacts. The primary objective of this study is to examine the impact behavior of Ti-7Al-1mo/TiN
composites fabricated through the spark plasma sintering technique. The impact behavior is simulated using FEA,
wherein the shear failure model is utilized to replicate fracture phenomena. This paper examines the methodology
employed in the FEA approach, with a particular focus on various factors including boundary conditions, explicit
dynamic analysis settings, and material properties.

Results The outcomes and analyses involve the examination of the von Mises stress distribution, displacement
magnitude, and energy behavior of the models that were tested. Reinforcement of Ti—-Al-Mo ternary alloy with TiN

led to a progressive increase in maximum von Mises stress, reaching a peak at 3 wt% TiN. Conversely, displacement
magnitude decreased with increasing TiN content, with CP-Ti and the unreinforced alloy exhibiting the highest values.
Absorbed energy also declined with higher TiN levels. While models containing 5 and 7 wt% TiN displayed limited
plastic deformation before fracture, composites with <3 wt% TiN maintained acceptable ductility despite enhanced
strength and stiffness.

Conclusion The FEA methodology effectively simulates the Charpy impact characteristics of Ti-7Al-1Mo/TiN
composites, thereby offering significant contributions to understanding their mechanical behaviors. These findings
suggest that TiN reinforcement up to 3 wt% presents a promising strategy for improving the mechanical performance
of Ti-Al-Mo alloys while minimizing the trade-off in toughness. This research emphasizes the inherent trade-off
between toughness and strength/stiffness, suggesting the possibility of optimizing the composition of materials

to suit particular applications. This study makes a valuable contribution to the expanding field of impact behavior
research, demonstrating the potential of FEA, specifically utilizing Abaqus Explicit software, for enhancing material
design and evaluation.
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1 Background

Titanium composites have emerged as crucial materials
in contemporary engineering applications across various
industries, including aerospace, automotive, and sports,
due to their notable strength-to-weight ratio and excep-
tional resistance to corrosion [1-3]. Reinforcing titanium
(Ti) and its alloy with ceramics such as titanium nitride
(TiN), alumina (Al,O;), zirconia (ZrO,), silicon carbide
(SiC), titanium diboride (TiB,), titanium carbide (TiC),
titanium carbonitride (TiCN), and silicon nitride (Si3N4)
has received excellent evaluations [2]. The focus on tran-
sition-metal nitride (TiN) arises from its exceptional
characteristics. These qualities include elevated hard-
ness, superior fracture toughness, exceptional thermal
and chemical stability, as well as resistance to oxidation
and corrosion [4, 5].The comprehension of the impact
behavior of these materials is of utmost importance in
guaranteeing the safety and dependability of structures,
particularly as they are being employed more frequently
in high-stress settings [6]. Traditional experimental
methods, although possessing inherent value, frequently
entail significant time and financial investments. The uti-
lization of computational simulations, specifically finite
element analysis (FEA), has significantly transformed
the examination of material response to dynamic load-
ing circumstances [7]. This work delves into the evolution
of computational modeling with a focus on the impact
behavior of titanium composite, emphasizing the utiliza-
tion of Abaqus Explicit software, a powerful tool for anal-
ysis that involves explicit dynamics.

Researchers use FEA methods and theories to address
the imperative need for resolving simple and intricate
structural and elasticity analyses. FEA is utilized in con-
junction with traditional testing methods to analyze
the behavior of materials and predict their response to
structural or thermal loads. To accurately anticipate the
stresses and strains resulting from external forces that
induce deformations, a comprehensive understanding of
the intricate geometry and mechanical properties of the
samples under examination is imperative. Zienkiewiez
and Cheung [8] made scholarly contributions that can be
attributed to the origins of the first published book in the
field of FEA.

In previous years, there have been research efforts
dedicated to the advancement and understanding of the
fracture behavior of materials; particularly in response
to sudden shocks and impacts. The study conducted by
Lammari et al. [9] focuses on validating components
that are subjected to sudden impacts in mechanical sys-
tems. It highlights the significance of taking into account
various factors in the intricate Charpy impact test. The
numerical models of the Charpy test, guided by the
Johnson—Cook model, provided valuable insights into
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material reactions to sudden mechanical stresses. The
conclusion highlighted the significance of notch geom-
etry, revealing that the U-shaped notch demonstrated
a higher safety factor during manufacturing than the
V-shape, offering a practical implication for minimizing
the risk of brittle fracture. Yu et al. [10] presented a non-
linear FEA framework, specifically addressing the impact
energy required to fracture unnotched Charpy specimens
using the Bulk Fracture Charpy Machine (BFECM). The
comparison of different fracture initiation criteria show-
cased the versatility of the FEA methodology. The estab-
lished benchmark between test and analysis allowed for
the application of the stress triaxiality-dependent frac-
ture criterion to various impacting scenarios, suggesting
broader applicability in impact loading studies.

Extending the exploration into impact loading, Jeong
et al. [11] conducted a nonlinear FEA study focusing on
the energy required to fracture unnotched Charpy speci-
mens under pendulum impact loading. The study incor-
porated an oversized pendulum impactor, the BFCM,
and investigated various tank car steels. The inclusion of
different material failure criteria, particularly the Bao-
Wierzbicki criterion, demonstrated accurate reproduc-
tion of experimental data, showcasing the robustness
of the elastic—plastic FEA framework. Madhusudhan
et al. [12] study emphasizes the modeling and simula-
tion of Charpy impact tests using ABAQUS, specifically
targeting the evaluation of fracture energy in armor
maraging steel 300. The variation in absorbed energy at
different pendulum velocities and stress distribution at
the V-notch provided a comprehensive understanding of
material behavior under impact loading.

These studies contribute to the evolving landscape of
fracture mechanics, combining experimental testing with
advanced numerical simulations to unravel the complexi-
ties of material responses to sudden shocks. The inte-
gration of different methodologies not only refines our
understanding of fracture properties but also opens ave-
nues for broader applications in impact-loading scenarios
across diverse materials and industries.

FEA, as a computer-aided engineering (CAE) tool, pos-
sesses attributes that are both user-friendly and yield
effective outcomes, rendering it a prominent resource
for researchers. Modeling impact behavior presents
unique challenges due to the sudden, high-intensity loads
involved. Achieving accurate results requires the consid-
eration of numerous factors, such as material properties,
boundary conditions, and loading conditions. The simu-
lation of titanium composites gets complex due to their
intricate microstructure and anisotropic properties [13].

Abaqus software, developed by Dassault Sys-
témes, has established itself as a leading choice for
explicit dynamic analysis. The capability to effectively
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manage high-velocity and short-duration events, such
as impacts, has rendered it indispensable in investigat-
ing the response of materials under extreme conditions.
The advanced algorithm in Abaqus Explicit greatly
improves the accuracy of impact simulations by effec-
tively managing large deformations, contact interac-
tions, and materials failure [14]. The software’s intuitive
interface, combined with its powerful computational
capabilities, has enabled researchers to explore the
impact behavior of materials in greater depth.

The aerospace and automotive industries are at the
forefront of employing titanium composites, capital-
izing on their remarkable strength and lightweight
characteristics. The utilization of Abaqus Explicit in
computational role in the design of impact-resistance
components for aircraft and automobiles. These simu-
lations allow engineers to optimize the material com-
position and structural configurations, guaranteeing
the safety of passengers and crew during unexpected
events. The advancement of computational modeling
and Abacus Explicit software has introduced a new
era in the examination of the impact behavior, specifi-
cally in titanium composites. Researchers now have
advanced tools to examine and enhance materials and
structural designs, guaranteeing durability and security
in various applications. Our previous work [2] experi-
mentally investigated the density, microstructural evo-
lution, and mechanical properties of Ti-7Al-1Mo/TiN.
The composite was fabricated by employing the spark
plasma sintering technique based on different weight
percentages of TiN nanoceramic (0, 1, 3, 5, 7 wt%). This
work further explores the impact behavior of Ti—-7Al-
1Mo/TiN using the FEA approach. This analysis was
employed as a predictive tool to derive the quantita-
tive measurement of the absorbed impact energy of the
tested sample, thus offering insights into the material’s
toughness [15, 16]. This study sets the stage for high-
lighting the methodologies, and potentials of employ-
ing Abaqus Explicit software in the computational
modeling of impact behavior in titanium composites.
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Fig. 1 A standard Charpy impact test specimen (Dimensions in mm) [18]
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2 Methods

The fabrication of the Ti—7Al-1Mo/TiN composite was
accomplished through the utilization of the HHPD-25
FCT model spark plasma sintering machine, as detailed
by Jeje et al. [2]. FEA was employed to simulate the
impact behavior of the composites, utilizing the Abaqus
Explicit software. The sample’s dimensions (Fig. 1) were
determined according to the ASTM E23 standard, while
the Charpy impact behavior was simulated using a shear
failure model. The corresponding plastic strain at ele-
ment integration locations serves as the basis for the
shear failure model, which assumes failure to occur when
the damage parameter rises above 1. Equation 1 gives the
damage parameter, w [17].

—pl —pl
g, + ) AeP
o= ST LAT (1)
—p
¢

where Efpl is the strain at failure, €P' is an increment of
the equivalent plastic strain, and @gl is any initial value of
the equivalent plastic strain. The summing is carried out
across all of the analysis’s increments.

It is anticipated that the plastic strain rate, 2P tem-
perature; preset field variables; and a dimensionless pres-
sure-deviatoric stress ratio, p/q (where p is the pressure
stress and ¢ is the Mises stress) will all affect the strain
at failure, @?l. The strain at failure, @If) 1, can be defined in
two ways. One way is to use direct tabular data, which
provides a tabular representation of the dependencies.
The strain at failure, denoted as Efl, is required to be rep-
resented as a tabular function in the creation of the shear
failure model using direct tabular data. This tabular func-
tion should consider the equivalent plastic strain rate, the
pressure-deviatoric stress ratio, temperature, and preset
field variables.

Figure 2 depicts the finite element model configuration
employed within the Abaqus Explicit software.

The simulation utilized the S.I. units as presented
in Table 1. The 40 mm span length was utilized in
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Fig. 2 The setup of the FEA model for the Charpy impact test

Table 1 Simulation quantity, along with its corresponding units
within the International System of Units

Quantity Sl unit
Length Meter (m)
Mass Kilogram (kg)
Force Newton (N)
Time Second (s)
Stress Pascal (Pa)
Energy Joule (J)
Density kg/m?

Fig. 3 Datum planes and interaction between the sample and impactor

Fulcrum

accordance with the Charpy standard. The impactor was
simulated as a rigid body with a mass of 3.367 kg, while
the sample was assumed to be both homogeneous and
deformable. The step type was dynamically assigned with
explicit timing of 0.003 s. The partitioning of the sample
was conducted by employing datum planes at distances
of 7.5 mm and 40 mm. This approach aimed to establish a
more distinct interaction surface between the sample and
the impactor, as depicted in Fig. 3.

The interaction between the impactor and the sample is
characterized by surface-to-surface contact, specifically

Datum plane
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employing a kinematic contact method for mechanical
constraint formulation. The contact interaction property
is defined as tangential behavior, utilizing a penalty fric-
tion formulation with a coefficient of friction determined
from the experimental wear results of the samples. The
model, consisting of the impactor and the sample, was
discretized using an explicit element library. Hexagonal
elements were employed, with the inclusion of hourglass
element control and the activation of element deletion.
The sample model consisted of a total of 192,576 nodes
and 180,642 elements.

Three boundary conditions were established. Initially,
it should be noted that the degree of freedom possessed
by the impactor is limited to movement in the direction
toward or away from the test sample. Specifically, the
displacements Ul, U3, UR1, UR2, and UR3 are equal,
whereas U2 is not equal to zero. Here, the subscripts 1,
2, and 3 correspond to the x, y, and z directions, respec-
tively. Furthermore, it should be noted that the fulcrum
degree of freedom restricts movement in all directions,
as indicated by the conditions U1=U2=U3=UR1=UR2
=UR3=0. Lastly, Fig. 4 illustrates that the initial velocity
of the impactor was uniformly translational, with a mag-
nitude of 5 m/s.

3 Results

3.1 Von Mises stress distribution of tested samples

Figure 5 illustrates the distribution of von Mises stress in
the samples. The maximum stress value of CP-Ti (Fig. 5a)
was determined to be 743.7 MPa, whereas in the Ti—-7Al-
1Mo ternary alloy, this value increased to 985 MPa.
Furthermore, it was observed that the maximum stress
exhibited an upward trend with an increase in the weight

Movement is 1
restricted.

.

Fig. 4 Boundary conditions set for the model
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percentage of TiN nanoceramic in the simulated compos-
ites. Among these composites, Ti—-7Al-1Mo/7TiN dem-
onstrated the highest maximum stress value, reaching
1373 MPa.

Crack initiation was observed at the V-notch of all the
tested samples. However, except for Ti—-7Al-1Mo rein-
forced with 5 wt% and 7 wt% of TiN nanoceramic, all
samples exhibited a certain degree of plastic deforma-
tion without crack propagation within the material. The
Ti-7Al-1Mo alloy, when reinforced with 5 wt% and
7 wt% of TiN nanoceramic, exhibited observable shear
banding phenomena.

3.2 Displacement magnitude of tested samples

Figure 6 illustrates the distribution of displacement mag-
nitude within the models that were subjected to test-
ing. The maximum displacement magnitude of CP-Ti is
observed to be 4.003 mm before fracture occurs. How-
ever, there was a significant reduction of about 1.392 mm
in the displacement magnitude of the Ti-7Al-1Mo
ternary alloy. There is a further enhancement in the
displacement magnitude of the TiN-reinforced compos-
ite, with the lowest recorded value being 1.934 mm for
Ti—-7Al-1Mo/3TiN. However, there are exceptions for
composites containing 5 wt% and 7 wt% of TiN. They
experienced the highest magnitude of maximum dis-
placement of 4.241 mm and 4.801 mm respectively.

3.3 Energy behavior of the model of tested samples

Figure 7a, b depicts the kinetic energy of the impactor
and the internal energy of the tested models, respectively.
The experimental findings indicate that the amount of

R

| Initial velocity
E of 5m/s
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Fig. 5 Von Mises stress distribution of tested models with varying wt% of TiN
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Fig. 6 Displacement magnitude within the tested models with varying wt% of TiN
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Fig. 7 a the kinetic energy of the impactor and b the internal energy
of the tested models with varying wt% of TiN

kinetic energy dissipated by the impactor is nearly equal
to the internal energy of the tested sample. The kinetic
energy curves (Fig. 7a) show that the kinetic energy of all
the samples decreases rapidly after impact.

The rate at which the kinetic energy decreases var-
ies from sample to sample. CP-Ti has the highest kinetic
energy rate, followed by Ti—Al-Mo ternary alloy, and
the rate decreases as the wt% of the TiN increases. Sam-
ples with 5 wt% and 7 wt% of TiN had a more gradual
decrease in kinetic energy and a more gradual increase in
internal energy.

After the impact, it was observed that all samples
exhibited elastic behavior, specifically in the linear por-
tion of the curve, at approximately 0.5 ms. The duration
at which this elastic behavior occurred could be utilized
to elucidate the relative modulus of elasticity [19]. CP-Ti
exhibits a relatively wide elastic region of approximately
1.24 ms, indicating a lower elastic modulus. In contrast,
composites containing 3 wt%, 5 wt%, and 7 wt% of TiN
demonstrate an extended elastic region of approximately
0.829 ms, indicating a higher elastic modulus.
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Fig. 8 Absorbed energy by the tested Models with varying wt%
of TN

According to the findings presented in Fig. 7b, it
can be observed that CP-Ti, Ti-7Al-1Mo, Ti-7Al-
1Mo/1TiN, and Ti-7Al-1Mo/3TiN exhibit a compa-
rable pattern in the internal energy curve. This pattern
is characterized by a parabolic peak, which suggests
the occurrence of plastic deformation [20]. The width
of the parabola serves as an indicator of the extent of
plastic deformation [21]. The plastic deformation, also
known as ductility, was found to be the greatest in
commercially pure titanium (CP-Ti). This observation
aligns with the displacement magnitude depicted in
Fig. 6. The internal energy reached its highest value in
all samples, with the exception of composites contain-
ing 5 wt% and 7 wt% of TiN. The maximum internal
energy observed in these samples was approximately
42 J, which is approximately 3.975 ] lower than the ini-
tial kinetic energy of the impactor. The observed phe-
nomenon can be ascribed to the dissipation of energy
through plastic deformation and frictional processes
[22]. A limited amount of plastic deformation was
observed in the composites containing 5 wt% and
7 wt% of TiN prior to fracture, owing to the inherent
brittleness of the samples.

Figure 8 displays the graphical representation of the
absorbed energy for all the models that were subjected
to testing. The absorbed energy of a sample can be used
to calculate the impact resistance of the material. The
impact resistance is a measure of the material’s ability
to withstand impact damage. The higher the absorbed
energy, the higher the impact resistance of the material.
An inverse relationship was observed between the level
of reinforcement and the amount of absorbed energy.
A decrease in absorbed energy has been observed to
promote the rapid transition of the failure mode from
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a ductile state to a brittle state [23]. Therefore, this pro-
vides a rationale for the observed crack propagation in
the composite material containing a higher weight per-
centage of reinforcement.

The observed trend in the decrease of absorbed energy
during FEA is directly correlated with the increase in
weight percentage of TiN reinforcement, up to a maxi-
mum of 3 wt%. This trend suggests that the potential
trade-off between reduced toughness and improved
strength/stiffness in the models is negligible.

4 Discussion

4.1 Von Mises stress distribution of tested samples

The observed rise in the maximum stress of Ti-7Al-
1Mo ternary alloy as compared to CP-Ti (Fig. 5) can be
attributed to the phenomenon of solid solution strength-
ening in aluminum, as discussed in previous studies [1,
3]. The von Mises stress is a measure of the overall stress
state at a point in a material, and it is a useful quan-
tity for predicting plastic deformation and failure; The
aforementioned criterion is employed for the purpose
of assessing the yield strength of a specific material [24,
25]. It is anticipated that the absorbed energy of a spe-
cific material will decrease as the yield strength increases,
as a result of processes that lead to its hardening, such
as alloying or reinforcement. Consequently, the mate-
rial’s ability to undergo significant plastic deformation is
diminished [26].

All samples were found to experience a degree of
plastic deformation. The absence of the characteristic
‘U’ shaped plastic deformation at the point of contact
between the impactor and the tested sample suggests a
transition toward a brittle state. In addition, the presence
of shear bands in the composite reinforced with 5 wt%
and 7 wt% of TiN nanoceramic suggests that they are
more likely to fail by ductile fracture. This is likely due
to the fact that TiN is a harder and more brittle material
than Ti—Al-Mo. As a result, TiN-rich composites are less
likely to deform plastically, and they are more likely to fail
by brittle fracture. Hence, it can be observed that other
reinforced compacts have undergone a strengthening
process, resulting in an acceptable decrease in toughness.

4.2 Displacement magnitude of tested samples

The notches have been identified as areas of stress con-
centration [27]. Therefore, it is anticipated that the maxi-
mum displacement in the Charpy impact test will occur
in the direction of the impactor’s motion or the initiation
of the crack from the notch. Displacement serves as a reli-
able metric for assessing the stiffness of a material, which
refers to its capacity to resist deformation when sub-
jected to impact [28, 29]. The enhancement experienced
in composites reinforced with TiN nanocomposites
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suggests that the stiffness characteristics of CP-Ti and
Ti-7Al-1Mo ternary alloy experienced notable enhance-
ment despite the decrease in ductility. Given the obser-
vation that the composites containing 5 wt% and 7 wt%
of TiN experienced fracture, it is evident that they exhib-
ited the highest magnitude of maximum displacement, as
anticipated.

4.3 Energy behavior of the model of tested samples

The quantification of toughness in a material can also be
achieved through the measurement of impact energy [30,
31]. The experimental findings from Fig. 7 indicate that
the amount of kinetic energy dissipated by the impactor
is nearly equal to the internal energy of the tested sam-
ple. The rapid decrease in the kinetic energy of all the
samples after impact (Fig. 7a) can be attributed to the
fact the kinetic energy is converted into internal energy
(deformation and heat) and other forms of energy, such
as acoustic energy [32]. The interrelation among kinetic
energy, internal energy, and other energy forms can be
elucidated by the principle of energy conservation:

The sum of the energy of an object is equal to the
energy due to its motion, the energy associated with its
internal molecular activity, and any other forms of energy
present. From a mathematical standpoint, this can be
expressed as seen in Eq. 2.

Er = Kg + U + Egther (2)

where Et is the total energy of the system; Kg is the
kinetic energy of the system; U is the internal energy
of the system (plus heat and deformation); and Eotpey is
other forms of energy (e.g., light energy, acoustic energy).

The decreases in the rate of kinetic energy as the wt% of
the TiN increases can be ascribed to the fact that samples
with higher impact energies have faster rates of inter-
nal energy increase. That is the higher impact energies
result in more energy being transferred to the samples,
which causes them to deform more rapidly. Composites
with 5 wt% and 7 wt% of TiN reinforcements had a more
gradual decrease in kinetic energy and a more gradual
increase experience due to ductile fracture.

The absorbed energy of a sample can be used to cal-
culate the impact resistance of the material. The impact
resistance is a measure of the material’s ability to with-
stand impact damage. The higher the absorbed energy,
the higher the impact resistance of the material. The
decrease in absorbed energy observed as the level of rein-
forcement increases as seen in Fig. 8 promotes the rapid
transition of the failure mode from a ductile state to a
brittle state [23]. Therefore, this provides a rationale for
the observed crack propagation in the composite material
containing a higher weight percentage of reinforcement.
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The observed trend in the decrease of absorbed energy
during FEA is directly correlated with the increase in
weight percentage of TiN reinforcement, up to a maxi-
mum of 3 wt%. This trend suggests that the potential
trade-off between reduced toughness and improved
strength/stiffness in the models is negligible.

5 Conclusion

The FEA approach was used to successfully model the
Charpy impact behavior of CP-Ti, Ti-Al-Mo ternary
alloy, and the Ti—Al-Mo/yTiN (y=1, 3, 5, and 7) compos-
ites. All of the sintered compacts’ von Mises stress distri-
bution, magnitude of displacement, and energy behavior
were examined.

+ The study revealed a positive correlation between
the level of reinforcements and the von Mises stress
observed within the tested model.

+ The CP-Ti and Ti-7Al-1Mo ternary alloy models
exhibited the highest magnitudes of displacement
without fracture. However, in the TiN-reinforced
samples, these values decreased with increasing TiN
weight percentage up to 3%."

+ The absorbed energy exhibited a decline with an
increase in the weight percentage of reinforcement.

+ The models containing 5 wt% and 7 wt% of TiN
nanoceramic exhibit a low level of plastic deforma-
tion prior to reaching the point of fracture.

+ In general, it can be inferred that the strength and
stiffness of the models were enhanced as the weight
percentage of TiN reinforcement increased, up to a
concentration of 3 wt% of TiN. This improvement
was achieved at the expense of a tolerable decrease in
toughness.
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