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Abstract: An important direction in the development of additive technologies is associated with
the addition of ceramic particles (oxide, carbide, boride, and nitride ceramics) to metal powders.
The prediction of the physical and mechanical characteristics of SiC-particle-reinforced composite
materials (PRCMs) in comparison with experimental results was studied. A near-α Ti-4.25Al-2V
titanium-alloy-based composite reinforced by 1 vol.% of SiC ceramic particles was produced using
laser direct energy deposition. A multiscale modeling approach at the micro and macro levels was
applied. At the micro level, the toughness and strength characteristics for a temperature interval of
T = 20–450 ◦C were predicted using a representative volume element of PRCM with the nearly
real shape of SiC particles. At the macro level, the features of plastic deformation and fracture of
the PRCM were predicted by numerical modeling using the commercial software Digimat Student
Edition ver. 2022.4 and Ansys Student 2023 R2. The addition of SiC particles was found to improve
the physical and mechanical properties in the whole temperature range. The results of the numerical
modeling were consistent with the experimental data (the deviation did not exceed 10%). The
proposed approach for predicting the physical and mechanical properties of Ti-4.25Al-2V/SiC can
also be used for other PRCMs obtained by laser direct energy deposition.

Keywords: laser direct energy deposition (LDED); titanium alloy; particle-reinforced composite
materials (PRCM); composite materials

1. Introduction

Additive technologies (ATs) have become an important tool in various industries,
including the aircraft and space industry, medical technology, automotive applications, and
many others [1–6]. One of their benefits is associated with the ability to produce complex
geometric shapes, which are sometimes impossible to achieve using traditional manufactur-
ing methods [7,8]. Moreover, new materials with unique structures and compositions can
be produced by ATs [9–11]. Specifically, particle-reinforced composite materials (PRCMs)
based on titanium alloys with improved mechanical properties [12,13] can be obtained
using laser direct energy deposition (LDED).

In this case, particles of refractory ceramic materials, such as carbides [14,15], borides [16],
or nitrides [17,18], are added to the matrix alloy powder to improve its mechanical charac-
teristics. However, this approach also has some limitations. For example, the heterogeneous
distribution of the particles can result in some non-uniformity in the structure and properties
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of the material, and residual stresses arising during LDED can cause local areas with an
increased tendency to cracking, particularly in the presence of brittle particles. For example, P.
Krakhmalev et al. [19] present a study on the fabrication of multiphase composite coatings
with an ultrafine microstructure using the selective laser melting of Ti and (20, 30, 40 wt.%)SiC
powder mixtures. The coatings were found to contain TiCx, Ti5Si3Cx, TiSi2, and SiC phases
and exhibited high hardness and abrasion resistance properties, making them promising
for applications involving abrasive wear. The study also identified two types of structural
inhomogeneity in the coatings and proposed an increase in laser power as a way to enhance
the homogeneity of the coatings, although further refinement of the process parameters is
still required for the fabrication of fully dense coatings. Neng Li et al. [20] obtained the same
results during the laser cladding process; chemical reactions took place between Ti and SiC
particles in the composite layers, and the resulting reaction products consisted of TiC and
Ti5Si3. The thermodynamic analysis showed that the reactions between Ti and SiC could occur
spontaneously at high temperatures. The addition of SiC increased the microhardness of the
coatings due to the formation of hard intermetallic compounds such as TiC and Ti5Si3. The
flexure test showed an improvement in the mechanical strength of the coatings with higher
SiC concentrations.

Nevertheless, in general PRCMs are expected to possess more balanced characteristics
in comparison with “usual” metallic materials. The majority of particle-reinforced com-
posite materials are generated by the vacuum sintering method [21,22]. After sintering,
the differences in the physical and chemical properties between the cores and rims have
led to more complex interfacial stress distribution on the different interfaces of the com-
posite materials; thus, the ability of the materials to resist crack propagation is reduced.
However, the traditional experimental methods for selecting new materials are usually
labor-intensive, so the development of predictive approaches is becoming increasingly
attractive [23]. In spite of some difficulties caused, for example, by the possibility of chemi-
cal interactions between the metal matrix and ceramic inclusions, there have been many
successful attempts at predicting the physical and mechanical characteristics of composite
materials. The article [24] outlines a study of the mechanical behavior of nanocomposite
materials, which includes interfaces, using both experimental and numerical methods. The
methods for calculating the mechanical properties of nanoelement-reinforced composites
are discussed, and a multiscale model is presented for calculating elastic constants and
local/interface properties for systems with statistically homogeneous distributions of em-
bedded nanoelements. However, the article did not mention the possible limitations of
the research methods used, nor did it provide details on how the materials for the experi-
mental and numerical methods were chosen. Ferdi Yıldırım et al. [25] discuss the use of
numerical computational techniques in estimating the physical and mechanical properties
of polymeric composites, with a focus on the multiscale modeling technique. The finite
element method was applied for the numerical modeling of PRCM using the Digimat-FE
module with further experimental verification. The results of this study also suggest a
very good correlation of the prediction and experimental data. The representative volume
element is used to model composite materials, and structural tests are simulated to predict
mechanical properties. The mean-field homogenization method is used at the microscale
level to obtain optimal mechanical properties, and the mesoscale method is used at the
structural level to achieve a homogenous material model. The Digimat Student Edition
ver. 2022.4 is used to predict the nonlinear behavior of multiphase materials. However, it
should be noted that the numerical modeling of PRCMs at the macro level usually ignores
the effect of the sample’s geometry.

As regards the study of the formation of PRCMs, previous studies have focused on
microstructural effects and phase transformations, avoiding the topics of the mathematical
modeling and validation of mechanical properties at elevated temperatures. A survey
of the available scientific literature showed a lack of reliable data on the development of
numerical models and their experimental confirmation with respect to PRCMs based on
metallic materials, especially the near-α titanium alloy +1 vol.% SiC obtained by the LDED
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process. The present study focused on a novel approach to predicting the physical and
mechanical properties of PRCMs. The study used a multiscale modeling approach with
the Digimat Student Edition ver. 2022.4 and Ansys Student 2023 R2 software to predict
the behavior of the composite materials under various loads, followed by experimental
verification of the obtained numerical results. The addition of SiC particles was found to
improve the physical and mechanical properties in the whole temperature range, and the
proposed numerical modeling approach can be used for other PRCMs obtained by the
LDED method.

2. Materials and Methods
2.1. Description of Calculation Methods

In the present study, the Digimat Student Edition ver. 2022.4 with the “Digimat-FE”
module (MSC Software, Newport Beach, California, USA) was used for the prediction of the
physical–thermal–mechanical properties of the PRCM [26,27]. The following parameters
and assumptions were used:

— No porosity and cracking, and crack formation and propagation was not considered;
— Volume fraction of reinforcements—1%;
— Particle size—30–90 µm;
— Calculating volume—1.45 × 1.45 × 1.45 mm3;
— A flake-like shape of the particles;
— The bond between particles and matrix was ideal without any defects;
— The numerical model for the tensile sample was in accordance with ASTM E21-20 [28];
— The load was applied in accordance with that used in the experiment.

The Ansys Student 2023 R2 (Ansys Inc., Canonsburg, PA, USA), in particular AU-
TODYN and Ansys Explicit Dynamics module, was used for the numerical modeling of
the physical processes and strength of LDED. The following samples and assumptions
were used:

— The samples measured ∅4 × 20 mm as per ASTM E21-20 for static tests. The finite
element size was 0.5 mm.

— One side of the sample was fixed while the total displacement and speed of another
side was 10 mm and 0.1 mm/sec, respectively.

2.2. Materials and Equipment

Near-α titanium Ti-4.25Al-2V alloy powder (LLC “GK SMM”, Moscow, Russia) and
ceramic silicon carbide (SiC) powder (LLC “Sapphire”, Moscow, Russia) were used for
the production of the PRCM samples. The chemical composition of the powders was
determined using a Mira3 (Tescan Orsay Holding, a.s., Brno, Czech Republic) scanning
electron microscope (SEM) equipped with an energy-dispersive X-ray spectroscopy (EDX)
unit Ultim Max 65 (Oxford Instruments NanoAnalysis, Abingdon, United Kingdom). The
measured chemical composition in wt.% of the titanium alloy powder was 93.9 Ti, 4.2Al,
1.9 V, and the SiC powder was 69.7 Si, 30.3 C. The fractional composition of the powder and
width of the transition zone were measured using Digimizer image analysis software 6.3.0
(MedCalc Software Ltd., Ostend, Belgium). The titanium powder had a spherical shape
with an average diameter of 125 µm (Figure 1a,b); the SiC powder had an average particle
size of 54 µm and an irregular pyramidal shape (Figure 1c,d).

The production of the samples was carried out using a robotic complex (Figure 2) for
laser direct energy deposition, ILIST-M (Saint Petersburg State Marine Technical University,
Saint Petersburg, Russia) [29]. The complex included a fiber laser, with a maximum power
of 3 kW, a 6-axis robotic manipulator and a 2-axis tilt-and-turn positioner, and a sealed
cabin of 9 m3 filled with protective gas (argon) with a residual oxygen level below 100 ppm.
Titanium is a chemically active element and in the molten state is able to quickly react
with the environment. Argon gas is an inert protective gas and does not interact with
molten metal, which prevents the formation of brittle compounds, such as titanium oxide
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or nitride; their presence in the metal greatly reduces the mechanical properties of materials.
The working tool was a laser welding head with a four-ray nozzle with a local supply of
argon into the molten zone.
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To ensure the required chemical composition of the PRCM, Ti-4.25Al-2V and SiC
powders were simultaneously fed in the proper ratio from 2 feeders into the molten pool.
The technological parameters are given in Table 1. In order to relieve residual stresses, the
LDED samples were then soaked at 860 ◦C for 30 min in a SNOL 30/1200 muffle furnace
(AB Umega-Group, Lithuania) and then cooled in the air.
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Table 1. Technological parameters for LDED.

Laser
Power, W

Scan
Speed, mm/s

Laser Beam
Diameter, mm

Width
Offset, mm

Height
Offset, mm

Ti-4.25Al-2V
Powder Feed
Rate, g/min

SiC Powder
Feed Rate,

g/min

Argon
Shielding Gas
Flow (L/min)

1800 25 2.5 1.67 0.6 7.6 0.1 15

Uniaxial tensile tests of the LDED samples, produced as per ASTM E21-20, were carried
out at 23 ◦C, 250 ◦C, 350 ◦C, and 450 ◦C in the air using Zwick/Roell (Zwick Roell Group,
Ulm, Germany) testing machines. Two samples were tested at each temperature. Heating
to the target temperature was performed using a circular three-zone high-temperature
furnace (LLC “Metrotest”, Moscow, Russia) at a rate of 30 ◦C/min. The fracture surfaces
were investigated using a Tescan scanning electron microscope (SEM) equipped with a
secondary electron detector (SE).

3. Results and Discussion
3.1. Numerical Modeling of Properties of PRCM

The numerical modeling of the physical and mechanical characteristics of the PRCM
was performed using the Digimat-FE module. To improve the accuracy of the prediction,
the transition zone between the particle and the matrix was also considered (Figure 3) by
the Digimat-FE module. This zone can influence the matrix-to-particle load transfer, thereby
affecting the overall strength and deformation characteristics of the material. This approach
allowed us to evaluate the efficiency of the load transfer and to determine the effect of
the structural parameters on the mechanical properties of the composite. Additionally,
stress concentrations often occur in the transition zone due to the different properties of
the matrix and particles. The transition zone modeling allowed us to evaluate these stress
concentrations and to predict possible locations of failure.
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zone of chemical interaction with the Ti-4.25Al-2V matrix (denoted by yellow) (a); microstructure of
the composite (b); microstructure at 3000 magnification (c); distribution of chemical elements in the
transition zone between SiC and Ti-4.25Al-2V matrix (d).

The predicted width of the transition zone was 5–10 µm; this was also confirmed by
the results of measuring the transition zone on the SEM images. The actual thickness was
4–11 µm (Figure 3b). The microstructure of the Ti-4.25Al-2V matrix consisted mainly of α-
lamellae with a small amount of the β-phase (Figure 3c). Chemical analysis suggested that
the transition zone around the SiC particles comprised TiC and Ti5Si3 phases (Figure 3d).
The same phases were found in [30] using various methods. Following the interfacing
reaction, TiC and Ti5Si3 phases are formed by the diffusion process [31]. Furthermore,
according to [20], chemical reactions occur between Ti and SiC particles in the compos-
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ite layers during the laser cladding process at the microstructure level, resulting in the
formation of reaction products such as TiC and Ti5Si3.

The results of the predictions (considering the matrix, transition zone, and ceramic
particles) in terms of the stress and strain partitioning between the Ti-4.25Al-2V matrix and
SiC particles at 20 ◦C are shown in Figure 4a,b and Figure 4c,d, respectively. The obtained
results indicate the areas that can potentially fail under load. Specifically, Figure 4a,b show
the transfer of the resulting stresses on the finite element grid from the matrix to the SiC
particles. This finding is associated with a higher ductility and lower strength of the matrix
in comparison with SiC particles, due to which the stresses arising in the matrix were
transferred to the particles; the latter (depending on the shape, size, and distance between
them) act as obstacles for deformation propagation. This phenomenon is well described
by the theory of dispersion strengthening [32,33]. Moreover, it should be noted that most
of the stresses are located in the transition zone and boundaries of the SiC particles, as
indicated by the color code in Figure 4a,b. The deformation of the finite element grid of a
representative volume of the material also suggests significantly lower strain levels of the
SiC particles (the average value is about 0.8%) in comparison with those of the matrix (the
average value is about 6%) (Figure 4c,d). Since the perfect contact between the nodes of the
grid transition zone of the SiC particles and the matrix was used during the creation of the
finite element model, the nodes of the matrix drag the nodes of the transition zone of the
SiC particles, which causes deformation in the edge zones.
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The obtained results show the efficacy of the Digimat-FE module in the prediction of
some of the physical and mechanical properties of PRCMs at the micro level. Moreover, the
interaction between the matrix and SiC particles can be visualized. In addition, the results
of the prediction can be transferred to the modeling environment of the Explicit Dynamics
module with which an improved accuracy in determining the mechanical properties such
as tensile strength, plastic deformation, etc., can be attained (this is discussed further in
Section 3.2).

Furthermore, similar modeling of the PRCM was carried out in temperatures of 250 ◦C,
350 ◦C, and 450 ◦C; the main strength characteristics were determined using the additivity
rule [34]:

E = ε1 ϕ + (1 − ϕ)ε2

where E—the determined parameter, ε1—the parameter of the matrix material, ε2—the
parameter of the reinforcing material, ϕ—the volume fraction of the matrix material,
and (1 − ϕ)—the volume fraction of the reinforcing material.

For further analysis, the obtained data are summarized in Table 2.

Table 2. Calculated values of PRCM properties using the Digimat Student Edition ver. 2022.4.

Value/
Temperature 20 ◦C 250 ◦C 350 ◦C 450 ◦C

Tensile strength, MPa 1029 868 806 698
Tensile strain, % 6.3 7.3 8.2 8.9
Poisson’s ratio 0.29 0.32 0.36 0.37

3.2. Numerical Modeling and Experimental Verification of Mechanical Behavior of PRCM

The numerical modeling of the mechanical behavior of the LDED samples was carried
out in the Explicit Dynamics module using the finite element method via the AUTODYN.
The results of the Explicit Dynamics simulation and comparison with the real mechanical
behavior of the samples tested in tension are shown in Figure 5.

The presented curves clearly show that the numerical modeling using the Digimat
Student Edition ver. 2022.4 and Ansys Student 2023 R2 software packages has an error of
approximately 5–10%, which indicates that the algorithm is sufficiently correct to predict
the mechanical characteristics of the PRCM. However, some differences in the predicted and
experimental mechanical behavior can be observed. The predicted strength was slightly
lower at room temperature and slightly higher at elevated temperatures in comparison
with the experimental curves. Moreover, at elevated temperatures, the experimental curves
suggest the formation of a neck at 4–5% elongation, while the numerical modeling suggests
a nearly uniform elongation until the fracture (Figure 5b–d, Table 3). This phenomenon
is associated with the imperfection of the finite element method used in modeling the
experiment, since in order to obtain the most accurate data, it is necessary to break down the
3D model of the sample with the dimensions of the finite elements close to the dimensions of
the crystal lattice of the material. To calculate such a model would require huge computing
power and a significant amount of time, which would significantly complicate the entire
process of modeling the sample.

Table 3. Mechanical properties of samples at different test temperatures in comparison with the
modeling results using Ansys Student 2023 R2 Explicit Dynamics module.

Test Temperature, ◦C Yield Strength, MPa Tensile Strength, MPa Elongation, %
Modeling Experiment Modeling Experiment Modeling Experiment

23 970 1050 1017 1090 6.6 7.5
250 870 710 919 809 7.6 9.6
350 730 687 850 782 8.0 10.5
450 700 617 735 720 9.1 11.6
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The diagrams presented in Figure 5 clearly demonstrate that the PRCM’s digital tests
have an error of approximately 5–8%, which is acceptable for numerical modeling. The
imperfection of the finite element grid is the cause of the differences in the predicted
and experimental results. Therefore, for the best computational results, it is necessary to
divide the finite elements into smaller components (orders of 0.01 mm and less). This
task is demanding and requires a significant amount of computing power. In this study, a
finite element model was selected, which is optimal both for comparing the results with
experimental data and for the resources used in the calculation.

The destruction of titanium alloys at elevated temperatures is due to the fact that
when heated the metal becomes more ductile and less durable due to changes in the
microstructure of the material, namely the changes in the size and shape of the metal grains
and changes in the number and nature of defects within the material. It should be noted that
the thermal effect on the material also contributes to an increase in the mobility of atoms in
its crystal structure. This increase in mobility promotes the diffusion of atoms to defects in
the material, which can lead to the destruction of atomic bonds and the weakening of the
material as a whole. In addition, elevated temperatures contribute to the thermal relaxation
of the material. This is a process in which internal stresses that have arisen as a result of
various production operations or mechanical influences are reduced under the influence of
temperature. As a result of such relaxation, microcracks may occur and increase, which
negatively affects the mechanical properties of the material and reduces its service life [35].

Analyzing the fracture surface (Figure 6) obtained after tensile tests at different temper-
atures; a decrease in the strength of the material and increase in ductility can be observed.

Figure 6 shows SEM images of the fracture surfaces of the LDED samples tested
at different temperatures. The fracture of the sample tested at 23 ◦C is fibrous with a
characteristic sub-grain fracture. The surface of all the fractures consists of many shallow
dimples (a characteristic element of ductile fractures of titanium alloys [36]). Detailed
fracture analysis revealed that large and smooth dimples are present in some areas, however,
indicating the process of metal drawing into the areas free of particles (Figure 6a,d).
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As the test temperature increases, a mixed fracture pattern is formed; in addition to the
fibrous outer zone, an inner rounded zone with radial scars is present due to a more ductile
behavior of the material at elevated temperatures. The fracture at elevated temperatures
is characterized by rather large and deep dimples, indicating more pronounced plastic
deformation, compared with samples tested at room temperature (Figure 6b,e).

On the surface of all the fractures, the SiC particles are randomly distributed. It can
be suggested that cracks initiated in the SiC particles then propagate into the matrix. The
bond between the SiC particles and the matrix appeared to be strong, however. High-
magnification images of the fracture surface showed dimples surrounding the SiC particles,
indicating that the matrix is fracturing through a ductile fracture mechanism (Figure 6c,f).

4. Conclusions

This study demonstrated the successful numerical modeling of the physical and
mechanical properties of a dispersed–reinforced composite material (PRCM) using the
Digimat 2022.4 and Ansys Student 2023 R2 software. It is possible to predict with sufficient
accuracy the mechanical properties of the PRCM based on a near-α titanium alloy Ti-4.25Al-
2V with 1 vol.% of ceramic SiC particles, which further allows the determination of the
properties of the same composite materials based on different metal alloys and ceramic
inclusions using similar programs. A simulation of the physical and mechanical properties
was carried out for the PRCM samples of Ti-4.25Al-2V + 1 vol.% SiC by laser direct energy
deposition. The numerical modeling results are consistent with the experimental data
(within 10%).

It is shown that the addition of ceramic powder leads to an increase in the mechanical
properties. With increasing test temperatures, the LDED samples became more plastic
due to the plastic titanium matrix. The elongation of the material changed from 7.5% at
room temperature to 11.6% at 450 ◦C, and with increasing temperature the tensile strength
decreased from 1090 MPa to 720 MPa. However, by adding ceramic particles it is possible
to achieve an insignificant loss of strength properties.

The algorithm for the prediction of the physical and thermomechanical properties of
the PRCM based on titanium alloy Ti-4.25Al-2V with the addition of 1 vol.% SiC ceramic
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particles can be used as an intermediate stage in the design of new parts and structures
with high weight.
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