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Abstract: The paper investigates the microstructure and mechanical properties of a steel
matrix composite reinforced with tungsten (W) particles and a mixture of tungsten carbide
and nickel (WC(Ni)) obtained by a hybrid additive manufacturing method using wire
electron beam additive manufacturing with powder addition. The composite exhibits a
gradient structure including three zones: a matrix of high alloy steel 401545, a transition
layer with a low concentration of W/WC(Ni) and a surface layer enriched with particles of
reinforcing phases. SEM, TEM and XRD methods revealed a heterogeneous microstructure
consisting of x-Fe (80 vol.%), y-Fe (10 vol.%) and carbide phases, as well as suppression of
the formation of brittle Me;C intermetallides due to the controlled diffusion of W, C and
alloying elements. The microhardness of the composite increases from 350 HV (matrix)
to 650 HV (reinforced layer) due to dispersion hardening and formation of the carbide
skeleton. Compression tests showed record strength of the reinforced layer (1720 & 60 MPa)
due to effective load distribution by W/WC(Ni) particles, but brittle failure is observed in
tensile tests due to stress concentration at the interfaces.

Keywords: steel matrix composite; mechanical properties; additive technology; gradient
structure; tungsten carbide; phase composition

1. Introduction

Steel matrix composites are formed by incorporating reinforcing materials (such as
nitrides, carbides, borides, oxides and intermetallic compounds) into the steel matrix, which
allows the manufacturing of materials with enhanced performance characteristics [1-5].
Synthesis of such composites is an effective approach to improve the mechanical properties
of steel: strength, hardness, fatigue life, and wear resistance [4].

WC is a common ceramic strengthening material that is widely used as a strengthening
agent in nickel-based and iron-based alloys [6]. For such materials, WC tungsten carbide is
well suited because of its high melting point, thermal stability, strength and hardness, good
wettability, and similar thermal expansion coefficient to iron. However, metal-ceramic
materials with high hardness cannot be prepared by conventional processing methods.
That is why, in recent years, numerous attempts have been made to fabricate WC/Fe,Ni
composites using different methods, including additive technologies [2,7-17].
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The results of [12] showed that it is possible to produce SS316L-WC stainless steel
composite parts using Laser Powder Bed Fusion, Binder Jetting, and Spark Plasma Sin-
tering. It is shown that there is some level of WC dissolution followed by interatomic
diffusion occurring between WC inclusions and SS316L matrix, with the final structure
and microhardness of the composite system depending on the process kinetics. In [13],
Fe-Cr-C-W cladding alloys with a hardness of 37.9HRC were prepared using an additive
arc cladding technique with optimized Cr and W content in the powder wire. In this
approach, the microstructure of the clad alloys changes from ferrite to martensite, ferrite,
residual austenite, carbides and other compounds such as (Cr,Fe);C3, WC, Fe, W, etc. In
the study [14], WC particles are used as a hardening phase to compensate for deficiencies
in 316L steel. Laser melting deposition was used to prepare 316L samples with different
ratios of WC particles. The results show a homogeneous distribution of WC particles in the
coating. The microhardness and wear resistance of the 316L/WC composite coating were
significantly improved by increasing the WC fraction. The tensile strength and elongation
are the best when the WC mass fraction is 6%. In [15], WC-NiCr powder was deposited on
080 M40 steel by Laser Metal Deposition. The results show uniform carbide distribution,
stable morphology, and low porosity. In [16], a new, highly wear-resistant WC/18Ni-300
composite was fabricated from a mixture of WC and martensitic steel by selective laser
melting. Microstructural analysis shows that the WC particles were partially or completely
melted in the SLM process with homogeneous distribution. Moreover, a phase transition
from o-Fe to v (Fe, Ni) appears after the addition of WC reinforcement. In [17], Wire and
Arc Additive Manufacturing is applied to produce composite components with a steel
matrix by introducing WC/Fe powder into the melt bath by side-feeding the powder under
gravity. Maximum strength, microhardness, and minimum wear are achieved in samples
with 40, 100 and 80 wt.% WC powder, respectively.

One of the main problems arising in the development of high-performance WC-steel
composites is the formation of thick and brittle reaction layers between reinforcing particles
and matrix due to the formation of Me;C carbides [8]. This leads to crack propagation,
which subsequently propagates along the WC-steel interface [9]. If this occurs, WC tung-
sten carbide particles cannot effectively carry the load, which deteriorates the mechanical
properties of the composite material. Controlling the phase evolution at the WC-steel inter-
face must depend on the diffusion of tungsten, carbon, iron and other alloying elements,
which is extremely difficult due to the non-equilibrium nature of additive technologies
associated with large energy input. For WC tungsten carbide particles to provide good
bearing capacity, attention must be paid to controlling the thickness of the reaction layer at
the WC-steel interface [10,11].

It is known that the nickel and tungsten carbide (Ni-WC) system demonstrates the
best performance in the production of high wear-resistant claddings for various tools used
in the oil and gas industry [18]. In the Ni-WC system, tungsten carbide particles provide
the desired wear resistance, while nickel alloys have relatively high fracture toughness,
which neutralizes the embrittlement processes of tungsten carbides [19,20]. Tungsten slows
down the kinetics of carbide release in steels due to its slow diffusion [21,22]. In [23], the
introduction of tungsten into Cr-Mo-V-doped hot working tool steel results in improved
mechanical properties due to the suppression of nanoscale carbide aggregation processes.
In [24], it was shown that the addition of tungsten to steel alloyed with Cr and Mo increases
the ultimate strength at high temperatures by preventing the recovery of dislocations at
tempering above 650 °C, which leads to a reduction in the size of Me,3Cg carbides.

Recently, materials capable of resisting complex thermal, mechanical, chemical and
electromagnetic stresses have been in demand [25,26]. This often requires the aggregation
of several materials, which is usually accompanied by several problems in combining
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them into a compact material. A brief enumeration of these problems in obtaining multi-
compartment composites can be made as follows: physical and chemical incompatibility;
high-stress concentration at the interface due to strong mismatch between thermal and
mechanical properties; insufficient wetting or high mutual reactivity, etc., [27-29]. One of
the possible solutions enabling the production of such composite materials is using hy-
brid technologies combining various manufacturing approaches. For example, the hybrid
technology of electron-beam additive manufacturing (EBAM), including simultaneous or
programmed feeding of wire and powder filaments, is a modern technology of additive
manufacturing that makes it possible to produce components from metal-ceramic com-
posites with a specified microstructure [30-32]. The authors of [30] discuss the mutual
wettability of the added powder and matrix material during hybrid composite production
by EBAM, which together give improved results in mechanical and tribological tests. At
EBAM of aluminum alloy AA5154 with the addition of Mo powder [31], areas of unreacted
Mo appear, as well as a large number of Al/Mo intermetallic precipitates, which caused
high values of microhardness, as well as increased wear resistance of the material.

The aim of the present work is to study the microstructure and mechanical charac-
teristics of composites with a matrix of heat-resistant high-alloy steel and two types of
reinforcing particles: tungsten particles (W) and tungsten carbide + nickel (WC(Ni)). This
composite was synthesized for the first time in the present work by a hybrid powder-wire
method of electron-beam additive manufacturing.

2. Materials and Methods

The study focused on fabricating and characterizing composite steel samples rein-
forced with tungsten (W) and tungsten carbide (WC(Ni)) particles. The base material
utilized was a 1-mm-diameter wire of 401545 steel grade (ESAB Corporate, Gothenburg,
Sweden), whose chemical composition (wt.%) included 86.9% Fe, 9.24% Crt, 3.02% Si, 0.44%
C, and 0.4% Mn. The composite structure was created by alternately depositing layers of
this steel wire and a reinforcing powder mixture of W and WC(Ni) (Highly pure chemicals
(HPC), Moscow, Russia) in a 1:1 mass ratio. The process began by building up nine initial
layers of 401545 steel wire on an AISI 304 (Figure 1a) stainless steel substrate, forming a
foundational matrix. Subsequently, 0.3 g of the W+WC(Ni) powder mixture was evenly
distributed over the workpiece using the powder feeder (ISPMS SB RAS, Tomsk, Russia)
shown in Figure 1b. The next layer of 401545 wire (Figure 1c) was then added, which
caused partial melting of both the powder and the underlying steel layer, promoting the
binding of the matrix and powder. This sequence—powder application followed by wire
deposition—was repeated three times, with each layer achieving a thickness of 1 mm. The

final composite specimen (Figure 1d) had dimensions of 72 x 36 x 9 mm3

, comprising
discrete zones: a base steel matrix, an intermediate transition layer (not shown in Figure 1),
and a top composite layer enriched with W+WC(Ni) particles.

For metallographic (OM) and SEM analysis, the sample in the cross section was cut as
shown in Figure 1d and prepared via standard metallographic techniques. This involved
sequential grinding with abrasive papers (SiC) of progressively finer grit (14/10, 3/2,
and 1/0), followed by polishing with diamond pastes. Chemical etching was performed
using a reagent composed of 0.008 kg CuSOy, 0.04 L H,O, and 0.04 L HCI to reveal mi-
crostructural features. The etched surfaces were examined using an Altami Met 1S (Altami
Ltd., St. Petersburg, Russia) optical microscope and an Olympus Lext OLS4100 (Olym-
pus Corporation, Tokyo, Japan) confocal laser microscope for macro- and microstructural
observations. High-resolution imaging and elemental analysis were conducted via scan-
ning electron microscopy (SEM) on a Thermo Fisher Scientific Apreo S LoVac microscope
(Thermo Fisher Scientific Inc., Waltham, MA, USA) equipped with an energy-dispersive
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spectrometer (EDS). Local areas of the composite material ("TEM sample” in Figure 1d) were
analyzed by transmission electron microscopy (TEM) Jeol 2100 (Jeol, Tokyo, Japan). The
particle size in the composite layers was quantified using the secant method on TEM images.
Phase composition was determined through X-ray diffraction (XRD) analysis on a DRONS
(Burevestnik, St. Petersburg, Russia) diffractometer utilizing CoKa and CuK« radiation to
identify crystalline phases and assess structural changes induced by the deposition process.
Samples for XRD analysis were cut from three zones, as shown in Figure 1d.

b

Wire feeder

Powder [ceder

OM and SEM
sample

- Tensile samples

7 ___|_ —
i ! e |

E__i_:_;z_ms45 stael_ =

XRD and compression samples

Figure 1. Printing scheme of steel+W+WC(Ni) composite produced by EBAM method and the scheme
of cutting out samples for investigations. (a)—steel deposition, (b)—powder feeding, (c)—composite
material formation, (d)—cutting scheme.

Mechanical properties were evaluated by measuring microhardness using a TBM 5215
A Tochline tester (Tochpribor, Moscow, Russia) under a 0.5 N load with a 10-s dwell time,
providing insights into localized hardness variations across the composite. Microhardness
measurements were performed on a cross-section of the composite sample. Uniaxial tensile
and compression tests were performed at room temperature on a UTS-110M-100 (Test-
system, Ivanovo, Russia) universal testing machine with a crosshead speed of 1 mm/min.
Tensile (12 x 2.7 x 1.5 mm?>) and compression (3 x 3 x 6 mm?) test specimens were cut
from the matrix, transition and top layers along the layer deposition direction, as shown
in Figure 1d. This approach enabled the assessment of mechanical behavior in different
regions of the composite, accounting for variations in particle distribution matrix-particle
interactions. The combination of structural and mechanical analyses aimed to correlate
microstructural features with performance characteristics, providing a comprehensive
understanding of the composite material’s properties.
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3. Results
3.1. Initial Powders W and WC(Ni)

The powder particles for the composite material were investigated by SEM and X-ray
diffraction methods (Figure 2). The analysis of W (Figure 2b, PDF card number 00-004-0806)
powder by SEM+EDS (Figure 2a) showed that besides W, there are also small amounts of
oxygen and carbon. Moreover, oxygen is combined with tungsten in the WO3 compound,
which is observed from the diffractometry results (Figure 2b). Quantification of WOj3
(PDF card number 01-085-2460) from XRD data showed its content to be 4 + 1.5 wt.%. The
WC(Ni) powder was a mixture of two WC and Ni powders (Figure 2c). X-ray phase analysis
revealed the WC (PDF card number 00-051-0939) and Ni (PDF card number 00-004-0850)
phases (Figure 2d). The morphology of the powders used is, in all cases, represented by
agglomerates of W, WC and Ni particles due to the method of production. The average
size of the agglomerates of the tungsten powder was 20 £ 10 um. For nickel and tungsten
carbide powder: 45 & 23 pm and 33 + 12 um, respectively.
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Figure 2. SEM SE images of W (a) and WC(Ni) (c) particles, the XRD patterns of W (b) and WC(Ni)
(d) particles. The XRD imaging was performed using CoKa radiation.

3.2. Structure of Composite Steel+ W+WC(Ni)

The optical microscopy image of the steel+W+WC(Ni) composite alloy in the cross-
section is presented in Figure 3a, where several characteristic zones are highlighted: sub-
strate; 401545 steel layer; transition layer; steel+ W+WC(Ni) composite layer. In the cross-
section of the sample 401545/ (W+(WC(INi)), a significant number of melt bath boundaries
were formed during the EBAM of steel 401545. The transition layer is expressed by a
narrow gradient layer between the matrix and the composite layer (see Figure 3a). There
are no macro-defects in the form of pores or cracks.
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Figure 3. Macrostructure (a) and X-ray pattern (b) of the steel+W+WC(Ni) composite. The areas
marked with numbers in the optical image are for XRD analysis in different regions of the composite.
XRD imaging was performed using CuK« radiation. The arrow on “a” indicates the microhardness
measurement line.

By XRD analysis, it was found that the steel+W+WC(Ni) composite consists of
a-Fe (83.69 vol.%) (PDF card number 00-006-0696), Ni (6 vol.%) and WC carbide phase
(10.31 vol.%) (see Figure 3b). The composite layer contains a minor proportion of y-Fe (PDF
card number 00-052-0513), whereas no y-Fe was found in the main alloy and intermediate
layer. The presence of y-Fe is due to the dissolution of Ni in iron, which is a stabilizer for
the austenitic phase of iron.

In steel 401545 and the transition layer, there is a needle structure characteristic of
martensite (Figure 4a,b). The composite matrix consists mainly of 82 at.% Fe, 9.7 at.% Cr,
0.09 at.% Mn and 7.5 at.% Si (Figure 4b, spectra 1 and 2), which corresponds to the initial
composition of steel, taking into account the redistribution of chemical elements during
melting and crystallization.

In the transition layer between steel and steel+ W+WC(Ni) composite (Figure 4b), the
needle structure becomes more pronounced. In addition to the elemental composition of
the transition zone material, W is locally detected in the chemical elements of steel 401545
(Figure 4b, spectrum 3). Fine particles of tungsten carbide WC with a size of 2.64 pm are
also found along the grain boundaries (spectra 1-2, Figure 4c,d).
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Figure 4. SEM images and elemental composition of the composite sample steel+W+WC(Ni): (a) layer
of steel 401545; (b) transition layer; (c) 401S45+W + WC(Ni) layer; (d) chemical composition at the
points shown in (a—c).

In the composite layer steel+W+WC(Ni), an equiaxed grain structure with an average
grain size of 8.6 & 2.3 pm is formed, along the boundaries of which cracks are observed
(Figure 4c). Tungsten and tungsten carbide particles are localized in cracks and in small
amounts inside the grains (Figure 4c,d, spectrum 5). In the composite layer, the volume
fraction of WC particles increases significantly compared to the base material and the
intermediate layer. No tungsten was detected in the grain body by the EDS method
(Figure 4b, spectra 6 and 7). According to XRD data (Figure 3b), the steel+W+WC(Ni)
composite layer contains x-Fe (80.6 vol.%), Ni (6 vol.%), WC (10.3 vol.%) and a small
fraction of y-Fe (3 vol.%) (Figure 3b).

The TEM method found that the steel+W+WC(Ni) composite material has a multi-
phase complex organized structure consisting of several main phases. Figure 5 shows
the results of the TEM analysis. The brightfield image (Figure 5a) shows such structural
elements as the matrix of the steel+ W+WC(Ni) composite, particles of different morpholo-
gies and substructural elements in the form of stress fields at the particle boundaries
and dislocations.

According to the results of the EDS analysis shown in Figure 5d, tungsten is present
in both the composite matrix and particles. Analysis of the micro-diffraction pattern
(Figure 5a) obtained from the region marked in Figure 5a shows the presence of «-Fe, Cr;Cs
and particles of Fe-Cr-W ternary composition. At the same time, as shown in the dark-field
image, there are dislocations in the matrix phase in large numbers (Figure 5b, shown by
arrows). The ternary Fe-Cr-W particles are located both in the «-Fe grain body and at
the boundaries.
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Figure 5. Results of TEM investigations of steel+W+WC(Ni) composite. (a) brightfield image and

microdiffraction pattern, (b,c) darkfield images of matrix and particles, (d) EDS analysis obtained
from the points marked in (a).

3.3. Mechanical Properties of Steel+ W+WC(Ni) Composite

Microhardness measurements were carried out on the cross-section of the steel+W+WC(Ni)
composite (Figure 6) along the line shown in Figure 3a. An increase in microhardness
is observed in the transition from the substrate to the composite layer (Figure 6), which
indicates gradient strengthening of the material. The specific microhardness values for
401545 base alloy, transition layer and composite 401545+W+WC(Ni) layer are 345 HV,
531 HV and 653 HV, respectively. This increase in microhardness compared to the initial
401545 steel indicates an effective distribution of reinforcements in the composite structure,
which may contribute to improved wear resistance and durability of the final product.
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Figure 6. Microhardness measurement results of steel+W+WC(Ni) composite from the substrate to
the top composite layer of the composite along the line shown in Figure 3a.

Uniaxial tensile tests of specimens cut from the main alloy zone and the intermediate
layer (Figure 7a) demonstrate the ductile nature of the fracture. For specimens from the
main alloy zone of 401545, the ultimate strength and yield strength are approximately
1000 MPa and 650 MPa, respectively.

a b 4000 491545
1200+ Transition zone
3500 —— 401S45+W+WC(Ni)
1000 1 3000,
= 800 ‘@ 2500/
3 a
= =
% 600 - 2000
2]
g )
= = 1500+
400+ n
1 _ 1000
200 4 — 401545/(VV + WC(Ni))
Transition zone
401545 500
0 T 1 T 1 1
000 005 010 015 020 025 Joo 005 040
Strain Strain

Figure 7. Stress-strain diagrams after tensile (a) and compression (b) tests.

For specimens from the transition zone steel—steel+W+WC(Ni), the ultimate strength
and yield strength values increase to 1150 MPa and 830 MPa, respectively, which are
10% and 28% higher compared to the main alloy 401545 (Figure 7a). This significant
increase in mechanical properties can be attributed to the presence of tungsten carbides,
which effectively prevent deformation of the matrix alloy, thereby increasing its strength
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properties. At the same time, the relative elongation for the 401545 zone and the transition
zone remains comparable and averages 22%.

For the composite layer specimens, the strength limit of 620 MPa was observed
(Figure 7a). The decrease in relative elongation up to 3% is due to the high volume fraction
of brittle carbide particles located along the grain boundaries of the 401545 alloy. Such
a composite layer with a tungsten carbide content of about 10 vol.% can be classified as
a typical metal-carbide composite, the mechanical properties of which are traditionally
evaluated by compression rather than tension. This approach allows a more accurate
characterization of the material behavior under load, considering the influence of brittle
phases on the overall mechanical properties of the composite.

Compression tests were carried out for three structural zones: homogeneous matrix
(401545), transition layer, and composite layer (steel+ W+WC(Ni)). The results revealed
significant differences in the mechanical behavior of the zones investigated, highlighting
the influence of the gradient structure on the strength distribution.

The 401545 steel matrix exhibited a typical behavior for ductile materials: significant
plastic deformation was observed in compression with the formation of a pronounced yield
zone (Figure 7b, black line). YS in compression was 490 & 25 MPa, which is consistent with
the low concentration of hardening phases in this zone. The transition layer (Figure 7b, blue
line) combining matrix 401545 with initial inclusions of W+WC(Ni) showed an increase in
strength by more than 100% compared to the pure matrix, YS was 1200 &= 60 MPa. Increasing
the concentration of strengthening particles in the composite layer (steel+W+WC(Ni))
causes a further increase in the YS value up to 1720 + 60 MPa (Figure 7b, green line).

4. Discussion

During additive manufacturing, there is a significant redistribution of carbon from
tungsten carbide (WC) particles into the matrix x-Fe associated with melt formation. This
diffusion mechanism significantly affects the matrix phase formation in the adjacent region
from the carbide reinforcing particles since carbon is an austenite-forming element. It is
assumed that a significant amount of diffused carbon passes into the x-Fe matrix in the
form of embedded atoms, promoting the phase transformation x-Fe — y-Fe in the forming
composite layer (see Figure 3b). Additionally, the presence of nickel used in conjunction
with WC particles also influences austenite stability since nickel is an austenite-forming
element. For example, additional nickel alloying of high chromium steels allows for a
certain chromium /nickel ratio to produce a fully austenitic structure at room temperature.
This emphasizes the importance of controlling the alloying element content to achieve the
desired microstructural characteristics of the material during additive manufacturing.

It is known that the ferrite-martensitic microstructure is prone to re-transformation
to austenite during the melting of the powder layer [33]. This is due to the molten pool
temperature exceeding the austenite transformation termination temperature due to the
constant heat flow from the molten regions to the substrate [33]. Under such conditions,
it can be expected that the formed austenite will again transform into martensite during
rapid cooling. However, observations show that y-Fe is not fixed in the main alloy and
in the intermediate layer, and the phase composition consists predominantly of x-Fe.
Nevertheless, a minor residual amount of austenite is observed in the composite layer
(Figure 3b), which may be due to the presence of WC particles and nickel that slow down
the complete transformation to x-Fe. This indicates complex interactions between carbide
particles and matrix, which can influence phase transitions and stabilize certain phases
on cooling.

An additional important observation is the absence of Me;C-type carbides formed
because of the interaction between iron and tungsten carbide WC. This can be attributed
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to the positive effect of the addition of tungsten, which, due to its low diffusion mobility,
slows down the kinetics of the formation of such carbides [21,22]. Thus, the introduction
of WC into the matrix improves the stability of the phase composition of the material,
preventing undesirable phase transformations and preserving the structural integrity of
the reinforcing particles.

Microstructural analysis revealed a partial distribution of tungsten-containing parti-
cles, which helped to limit plastic deformation. The composite layer (steel+W+WC(Ni))
showed a maximum compressive strength (YS) exceeding that of the matrix by more than
300%, which was 1720 + 60 MPa (Figure 7b, green line). The high concentration of W and
WC(Ni) created a rigid skeleton (Figure 4c) that effectively redistributed the load. It is likely
that in compression, the failure was localized, limited to the zones between the reinforcing
particles, whereas in tensile tests, this layer performed the worst due to brittle fracture
(Figure 7a, green line) at the matrix-strengthening phase interfaces. This contradiction
emphasizes the anisotropy of the properties of gradient systems: high compressive strength
is due to the resistance of the particles to shear deformations, whereas tensile strength is
dominated by stress concentrators around the same inclusions.

The data obtained confirms that the gradient structure allows the plasticity of the
matrix to be combined with the high compressive strength of the composite layer. However,
the opposite pattern in tension indicates the need to optimize the interfaces between the
phases to reduce brittleness. It is likely that the introduction of intermediate layers with a
smooth W+WC(Ni) concentration gradient could soften the stress transition and improve
the tensile properties without losing them in compression.

5. Conclusions

The microstructure and mechanical characteristics of a composite alloy based on steel
401545 obtained by wire electron-beam additive manufacturing with the introduction of
W+WC(Ni) powders during printing were investigated in this work. The steel+W+WC(Ni)
composite alloy is characterized by a gradient structure consisting of a 401545 base alloy, a
steel—steel+W+WC(Ni) intermediate layer and a steel+ W+WC(Ni) composite layer. Based
on the research performed, the following conclusions can be drawn:

1. Microhardness values increase from 345 to 653 HV as one moves away from the
substrate to the composite layer.

2. The composite layer (steel+W+WC(Ni)) shows high compressive strength
(1720 £ 60 MPa) compared to unmodified steel, which is achieved due to a rigid framework
of particles redistributing the load, whereas brittle fracture prevails in tension due to stress
concentration at the phase boundaries.

Based on the obtained results, it is assumed that the addition of W+WC(Ni) powders
into the surface layer of 401545 steel by electron beam additive manufacturing will have a
beneficial effect on the tribological properties of the resulting composite material, which will
be discussed in detail in the next paper. This carries great potential to produce iron-based
components with exceptional performance.
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