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Abstract. The authors investigated the microstructure and mechanical characteristics of 56GM steel-based composite produced by wire electron-
beam additive manufacturing with the addition of W + WC(Ni) powders during printing. The analysis demonstrates that S6GM/(W + WC(Ni))
composite alloy is characterised by a gradient structure consisting of 56GM base layer, 56GM — S6GM/(W + WC(Ni)) intermediate layer and
56GM/(W + WC(Ni)) composite layer. The base layer of S6GM steel is characterized by a multidirectional acicular structure, which corre-
sponds to the ferrite-martensite state. In 56GM — S6GM/(W + WC(Ni)) intermediate layer the acicular structure becomes less pronounced.
In 56GM/(W + WC(Ni)) composite layer an equiaxed grain structure is formed, with an average grain size of 8.59 pum, along the boundaries
of which cracks are observed. WC particles are located mainly along the boundaries of small grains and in small quantities inside the grains
themselves. It was found that 56GM/(W + WC(Ni)) composite is mainly composed of a-Fe (~80.6 vol. %), Ni (~6 vol. %), WC carbide phase
(~10.3 vol. %) and y-Fe (3 vol. %). The structure and properties of initial 56GM steel change both in the area of direct addition of alloying
powder and in the underlying layers due to diffusion processes and infiltration of W + WC(Ni). Microhardness values increase from ~3.5 GPa
to ~6.5 GPa with distance from the substrate to the composite layer. In uniaxial tensile tests, the ultimate tensile strength and yield strength values
reached 1100 — 1200 MPa and 835 MPa in the intermediate layer, respectively.
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CTPYKTYPHO-®A30BOE COCTOAHUE U CBOUCTBA
KOMMO3UTHOro CNAABA 56GM/(W + WC(N1)),
NONYYEHHOIO METO40M NPOBO/IOYHOTO
3NEKTPOHHO-NYYEBOro AAAUTUBHOIO NPOU3BOACTBA
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HHcruTyT Pu3nKn npoyHocTy u MmatepuasoBenenuss Cuoupcekoro oraenenuss PAH (Poccus, 634055, Tomck, np. AkageMuuec-
Kuii, 2/4)
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AnHomayus. B pabote ucciieoBani MUKPOCTPYKTYPY U MEXaHHUECKUE XapaKTEPUCTHKU KOMITO3HMTa Ha OCHOBE cTain S6GM, Moy4eHHOT0 METOI0M
IIPOBOJIOYHOT'O ICKTPOHHO-Ty4€BOr0 aINTHBHOIO IPOU3BOJICTBA C BBeIeHHEM IIpH redard mopomkos W + WC(Ni). [TokazaHo, 9TO KOMIO3UTHBIH
crtaB S6GM/(W + WC(Ni)) xapakTepusyercst TpaJJUeHTHON CTPYKTYPOH, COCTOSIICH U3 OCHOBHOTO cJ0si cTain S6GM, mpoMexyTOYHOTO CII0st
56GM — 56GM/(W + WC(Ni)) u xommnosuuonHoro ciaos S6GM/(W + WC(Ni)). OcHoBoit cioit S6GM xapakrepusyeTcsi pa3sHOHAIPABICHHON
UTOJIBYATON CTPYKTYpOHM, YTO COOTBETCTBYET (heppUTO-MAapTEHCUTHOMY COCTOSIHHIO. B mpomexytounom cioe 56GM — 56GM/(W + WC(Ni))
HroJpdaTasi CTPYKTypa CTAaHOBUTCSI MEHEe BhIpakeHHOH. B kommosunmonuom cinoe 5S6GM/(W + WC(Ni)) dopmupyercst paBHOOCHas 3epeHHast
CTPYKTYpa CO CPEIHUM pa3MepoM 3epeH 8,59 MKM, 110 TpaHUIaM KOTOPhIX HaOIroAa0Tes TpeinHbl. Yactuipsl kapouaa Boiabsdpama WC pacrona-
raloTCS MPEUMYIIECTBEHHO 110 TPAHHUIIAM MEJIKHX 3¢PEH U B HEOOIBIIIOM KOIMYECTBE BHYTPH CaMUX 3epeH. MeTonoM peHTIeHO(}ha30BOro aHAIN3a
yCTaHOBJIEHO, 4TO KoMno3ut S6GM/(W + WC(Ni)) npeumymectBenHo coctout u3 o-Fe (~80,6 06. %), Ni (~6 00. %), kapounuoii dassr WC
(~10,3 06. %) u He3HauuTenbHOH nonu y-Fe (3 00. %). Crpykrypa u cBoiicTBa HCXOMHOM cTanu 56GM U3MEHSIOTCSl HE TOIbKO B 00/1aCTH HEIo-
CPEICTBEHHOTO JOOABICHHS JISTUPYIOLIEro MOPOIIKa, HO U B HIDKEIEXKAIMX CIOSAX M3-3a AU (Y3HMOHHBIX NPOLECCOB U MHPUIBTPALIMU MTOPOLIKA
W + WC(Ni) npu nedary. 3HaueHHS MUKPOTBEPIOCTH [0 MepE YHAAJICHHS OT IOIOKKH IO KOMIIO3UI[HOHHOTO CJIOS YBEIHYUBAIOTCS IIPHMEPHO
ot 3,5 no 6,5 I'lla. MiciblTanus Ha OTHOOCHOE PACTSHKEHUE MOKa3ald MaKCUMaJbHbIE MPees IPOYHOCTH U MIpe/es TeKYy4eCTH B IPOMEKYTOUHOM
cioe, kotopsie coctasuian 1100 — 1200 n 835 MIla cooTBeTCTBEHHO.

Kawouesvle c108a: >neKTpOHHO-Ty4eBOE aJUINTUBHOE IIPOM3BOJCTBO, KOMIO3UT, ctanb S6GM, moporok Boimbdpama, nmopomok WC(Ni), crpykrypa,
MEXaHHYECKUE CBOMCTBA

BaazodapHocmu: PaboTa BBIIOTHEHA B paMKaxX IOCYIapCTBEHHOTO 3a1aHus MHCTUTYTa (U3MKK NPOYHOCTH U MaTepHanoBeqeHus CHOMPCKOro oTae-
nennst PAH, rema nomep FWRW-2024-0001. MccnenoBanus BbinonHeHsl ¢ ucnonb3oBanueM obopynosanus LIKIT «Hanorex» Mucturyra dusuku
TPOYHOCTH U Marepuanosenenus Cubupckoro oraenenus PAH.

s yumupoeanusa: Huxonenko A.B., Boponnos A.B., Illamapun H.H., Yraranosa B.P., CaBuenxo H.JI., 3bikoBa A.Il. CtpyxrypHO-(hazoBoe
COCTOSIHME M CBOWCTBA KomIto3uTHoro cruiaBa S6GM/(W + WC(Ni)), oJly4eHHOTO METOJIOM IIPOBOJIOYHOTO AJIEKTPOHHO-TYYEBOTO a1 IUTUBHOTO

MPOM3BOACTBA. M38ecmus 6y306. Yepnas memannypeus. 2024;67(6):686—695. https://doi.org/10.17073/0368-0797-2024-6-686-695

- INTRODUCTION

The incorporation of reinforcing materials (such as
oxides, intermetallic compounds, nitrides, carbides,
and borides) into a steel matrix enables the production
of materials with enhanced performance characteristics
due to the synergistic properties of the reinforcement and
the matrix. These materials are known as metal-matrix
composites (MMCs) [1]. The synthesis of MMCs is a
highly effective approach to improving the mechanical
properties of steel, including hardness, strength, fatigue
life, and wear resistance [2].

Traditionally, MMCs are produced using casting or
powder metallurgy methods. These techniques are time-
consuming and challenging to control. Furthermore,
the high cost of casting molds, coarse-grained micro-
structures, and limitations associated with the formation
of undesirable interfacial compounds between the rein-
forcing particles and the matrix present significant chal-
lenges in the fabrication of MMCs [3].

Hybrid electron beam additive manufacturing tech-
nology, which involves the simultaneous or programmed
feeding of wire and powder filaments, is an advanced
additive manufacturing approach that enables the pro-
duction of metallic components and composites with
tailored microstructures. Recently, this technology has
been the subject of intensive research and holds signifi-
cant potential for creating novel metallic materials with
unique properties [4 — 6].

Tungsten carbide (WC) is well-suited as a reinfor-
cing particle for iron-based alloys due to its high mel-
ting point, thermal stability, strength, hardness, good
wettability, and a coefficient of thermal expansion similar
to that of iron. Consequently, there have been substan-
tial efforts in recent years to fabricate WC/Fe composites
using various methods, including additive manufactu-
ring [7]. Particular attention has been paid to improving
the microhardness and wear resistance of such compo-
sites, which result from the strong adhesion of tungsten
carbide particles to the iron-based matrix via a reaction
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layer. However, the development of high-performance
MMCs has revealed challenges, such as the formation
of thick, brittle reaction layers between the reinforcing
particles and the matrix, driven by the formation of car-
bides like Me,C [8]. These reaction layers frequently lead
to cracks that propagate along the tungsten carbide/matrix
interface [9]. As a result, the tungsten carbide particles
lose their ability to effectively bear the load, compromi-
sing the mechanical properties of the composite material.
Controlling the phase evolution at the interface between
tungsten carbide reinforcing particles and the iron-based
matrix must consider the diffusion of tungsten, carbon,
iron, and other alloying elements, which is particu-
larly challenging due to the non-equilibrium conditions
of additive manufacturing associated with high energy
input. Careful control of the reaction layer thickness is
essential to ensure the load-bearing capacity of the tung-
sten carbide particles [10]. Furthermore, it is crucial
to investigate how tungsten and carbon influence phase
transformations in the iron-based matrix during rapid
solidification in additive manufacturing, as they signifi-
cantly expand the stability ranges of ferritic and auste-
nitic phases, respectively [11].

It is well established that the nickel-tungsten carbide
(Ni—WC) system exhibits superior properties when used
for producing highly wear-resistant overlay deposits on
various tools employed in the oil and gas industry [12].
In the Ni— WC system, tungsten carbide particles provide
the desired wear resistance, while nickel alloys contribute
relatively high impact toughness, mitigating the embrit-
tlement of tungsten carbides [13].

It is also known that tungsten additions slow down
the kinetics of carbide precipitation from steel alloying
elements due to its low diffusion rate [14; 15]. In [16],
the authors reported that introducing tungsten into hot-
work tool steel alloyed with Cr—Mo—-V improves
mechanical properties during high-temperature tempe-
ring and increases resistance to softening by suppres-
sing the coarsening of nanoscale carbides. Similarly, [17]
demonstrated that adding tungsten to Cr—Mo alloyed
steel enhances high-temperature strength by inhibiting
dislocation recovery during tempering above 650 °C,

resulting in a reduction in the size of Me,,C, carbides.

Recently, there has been a growing demand for mate-
rials capable of withstanding complex stresses, inclu-
ding thermal, mechanical, chemical, electromagnetic,
and, potentially, neutron irradiation [18; 19]. The ability
to function under such extreme conditions poses signifi-
cant challenges in material development, often requiring
combinations of multiple materials. When two or more
materials are used, several challenges arise in integra-
ting them into a compact composite. These include
mismatched thermal and mechanical properties leading
to stress concentration at the interface, physicochemical
incompatibility, insufficient wettability or high mutual
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reactivity, and neutron-physical issues with some solders,
among others [20 — 22].

The objective of this study is to investigate the micro-
structure and mechanical properties of steel matrix com-
posites based on heat-resistant, highly alloyed steel with
two types of reinforcing particles: tungsten particles and
nickel-coated tungsten carbide particles. This composite
was synthesized using a hybrid wire-and-powder electron
beam additive manufacturing method.

[ MATERIALS AND METHODS

To produce the S6GM/(W + WC(Ni)) composite, S56GM
steel wire (equivalent to 40Kh9S2 steel) with a diameter
of 1 mm and the following chemical composition (wt. %)
was used: Fe 86.9; Cr 9.24; Si1 3.02; C 0.44; Mn 0.4.

Reinforcing powders of tungsten and nickel-coated
tungsten carbide (WC(Ni)) were used in a mass ratio
of 1:1. SEM images of tungsten powder particles and
WC(Ni) particles are shown in Fig. 1, @ and ¢. According
to X-ray phase analysis, the tungsten powder particles con-
tain a minor fraction of WO, oxide (Fig. 1, b). The X-ray
phase analysis of WC(Ni) powder identified the presence
of tungsten carbide (WC) and nickel phases (Fig. 1, d).

The 56GM/(W + WC(Ni)) composite was fabricated
as follows. Using wire electron beam additive manufac-
turing (EBAM), layers of 56GM steel were deposited on
a 12Kh18N10 stainless steel substrate (Fig. 2, a). After
depositing nine layers of 56GM, 0.3 g of W + WC(Ni)
powder was introduced onto the workpiece using a pow-
der feeder (Fig. 2, b). A layer of 56GM wire was then de-
posited, which partially melted the W + WC(Ni) powders
and the underlying 56GM layer (Fig. 2, ¢). Subsequently,
another 0.3 g layer of W + WC(Ni) powder was applied
using the powder feeder, followed by another layer
of 56GM wire. This process was repeated three times,
resulting in three layers of W + WC(Ni) powder alternated
with layers of 56GM steel (each layer being 1 mm thick)
(Fig. 2, d). The final samples measured 72x36x9 mm.

To study the structural-phase composition and mecha-
nical properties of the 56GM/(W + WC(Ni)) composite,
samples were extracted from three zones: the matrix,
the intermediate layer, and the upper composite layer.
The samples were prepared following standard proce-
dures, which included grinding with sandpaper and poli-
shing with diamond pastes (grit sizes 14/10, 3/2, and 1/0).
To reveal microstructural elements, the polished sample
surfaces were chemically etched using a reagent composed
of CuSO, (0.008 kg) + H,0 (0.04 L) + HC1 (0.04 L).

The macro- and microstructure of the samples were
examined using an Altami Met 1S optical microscope,
an Olympus confocal laser microscope, and scanning
electron microscopy (SEM) (Thermo Fisher Scientific
Apreo S LoVac equipped with an energydispersive spect-
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Fig. 1. SEM images (a, ¢) and X-ray diffraction patterns (b, d) of the initial W powder (a, b) and WC(Ni) powder (¢, d)
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Fig. 2. Scheme of deposition of layers of the composite sample S6GM/(W + (WC(Ni1))

Puc. 2. Cxema HaHECEHUS CII0EB KOMITO3UIIMOHHOTO 00pa3zia S6GM/(W + (WC(Ni))
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rometer (EDS)). Particle sizes were measured using
the secant method on prepared metallographic sections.
X-ray phase analysis (XRD) was performed on a DRON-7
X-ray diffractometer (CoK, radiation).

Microhardness was measured using a TBM 5215 A
Tochline hardness tester with a 0.5 N load and a dwell
time of 10 s. Uniaxial tensile tests were conducted on
a UTS-110M-100 universal testing machine at room tem-
perature with a crosshead speed of 1 mm/min. For tensile
testing, flat specimens were cut along and across the print-
ing direction, shaped as proportionally reduced blades ac-
cording to GOST 1497, with working section dimensions
of 12x2.7x1.5 mm. The specimens were extracted from
characteristic regions of the composite material (matrix,
intermediate layer, and upper composite layer).

[ RESULTS AND DISCUSSION

Fig. 3, a shows an optical image of the S6GM/(W +
+ WC(Ni)) composite alloy in the ZOY section, where
several characteristic zones can be distinguished:
1 — stainless steel substrate (not considered in this
study); 2— layer of 56GM steel, 3 — intermediate
layer 56GM — 56GM/(W + WC(Ni)); 4— composite
layer (W + WC(N1))/56GM. In the ZOY cross-section
of the 56GM/(W + WC(Ni)) sample (layer 2), a sig-
nificant number of melt pool boundaries, formed dur-
ing the printing of 56GM steel layers, are observed.
Layer 3, the intermediate layer, features a distinct bound-
ary between the printed matrix and the composite layers
(Fig. 3, a). According to the results of X-ray tomography
of the 56GM/(W + WC(Ni)) sample (Fig. 3, b), no macro-

scopic defects such as pores or cracks were detected in
any of the analyzed zones (/ — 3) shown in Fig. 3, a.

X-ray phase analysis revealed that the
56GM/(W + WC(Ni)) composite primarily consists
of a-Fe (~83.69 vol. %), Ni (~6 vol. %), and the WC
carbide phase (~10.31 vol. %) (Fig. 3, ¢). Additionally,
a small fraction of y-Fe was observed in the composite
layer, whereas no traces of y-Fe were detected in the base
alloy or the intermediate layer.

According to SEM analysis, the 56GM steel (layer 2)
exhibits a multidi-rectional acicular structure correspon-
ding to a ferrite-martensite state (indicated by the red
arrow, Fig. 4, a). The matrix of the composite alloy
primarily consists of ~78 at. % Fe, ~12 at. % Cr, and
~6 at. % Si, which matches the initial steel composition
(spectrum 3, Fig. 4, a, b). The concentrations of tungsten
and nickel in the base 56GM alloy are low, approximately
2 at. % each. Along the grain boundaries of the base layer
of 56GM steel, fine particles are observed, which may
result from infiltration along the grain boundaries or
microcracks, as well as diffusion during composite print-
ing (Fig. 4, a). EDS analysis of these particles shows
~66 at. % Fe, ~18 at. % Cr, ~7 at. % W, ~4 at. % Ni, and
~5 at. % Si (spectra / — 2, Fig. 4, a, b). Since the EDS
analysis captures a larger area, including both the particle
and the matrix, it can be inferred based on XRD data that
these particles are tungsten carbide (WC).

In the intermediate layer S6GM — 5S6GM/(W + WC(Ni))
(layer 3, Fig. 3, a), the acicular structure becomes less
pronounced (Fig. 4, ¢). However, the elemental compo-
sition of the grains in the transition zone is comparable
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Fig. 3. Macrostructure (a), fluoroscopy (b) and X-ray pattern (c¢) of S6GM/(W + WC(Ni)) composite:
1 — substrate; 2 — layer of 56GM steel; 3 — intermediate layer; 4 — 56GM/(W + WC(Ni))composite layer; 5 — sample for XRD

Puc. 3. Makpoctpykrypa (a), pentreHockonusi (b) u peHrreHorpamma (c¢) kommnosuta S6GM/(W + WC(Ni)):
1 — nomnoxka; 2 — cnoit cranu S6GM; 3 — mpoMexyTOUHbII CJ10ii; 4 — KOMIIO3UIMOHHBIH cioit S6GM/(W + WC(Ni)); 5 — obpasen st POA
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Fig. 4. SEM images and elemental composition of 56GM/(W + WC(Ni)) composite sample:
a, b —layer of 56GM steel (layer 2); ¢, d — intermediate layer (layer 3); e, f— 56GM/(W + WC(Ni)) composite layer

Puc. 4. POM-n300paxeHus U SJIEMEHTHBIH COCTaB KOMITO3UIIMOHHOTO obOpasua S6GM/(W + WC(Ni));
a, b — crans 56GM (cnoii 2); ¢, d — npomexyTouHblIi ci10i (cioit 3); e, f— komno3utmoHHsIi cnoit S6OGM/(W + WC(Ni))

to that of the base layer of 56GM steel (spectrum 3,
Fig. 4, ¢, d). Similar to the base alloy, fine tungsten car-
bide (WC) particles are observed along the grain bound-
aries in the intermediate layer, with an average size
of 2.64 um (spectra / — 2, Fig. 4, ¢, d).

In the composite layer 56GM/(W + WC(N1)) (layer 4,
Fig. 3, a), an equiaxed grain structure is formed, with an
average grain size of 8.59 um. Cracks are observed along
the grain boundaries (Fig. 4, ). EDS analysis of these
grains also corresponds to the elemental composition
of the base layer (spectrum /, Fig. 4, e, f): ~81 at. % Fe,
~7 at. % Cr, and ~7 at. % Si. WC powder particles
are predominantly located within the cracks (along
the boundaries of small grains) and, to a lesser extent,
inside the grains (spectrum 2, Fig. 4, e, f). The volume
fraction of WC particles in the composite layer signifi-
cantly increases compared to their fraction in the base
alloy and the intermediate layer. According to XRD

data, in addition to the main phases a-Fe (~80.6 vol. %),
Ni (~6 vol. %), and WC (~10.3 vol. %), a minor frac-
tion of y-Fe (~3 vol. %) is present in the composite layer
(Fig. 3, ¢).

Microhardness measurements were conducted on
the cross-section ZOY of the 56GM/(W + WC(Ni)) com-
posite in two regions (Fig. 5, @). In all cases, microhard-
ness increased when measured in the direction from
the substrate to the composite layer (Fig. 5, @). The micro-
hardness values for the base intermediate and composite
layers were approximately 3.5, 6.1, and 6.5 GPa, respec-
tively.

Tensile tests on samples extracted from the base alloy
and intermediate layer in the ZOY and ZOX cross-sections
demonstrated ductile fracture behavior (samples 1.1, 2.1,
2.2, Fig. 5, b — d). For samples from the region of the base
layer of 56GM steel, the ultimate tensile strength and yield
strength were approximately 1000 and 650 MPa, respec-
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tively (Fig. 5, ¢, d). For samples from the intermediate
region (56GM — 56GM/(W + WC(N1))), the ultimate ten-
sile strength and yield strength reached 1100 — 1200 MPa
and ~835 MPa, respectively — representing increases
of 10 and 28 % compared to the base alloy (Fig. 5, ¢, d).
For samples extracted from the composite layer region
in the ZOY and ZOX cross-sections, the ultimate tensile
strength values were 590 and 620 MPa, respectively,
and the yield strength was ~570 MPa (samples 1.3, 3.1,
Fig. 5, b — d). Due to the high volume fraction of brittle
carbide particles located at the grain boundaries of 56GM
steel, the relative elongation decreases to 3 %. A com-
posite layer containing approximately 10 vol. % tungsten
carbide is considered typical for metal-matrix composites,
for which mechanical properties are traditionally assessed
using compression rather than tensile testing [11].

It is well known that during additive manufacturing,
significant diffusion of carbon from tungsten carbide
(WC) particles into the o-Fe-based matrix occurs due
to the formation of the melt pool. This diffusion signifi-
cantly influences the phase formation of the matrix near
the reinforcing carbide particles, as carbon is an auste-
nite-promoting element. A substantial amount of diffused
carbon likely integrates into the a-Fe matrix as intersti-
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tial atoms, driving the phase transformation from a-Fe
to y-Fe in the composite layer (Fig. 3, ¢). Furthermore,
the nickel coating on the tungsten carbide particles is also
an austenite-promoting element. For instance, additional
nickel alloying in high-chromium steels can produce
fully austenitic structures at room temperature under spe-
cific chromium-to-nickel ratios.

Numerous studies have reported that ferrite-marten-
site microstructures typically revert to austenite during
the melting of the subsequent powder layer, as the tempe-
rature in some regions of the melt pool exceeds the auste-
nite transformation finish temperature due to the constant
heat flow from the molten zones to the substrate [23]. It is
expected that the austenite would subsequently transform
into martensite due to the high intrinsic cooling rate. As
noted earlier, neither the base alloy nor the intermediate
layer exhibited traces of y-Fe, and their phase composi-
tion consisted entirely of a-Fe. However, in the compo-
site layer, a small fraction of austenite did not transform
into a-Fe during cooling due to the presence of tungsten
carbide and nickel particles (Fig. 3, ¢).

The absence of interaction between iron and tung-
sten carbide (WC) form-ing carbides such as Me,C, as
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observed in this study, can be attributed to the beneficial
effect of tungsten. Tungsten’s slow diffusion rate reduced
the kinetics of such carbide formation [14; 15].

[ ConcLusions

The microstructure and mechanical properties
of a composite alloy based on 56GM steel, produced
using wire electron beam additive manufacturing with
the incorporation of W+ WC(Ni) powders during
printing, were investigated. The 56GM/(W + WC(Ni))
composite alloy features a gradient structure consisting
of the base layer of 56GM steel, an intermediate layer
(56GM — 56GM/(W + WC(Ni))), and a composite layer
(56GM/(W + WC(Ni))). The base layer of 56GM steel
is composed of ferrite-martensite grains with isolated
tungsten carbide (WC) particles located along the grain
boundaries. The ultimate tensile strength and yield
strength in the base metal zone were approximately 1000
and 650 MPa, respectively. In the composite layer, an
equiaxed ferrite-martensite grain structure with a small
fraction of austenite forms. was observed. Cracks were
found along the grain boundaries, where tungsten carbide
(WC) particles were concentrated. The volume fraction
of WC particles in the composite layer was significantly
higher than in the base layer of 56GM steel, resulting in
a 40 % reduction in tensile strength and brittle fracture.
Nonetheless, microhardness increased steadily from
the substrate to the composite layer, ranging from 3.5
to 6.5 GPa.

The introduction of nickel-coated tungsten carbide
(WC) particles shows considerable potential for fine-
tuning the strength and ductility of steel materials
by adjusting the volume fractions of austenitic and ferritic
phases.

The results suggest that incorporating W + WC(Ni)
powders into the surface layers of 56GM steel using
electron beam additive manufacturing can enhance
the tribological properties of the resulting composite
material. This method holds significant promise for
producing iron-based components with outstanding
performance characteristics.
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