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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 56GM/(W + WC(Ni)) 
composite alloy is characterised by a gradient structure consisting of 56GM base layer, 56GM – 56GM/(W + WC(Ni)) intermediate layer and  
56GM/(W + WC(Ni)) composite layer. The base layer of 56GM steel is characterized by a multidirectional acicular structure, which corre-
sponds to the ferrite-martensite state. In 56GM – 56GM/(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 μm, 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 α-Fe (~80.6 vol. %), Ni (~6 vol. %), WC carbide phase 
(~10.3 vol. %) and γ-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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Аннотация. В работе исследовали микроструктуру и механические характеристики композита на основе стали 56GM, полученного методом 

проволочного электронно-лучевого аддитивного производства c введением при печати порошков W + WC(Ni). Показано, что композитный 
сплав 56GM/(W + WC(Ni)) характеризуется градиентной структурой, состоящей из основного слоя стали 56GM, промежуточного слоя 
56GM – 56GM/(W + WC(Ni)) и композиционного слоя 56GM/(W + WC(Ni)). Основой слой 56GM характеризуется разнонаправленной 
игольчатой структурой, что соответствует феррито-мартенситному состоянию. В промежуточном слое 56GM – 56GM/(W + WC(Ni)) 
игольчатая структура становится менее выраженной. В композиционном слое 56GM/(W + WC(Ni)) формируется равноосная зеренная 
структура со средним размером зерен 8,59 мкм, по границам которых наблюдаются трещины. Частицы карбида вольфрама WC распола-
гаются преимущественно по границам мелких зерен и в небольшом количестве внутри самих зерен. Методом рентгенофазового анализа 
установлено, что композит 56GM/(W + WC(Ni)) преимущественно состоит из α-Fe (~80,6 об. %), Ni (~6 об. %), карбидной фазы WC 
(~10,3 об. %) и незначительной доли γ-Fe (3 об. %). Структура и свойства исходной стали 56GM изменяются не только в области непо-
средственного добавления легирующего порошка, но и в нижележащих слоях из-за диффузионных процессов и инфильтрации порошка 
W + WC(Ni) при печати. Значения микротвердости по мере удаления от подложки до композиционного слоя увеличиваются примерно 
от 3,5 до 6,5 ГПа. Испытания на одноосное растяжение показали максимальные предел прочности и предел текучести в промежуточном 
слое, которые составили 1100 ‒ 1200 и 835 МПа соответственно. 

Ключевые слова: электронно-лучевое аддитивное производство, композит, сталь 56GM, порошок вольфрама, порошок WC(Ni), структура, 
механические свойства
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Структурно-фазовое состояние и свойства 
композитного сплава 56GM/(W + WС(Ni)), 

полученного методом проволочного 
электронно-лучевого аддитивного производства

А. В. Никоненко , А. В. Воронцов, Н. Н. Шамарин, 
В. Р. Утяганова, Н. Л. Савченко, А. П. Зыкова

 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 Me3C [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 Me23C6 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 

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 56GM/(W + WC(Ni)) composite, 56GM 
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; Si 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, а and c. According 
to X-ray phase analysis, the tungsten powder particles con-
tain a minor fraction of WO3 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, c). 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 72×36×9 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 CuSO4 (0.008 kg) + H2O (0.04 L) + HCl (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. 2. Scheme of deposition of layers of the composite sample 56GM/(W + (WC(Ni))

Рис. 2. Схема нанесения слоев композиционного образца 56GM/(W + (WC(Ni))

Fig. 1. SEM images (a, c) and X-ray diffraction patterns (b, d) of the initial W powder (a, b) and WC(Ni) powder (c, d)  

Рис. 1. РЭМ-изображения (a, c) и рентгенограммы (b, d) исходного порошка вольфрама (а, b) 
и порошка карбида вольфрама WC(Ni) (c, d)
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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 (CoKα 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 12×2.7×1.5 mm. The specimens were extracted from 
characteristic regions of the composite material (matrix, 
intermediate layer, and upper composite layer). 

 Results and discussion

Fig. 3, а shows an optical image of  the  56GM/(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(Ni))/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 (1 – 3) shown in Fig. 3, a.

X-ray phase analysis revealed that the 
56GM/(W + WC(Ni)) composite primarily consists 
of  α-Fe (~83.69 vol. %), Ni (~6 vol. %), and the  WC 
carbide phase (~10.31 vol. %) (Fig. 3, c). Additionally, 
a small fraction of  γ-Fe was observed in the  composite 
layer, whereas no traces of γ-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 1 – 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 56GM – 56GM/(W + WC(Ni)) 
(layer 3, Fig. 3, a), the  acicular structure becomes less 
pronounced (Fig. 4, c). However, the  elemental compo-
sition of  the grains in the  transition zone is comparable 

Fig. 3. Macrostructure (a), fluoroscopy (b) and X-ray pattern (c) of 56GM/(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

Рис. 3. Макроструктура (а), рентгеноскопия (b) и рентгенограмма (c) композита 56GM/(W + WC(Ni)):
1 – подложка; 2 – слой стали 56GM; 3 – промежуточный слой; 4 – композиционный слой 56GM/(W + WC(Ni)); 5 – образец для РФА
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to  that of  the  base layer of  56GM steel (spectrum 3, 
Fig. 4, c, 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 μm (spectra 1 – 2, Fig. 4, c, d). 

In the composite layer 56GM/(W + WC(Ni)) (layer 4, 
Fig. 3, a), an equiaxed grain structure is formed, with an 
average grain size of 8.59 μm. Cracks are observed along 
the  grain boundaries (Fig. 4, e). EDS analysis of  these 
grains also corresponds to  the  elemental composition 
of the base layer (spectrum 1, 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 α-Fe (~80.6 vol. %), 
Ni (~6 vol. %), and WC (~10.3 vol. %), a minor frac-
tion of γ-Fe (~3 vol. %) is present in the composite layer 
(Fig. 3, c).

Microhardness measurements were conducted on 
the cross-section ZOY of the 56GM/(W + WC(Ni)) com-
posite in two regions (Fig. 5, a). In all cases, microhard-
ness increased when measured in the  direction from 
the substrate to the composite layer (Fig. 5, a). 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-

Fig. 4. SEM images and elemental composition of 56GM/(W + WC(Ni)) composite sample:
a, b – layer of 56GM steel (layer 2); c, d ‒ intermediate layer (layer 3); e, f ‒ 56GM/(W + WC(Ni)) composite layer  

Рис. 4. РЭМ-изображения и элементный состав композиционного образца 56GM/(W + WC(Ni));
а, b ‒ сталь 56GM (слой 2); c, d ‒ промежуточный слой (слой 3); e, f ‒ композиционный слой 56GM/(W + WC(Ni))
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tively (Fig. 5, c, d). For samples from the  intermediate 
region (56GM – 56GM/(W + WC(Ni))), 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, c, 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  α-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 α-Fe matrix as intersti-

tial atoms, driving the  phase transformation from α-Fe 
to  γ-Fe in the  composite layer (Fig. 3, c). 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 γ-Fe, and their phase composi-
tion consisted entirely of α-Fe. However, in the compo
site layer, a small fraction of austenite did not transform 
into α-Fe during cooling due to the presence of tungsten 
carbide and nickel particles (Fig. 3, c). 

The absence of  interaction between iron and tung-
sten carbide (WC) form-ing carbides such as Me3C, as 

Fig. 5. Microhardness values (a), sample cutting diagram for tensile test (b), tensile values according to the sample cutting diagram (c, d)

Рис. 5. Значения микротвердости (а), схема вырезки образцов для испытания на растяжение (b), 
значения растяжения согласно схеме вырезки образцов (c, d)
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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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