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FEASIBILITY STUDY OF METAL MATRIX COMPOSITE (IN625-WC) MANUFACTURING
BY LASER ENGINEERED NET SHAPING (LENS®)

The present paper focuses on the technological approach to manufacturing composite in the form of Inconel 625 reinforced
with tungsten carbide particles. Twenty-four samples with reinforcement amounts ranging from 30 to 90% (wt.%) and different
numbers of deposited layers were manufactured with the use of Laser Engineered Net Shaping (LENS®). The metallurgical qual-
ity, microstructure, chemical and phase composition as well as hardness of the produced composites were determined. Digital
microscopy, X-ray powder diffraction and SEM-EDS were employed for this purpose. Despite numerous cracks, the fabricated
samples exhibited a greater hardness than single-layer coatings of analogous composition also produced by additive techniques.
This phenomenon is likely a result of repeated crystallization of the composites in remelted areas. A dual mechanism of material
strengthening is observed in the additively manufactured composites, both by the presence of reinforcing particles and precipitates

of secondary phases.
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1. Introduction

Nickel-based superalloys are used in applications requiring
high strength, wear, fatigue and creep resistance, and corrosion
resistance at elevated temperatures [1]. For example, they are
used in the aerospace, marine and automotive industries [2].
Due to the limited machinability and energy consumption in the
fabrication of Inconel 625 parts, the possibility of manufacturing
these alloys using additive manufacturing techniques has been
analyzed in recent years. The advantage of additive manufac-
turing (AM) techniques is the ability to create complex product
geometries by “printing” the material layer by layer. Based on the
type of raw material, AM processes can be classified as powder
bed processes or so-called direct energy deposition (DED) pro-
cesses involving direct feeding of powder or wire into the melting
zone. The advantage of additive techniques using a high-energy
laser beam and direct application of material through nozzles
to a substrate is the possibility of in situ control of the chemical
composition of the material to be deposited. In the process of
material deposition, metal powders, ceramics, or alloy powders
can be used, which allows the production of structural alloys,
composites or functional materials, such as those with a gradient
of chemical composition and properties. Control of the general

chemical composition of manufactured components is achieved
by calibrating feed rates of various single-component or alloy
powders. Achieving assumed chemical composition is more eas-
ily achieved if the feedstock powders have similar melting points
and there is no risk of evaporation of the low-melting elements.
Additive layer manufacturing processes, including direct energy
deposition systems such as LENS®, can be considered repetitive
welding processes, while subsequent weld layers can be used
to construct 3D net or near-net shape components. Due to the
high levels of residual stress, components produced by additive
layer manufacturing processes often require heat treatment [3].

In the search for new materials with good mechanical
properties and high wear resistance that can be produced by
additive techniques, Inconel 625 is considered to be a matrix
of composites due to its good weldability. Research on the pos-
sibility of manufacturing composites on the matrix of Inconel
625 by additive techniques involves reinforcement in the form
of carbide particles such as WC, TiC, and SiC or ceramics
such as Al,O5 [4]. In addition to increasing hardness and wear
resistance, the use of a suitable reinforcing additive promotes
uniform grain growth and reduces the anisotropy of mechani-
cal properties compared to the formation of columnar dendritic
structures that occur during rapid solidification in direct laser
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deposition of Inconel 625 [5,6] especially when additives are
added as nanoparticles.

Among the types of reinforcement tested, liquid nickel has
good wettability for WC particles, in addition to high hardness
and high resistance to oxidation at elevated temperatures [7].
The possibility of applying additive techniques to the fabrica-
tion of Inconel 625-WC composites has been studied mostly
with respect to coatings [8-11] in which the mass share of WC
is usually up to 30% since bulk samples can be produced easily
by sintering [6,12]. Due to the high-temperature gradient during
additive manufacturing and partial dissolution of reinforcement
particles, which leads to the formation of secondary carbides,
Inconel 625-WC composites are prone to cracking. Attempts of
additive manufacturing of bulk samples are limited to just a few
layers of material [13,14].

The purpose of this study was to produce Inconel 625-WC
composite samples in the form of both single coatings and bulk
samples — up to 7 layers of material — with a uniform distribu-
tion of WC in the whole sample volume and with a controlled
amount of reinforcing particles. In addition, composite samples
were produced with an amount of reinforcing particles far greater
than that reported in the literature concerning the fabrication of
Inconel 625-WC composites by additive techniques: from 30 to
90 wt.%. The study had purely fundamental character and was
performed to check the feasibility of making such composites.
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2. Materials and methods

The feedstock materials used for the manufacturing of the
composite samples were two gas-atomized powders: tungsten
carbide WC (LPW Technology Ltd.,) and Inconel 625 (TLS
Technik). WC powders were sieved to isolate powder particles
of a specific size, 40 pm-125 pm for WC and 63 pm-106 pum for
Inconel 625, which was confirmed by laser diffraction particle
size analysis (IPS U, KuK Instruments Ltd., Warsaw, Poland).
The morphology, phase and chemical composition of each of the
powders were investigated. Images of the powder morphology
taken using an SEM (FEI Quanta 3D FEG, Fei) confirmed the
spherical shape of the gas-atomized powders (Fig. 1).

SEM observation via BSE imaging of the WC powder
revealed that the batch was a mixture of 4 types of particles
appearing in the image as different shades of grey colour,
shapes and sizes. The shades of grey in backscattered electron
images can be related to the different mean atomic numbers of
the elements present in investigated sample areas. The results
of qualitative and semiquantitative energy dispersive X-ray
spectroscopy (EDX) analyses of the WC powder particle types
are shown in TABLE 1. Standardless quantitative EDS with
ZAF correction was used, and presented results of chemical
composition analysis have a semi-quantitative and compara-
tive character.

(b)

Fig. 1. Particle morphology of the powders used to produce composites by LENS additive technology: Inconel 625 (a) and commercial WC (b)

Fig. 2. Particles of commercial WC powder with different chemical
compositions

TABLE 1

Chemical composition of the powder particles with the
designations marked in Fig. 2. W — tungsten, C — carbon,
WC, W,C — intermetallic phases, (C) — solid solution of tungsten
in carbon. * Semi-quatitative — due to the influence of the shape
of the particles on the uncertainty of the quantitative analysis.
The results were given with 0.5% precision due to very
high uncertainty of EDS in measurements of light elements (C)
and when sample is not flat

Chemical composition* of selected particles
a b [ d
Element
WwC W,C (©)+WC W
at.% at.% at.% at.%
W 47.5 67.5 6.0 93.0
C 52.5 32.5 94.0 7.0
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Fig. 3. Phase composition of Inconel 625 (a) and WC (b) powders used to produce composite samples

X-ray diffraction phase composition analysis (Rigaku
ULTIMATV, CoKa, A= 1.791&) confirmed that the WC powder
was actually a mixture of tungsten, carbides (WC+W,C) and,
high carbon content particles composed likely of C+WC mixture,
as shown in Fig. 3a. For the Inconel 625 powder, the EDX chemi-
cal composition is characteristic of this alloy, and the XRD phase
analysis confirmed that the powder particles were composed of
a single FCC y-Ni phase, as shown in Fig. 3b.

A laser engineered net shaping (LENS MR-7, Optomec,
Inc.) machine equipped with a 500 W fiber laser was used to
produce metal matrix composite samples. Fig. 4 shows a sche-
matic view of the experimental setup. During laser forming,
powders are fed into a melt pool that is produced by a focused
laser beam with a power of 400 W and an effective beam diam-
eter of 1+0.05 mm. As the samples were built up layer by layer
directly from CAD files on an Inconel 718 substrate, a key part
of the process is controlling the thickness of the applied layers
and the speed of the laser head, which were set to 0.4 mm and
10 mm/s, respectively. Twenty-four composite samples with base
dimensions of 12x12 mm and assumed WC weight content in the
range of ~30-90% were made, and various heights were con-
trolled by the number of layers applied. The compositions were
made in-situ. Inconel and WC powders were fed from different
powder feeders calibrated for this purpose. The designations
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Fig. 4. Schematic of the LENS additive manufacturing process
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of the produced samples are presented in TABLE 2. A Nikon
MA 200 (Nikon Instruments) metallographic microscope was
used to evaluate the microstructure of the produced LENS
samples and to determine the amount of reinforcement in the
matrix using the planimetric method, which is also presented in
TABLE 2. The planimetric method enables an estimation of the
weight share of a given phase in the alloy based on the relative
volume of reinforcement in the matrix and its density. The uncer-
tainty in estimating the surface and mass share of the reinforcing
particles in the matrix is related to the partial dissolution of the
reinforcing particles, especially in the remelted zones.

TABLE 2
Calculated reinforcement content in the matrix for produced samples
Measured/ Measured/
Sample calculated amount Sample calculated amount
designation | of reinforcement | designation | of reinforcement
(wt.%) (Wt.%)

30 1 26.3 60 1 55.1
30 2 28.8 60 2 55.7
30 3 28.0 60 3 55.9
30 7 27.2 60 7 56.9
40 1 37.7 80 1 74.1
40 2 37.0 80 2 73.5
40 3 36.1 80 3 73.7
40 7 37.5 80 7 74.5
50 1 45.7 90 1 84.5
50 2 46.3 90 2 82.7
50 3 46.5 90 3 83.8
50 7 47.4 90 7 83.8

Samples for metallographic and microscopic analysis were
prepared by mechanically grinding on sandpaper with gradations
up to #4000 and polishing in diamond suspensions. The samples
were cut perpendicular to the substrate. Macroscopic analysis of
the produced samples was performed on a stereoscopic micro-
scope at magnifications of 7.5% and 10x (NIKON SMZ1500).
The microstructure and chemical composition of the produced
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samples were characterized by scanning electron microscopy
(SEM) with an energy-dispersive X-ray spectrometer. X-ray
diffraction (XRD) phase analysis of the produced samples was
performed on a Rigaku ULTIMA IV diffractometer using CoKa
A=1.79 A) source (40 mA, 40 kV). Detex ultra linear detector
was used. The phase identification was carried out using Rigaku
PDXL software with PDF-4+ database. The HV10 hardness of
the fabricated composite samples was determined using a Brinell-
Vickers hardness tester (HPO 250).

3. Results and discussion
3.1. Macrostructure

The metallurgical quality of the fabricated samples was
evaluated, with a focus on the presence of cracks. Fig. 5 and
Fig. 6 show cross-sections of the produced samples from 30 to
90 wt.% of reinforcement on the example of samples produced
during the 1-layer and 7-layer processes. The most favourable

Fig. 5. Inconel 625-WC composite samples produced during the single layer process with different weight content of reinforcement: 30% (a),

40% (b), 50% (c), 60% (d), 80% (e), and 90% (f)

.

Fig. 6. Stereoscopic pictures Inconel 625-WC composite samples produced during the 7-layer process and the following contents (wt.%) of

reinforcement: 30% (a), 40% (b), 50% (c), 60% (d), 80% (e), 90% (f)



mass content for WC reinforcement with respect to the applied
manufacturing parameters is 30% in one layer, as increasing
the number of layers and the number of reinforcement particles
causes an increase in the number of thermal cracks, which run
mainly perpendicular to the substrate. In the samples built up
with 7 layers, where the share of reinforcement is 50% or more,
macrocracks are observed both vertically to the substrate and in
line with the laser scanning direction.

3.2. Microstructure

Microstructural analysis of the samples produced was
carried out via optical and scanning electron microscopy. As it
was already shown previously in Fig. 5, for the samples with
different WC mass contents produced in one layer, the applied
parameters of the manufacturing process allowed us to obtain
dispersed spherical reinforcement as the WC powder particles
did not melt. However, the distribution was not uniform regard-
less of the mass content of the reinforcement. In the direction
perpendicular to the substrate, in the areas formed by overlapping
of individual laser tracks, a certain volume of the reinforcement
material is likely remelted.

Fig. 7 shows the microstructure of the fabricated compos-
ites with 30 to 90 wt.% WC in the Inconel 625 matrix at S00x
magnification. As the share of reinforcement in the Inconel
625 dendritic matrix increases, the fraction of areas with W-rich
dendrites around the reinforcement particles clearly increases,
where the reaction between the matrix and reinforcement takes
place. In addition, as a result of secondary scanning of the
laser cladding coating, the remelted zones show refinement of
the microstructure, as shown in the example of sample 30 7
in Fig. 8.

The surface distribution of elements, shown in Fig. 9, in-
dicates that Cr, Ni and W are mainly segregated in the remelted
zones. Refinement of the microstructure is often observed in
alloys fabricated by the LENS® technique in the remelted and
heat-affected regions on overlapping clad boundaries [15].
In Inconel 625-WC composites, these zones are described as
areas of fine cellular grains [10].

f; wr,
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Fig. 7. Microstructure of Inconel 625-WC composite samples with the
following content of reinforcement: 30% (a), 40% (b), 50% (c), 60%
(d), 80% (e), and 90% (f)

Under higher magnification of the remelted areas (Fig. 8b),
zones consisting of precipitates and eutectic regions can be ob-
served (Fig. 8c). A similar eutectic microstructure was observed
for Inconel 625-WC composites produced by laser cladding
[9,16] and for Inconel 625-WC composites produced by laser

Fig. 8. Microstructure of the remelted and heat affected zone of sample 30 7



1680

TABLE 3
Chemical composition of areas marked with designations in Fig. 8
Chemical composition
Element 1

wt.% at.% wt.% at.% wt.% at.% wt.% at.% wt.% at.%
C 0.4 53 0.3 1.8 0.3 23 0.2 1.1 0.3 1.4
Nb 0.0 0.0 2.8 2.1 34 3.3 1.5 1.0 2.3 1.7
Mo 1.5 2.5 7.6 54 12.7 12.1 4.6 3.1 7.7 5.5
Cr 1.7 4.9 17.8 23.2 11.9 21.0 17.9 22.0 16.5 21.9
Fe 0.3 0.7 0.4 0.5 0.2 0.4 0.5 0.5 0.4 0.5
Ni 34 8.8 52.0 60.0 23.9 37.2 62.3 67.8 51.9 61.0
w 92.8 77.7 19.2 7.1 47.6 23.7 13.0 4.5 21.0 7.9

Fig. 9. Elemental mapping of the heat-affected area of sample 30_7

additive manufacturing [17]. The chemical compositions of the
selected areas indicated in Fig. 8a and 8b are shown in TABLE 3.
Notice that in Fig. 8a, the white spherical particle is almost pure
W (area A), while in the matrix (area B), the dissolved amount
of tungsten reaches approximately 7 at.%. In the remelted zones
of the composite, (Ni,W)-rich precipitates are visible (area 1)
that are also enriched in Cr in comparison to dark grey Ni-rich
regions (area 2). According to the literature on Inconel 625-WC
composites, in areas where remelting has occurred, the matrix
around the precipitates contains dissolved carbon up to 44 at.%.

The secondary phases crystallizing as precipitates are carbides
composed of tungsten, chromium and niobium [15]. A similar
phenomenon was observed in composite coatings prepared by
laser cladding containing up to 20 wt.% WC [18]. Area 3 is de-
scribed in the literature as the y-(Ni)/intermetallic eutectic region
[15] or y-(Ni) + carbide dendritic structures [16].

A microstructure typical for Inconel 625-WC composites
fabricated by additive techniques is also observed in the produced
samples but in the vicinity of reinforcement particles with chemi-
cal compositions corresponding to WC particles (as opposed



to particles of pure W). The overall chemical composition in
the areas of this structure, as well as the surface contribution
of areas differing in chemical composition, are presented in
Fig. 10. WC reinforcement particles and an area with dendrites
and precipitates in the remelted regions can be clearly observed.
The chemical compositions of the areas distinguished by differ-
ent colours are shown in TABLE 4.

34%
B 56
B 0%

Fig. 10. Surface contribution of the phases present in the remelted areas

TABLE 4
Chemical composition of the areas marked in Fig. 10
Element Blue Red Yellow
wt.% at.% wt.% at.% wt.% at.%
C 6.2 42.6 3.6 17.6 4.4 22.2
Mo 1.1 0.9 3.8 2.3 5.2 3.3
Cr 3.7 6.0 16.2 18.1 16.2 18.9
Nb 0.6 0.9 0.9 1.0 0.9 1.0
Fe 1.0 1.5 1.8 1.9 1.8 2.0
Ni 8.6 12.1 51.8 51.3 39.7 40.9
W 77.5 34.9 18.6 5.9 27.5 9.0
Nb 1.4 1.2 34 2.1 4.3 2.8

The results of the XRD phase analysis of the produced
samples are shown in Fig. 11. Phases found in the powders
used to produce the specimens were identified; that is, WC,
W,C, FCC/Inconel 625. Additionally, unidentified strong Bragg
peaks from unidentified phases for 30, 40 and 50% samples were
found. The crystallographic database PDF4+ do not possess
any phases that could be attributed to those peaks with possible
elements. The phase component found in the commercial WC
powder in the form of (C)+WC reacted with the Inconel 625
matrix and was no longer visible in the diffractograms of the
produced composites. As expected, as the proportion of rein-
forcement increased, the Bragg peaks associated with the FCC
phase Inconel 625 alloy disappeared, while the intensity of the
reflections from the WC and W,C phases increased. The relative
contribution of these phases cannot be determined from the rela-
tive intensities of a particular reflection because even ignoring
the possible crystallographic texture, the intensity of the X-ray
reflection will be the result of a mixture of phases with different
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mass X-ray absorption coefficients. All the allotropic phases
of W2C (a, B, y) are metastable at room temperature; thus, the
remaining phase strongly depends on the conditions of sample
fabrication, such as the laser head feed rate or the width of the
remelted areas.

+ WC
. ~ ) e W.C
L%
©  FCC/Inconel 625

90 wt.%

_M 80 wt.%

60 wt.%

—JWA—M_/\,._,_ L 50 wt.%
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Fig. 11. XRD patterns of the additively manufactured Inconel 625-WC
composite samples

Relative intensity (cps)

3.3. Hardness measurements

Despite the presence of numerous stress cracks, it was
possible to determine the hardness of the produced composites.
The average values obtained from 10 measurements on each
sample are shown in Fig. 12. As the reinforcement content in the
matrix increases, the hardness of the composite increases almost
linearly, considering that the hardness of laser additive-deposited
Inconel 625 reaches 227 HV10 [19] and up to 402 HV 10 after
additional heat treatment [20]. The addition of 30% of reinforce-
ment by weight increased the hardness of the composite by
2.5 times that of the Inconel 625 alloy.

With a 90 wt.% WC, the hardness of the composite was al-
most 6.5 times greater than that of the laser-deposited Inconel 625
and 5 times greater than that of the conventionally forged superal-
loy Inconel 625 [21]. Secondary phases formed in heat-affected
and remelted areas were not observed in the XRD diffractograms
of the produced samples due to their insignificant mass fraction.

A comparison of the results of the produced composite with
a WC weight fraction of 30% with the results of the average
HVO0.2 and HV1 hardness of coatings of analogous composition,
470 HVO0.2 [15] and 467 HV1 [22], respectively, revealed that
a significantly greater value of the LENS® produced sample
was obtained which was 625 HV10. The high hardness of the
WC-Inconel 625 composites was attributed to the high micro-
hardness within the eutectic regions composed of carbides and
v-(Ni) intermetallic phase and secondary phase precipitates in
the form of carbides, up to 771 HV and 1194 HYV, respectively
[15], as well as to the (Ni,W)-rich precipitates and eutectic re-
gions near the distance of the reinforcement particles composed
of tungsten.
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Fig. 12. The measured hardness of the produced MMC samples in the
function of nominal reinforcement content. The grey field shows the

expected hardness range calculated from rule of mixtures considering
the different Inconel 625 hardness values after different heat treatments

4. Conclusions

A series of Inconel 625-WC metal matrix composite (MMC)
samples were fabricated using the LENS® additive technique.
In this study, an attempt was made to produce composites with
a higher than described in the literature [13,17,20] reinforce-
ment content (up to 90 wt.%), in the form of bulk samples — up
to 7 layers of material. Samples produced using the LENS®
technique exhibit discontinuities in their structure. The amount
of cracks and spalling occurring in the samples increases with
an increase in the number of layers produced and the amount of
reinforcement in the matrix, however, the results of the labora-
tory tests and measurements carried out can be summarised
as follows:

1) The technique used (LENS®) to produce the samples and
the ability to calibrate the powder feeders enabled the
manufacturing of MMC composites with a mass proportion
of reinforcement close to the assumed amount.

2) Chemical and phase composition studies have shown that
the spherical, gas-atomized commercial powder described
as tungsten carbide is actually a mixture of WC, W,C, (W)
and (C)+WC particles. Therefore, in the produced samples,
we observe remelted zones, which consist of both secondary
phases of typical Inconel 625-WC metal matrix composites
produced by additive methods (carbides as well as eutectics
of carbides and y-(Ni)-based phases) and carbide-free areas;

3) The higher hardness of the produced composites against
single-layer specimens, as reported in the literature, is the
result of a higher proportion of heat-affected and remelted
zones as well as the precipitation processes of the interme-
tallic phases in these areas.

4) Optimization of the process (including heating of the
substrate) may be possible to avoid or lower the cracking,
however it is difficult to assume that crack-free samples
might be produced for the highest reinforcement content.
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