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The effect of powder compression on the formation of porosity when
heating with a laser beam has been investigated. The starting materials
were elemental powders of Fe, W and C which were locally melted to
form WC in Fe matrix by an in situ laser additive manufacturing (LAM)
process. The resulting microstructures have been studied and chemical
analysis has been performed. The main application for the process is for
the production of WC based or carbide cutting tooling by very accurate
deposition of hard-facing materials onto a steel substrate. Fe is used as the
matrix material since ferrous alloys are employed as the substrate for
these applications.
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1 INTRODUCTION
Laser additive manufacturing (LAM) can be used to produce hard-facing and
abrasive materials by re-melting of the matrix metals present in specifically
sintered powders which contain already formed ceramic particles; for example, WC in a Co matrix. Such sintered powders are widely available off the
shelf; however, the process limits the hardness of the deposit, lacks control
over the forming microstructure and has a very narrow processing window,
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often with low processing speed. These limitations have hindered the wider
adoption of AM in hard-facing applications.
An approach using the in situ formation of carbide particles from elemental powders with increased hardness has been reported [1, 2]. In addition,
greater control over the resulting microstructure can be achieved by modifying the powder composition. The in situ formation process, however, is not
well represented in the additive manufacturing (AM) industry. The application of AM to produce cutting tools is further restricted as more traditional
methods are used. High pressure sintering is the main process to produce
carbide tooling at the moment. The process is very energy and time consuming as it involves pressing, moulding into final shape, dewaxing, pre-sintering, sintering, post-sintering and finishing operations [3]. The resulting
material often requires further mounting to the tool substrate and grinding.
The resulting tool is of very high hardness up to 2250 HV and toughness up
to 30 MPa/m2.
A recent study, however, by C4 Carbides, Ltd. has shown that approximately 1% of the entire hard-metal material is used for cutting. The rest is
ground away or discarded after the tool is damaged or dulled. This, coupled
with the fact that Co and W are on the list of critical raw materials for the EU,
as published by the European Commission [4], makes the precise deposition
of these materials an attractive alternative to conventional methods.
The application of AM processes to produce hard-metal deposits using a
pre-blended mixture of Co binder, Cr and the WC carbide has been patented
[5]. This report presents preliminary studies of an in situ formation of WC in
Fe matrix. In particular, the effect of the powder pressing prior to heating is
investigated using elementary powders of Fe, W and C to form a WC 12 wt.%
Fe hard metals.

2 EXPERIMENTAL PROCEDURES
The starting materials of Fe 99.9% purity, <10 μm particle size (Alfa
Aesar, GmbH); W, 99.9% purity, <25 μm particle size (Goodfellow, Ltd.)
and C 99.9 purity synthetic, <20 μm particle size (Sigma-Aldrich Corporation) in elemental powder form were weighed out in 12Fe:82.6W:5.4C
wt.% ratios to match the WC 12 wt.% Fe composition. The materials were
then mixed in a planetary mill (PULVERISETTE 6; FRITSCH) without
grinding media for 1 hour at 100 rpm with changing rotation direction
every 20 seconds. From the same batch, two 0.5 g samples were prepared.
Sample A was left in loose powder form and Sample B was pressed into
an 8 mm diameter pellet under 100 MPa in a steel die. Both samples were
placed in alumina crucibles. The top surface of Sample A was levelled
with a spatula without applying pressure to provide a flat surface to focus
the laser beam.
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A 1 kW continuous wave (CW) fibre laser (redPOWER QUBE 1 kW; SPI
Lasers, Ltd.) with a 5 mm diameter Gaussian beam emitted at 1025 nm was
focused on the top surface of each sample in order to supply the heat. The
laser was fired at 600 W requested power in the same focus spot of each
sample for 3 seconds without scanning.
The products were cleared from any unreacted powders and prepared for
microstructure analysis. The microstructures have been analysed using a
scanning electron microscope (SEM) (JSM-5600; JEOL, Ltd.) combined
with energy dispersive X-ray (EDAX) analysis (Genesis Spectrum v5.2) for
chemical composition analysis. The grain size and porosity levels were measured using open source ImageJ [6] image processing software.

3 RESULTS
3.1 Porosity
As Figure 1 shows, Sample A solidified into a 0.097 g sphere of about 3mm
diameter which has formed on the area of the laser beam focus. The remaining powder stayed in powder form and did not react accounting for 80.6% of
the entire Sample A weight. Sample B retained the shape of a pellet - approximately 2.7 mm high and 7.8 mm diameter (see Figure 1) with a void formed
at the laser beam focus area resulting in a 0.340 g sample and there was no
free, unreacted powder left in the crucible.
From Figure 2 the microstructure of Sample A showed relatively low
porosity of 4% with few large pores of 50 to 100 μm in diameter. The porosity
of Sample B was relatively high at 16% and evenly dispersed across the entire
sample with average pore size of 20 to 25 μm in diameter. Closer to the laser
beam focus area the pores have agglomerated into larger pores approximately
500 μm in diameter.
3.2 Microstructure
3.2.1 General findings
The M6C and WC carbides are expected to precipitate from the formed Fe-W
melt pool and form by heterogeneous nucleation [2, 3, 7]. Agglomeration of

FIGURE 1
Photograph showing (left-hand side) Sample A (loose powder) and (right-hand side) Sample B
(compressed powder) reacted materials,
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FIGURE 2
SEM micrograph showing Sample A microstructure with a 4% porosity.

FIGURE 3
SEM micrograph showing Sample B microstructure with 16% porosity.
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carbides is expected to take place with higher fraction of agglomerates closer
to the laser beam focus area due to prolonged high temperatures and reduced
heating rate compared to areas furthest from the heat source. In general, Sample B is expected to have more refined structure with less agglomeration of
primary carbides due to lower maximum temperatures and greater surface
area when compared to Sample A.
3.2.2 Observations for Sample A
The analysis of microstructure given in Figure 4 shows formation of primary
and secondary mixed carbides with no free W, Fe or C present in the materials. The white colour particles which form in truncated triangle and triangular
shapes that can be seen in Figure 4 contain approximately 36 at.% W, 63.5
at.% C and 0.9 at.% Fe. The content of C is highly exaggerated by the measuring equipment due to very low atomic weight of C and in comparison,
very high atomic weight of W. Comparing the at.% of W and Fe suggests that
the formed material is WC along with the less stable W2C. Spherical white
particles can also be observed in Figure 4 and show approximately 46 at.%
W, 4.7 at.% Fe and 49.5 at.% C, the composition of these materials does not
match the M6C type carbides as they contain very low amounts of Fe and are
likely also WC or W2C carbides. Light grey particles form dendrites with
12.3 at.% W, 46.9 at.% Fe and 40.8 at.% C chemical composition which
closely correspond with the chemical composition of Fe5WC carbides. The
average WC truncated triangle and triangular particles size is in range of 50
to 100 μm while the spherical particles are 6 to 10 μm with agglomerates
reaching 30 μm in length.

FIGURE 4
SEM micrographs showing Sample A microstructure: (a) WC (white particles); (b) Fe5WC (grey
particles); and (c) spherical WC (white particles) agglomeration.
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FIGURE 5
SEM micrographs showing Sample B microstructure: (a) WC (white particles); (b) Fe5WC (grey
particles) form around white WC spherical particle; and (c) Fe5WC forms continuous matrix
around white WC particles.

3.2.3 Observations for Sample B
Similar to Sample A, Sample B showed formation of carbides with no free W,
Fe or C, as can be seen from Figure 5. White truncated triangle particles in
Figure 5 contain approximately 37 at.% W, 62.7 at.% C and 0.8 at.% Fe, triangular particles 34 at.% W, 65 at.% C and 1.2 at.% Fe and spherical particles
35 at.% W, 65.2 at.% C, 1.1 at.% Fe. These compositions have been identified
as WC and W2C carbides. In Sample B, secondary carbides show chemical
composition of 34.5 at.% W, 65 at.% C and 0.9 at.% Fe relating to Fe5WC
carbides. These carbides have formed around spherical WC carbides and
have agglomerated to form a continuous matrix. The average WC truncated
triangle and triangular particles size is in range of 10 to 100 μm. Spherical
WC particles are between 6 to 15 μm in diameter. Secondary carbides of
Fe5WC show coring around the spherical WC particles and have agglomerated to form a continuous matrix.

4 DISCUSSION
The packing factor of the powders had significant impact on the resulting
microstructures and porosities of materials. Contrary to expectations, the
compressed sample has formed a more porous microstructure than the loose
powder sample, 16% versus 4%, respectively. Closely packed powder particles formed evenly distributed pores and an increased heat affected zone
(HAZ) around the laser beam focus area which has allowed the entire powder
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to react and form a solid. Loose powders produced large, localized and
agglomerated pores with a reduced HAZ.
The in situ formation of WC from elemental powders has been successfully achieved. WC has formed in a truncated triangle, triangular and spherical shapes. The formation of secondary carbides with M6C structures (Fe5WC)
has taken place in both samples. These carbides have been formed in dendritic form in the loose powder sample and formed around spherical particles
in the compressed powder sample agglomerating into a continuous matrix
between the WC particles.
The closely packed particles in the compressed sample offered better heat
distribution across the bulk of powder and allowed the heat to transfer across
the entire sample. As a result, lower temperatures were reached across the
entire compressed sample allowing the powder to sinter and retain the sample
shape and powder particle positions. The loose powder sample was formed at a
higher temperature and higher energy density melt pool under the laser beam,
which, in the liquid phase has consumed the surrounding powder, but has left
the powder away from the melt pool unreacted. The higher temperature reached
in the loose powder sample has also promoted grain growth of WC.

5 CONCLUSIONS
This study has investigated the effect of compressing of the powders prior to
heat treatment on the porosity and microstructure of in situ formation of WC
12 wt.% Fe hard-facing materials forming from elemental powders using a
fibre laser beam as a heat source. The following conclusions have been drawn:
(i) The compressed samples show increased porosity when compared to
loose, untapped powders, 16% versus 4%, respectively;
(ii) In both samples WC, Fe5WC and possibly W2C is forming. WC is forming in truncated triangle, triangular and spherical shapes. Fe5WC is
forming in the form of dendrites in the loose powders and around the
spherical particles of WC in the compressed powders. The Fe5WC within
the compressed powders tended to agglomerate and form a continuous
matrix between WC particles; and
(iii) The compressed samples show an increased heat affected zone (HAZ)
compared to the loose powders.
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