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1. Introduction

Steels are versatile engineering alloys widely used in
industrial applications due to their adaptable mechanical
properties. The introduction of ceramic reinforcements
like tungsten carbide (WC) viapowder metallurgy
(PM) offers a promising route to enhance steel
performance while avoiding melting-related defects. Prior
studies have explored WC reinforcement in high
concentrations (>10 wt.%), however, the effects of low
WC additions (<4 wt.%) on compressional behavior
remain unclear. This research addresses this gap by
investigating how trace WC additions (0—4 wt.%)
influence density, porosity, microstructure, hardness, and
compressive properties of PM-processed steels. The study
aims to identify the optimal WC concentration that
maximizes mechanical performance while mitigating
agglomeration and porosity challenges.

2. Materials and Method

Iron powder (99.9% purity, 65 um), graphite (0.5 wt.%),
iron phosphide (2 wt.% for liquid-phase sintering), and
WC particles (04 wt.%, 10 pm, 99% purity, Fig.1) were
used as raw materials. Powders were mixed at 250 rpm for
30 min, compacted via a hydraulic pressing (30 tons), and
sintered in an ammonia-based atmosphere (90% H,, 10%
N,) at 1120°C for 60 min.

Density and porosity of steel specimens were measured.
The microstructure analyzed using optical microscopy
(OM) and scanning electron microscopy (SEM; LEO
1450VP) after nital etching. In addition, Vickers hardness
(20 kg load, 5 indents/specimen) and universal
compressive test (Zwick 2250, 2 mm/min strain rate) were
used to investigate the mechanical behavior of composite
steels.

3. Results and Discussion
The density of sintered steel specimens ranged
from 6927.9 to 7101.1 kg/m3, with porosity levels

between 17.21% and 19.41%. Increasing WC content to 2
wt.% reduced density and increased porosity due
to hindered particle compaction during pressing (Fig. 2).
At 4 wt.% WC, however, density increased despite higher
porosity attributed to WC’s intrinsic high density (15,800
kg/m3) compared to the steel matrix (7850 kg/m3).
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Fig 1- SEM micrograph of WC particles.
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Fig 2- a) density and b) porosity of sintered specimens.

Microstructural studies confirmed polygonal
ferrite and pearlite phases in all specimens. While WC
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particles were uniformly distributed at <2 wt.%,
severe agglomeration occurred at 4 wt.%, observable in
SEM micrographs (Fig. 3). These clusters exhibited
interfacial pores at particle-matrix boundaries, indicating
weak bonding and potential stress-concentration sites.
Mechanically, Vickers hardness increased by up to
30% (peak: 442 HV at 2 wt.% WC), attributable to WC
particles obstructing dislocation motion and plastic
deformation. At 4 wt.% WC, hardness enhancement
dropped to 17% above unreinforced steel (Fig. 4).
Compressive stress-strain curves revealed concurrent
increases in the elastic modulus, yield strength, and
compressive strength up to 2 wt.% WC, followed by
reductions at 4 wt.% (Fig. 5). This decline correlated with
particle clustering, non-uniform distribution, and
interfacial porosity, which promoted stress concentration
and crack initiation. Fracture strain and energy absorption
decreased progressively  with wC content,
reflecting reduced ductility and toughness. This contrasts
with cast WC/steel composites where liquid-phase wetting
improves interfacial cohesion and simultaneous strength-
toughness enhancement.

Fig 3- Agglomeration of WC particles.
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Fig 4- Vickers hardness of sintered specimens.

In  conclusion,2 wt.% WC delivered optimal
mechanical performance: 30% hardness increases and
25% compressive strength gains without agglomeration
defects. Higher concentrations (e.g., 4 wt.%) degraded
properties due to microstructural heterogeneity, suggesting

that advanced processing (e.g., spark plasma sintering) is
essential for effective high-load WC reinforcement in
powder metallurgy steels.
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Fig 5- Stress-strain curves of composite specimens.

4- Conclusion

1- WC additions <2 wt.% enhance hardness (442 HV) and
compressive strength via dislocation obstruction and
load transfer.

2- At 4 wt.%, agglomeration and interfacial
porosity degrade mechanical properties despite WC’s
high density.

3- Compaction and liquid-phase sintering mitigate but
cannot eliminate porosity at high WC loads.
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Investigation on Compressional Properties and Hardness of WC Reinforced Steels
Hadi Nasiri Hamid Sazegaran ~ Ali Mohammad Naserian-Nik

Abstract In this work, using the powder metallurgy method, tungsten carbide particles (0, 0.5, 1, 2, and 4 wt.%) were
added as reinforcement to the steel containing 0.5 wt.% of carbon. It is worth noting that 2 wt.% of iron phosphide was
added to the prepared powder mixture in order to create a liquid phase sintering mechanism. Density, porosity content,
compressive properties, and hardness of reinforced specimens were experimentally examined. In addition, the
microstructure of sintered steels was studied using optical and scanning electron microscopes. The obtained results
indicate the density is between 6927.9 to 7101.1 kg/m® and the porosity is between 17.21 to 19.41%. The microstructure
of the steel specimens contains ferrite and pearlite. In the specimen containing 4 wt.% of tungsten carbide, the
agglomeration of reinforcing particles in the steel matrix was observed in the SEM micrographs. Also, it can be seen, the
hardness, elasticity coefficient, yield strength and compressive strength of reinforced steels increased by adding the
amount of tungsten carbide up to 2 wt.%. After that the mentioned properties showed a decreasing trend, which is due to
changes in the percentage of porosity and occurrence of agglomeration phenomenon. Another reason for such effect is
the prevention of reinforcement particles from condensing during the compression process for specimen with 4 wt.% of
tungsten carbide.

Keywords Powder metallurgy, WC particles, Compressional properties, Hardness, Microstructure.
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