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Abstract: In this study, the effect of microstructural characteristics on the mechanical properties
of high-chromium white cast iron-matrix composites reinforced by in situ TiC and ex situ WC
was investigated. To this end, two different powder mixtures (Ti + Al + graphite and WC + Fe)
were compressed to produce green compacts that were inserted into the mold, before casting.
The microstructure of the resulting composites and the base metal was characterized using optical
microscopy (OM) and scanning electron microscopy with energy dispersive spectroscopy (SEM/EDS).
The microstructural analysis revealed a sound bonding between the composite zone and the base
metal. The reinforcement with WC particles showed a homogeneous distribution of the carbide
particles, unlike the reinforcement with TiC particles. The mechanical properties of the reinforcements
were evaluated using hardness and ball-cratering micro-abrasion tests. The results showed that both
reinforcements increase the hardness and wear performance of the base material, which was the best
performance achieved by the reinforcement with WC particles.

Keywords: ex situ technique; high-chromium white cast iron; in situ synthesis; local reinforcement;
microstructural characterization; titanium carbide; tungsten carbide; wear characterization

1. Introduction

The development of reinforcements for components produced by casting is appealing
because it extends the applications to high-wear solicitations. The effect of the reinforce-
ment is to increase the wear resistance over the whole surface or in the predefined area of
the component, almost without the need for specialized equipment. Thus, the process of
reinforcing cast components is considered a low-cost and highly efficient process.

Several studies have been conducted to investigate the production of white cast iron
(WCI) parts locally reinforced with WC particles [1–5]. Zheng et al. [3] applied a foam of
WC and Fe and concluded that the wear resistance of the composite zone was three times
greater than that of the matrix, due to the WC and Fe3W3C phases formed. Li and Gao [4]
used recycled tips of WC-Co and explained the low wear volume loss of the composite zone
to the formation of the Fe3W3C and Co3W3C phases resulting from the partial dissolution
of the WC-Co particles and the diffusion of W, C, Co, and Fe.

The production of castings locally reinforced with TiC particles formed by in situ
synthesis has been reported in steels [6–11] and grey cast irons [12–14]. However, the
application of the process to white cast iron parts is still novel [15].

Liang et al. [11] successfully reinforced austenitic manganese steel with TiC-TiB2 and
reported an increase of 32 HRC relative to the base metal. He et al. [12], produced a
TiC-Fe composite coating in situ on grey cast iron specimens with a hardness (68 HRC)
that more than doubled the hardness of the ferrous matrix. Hu et al. [16] also investigated
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the reinforcement of austenitic manganese steel by combustion synthesis of Fe, Ti, and C
powders and achieved a three-fold increase in hardness.

Despite the understanding acquired from previous studies, there is a need to deepen
the knowledge of the effect of nature, volume fraction, size, and hardness of the phases
that compose the reinforcement on its mechanical properties. Thus, in the present study,
high-Cr WCI specimens locally reinforced with in situ TiC and ex situ WC were produced
to investigate the relationship between microstructural features and the hardness and
abrasive wear performance. For this purpose, distinct reinforcements were fabricated using
two powder mixtures, one with Ti, Al, and graphite and the other with WC and Fe. Al
acts as a deoxidizer and grain refiner, leading to a reduction of porosity [17] and the size
of TiC particles [18], whereas Fe acts as a flux, improving the infiltration of molten metal
into the compact mixture [19–21]. The microstructural characterization was carried out
by scanning electron microscopy with energy dispersive spectroscopy (SEM/EDS) and
ball-cratering micro-abrasion tests were used to investigate the abrasive wear resistance.

2. Materials and Methods
2.1. Reinforced Specimens Production

The reinforced specimens were fabricated using a pressureless casting technique, as
shown schematically in Figure 1. Two different powder systems were selected to produce
the green compacts—Ti + Al + graphite and WC + Fe. For this purpose, commercial
powders of Ti, Al, Fe, graphite, and WC were used. The specified mean diameters and
purities were as follows: Ti—43 µm and 99.5 wt.%; Al—12 µm and 99.0 wt.%; Fe—10 µm
and 99.0 wt.%; graphite—43 µm and 99.0 wt.%; and WC—106 µm and 99.0 wt.%.

Metals 2021, 11, x FOR PEER REVIEW 2 of 12 
 

 

reinforcement of austenitic manganese steel by combustion synthesis of Fe, Ti, and C pow-
ders and achieved a three-fold increase in hardness. 

Despite the understanding acquired from previous studies, there is a need to deepen 
the knowledge of the effect of nature, volume fraction, size, and hardness of the phases 
that compose the reinforcement on its mechanical properties. Thus, in the present study, 
high-Cr WCI specimens locally reinforced with in situ TiC and ex situ WC were produced 
to investigate the relationship between microstructural features and the hardness and 
abrasive wear performance. For this purpose, distinct reinforcements were fabricated us-
ing two powder mixtures, one with Ti, Al, and graphite and the other with WC and Fe. 
Al acts as a deoxidizer and grain refiner, leading to a reduction of porosity [17] and the 
size of TiC particles [18], whereas Fe acts as a flux, improving the infiltration of molten 
metal into the compact mixture [19–21]. The microstructural characterization was carried 
out by scanning electron microscopy with energy dispersive spectroscopy (SEM/EDS) and 
ball-cratering micro-abrasion tests were used to investigate the abrasive wear resistance. 

2. Materials and Methods 
2.1. Reinforced Specimens Production 

The reinforced specimens were fabricated using a pressureless casting technique, as 
shown schematically in Figure 1. Two different powder systems were selected to produce 
the green compacts—Ti + Al + graphite and WC + Fe. For this purpose, commercial pow-
ders of Ti, Al, Fe, graphite, and WC were used. The specified mean diameters and purities 
were as follows: Ti—43 µm and 99.5 wt.%; Al—12 µm and 99.0 wt.%; Fe—10 µm and 99.0 
wt.%; graphite—43 µm and 99.0 wt.%; and WC—106 µm and 99.0 wt.%. 

The Ti + Al + graphite powders were mixed in a 64:20:16 mass ratio, and the WC + Fe 
powders were in a volume fraction of 40:60. The powder mixtures were homogenized in 
a Turbula shaker-mixer for 7 h and bonded with Na2SiO3 (1.50 mL for each 7.30 g of pow-
der). The mixtures were then cold-pressed with approximately 70 MPa in a metallic mold 
to produce parallelepiped compacts of 31 mm × 12 mm × 7 mm. As a final step, the green 
compacts were inserted in the mold cavity, and the high-Cr WCI with the following chem-
ical composition (wt.%): 3.1% C, 0.6% Si, 0.5% Mn, 26.8% Cr, 0.3% Ni, bal. Fe, according 
to the ASTM A532 standard [22], was poured at 1460 °C. 

 
Figure 1. Schematic view of the fabrication steps for the production of reinforced samples 
(adapted from [15]). 

 

Figure 1. Schematic view of the fabrication steps for the production of reinforced samples (adapted
from [15]).

The Ti + Al + graphite powders were mixed in a 64:20:16 mass ratio, and the WC + Fe
powders were in a volume fraction of 40:60. The powder mixtures were homogenized
in a Turbula shaker-mixer for 7 h and bonded with Na2SiO3 (1.50 mL for each 7.30 g of
powder). The mixtures were then cold-pressed with approximately 70 MPa in a metallic
mold to produce parallelepiped compacts of 31 mm × 12 mm × 7 mm. As a final step, the
green compacts were inserted in the mold cavity, and the high-Cr WCI with the following
chemical composition (wt.%): 3.1% C, 0.6% Si, 0.5% Mn, 26.8% Cr, 0.3% Ni, bal. Fe,
according to the ASTM A532 standard [22], was poured at 1460 ◦C.
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2.2. Microstructural Characterization

The cast specimens were cut by wire electrical discharge machining to obtain 5 mm
thick cross-section samples. These samples were metallographically prepared, that is,
ground, polished, and chemically etched with 2% Nital and Beraha-Martensite reagents.
The microstructures were characterized by optical microscopy (OM) using a Leica DM
4000 M with a DFC 420 camera (Leica Microsystems, Wetzlar, Germany), and scanning
electron microscopy (SEM), using an FEI QUANTA 400 FEG (FEI Company, Hillsboro,
OR, USA) with an energy-dispersive detector (EDS). SEM images were obtained with a
backscattered (BSE) and secondary (SE) electron detectors.

The percentage of carbides was measured in SEM–BSE images using ImageJ (v.1.52,
Wayne Rasband, National Institutes of Health, Bethesda, MD, USA), an open-source image
analysis software. The number and magnification of the fields were selected according
to their microstructural features—40 random fields with a magnification of 2000× for
reinforcement with TiC particles, and 10 random fields with a magnification of 200× for
reinforcement with WC particles. M7C3 carbides (from this point on referenced in the text
as (Fe,Cr)7C3 carbides) quantification had to be performed using EDS maps with 500×
magnification, due to the lack of contrast between the carbides and the reinforced matrix.

2.3. Mechanical Characterization

The mechanical characterization of the reinforced specimens was conducted using
hardness and ball-cratering micro-abrasion tests. The bulk hardness of each specimen
was measured by the Vickers hardness tests, using a nominal test force of 294.2 N, in
a universal hardness tester DuraVision 20 (EMCO-TEST Prüfmaschinen GmbH, Kuchl,
Austria). Moreover, seven tests were performed in each reinforced specimen. To better
understand the wear mechanism, microhardness analysis of the phases was also performed
in a Duramin-1 hardness tester using a load of 0.9807 N. Here, eleven measurements
were carried out in each phase. Due to the small size of the TiC particles, a Micro Material
NanoTest tester with a nominal test force of 40 mN was used for the hardness measurement.

The ball-cratering tests [23] were carried out in a Plint TE66 micro-scale abrasion tester
(Plint & Partners Ltd., Newbury, England). The micro-abrasion tests were performed using
a 0.35 g·cm−3 concentrated slurry of SiC powders with angular morphology and a particle
size between 4.5 and 6.5 µm. To passivate the specimens’ surface, NaNO2 was added to
the slurry at a concentration of 10 g·L−1. For each test, the slurry was delivered to the
specimen through a peristaltic pump, at a constant rate of 3.5 mL·min−1. Constant stirring
was performed to ensure uniform dispersion of the SiC particles. A steel bearing ball with
a diameter of 25 mm and 60 HRC was used, etched with 2% Nital to increase the roughness
of the surface. The rotation speed was fixed at 80 rpm with a constant load of 0.25 N.
Furthermore, the specimens with a thickness of 5 mm were subject to micro-abrasion
with sliding distances of 15.7, 23.6, 31.4, and 39.3 m, corresponding to 200, 300, 400, and
500 revolutions of the steel bearing ball.

The worn surfaces were analyzed using SEM and the mean diameter of the resulting
wear craters was measured by OM and the image processing software (ImageJ). Next, the
volume of the worn material (V, in mm3) was calculated using Equation (1) [23,24].

V = π× b4

64 × R
(1)

in which b is the crater mean diameter (mm) and R is the steel ball radius (mm). The
abrasive wear rate (K, in mm3·N−1·mm−1) was calculated using the Archard wear equation
(see Equation (2)).

K = π× b4

64 × R
× 1

S × N
(2)

where S is the sliding distance (mm) and N is the applied load (N).
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3. Results and Discussion
3.1. Microstructural Characterization
3.1.1. Optical Microscopy and EDS Analysis of the Base Metal

The OM image of the base metal after etching with 2% Nital (Figure 2a) showed large
(Fe,Cr)7C3 carbides with rod-like morphology, and the eutectic constituent formed by fine
(Fe,Cr)7C3 carbides and austenite (γ). These constituents were characterized in our previous
studies using SEM/EDS, XRD, TEM, and EBSD techniques [5,15]. Acicular martensite
(α’), which resulted from the austenite transformation during cooling, was revealed by the
Beraha-Martensite reagent, as shown in Figure 2b. The SEM image and EDS/EDX map
(presented in Figure 3) showed Cr-rich zones corresponding to the (Fe,Cr)7C3 carbides. The
volume percent of these carbides was calculated by image segmentation and was found to
be approximately 32%.
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Figure 3. SEM–BSE image of the microstructure of the high-Cr WCI (a) and energy-dispersive spectroscopy (EDS) elemental
mapping (b) with a superposition of Cr (pink) and Fe (blue).

3.1.2. SEM Observations of the High-Cr WCI Matrix Composites

The microstructure of the iron-based composite reinforced with TiC particles (TiC-
WCI) is shown in Figure 4. As demonstrated in our previous research [15], large (Fe,Cr)7C3
carbides were present along with networks of fine and nearly spherical TiC particles, and a
eutectic constituent composed of austenite and (Fe,Cr)7C3 carbides (see Figure 4c). The
volume percentages of the TiC particles network and eutectic constituent were 24% and
25%, respectively.



Metals 2021, 11, 862 5 of 12

The SEM images showed a good infiltration of the base metal in the green compact
without voids and porosities. They also revealed a non-homogeneous distribution of
the TiC particles (Figure 4c), which could affect the wear resistance of the material. The
fine particles of the TiC clusters showed a size of 0.30 to 2.90 µm, with an average of
1.44 µm. Several Al oxide particles, which may form from the reaction of Al powders
with atmospheric air during casting, were observed in the composite and interface zones
(see Figure 4b,d). These particles have been described and characterized in our previous
study [15].
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The microstructure of the reinforcement produced with the WC + Fe powders (WC-
WCI) could be analyzed from the SEM–BSE images in Figure 5. A sound interface between
the base metal and the composite zone was obtained, as shown in Figure 5a,b. Additionally,
in this composite, the absence of voids and porosities suggests a good infiltration of the base
metal into the green compact. Furthermore, Figure 5c shows a homogeneous dispersion
of the WC particles (typically between 50 and 200 µm in size) and a considerable number
of Na2SiO3 particles in the composite, in accordance with our previous results [5]. The
eutectic matrix is composed of martensite and retained austenite with (Fe,Cr)7C3 carbides
and M6C carbides (from this point on referenced as (Fe,W,Cr)6C carbides) (see Figure 5d),
which have been extensively characterized in [5]. The amount of eutectic carbides was
about 30% of the composite area, while the WC and (Fe,W,Cr)6C phases corresponded
to 29%.
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Table 1 summarizes the quantification of carbides present in each reinforced specimen.
The reinforcement with WC particles showed the highest percentage of carbides (59%),
consisting of the (Fe,Cr)7C3, WC, and (Fe,W,Cr)6C types.
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Table 1. Quantification of carbides in the microstructure of the reinforced specimens.

Average Content of Carbides

(Fe,Cr)7C3 TiC WC + (Fe,W,Cr)6C Total

TiC-WCI 25% 24% - 49%

WC-WCI 30% - 29% 59%

Base metal 32% - - 32%

Morphology Rod and
blade-like

Round and
polygonal Polygonal -

3.2. Mechanical Characterization
3.2.1. Hardness Results

Figure 6 shows the hardness results. The hardness variation of the base metal could
be explained by microstructural heterogeneity (differences in the content of carbides,
austenite, and martensite), which is a characteristic of the solidification condition. The
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TiC-WCI reinforcement showed the highest average hardness (797 ± 112 HV 30), which
was 38% higher than the base metal hardness (579 ± 47 HV 30). Additionally, the average
hardness of the WC-WCI reinforcement was 721 ± 68 HV 30, corresponding to an increase
of 44% as compared to the base metal (500 ± 31 HV 30). The quantitative analysis of the
microstructure shown in Table 1 indicates a higher content of carbides in the reinforcement
zones, resulting in a clear improvement in hardness as compared to the base metal.
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The effect of each type of carbide on the hardening of the specimens was another issue
addressed. The carbides were characterized by microhardness tests and nanoindentation
in the case of TiC, due to the smaller dimension of these carbides. Table 2 shows that
(Fe,Cr)7C3 and TiC were the hardest carbides with similar hardness values (~15.80 GPa).
These values were slightly higher than the hardness of WC and significantly higher than
the hardness of (Fe,W,Cr)6C.

Table 2. Hardness of the carbides detected in the microstructure of the reinforced specimens.

(Fe,Cr)7C3 TiC WC (Fe,W,Cr)6C

HV 0.1 1633 ± 183 (15.80 ± 1.79 GPa) - 1558 ± 166 (15.28 ± 1.63 GPa) 1118 ± 262 (10.85 ± 257 GPa)

Nanohardness - 15.80 ± 4.86 GPa - -

3.2.2. Abrasion Wear Behavior

The abrasive wear results are shown in Figure 7, in which the volume of the worn
material is depicted as a function of the sliding distance for the two reinforcements and base
metal. The linearity of wear versus sliding distance was observable for the three materials,
meaning that the wear rate remained almost constant under the 0.25 N load. The slope of
the best-fit line to the experimental points corresponds to the wear rate K according to the
Archard equation [25]. Moreover, the results showed that the reinforcements had a wear
rate significantly lower than the base metal, with WC-WCI being the most wear-resistant.
The wear rates of TiC-WCI and WC-WCI were 70% and 40% of that of the base metal,
respectively. This result was in agreement with the conclusions reached by Zhou et al. [26],
which highlighted a reduction of 35% on the wear rate of the high-Cr cast iron when
reinforced with 36 vol.% of WC.
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Figure 8 shows that the wear rate decreased continuously with the increase of the
carbide content in the microstructure. The increase of the hardness of the composite also
seemed to reduce the wear rate. Nevertheless, there was no direct relationship between
these two properties (the harder composite did not have the lowest wear rate).
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3.2.3. Worn Surfaces Analysis

Figure 9 shows the low magnification images of the worn craters resulting from
a sliding distance of 31.4 m. Figure 9b suggests that the large WC particles effectively
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resisted the micro-cutting action of the SiC abrasive and, as a result, the worn crater was
the smallest.
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Figure 9. OM images of the worn craters corresponding to a sliding distance of 31.4 m. (a) TiC-WCI reinforcement, (b)
WC-WCI reinforcement, and (c) base metal.

SEM analysis of the worn craters was performed to analyze the wear mechanisms
presented, in more detail (see Figure 10). For the base metal, it could be seen that the metallic
matrix was preferentially worn, whereas the (Fe,Cr)7C3 particles were protruding, as shown
in Figure 10a. The abrasion grooves observed in Figure 10b indicate a highly deformed
surface, suggesting that plastic deformation was the predominant wear mechanism.

The worn surface of the TiC-WCI reinforcement (see Figure 10c,d) showed that the
metallic matrix was the most worn zone. Compared to the unreinforced high-Cr WCI, shal-
lower wear grooves along the wear direction and less plastic deformation were observed
(Figure 10d). Additionally, the TiC particles were less worn and did not exhibit fracture or
pull out, thus increasing the reinforcement wear performance.
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Figure 10. SEM images of the wear craters after a sliding distance of 39.3 m. (a,b) Base metal, (c,d) the TiC-WCI reinforcement,
and (e,f) WC-WCI reinforcement; (a,c,e) show the regions close to the edge of the crater, and (b,d,f) show the regions on the
surface of the crater.

Concerning the worn surface of the WC-WCI reinforcement, it is clear that the matrix
was more worn than the carbide phases, as shown in Figure 10e,f. Little abrasion occurred
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on the large WC particles that seemed to have a protective effect on the matrix, resulting
in fewer wear grooves. The protrusion height of the WC particles was high, as shown
in Figure 10f, and no fracture or pull-out of the particles was observed, suggesting good
adhesion to the matrix. Previous studies also showed this protective effect of the WC
particles [2–4,21,26], which could explain the significant improvement in the wear resistance
found with this type of reinforcement. On the other hand, the Na2SiO3 globules were more
worn than the matrix and, therefore, did not enhance the wear performance of the material
(see Figure 10f).

4. Conclusions

The microstructural analysis of high-chromium, white cast, iron-matrix composites
reinforced by in situ TiC and ex situ WC revealed a sound bond between the reinforcement
and the base metal for all specimens produced. Unlike TiC reinforcement, the WC rein-
forcement showed a homogeneous distribution of the carbide particles. Both approaches
provided a significant increase in the wear resistance of the high-Cr WCI evaluated by
ball-cratering, micro-abrasion tests. The best wear performance was achieved by WC rein-
forcement due to the higher content of homogenously dispersed carbides in the metallic
matrix. Therefore, the approach using a compact mixture of WC and Fe powders is highly
promising for industrial applications.
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