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Abstract

Roller tables, rollers, and pinch rolls are widely used in rolling mills, sheet metal works, and ceramic and
tile production industries where harsh working conditions, like heating furnaces with high temperatures, ox-
ide debris, and ceramic materials, have been a matter of concern. High wear-resistant cast iron is a common
material for manufacturing these tools. The present study evaluates the production of cast iron-based matrix
surface composites reinforced with tungsten carbide (WC) as a surface metal matrix composite (SMMC)
using a centrifugal casting process. To that end, the sample microstructure was characterized using optical
microscopy (OM) and scanning electron microscopy equipped with energy dispersive X-Ray spectroscopy
(SEM-EDX). A 3-mm thick composite layer was formed on the sample surface. Within the composite layer,
WC particles were homogeneously distributed in the pearlitic and iron carbide matrix, significantly increas-
ing surface hardness. The wear behavior of fabricated SMMC was evaluated against base metal samples pro-
duced under similar conditions: ambient temperature (25 °C) and the average roller temperature in the furnace
under normally applied loads of 100, 150, and 200 N (450 °C). The formation of a composite structure on the
surface dramatically improved the wear resistance of cast iron, thus decreasing the weight loss of composite
samples by 61% after a 1000 m sliding distance at 25 °C compared to non-composite samples. The production
of cast iron-based matrix surface composite reinforced with WC using centrifugal casting, as a feasible and
acceptable process, could be a promising and cost-effective solution to improve the performance of rollers in
rolling lines and even hot rolling mill rolls.

Keywords: Cast iron-based surface metal matrix composite, Tungsten carbide, Centrifugal casting, High-tem-
perature wear.

1. Introduction erties, including high strength, high melting point, good
thermal stability, suitable fatigue resistance, and excel-
lent corrosion and wear behavior. Based on the litera-
ture, these advanced materials can effectively improve
industrial parts’ performance and service life, hence
their widespread application in metal-forming, min-
ing, chemical, aerospace, and automotive industries .

The use of cast-iron-based metal matrix composites
(MMCs) reinforced with ceramic or metal carbide par-
ticles has grown considerably due to their superior prop-
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formly controlled microstructure. Such microstructure
gives rise to outstanding and different properties for the
material surface. Therefore, the design and manufacture
of SMMCs have been extensively proposed as an effec-
tive and low-cost approach to promoting the properties
of conventional materials where the surface of the parts
is of great importance. In this regard, various methods,
namely physical vapor deposition (PVD), chemical va-
por deposition (CVD), laser cladding (LC), and ther-
mo-reactive deposition and diffusion (TRD), have been
used to fabricate the SMMCs .

It was reported that, in MMCs, the main characteris-
tics of the secondary reinforcing phase, including their
type, amount, size, shape, and distribution, play a vital
role in their performance '“'V. In recent years, ceramic
particles, particularly ALO,, TiC, SiC, TiB,, and WC,
have been extensively used in MMCs as a secondary rein-
forcing phase %2, Among them, tungsten carbide (WC),
due to the high melting point, significant hardness, low
thermal expansion coefficient, low friction coefficient,
and good wettability with molten metal, is of great inter-
est as a potential candidate for use in Fe-based SMMCs
to improve their wear resistance **7'¥ .In this regard,
there was evidence that WC-reinforced Fe-based SM-
MCs exhibited wear resistance equal to that of cementite
carbide, while surprisingly, their impact toughness was 4
to 8 times higher than that of cementite carbide '9. Zhou
et al. reported that the amount of WC particles was the
essential factor affecting the wear behavior of Fe-based
MMCs. It was demonstrated that the wear rate of WC-re-
inforced Fe-based MMCs produced by the vacuum in-
filtration casting decreased to the lowest value with an
increase in the volume fraction of WC up to 36%, and
then increased, which can be attributed to the significant
decrease in matrix phase surrounded the WC particles 'V.
Most production methods of SMMCs, generally based
on the deposition of a layer of reinforcing material on
the substrate surface, are expensive and complex, mak-
ing them less suitable candidates for use on an industrial
scale. In recent years, centrifugal casting has been pro-
posed as one of the low-cost and practical methods to
produce SMMCs 17, Niu et al. successfully produced
the WC-reinforced cast iron-based SMMCs using centrif-
ugal casting. They observed that the reinforced specimen
exhibited much higher wear resistance than the unrein-
forced specimen . Another study evaluated the wear
behavior of a Hadfield steel/WC surface composite pro-
duced by centrifugal casting. The results indicated that a
composite layer with a thickness of ~ 0.3 mm was formed
during centrifugal casting, eventually enhancing the wear
resistance of the Hadfield steel '¥. In addition to the re-
inforcing material characteristics, the operational param-
eters of the centrifugal casting process, such as casting
speed and mold diameter, play an influential role in the
quality and performance of the composite layer formed
on the material’s surface. The investigation of the effects
of centrifugal casting speed on the wear behavior of the
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Fe-C/WC composite showed that with increasing casting
speed, the thickness of the composite layer decreased and
the volume fraction of the reinforcing phase in the thin
composite layer increased. As a result, the hardness and
wear resistance of the composite layer improved '°.
Many industrial parts are subject to wear, especially at
high temperatures, which is one of the important rea-
sons for their destruction. Therefore, finding strategies
to improve wear resistance, increase service life, and
minimize repair costs of such industrial parts has always
been an interesting topic for researchers. Research shows
that SMMCs can be a suitable replacement for common
materials vulnerable to high-temperature wear. For in-
stance, Song et al. compared the high-temperature wear
behavior of a WC-reinforced iron matrix composite and
high-speed steel produced using centrifugal casting. The
finding revealed that the wear rate of the composite at
400 °C was 2.9 times lower than that of the high-speed
steel 1. However, there is a gap in the literature regard-
ing the research on the high-temperature wear behavior
of SMMCs.

Rolls used in rolling mills, as essential equipment
in the steel industry, are strongly exposed to high-tem-
perature wear-induced damage. Accordingly, the leading
manufacturers continuously seek novel and cost-effec-
tive solutions to improve the performance of their pro-
duction rollers. Since a wear-resistant surface layer with
an inner matrix with sufficient ductility is required for
optimal roller performance, the WC-reinforced cast iron-
based SMMCs can be a promising option for roller man-
ufacturers 2°. Accordingly, the present study investigated
the wear behavior of these SMMCs reinforced with WC
particles produced using centrifugal casting to produce
rollers on an industrial scale in the Chodansazan Indus-
trial Co. (CSROLL). To do so, in addition to microstruc-
tural and mechanical investigations, the wear behavior of
the samples was accurately evaluated at the ambient tem-
perature and 450 °C under loads of 100, 150, and 200 N.

2. Experimental methods

In the present study, the cast iron melt was prepared
using a medium frequency induction furnace with a ca-
pacity of 400 kg from selected cast iron scrap and ferroal-
loys. The chemical composition of the melt was analyzed
using the DFS 500 spectrometer according to the ASTM
E415 standard (Table 1). To produce the SMMCs, WC-3
wt.% Co particles with a particle size of 90-1000 mm in
a weight ratio of 4% were continuously added to the mol-
ten cast iron during centrifugal casting. A schematic of
the cast iron/WC SMMCs production process is depicted
in Fig. 1. The pouring temperature of molten cast iron
was in the range of 1370-1380 °C in all experiments, and
the centrifugal speed was considered constant throughout
the casting process.

Samples were taken in an axial direction and etched
with 2% Nital for microstructural examination. The mi-
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crostructure of cast samples was characterized using
Nikon optical microscopy (OM) and the Leo VP 436
scanning electron microscopy (SEM) equipped with en-
ergy-dispersive X-ray spectroscopy (EDS).

The hardness of the samples was measured using the
Koopa Pajoohesh Hardness Tester with Vickers indenter
following the ASTM E92-82 standard. The hardness tests
were performed at a load of 500 g. The ball-on-disk type
wear test was used to investigate the wear behavior of
the cast samples according to ASTM G99-05. The wear
tests were performed under normal loads of 100, 150,
and 200 N at different temperatures (25 and 450 °C) with
an alumina ball (10 mm in diameter). In all wear tests, the
sliding speed and sliding distance were 0.2 m/s and 1000
m, respectively. The wear track surface was evaluated us-
ing the OM, SEM, and EDS methods to detect the wear
mechanism. The specific wear rate was calculated using
the following equations '32":

AM  (mm?3

k= PLFp (N.m)

where AM is the amount of weight loss for each spec-
imen (mg), p is coating density (gr/cm3), and L and Fn
are wear distance (m) and the applied load (N).

()

3. Results and discussion
3.1. Microstructural characterization of the
cast samples

Fig. 2 shows the OM and SEM images of the micro-
structure of the unreinforced cast iron sample. The micro-
structure consisted of a pearlite matrix with a continuous
network of iron carbide (represented by arrows in Fig.

2(b)). The high cooling rate prevented carbon precipita-
tion in the form of graphite flakes. Indeed, the dissolved
carbon in the molten cast iron is present in the form of a
carbide network rather than graphite owing to the high
cooling rate. It was reported that the intercellular pearl-
ite/carbide network microstructure increased hardness,
consequently improving the wear resistance of cast iron
samples ??. By controlling the solidification rate (cool-
ing rate), a core/shell structure can be achieved where
a carbide network is formed at the surface layer of the
sample due to the high cooling rate. This is while at the
sample’s core, a low cooling rate results in the nucleation
and growth of graphite clusters. Such a core/shell struc-
ture makes it possible to achieve beneficial properties for
rollers used in rolling mills in such a way that the former
is responsible for improving wear resistance, and the lat-
ter enhances the ductility. However, in the present study,
the sample microstructure was the same from surface to
core due to the high cooling rate.

The cross-sectional images of the SMMCs sample
produced by centrifugal casting are shown in Fig. 3. The
thickness of the surface composite layer was 3 mm, and
WC particles were almost homogeneously distributed.
This is expected to be able to give rollers a desirable per-
formance on an industrial scale. The selected melt tem-
perature ensured that the WC particles would not melt
during the casting process. Accordingly, the accumula-
tion of unmelted WC particles in the surface composite
layer during the centrifugal casting can be attributed to
two factors: First, the difference between the density
of WC (~15.6 gr/cm3) and cast iron (~7.2 gr/cm3) that
causes the WC particles to be more affected by centrif-

Table 1. Chemical Composition of the Molten Cast (All in Weight Percentage).

3- Rotating mold

Element Mg | Ni| Mo | Cr | Mn Si C
% 0.04512.35(10.65 |0.25] 055 | 1.77 | 3.15
1- Electro Motor 3 -
2- Rotating shaft S

4- Mold coating
5- Casting cores

6- Pouring basin
7- Molten metal
8- Reinforcement materials _ E%'

9- Drive roller
10-Free roller

(@) End view

(b) Side view

Fig. 1. Schematic of the Centrifugal Casting Process Used to Produce the Cast Iron/WC Smmcs.
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ugal force . Second, the high solidification rate pre-
vented a uniform distribution of WC particles throughout
the sample. Consequently, the microstructure of a cast
sample can be divided into the surface layer, a composite
structure consisting of a cast-iron matrix and uniform-
ly distributed WC reinforcing particles, and the interior
zone, the common structure of cast iron under rapid so-
lidification rate (a pearlite matrix with a continuous net-
work of iron carbide). This structure could be evidence
of the successful production of WC-reinforced cast iron-
based SMMCs using the industrial and simple centrifugal
casting process. The resulting structure may be a desir-
able and practical structure for rollers because the surface

structure results in excellent wear behavior, and the inter-
nal structure provides acceptable toughness, preventing
the failure of the sample due to the axial force, one of the
most important forces affecting the life of the rollers. As
a result, the composite layer formed in the present study
was thicker (cast iron/WC composite layer thickness = 3
mm) than the composite coatings produced by laser clad-
ding (for example, the Fe/TiC composite coating with a
thickness of around 1 mm 2?¥) and thermal sprayed Ni/
WC composite coating with a thickness of 2 mm ¥ This
decreases the production process time and the cost and
provides a longer service life for this coating compared
to thinner coatings during the rolling operation.

“Pearlite
Matrix

Iron
Carbide -

Fig. 3. Cross-Sectional Images of a Cast Iron/WC SMMC Indicating the Formation of a Composite Surface Layer with
a Thickness of About 3 mm.
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The OM images of the surface layer microstructure
are shown in Fig. 4. Fig. 5 shows the SEM images of
the microstructure of the WC-cast-iron surface compos-
ite layer, which agree with the results of the OM analy-
sis. As described earlier, the WC particles were well and
uniformly embedded in the cast iron matrix in this com-
posite layer. Based on image analysis (Fig. 4 (a)), it can
be estimated that the volume fraction of WC particles in
the composite layer was 20%. Fig. 5 indicates that the
microstructure of a composite surface layer consists of a
pearlite matrix, a continuous network of iron carbide, and
uniformly distributed WC reinforcing particles. Fig. 5 (b)
indicates the magnified SEM image of a single WC par-
ticle, interestingly revealing that each large WC particle
was composed of many small primary WC particles with
a mean particle size of about 5—10 mm, which were well
aggregated with each other. Moreover, it can be observed
that the reinforcing particles were efficiently embedded
into the cast iron matrix, strongly bound with the matrix.
There were no gaps and discontinuity at the matrix/rein-
forcing particles interface, which can be attributed to the
good wettability of WC particles with the molten cast iron.
Strong bonding between the WC particles and the cast
iron matrix was expected to improve the composite sam-
ple’s mechanical properties, such as its hardness, wear
resistance, and toughness. Indeed, it can be argued that
the higher the interfacial bonding strength, the higher the
load-bearing, and the more uniform stress distribution,
which in turn prevents crack propagation into the sam-

ple. As mentioned, the phase, particularly its wettability,
plays a vital role in forming a more integrated composite
structure. Bao et al reported that the weak wettability of
AL O,, as a reinforcing phase with molten iron, as well as
the difference in their coefficient of thermal expansion,
led to poor interfacial bonding®. The WC/Fe matrix
interface and the separation of WC particles from the
matrix dramatically decrease the mechanical properties
of the composite. The present results indicated that the
WC particles exhibited good performance in this respect,
which can be considered a favorable reinforcing phase
for manufacturers. Undoubtedly, in addition to the in-
trinsic characteristics of WC particles, such as chemical
composition and surface topography, the chemical com-
position of cast iron, as a matrix, is also essential in deter-
mining the wettability behavior. It was demonstrated that
the presence of Cr and Si in the chemical composition of
cast iron could significantly improve the wettability with
their positive effects¥. However, during the casting pro-
cess, the absence of any reaction between WC reinforc-
ing particles and the cast iron melt was clear (see Fig .5
(c)), while in the production of the WC/Fe metal matrix
composite using spark plasma sintering, a ring of the brit-
tle phase M6C (M = Fe, W) was formed around the WC
reinforcement phase that eventually weakened the bond
of reinforcing particles with the matrix %29, Therefore, it
can be concluded that centrifugal casting is inexpensive
and feasible on an industrial scale and can effectively
produce an integrated composite.

Label %o Arca
Red (WC Particles) 19394
White (Cast Iron Matris) | 80.606

Fig. 4. (a) OM image of the microstructure of the produced cast iron/WC SMMC and image analysis results and (b)
interfacial bonding at WC particle and cast iron matrix interface.
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3.2. Evaluation of mechanical properties of
cast samples

The surface hardness of rollers, especially those used
in rolling lines, is a significant and persistent challenge
faced by roller manufacturers. The higher surface hard-
ness of rollers both increases the strength of the rollers
against external forces and promotes their wear resis-
tance. Surface local melting and surface alloying pro-
cesses using high power density energy sources such as
lasers and electron beams are among the most widely
used methods commonly applied to improve the surface
hardness of cast iron. However, the high equipment cost
of these methods has limited their application on an in-
dustrial scale, leading researchers to be on a constant
search for more practical and cost-effective methods
227 In the present study, the hardness of the reinforced
sample was measured from the surface to the core using
a hardness test under a load of 500 g and a dwell time
of 10 s to investigate the effects of composite materials
on surface hardness. Fig. 6 displays the hardness profile
of the centrifugal casted SMMC sample along the radial

Cast Iron

direction. As shown, the maximum hardness occurred at
the surface layer and decreased from 3 mm under the bar-
rel surface (thickness of the composite layer).

Fig. 6 shows that the hardness value at the composite
surface layer was about 1400-1800 HV (5.0), which was
approximately three times greater than that of the interior
zone (~ 500-700 HV (5.0)). It can be suggested that the
high hardness of the composite surface layer was related
to the synergistic effect of hard WC particles (the main
reason), iron carbide network, and relatively hard pearlite
matrix. In contrast, the acceptable hardness of the interi-
or zone was only due to the pearlite matrix and an effi-
cient strengthening carbide network (note the schematic
microstructures assigned to each region in Fig. 6). It is
worth mentioning that the variability in the hardness val-
ue obtained in each area can be owing to the collision site
of the indenter. Given these results, it can be proposed
that, compared to the other mentioned methods, centrif-
ugal casting can be considered a cost-effective, alterna-
tive, and simple method that can produce rollers with a
relatively  thick  surface  layer  with  high
hardness.
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Fig. 5. (A) SEM Image of the Microstructure of Composite Surface Layer, (B) the Magnified SEM Image of a Single
WC Particle, and (C) the EDX Analysis of WC Particle.
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WC/Cast Iron Matrix Surface Composite
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Fig. 6. The Hardness Profile of Centrifugal Casted SMMC Sample Along the Radial Direction (From Surface to Core).

The wear behavior of rollers at high temperatures is
decisive for their performance and service life. Wear is a
highly complex phenomenon tightly correlated to other
interactions at the interface of two sliding parts and is
affected by many factors, such as material characteristics,
the applied wear load, and wear temperature 2. There-
fore, the wear behavior of cast samples was comprehen-
sively investigated under normal loads of 100, 150, and
200 N at different temperatures (25 °C and 450 °C) using
a ball-on-disc type wear test with an alumina ball. More-
over, in all wear tests, the sliding speed and distance were
0.2 m/s and 1000 m, respectively.

As an acceptable measurement criterion, Fig. 7 shows
the weight loss of the reinforced and unreinforced cast
samples as a function of wear load and temperature af-
ter a sliding distance of 1000 m. The figure indicates
that in all wear conditions, the weight loss of WC-rein-
forced-cast iron SMMC was significantly less than that of
unreinforced cast iron. This difference could be related to
several factors: At 450 °C and under a load of 200 N, the
weight loss of the reinforced sample decreased by about
41% compared to the unreinforced sample, indicating a
significant improvement in wear behavior. Therefore, it
can be concluded that, in addition to ambient tempera-
ture, the positive effects of the composite surface layer
were also acceptable and effective at high temperatures
and wear loads. Generally, the wear behavior of materials
depends on many parameters, among which surface char-
acteristics, such as microstructure, texture, and hardness,
play the most important role 227, Different equations
have been proposed based on influential variables in
terms of hardness effects on the wear behavior of materi-
als. Below is one of the most common of these variables:

)

where Q is the wear rate, W, V, and H are the applied
wear load, the sliding speed, and material hardness, re-
spectively, while K is the equation constant 29,

Q _ kwv (Volume)
T H t
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Fig. 7. The Weight Loss of Centrifugal Casted Samples
Under Different Wear Conditions After Wear Distance
of 1000 M.

Eq. (2) indicates that the hardness of the material is
inversely related to its wear rate. The improved wear be-
havior of the reinforced sample compared to the unrein-
forced could be related to the increased hardness of its
surface layer, potentially due to the presence of hard WC
reinforcing particles and, consequently, the formation of
SMMC. Indeed, the significant hardness of WC particles
and their strong interfacial bonding with the cast iron ma-
trix resulted in their acting as a physical barrier against the
applied frictional force by the alumina ball. Moreover, by
decreasing the contact area between balls and the softer
cast iron matrix, the WC particles remarkably prevented
the direct sliding on each other, significantly reducing
the wear rate of reinforced samples. Research indicates
that the amount of reinforcing particles and their distri-
bution into the matrix can profoundly influence the wear
behavior of composite samples. In this regard, it was sug-
gested that when the amount of reinforcing particles is
much less than that of the matrix (incorporating only a
very low volume fraction of reinforcing particles in the
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composite matrix), matrix characteristics, including its
microstructure and hardness, could determine the wear
behavior of the composite sample, whereas, with increas-
ing the volume fraction of reinforcing particles, the role
of these particles in improving the wear behavior of the
composite sample is dramatically enhanced ??®. Howev-
er, an excess number of reinforcing particles, more than
a critical value, is completely unsuitable since it leads to
agglomeration of these particles and their non-uniform
distribution and forms solid interfacial bonding between
them. Furthermore, the matrix requires the presence of a
sufficient amount of the matrix as the environment sur-
rounding the particles ' 9. The results revealed the deci-
sive role of WC particles in improving the wear behavior
of composite samples. This finding can be conclusive
evidence for the correct choice of the amount of these
particles and casting parameters during the production
process of SMMCs samples, eventually leading to their
uniform distribution in the matrix and strong interfacial
bonding at the WC/cast iron interface and promoting
wear resistance. Also, the formation of a pearlite phase
with a continuous iron carbide network as a matrix con-
tributed to the proper effectiveness of WC particles in
improving wear behavior, as research shows that such
a structure has high wear resistance. Moreover, it was
found that, with increasing sliding distance, the WC par-
ticles not damaged by wear were placed in a higher po-
sition than the sample surface and had the most contact
area with the abrasive ball. One possible explanation is

that the wear had occurred at the lowest rate for high slid-
ing distance. According to Fig. 7, as expected, the wear
rate of all samples, i.e., reinforced and unreinforced, in-
creased by increasing the applied load and temperature
of wear tests. However, it was observed that the SMMCs
samples exhibited much better performance compared to
unreinforced samples at high temperatures and applied
loads. The present study recorded the friction coefficient
as a sliding distance function for all wear conditions (see
Fig. 8). In summary, the average friction coefficient and
the specific wear rate of all samples at different wear con-
ditions were determined (Table 2). As shown in Fig. 8,
the friction coefficient initially increased and reached an
almost stable value with increasing sliding distance. At
all wear conditions, the friction coefficient of SMMCs
was greater than that of unreinforced samples, relating to
the high surface hardness of SMMCs. Indeed, the higher
the surface hardness, the more horizontal load is needed
to slide the ball on the disk, which increases the friction
coefficient between two sliding counterparts. Moreover,
the results indicated that, as expected, the friction coef-
ficient of samples decreased with increasing temperature
and, at a constant temperature, increased with increasing
applied load. Several factors can be involved in increas-
ing the friction coefficient with increasing applied load:
First, plastic deformation that leads to work hardening
of the surface, and second, increased conflict of sliding
surfaces in contact with each other, which enhances the
frictional force for sliding.

cient of friction
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Fig. 8. The Friction Coefficient Changes of Cast Samples Under All Wear Conditions as a Function of Sliding Distance.

Table. 2. The Average Friction Coefficient and Specific Wear Rate of the Cast Samples Under All Wear Conditions.

Coefficient of Friction

3
Specific Wear Rate ((%) X 10‘6)

Force/Temperature Cast Iron WC/Cast Iron Cast Iron WC/Cast Iron
Composite Composite
100 N/25 °C 0.6 0.7 17.7 6.81
100 N/450 °C 0.18 0.378 34.6 18.5
150 N/450 °C 0.21 0.38 254 13.6
200 N/450 °C 0.28 0.41 23.3 13.6
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Fig. 9 demonstrates the OM, SEM images, and EDX
spectra of the wear pattern of reinforced and unrein-
forced samples at 450 °C under the load of 100 N after
a sliding distance of 1000 m. As shown, a groove-like
pattern parallel to the wear direction was observed on
the worn surface of two types of samples, confirming
the abrasive wear mechanism. It was reported that the
abrasive wear mechanism of hard phase-based composite
involved the plowing and removal of the softer material
(matrix phase), which was detected by grooves on the
worn surface, fragmentation, and peel-off of challenging
phases. However, the finding revealed that the hard WC
particles were not, herein, affected by abrasive balls even
after a sliding distance of 1000 m, indicating that they
were well able to resist the frictional force as a physi-
cal barrier and improved the wear behavior of SMMCs.
However, according to Fig. 9, EDX spectra of reinforced
and unreinforced samples show that, at high tempera-
tures, a layer of iron oxide forms on the worn surface as
a solid lubricant film, which was a reason for decreasing
the friction coefficient at high temperatures. However,

since the formed oxide film did not sufficiently adhere
to the worn surface, the repeatable sliding contact led to
the fracture of the iron oxide film, and detached oxide
debris increased the wear rate. It can be claimed that the
fluctuations in friction coefficient during wear evaluation
can be related to the contradictory behavior of oxide film,
as mentioned above.

To better understand the wear behavior of WC-rein-
forced-SMMCs, Fig. 10 shows a schematic of the wear
mechanism in this material that indicates the effective
role of WC particles in improving the wear behavior of
SMMCs. In sum, findings revealed that the centrifugal
casting process, as a simple and operational method, can
be used to produce SMMCs on an industrial scale with
acceptable results. Moreover, hard WC particles, as re-
inforcing phase, have dramatically improved the wear
behavior of cast iron as matrix phase at different wear
conditions, particularly relatively high temperatures.
Therefore, WC-reinforced cast iron-based SMMCs can
be a good and promising candidate for manufacturers to
use in rollers of rolling lines.

™
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Fig. 9. The OM, SEM Images, and EDX Spectra of the Wear Path of (A and C) Unreinforced and (B and C) Reinforced
Samples at 450 °C Under the Load of 100 N After a Sliding Distance of 1000 M.
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Fig. 10. A Schematic Representation of the Wear Mechanism in (A) Unreinforced and (B) Reinforced Centrifugal Cast-
ed Samples.

4. Conclusions

The microstructure and wear behavior of a WC-re-
inforced cast iron-based surface metal matrix composite
were investigated. The composite was produced using a
centrifugal casting process as a candidate for use in roll-
ing line rollers. To do so, the wear behavior of centrifugal
cast samples was evaluated at 25 °C and 450 °C under
normally applied loads of 100, 150, and 200 N after a
sliding distance of 1000 m.

The following conclusions were drawn:

* Results indicated that WC-reinforced cast iron-based
SMMC was successfully produced using centrifugal
casting. The thickness of the surface composite layer
was 3 mm. As a result, the production of SMMCs with
such a thick surface composite layer can be considered
an advantage compared to other production methods.

*  Microstructural characterization showed that the mi-
crostructure of the unreinforced sample consisted of
a pearlite matrix with a continuous network of iron
carbide. In contrast, the reinforced sample cast sam-
ple microstructure was divided into two distinct re-
gions: First, the surface layer with a cast iron matrix
(a pearlite matrix with a continuous network of iron
carbide) and uniformly distributed WC reinforcing
particles. Second, an interior zone with a common
cast iron structure under rapid solidification rate (sim-
ilar to the microstructure of the unreinforced sample).
Moreover, it can be observed that the WC particles
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did not react with cast iron during the casting process
and strongly bonded with the matrix phase at the WC/
cast iron interface, which can be significant evidence
of the success of the production method.

The hardness value at the composite surface layer
was approximately three times greater than that in the
interior zone, attributable to the synergistic effect of
hard WC particles, iron carbide network, and relative-
ly hard pearlite matrix. This feature played an import-
ant role in improving the wear behavior of SMMCs.
At different temperatures and applied loads, the
weight loss of WC-reinforced-cast iron SMMC was
significantly less than that of unreinforced cast iron.
Indeed, besides ambient temperature, the beneficial
effects of the composite surface layer were acceptable
and effective at high temperatures and loads of wear.
For example, at 450 °C and 200 N of load, the weight
loss of the reinforced sample decreased by about
41% compared to the unreinforced sample. Various
reasons were found for this superiority of WC-rein-
forced cast iron-based SMMC, such as the high hard-
ness of WC particles, their strong interfacial bonding
at the interface of WC-cast iron, and the favorable
characteristics of the cast iron matrix.

The results of the present study hopefully suggest that
centrifugal casting can be an efficient and cost-effec-
tive method for producing WC-reinforced cast iron-
based SMMCs, as a suitable material for the rollers
of rolling lines.
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