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The effect of molybdenum (0-3 wt.% Mo) on three-body abrasive wear characteristics of high-chromium
(16 and 26 wt.% Cr) white cast iron has been evaluated in the current study and compared with high-Cr-
based (18 and 27 wt.%) multicomponent (3 wt.% of each Mo, vanadium, tungsten, and cobalt) white cast
iron (MWCI). Results show Mo and Cr can increase hardness and wear resistance of high-Cr white cast
iron, although the opposite occurs when Mo addition exceeds 1% wt. in the case of 26Cr because of
lowering carbide volume fraction. In addition, the wear rate of 26Cr-1Mo is 53% higher than 18Cr MWCI,
whereas it is only less than 15% compared with 27Cr MWCI. The lowering C concentration in the matrix
as Cr increases must be a factor of wear resistance reduction in the case of high-Cr MWCI. Therefore, the
abrasive wear of materials strongly depends on chemical composition, matrix, and carbide volume fraction.
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1. Introduction

Abrasive wear is a type of material failure due to the
removal and deformation of the material�s surface because of
the mechanical action of the contacting object through relative
motion (Ref 1). It has been reported that besides annually
producing 970 million tons of CO2 emissions, wear phe-
nomenon can consume a large of gross national product, which
abrasive wear phenomenon can spend approximately 1.4% (Ref
2). It has been estimated that there are approximately $68
billion economic losses every year owing to replacement of
wear machine parts in the mineral mining factory (Ref 3).
Therefore, superior wear-resistant materials are still in great
demand today.

High-chromium (Cr) white cast iron (HCCI) has been
broadly applied on wear conditions due to the precipitation of
hard phase such as M3C (840-1240 HV), M7C3 (1000-
1800 HV), and M23C6 (1000 HV) carbide. The letter M is
mostly occupied by the Cr, and the stoichiometry of carbide
strongly depends on the chemical composition of materials.
From many studies, it can be concluded that HCCI containing
more carbide volume fraction (CVF) of M7C3 has better wear

resistance owing to higher hardness value than other types (Ref
4-9). However, the existence of this hard carbide on the
microstructure produces a brittle HCCI, resulting in limited
application. Various methods have been diligently conducted
by many scholars to develop the wear resistance of HCCI.
Since a long time ago, it has been known that by transforming
the austenite matrix to martensite during the heat treatment
process, a higher matrix hardness can be achieved. Therefore,
once the abrasive particles hit the material surface, the
martensite can stand firmly and reduce the crack possibility
of M7C3 that significantly improves the wear resistance of
HCCI (Ref 10, 11). Besides that, it has been known that Cr will
react with the adjacent carbon on the matrix area to form a fine
secondary carbide during destabilization heat treatment, which
can effectively reinforce the matrix of material leading to better
wear resistance (Ref 12, 13). Coronado (Ref 14) proposed
another effort by modifying the M7C3 carbide orientation to
achieve higher-toughness carbide without changing the carbide
type via adjusting the cooling rate of iron molten during the
solidification process. The addition of other stronger transition
metals, such as titanium, niobium, vanadium, tungsten, and
molybdenum (Mo), can be also an alternative way to get a
better wear resistance of HCCI (Ref 14-20). It is well known
that apart from titanium, niobium, and vanadium will precip-
itate as MC carbide; it also effectively refines the size of M7C3

carbide because of its inoculant characteristics, which provide
better wear resistance. However, Ibrahim et al. (Ref 21) stated
that the reverse result must occur if the amount of these
elements is excessive because of the clustering effect on the
matrix. Meanwhile, Mo and tungsten can increase the harden-
ability and act as carbide-forming elements, which can
significantly improve the wear resistance of HCCI (Ref 22-
25). In particular, Inthidech et al. (Ref 22) concluded that Mo
can increase the wear resistance of hypoeutectic 16 wt.% Cr
white cast iron under two-body abrasion owing to higher
hardness. However, Shimizu et al. (Ref 23) revealed that there
is no different erosive wear resistance between 26 and 16 wt.%
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Cr with the same amount of Mo (3 wt.%) at high temperature
because of a higher Mo2C CVF of 16Cr-3Mo than 26Cr-3Mo.
It means that the performance of this material strongly depends
on the wear condition. Thus, it is important to investigate the
wear characteristics of these HCCIs under abrasion conditions,
which is the biggest contributor of mechanical failure due to
wear as described previously to enrich the theoretical under-
standing of the three-body abrasive wear phenomenon.

Because the above transition metals can solidify as
extremely hard carbides, several of them have been added to
white cast iron named multicomponent white cast iron (MWCI)
recently. It can be applied in many machines parts, especially
on roll-mill and pulverizing equipment. The better wear
resistance materials can be obtained because of more variations
of carbide on microstructure compared with HCCI (Ref 26-28).
The effect of cobalt (Co) on the high-temperature erosive wear
test of the multicomponent white cast also has been investi-
gated. Kusumoto et al. (Ref 29) have revealed that Co can
strengthen the matrix, although its nature is not a carbide-
forming element. However, once the amount of Co is over the
threshold (> 5 wt.%), the wear resistance of this material will
actually decrease owing to lowering hardness. Most lately, we
have evaluated the erosive wear performance of high-Cr-based
(18 and 27% wt.) MWCI (3% wt. each of V, Mo, W, and Co)
with three conditions: as-cast, quenched, and quenched-tem-
pered. The result shows that 18Cr MWCI or 27Cr MWCI after
quenching is better than other conditions (as-cast and
quenched-tempered) due to good synergy between matrix and
carbides (Ref 30). However, there seems a new problem due to
superhigh production costs compared with traditional HCCI
with Mo addition. Therefore, besides evaluating the three-body
abrasive wear behavior of high-Cr-Mo white cast irons, it
would be also compared with two high-Cr MWCIs after the
destabilization heat treatment process in this study to determine
the life span of each material.

2. Methodology

2.1 Material Preparation

In this present study, 16 and 26 wt.% Cr with 0-3 wt.% Mo
in the case of high-Cr-Mo white cast iron and 18-27 wt.% Cr-
based 3 wt.% (V, Mo, W, and Co) for high-Cr MWCI were
added. The manufacturing process has been described in our
previous study (Ref 9). It can be highlighted briefly as first
50 kg of raw materials were melted using a high-induction
furnace and poured into Y sand mold. Second, each material
was cut with 50 9 50 9 10 mm using a high-speed precision
cutting machine (RCA-234; Refinetech Co, Ltd, Japan).
Material composition was measured using SPECTROLAB
(AMATEK, Inc, America) as provided in Table 1. Scanning
electron microscopy (SEM) and energy-dispersive x-ray spec-
troscopy (EDS) (with type JXA-9800 R, Japan) was used to
analyze the microstructure before and after etching in 5%
nitrohydrochloric acid. ImageJ was utilized to calculate the
CVF. A grinder machine was utilized to clean each material
surface (GS52PF; Kuroda Seiko Co, Ltd).

Generally, HCCI will be quenched after heating with a
temperature range of 1173-1423 K for quenching followed by
tempering after heating 693-813 K to transform the austenite to
martensite and precipitate the secondary carbide (Ref 11-13, 31,

32). Some published articles revealed that the increasing
hardness of materials will provide better wear resistance,
although the toughness should be controlled in certain cases by
keeping a small amount of austenite in the microstructure after
heat treatment (Ref 11, 33). Therefore, only the hardest
materials would be chosen that might have the lowest amount
of retained austenite (RA) in the microstructure after destabi-
lization heat treatment within that temperature range. Mean-
while, the effect of heat treatment temperature on the wear
performance of materials can be used as the next research topic.
Based on this reason, it has been quenched by air force cooling
after heating at 1323 K for 2 h and then tempered at 723 K
(26Cr), 748 K (16Cr, 26Cr-1Mo, and 26Cr-3Mo), 798 K
(16Cr-1Mo), and 823 K (16Cr-3Mo) (Ref 22, 34). Meanwhile,
high-Cr MWCI would be quenched after heating to both
1273 K (18Cr MWCI) and 1323 K (27Cr MWCI) for 1 h
without the following tempering due to the best erosive wear
resistance materials in our previous study (Ref 30). In addition,
the different chemical compositions of each material might
influence the microstructure constituents of materials, for
instance, CVF, carbon solubility on matrix, and the percentage
of RA. Thus, it might also give different temperatures of heat
treatment that has the higher hardness of each selected material
in this study. X-ray diffraction (Ultima IV, Rigaku, Japan, with
Cu-Ka source) was used to identify the phase of materials
microstructure. The volume fraction of RA (fRA) was calculated
using the following formula:

f RA ¼ 100%

1þ G Ia
Ic

� � ðEq 1Þ

where Ia and Ic are the peak intensity of a-Fe (200), (211) and
c-Fe (200), (220), (311), and G is coefficient corresponding to
the different combination as proposed in (Ref 35).

2.2 Three-Body Abrasive Wear Testing

A rubber wheel three-body abrasive wear machine accord-
ing to ASTM G65 was used to evaluate the abrasion
characteristic of the material at 73.5-, 145-, and 196-N load.
Total sliding distance is approximately 430 m, and sliding
speed is 1.2 m/s. Silica sand was used as an abrasive particle
with 1100 HV1 hardness and 300 lm in size. The machine test
and the silica sand are provided in Fig. 1(a), (b) and (c). Every
test was repeated six times, and the average obtained results
were used. To calculate the wear rate of each material, the
following equation was used:

Wear rate ¼ Dm
pdtn

ðEq 2Þ

Table 1 Chemical composition of materials

Materials C Cr Mo W V Co Fe

16Cr 2.86 15.75 0.15 … … … Bal.
16Cr-1Mo 2.83 16.03 1.04 … … … Bal.
16Cr-3Mo 2.71 16.05 3.07 … … … Bal.
26Cr 2.84 25.65 0.05 … … … Bal.
26Cr-1Mo 2.79 25.81 0.96 … … … Bal.
26Cr-3Mo 2.87 25.68 2.86 … … … Bal.
18Cr-MWCI 2.91 17.01 2.84 2.61 2.85 2.71 Bal.
27Cr-MWCI 2.93 26.59 2.64 2.78 2.93 2.62 Bal.
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where Dm is material weight loss; d is the diameter of the
wheel; t is time; and n is rotating speed.

2.3 Vickers Hardness Test

In this present study, there are two hardness data provided.
Microhardness and macrohardness were measured using FV-
800 and FM-300 (Future-Tech Co, Ltd; Japan). The macro-
hardness indicates the entire material hardness (matrix plus
carbide), whereas microhardness is the matrix.

3. Results and Discussion

3.1 Materials Microstructure Observation

The microstructure of materials is an important factor to
evaluate the wear characteristic of a material, especially HCCI.
Therefore, the microstructure of each test piece was investi-
gated using the optical microscope after etching on 5%
nitrohydrochloric acid for 4-6 min. The microstructure of
representative materials is shown in Fig. 2. It can be seen that
there are plenty of precipitated carbides on the microstructure,
which is well distributed in a long matrix area as pointed out in

the figure. It informs that the primary eutectic carbide
(hexagonal one) is getting bigger as the amount of Cr addition
increases in the case of high-Cr MWCI. In several previous
studies (Ref 36-39), it has been reported that M7C3 carbide has
a hexagonal Bravais lattice because of its hexagonal shape,
although in certain cases, it can be an orthogonal crystal
structure. To provide more accurate data, a depth etching with
5% nitrohydrochloric liquid was carried out on representative
materials for 1 week as shown in Fig. 3. The result is shown in
the figure, the relatively similar shape of M7C3 as also observed
as hexagonal rods in a previous study. Therefore, it can be
assumed that primary M7C3 carbide in this study has Bravais
lattice structure. The average size of primary M7C3 carbide
increased from approximately 28 ± 1.55 lm (18Cr MWCI) to
44 ± 4.2 lm (27Cr MWCI) obtained using the binarizing
technique in the ImageJ software. Because the Cr is a strong
carbide-forming element, the higher amount of Cr addition will
naturally segregate the more C atom in iron molten, and it will
also occupy more the stoichiometry of M7C3 that might
effectively enlarge the size of this carbide. Meanwhile,
although carbide precipitation of 26Cr (size of M7C3 approx-
imately 26 ± 3.7 lm) seems to be more densely distributed
than 18Cr MWCI, no significant difference in dimensions of
the primary M7C3 carbide is observed, which is elusive these

(a)

(c)

(b)

Fig. 1 (a) The three-body abrasion machine test according to ASTM G65; (b) Schematic of abrasive wear machine; (c) Abrasive particles
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results from this point of view. In addition, the distribution of
each added transition metal on the microstructure is also
difficult to determine. Therefore, the investigation was contin-
ued using SEM–EDS, and the results are given in Fig. 4.

From the microphotograph of the SEM–EDS image, it can
be seen that black carbide is mostly occupied by Cr in the case
of high-Cr-Mo specimens. The stoichiometry of this carbide is
M7C3 obtained by point analysis at more than 10 different
SEM–EDS locations. Meanwhile, deposition of M2C (the letter
M is occupied by Mo) carbide can only be observed at 16Cr-
3Mo and 26Cr-3Mo. Also, it shows that the volume fraction of
M7C3 carbide seems to decrease on 3 wt.% Mo addition on
either 16Cr or 26Cr. It can be understood that Mo atom will be
stronger to form carbides than Cr atom because of its higher
mixing enthalpy (Ref 40). Thus, once temperature of melt and
the percentage of Mo are sufficient to form M2C carbides (in
this case, approximately 3 wt.%), it will deplete the available C
content for Cr atom, which in turn reduces the CVF of M7C3.
The CVF of each material would be measured to prevent
speculation as given in the bar chart of Fig. 5. However, before
explaining the results, it can also be observed that the M7C3 of
high-Cr MWCI is occupied by V elements other than Cr, Fe,
and C. This must be a contributing factor to the size of the
M7C3 carbide on 18Cr MWCI being comparable to 26Cr
despite having a lower amount of Cr addition as previously
described. Meanwhile, M2C carbide of the two high-Cr MWCIs
is simultaneously occupied by W and Mo. With a higher
magnification as shown in Fig. 6, the needle-like matrix
informs that martensite (a¢) is the main matrix in addition to
secondary carbide deposition (M23C6) and a small amount of
RA. From x-ray diffraction data as shown in Fig. 7, it is known

that RA percentage of 16Cr with 0-3 wt.% Mo is approximately
4-11, and that of 26Cr with 0-3 wt.% Mo is approximately 2-8.
However, the RA is difficult to observe in the case of high
MWCI. Because the only hardest material was chosen after
cooling (heat temperature range, 1173-1423 K) in the case of
high MWCI, the amount of RA might be too small. There is
also only martensite detected by XRD, whereas RA is difficult
to be found in the case of high-Cr MWCI, which can support
the earlier argument. In addition, plural types of carbides can be
indexed on all specimens� microstructure. It is definitely due to
the high affinity of C to transition metals.

Figure 5 shows that total CVF increases as Cr increases in
all materials. It is also increased by the precipitation of M2C
carbide in the microstructure of 16Cr. However, a reverse trend
occurs in the case of 26Cr, which is decreased as the
precipitation of M2C carbide. In addition, the CVF of M2C
carbide in the microstructure of 26Cr-3Mo is lower than that in
16Cr-3Mo. It is understood that the higher amount of Cr will
consume more C solubility to form more M7C3 carbides.
Besides that, it is known that M7C3 carbide will firstly
precipitate, and then, followed by the formation of M2C
carbide in the high Cr-Mo white cast iron solidification system.
Thus, the higher amount of Cr addition will leave lower the C
solubility for Mo to form M2C once the iron melt is reaching
the temperature its formation. This phenomenon might cause
the 26Cr-3Mo is lower CVF of M2C than 16Cr-3Mo. In
addition, the M2C of 18-27Cr MWCI is higher than high-Cr-
Mo materials, which must be caused by simultaneously
dissolved W and Mo. However, it is not different between
both comparable materials owing to the same addition of Wand
Mo. The CVF M7C3 is getting higher as the amount of Cr

Fig. 2 Microstructure of materials observation using optical microscope after etching with 5% nitro hydrochloric acid

(a) (b)  (c) 

Fig. 3 Hexagonal rod shape of primary M7C3 carbide on: (a) 26Cr-3Mo; (b) 18Cr MWCI; and (c) 27Cr MWCI after deep etching
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increases in the case of high-Cr MWCI. Therefore, it can be
said that the ability of transition metals to form carbide depends
not only on the higher mixing enthalpy but also on the overall

chemical compound and the available C solubility. These
microstructure conditions would be attributed to the hardness
and abrasive performance of materials.

3.2 Vickers Hardness Data of Each Material

Figure 8 shows the microhardness (matrix only) and
macrohardness (matrix plus carbide) of each material, which
is obtained by 12 times repetition test. The hardness of 16Cr
white cast irons increases as the amount of Mo increases. The
hardness also increases as the amount of Cr addition increases
when comparing both high-Cr-Mo materials at the same Mo
addition. It might be associated with the higher total CVF and a
lower percentage of RA as expected. However, the hardness of
the material is not consistent with the CVF in the case of 26Cr.
It can be seen that the hardness of the material slightly increases
as the amount of Mo increases, although the CVF is getting
lower after adding 3 wt.% Cr and has relatively comparable RA
with each other. It must be caused by the precipitation of M2C
carbide in the microstructure of 26Cr-3Mo as described earlier.
From this result, it can be said that a higher CVF of material
will not always guarantee better hardness.

In the case of both high-Cr MWCIs, the hardness of the
material is getting lower as the amount of Cr increases despite
having CVF. This finding is different from the case of both
high-Cr-Mo specimens. The depletion of C solubility on the
matrix owing to the excessive addition of Cr as explained in the
previous section must be the factor of this result. In addition,
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the hardness of both high-Cr MWCIs is higher compared with
high Cr-Mo. It must be caused by the different destabilization
heat treatment processes. The high-Cr MWCIs have quenched
martensite matrix, whereas high-Cr-Mo specimens have the
quenched-tempered one. Besides that, the higher CVF of high-
Cr MWCIs than high Cr-Mo can be also attributed to the
significant improvement in material hardness. Therefore, it can
be stated that the hardness of materials must strongly depend on
the overall chemical composition and the heat treatment
condition. From this result, it can be known that the lowest
microhardness and macrohardness belong to 16Cr (494 HV0.1
and 746 HV30), whereas the highest one is 18Cr MWCI
(720 HV0.1 and 983 HV30), respectively. In addition, it can be

known that martensite (300-900 HV) is mainly matrix type
from microhardness data, which are in well agreement with the
SEM–EDS and XRD results (Ref 38).

3.3 Three-Body Abrasive Behavior of Each Material

According to many previous studies (Ref 39, 41), the
abrasive wear rate of HCCI addition increases as the number of
the applied load increases. However, the abrasive wear
behavior of high-Cr-based MWCI is not reported yet. There-
fore, the pre-experiments were carried out on both high-Cr
MWCIs at 73.5-, 145-, and 196-N applied loads. The average
result (Fig. 9) was obtained from three repetition tests, and the
scatter bars show the standard deviation. Both materials also

M23C6 + martensite
M23C6 + martensite

M23C6 + martensite

M23C6 + martensite

M23C6 + martensite

M23C6 + martensite

RA
RA
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16Cr-1Mo 16Cr-3Mo

26Cr-3Mo26Cr-1Mo

18Cr-MWCI 27Cr-MWCI

Fig. 6 Secondary carbide and matrix type of test piece after etching with 5% nitro hydrochloric acid
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have the same tendency as HCCI, in which the heavier load has
a higher amount of material loss. In order to get closer data to
real engineering field, the comparison wear resistance would be
focused on the highest applied load (196 N).

Figure 10 shows that abrasive wear rate is decreased as Mo
increases in the case of 16Cr. It might be caused by the higher
hardness as described earlier. And the result shows that wear
resistance of 26Cr with the same amount of Mo addition is
higher than that of 16Cr, which might be also associated with
its higher CVF and higher hardness. Meanwhile, the abrasive
wear resistance of 26Cr is first increased after adding 1 wt.%
Mo, and then it is decreased as the amount of Mo increased up
to 3 wt.% despite having higher hardness. This fact might be
caused by the lowering M7C3 CVF after 3 wt.% Mo resulting

26Cr-1Mo has better abrasive wear resistance among high-Cr
MWCI materials (approximately 0.8175 9 10�4 g/m). There-
fore, it can be said that the hardness of the material cannot
always be a good indicator to evaluate the wear behavior of
materials.

In the case of both high-Cr MWCIs, the wear resistance of
materials decreases as the amount of Cr increases. This
performance is totally different with two high-Cr-Mo white
cast irons. It can be understood that the higher amount of Cr
addition will bind more C atom to form more CVF during
solidification. Thus, it would deplete C concentration in the
matrix, which can be evidenced by the lower microhardness
(matrix hardness) as the amount of Cr increases. Eventually, the
wear resistance of 18Cr MWCI is higher than that of 27Cr
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MWCI. In addition, when comparing with the best wear
resistance materials among high-Cr-Mo white cast iron spec-
imens, the abrasion rate of 26Cr-1Mo is 53% higher than 18Cr
MWCI, but it is only 15% higher than 27Cr MWCI. Therefore,
it can be stated that the wear characteristic of each material
depends on chemical composition and microstructure con-
stituents (CVF and matrix hardness). To provide more com-

prehensive theoretical knowledge, the abrasive wear
mechanism would also be investigated in this present study.

3.4 Three-Body Abrasive Wear Mechanism of Each Material

In gaining a detailed explanation, the abrasive mechanism
would be also investigated through a microphotograph of the
most abraded surface (Fig. 11). The sign of the microcutting in
the matrix area that might be caused by lower hardness than the
abrasive particle (1100 HV1) can be seen. However, the
existence of microcutting cannot be clearly observed in the
18Cr MWCI material, which can be ascertained because of its
high hardness. The micropitting also appears mostly in the
M7C3 carbide, but it seems more resistant than the matrix. The
M7C3 carbide of 27Cr MWCI seems directly peeling out. In the
previous study (Ref 30), it has been reported that the larger
M7C3 carbide is prone to peeling out directly because of its
brittleness characteristics or lower fracture toughness. It means
this condition must also be the factor in making the wear
resistance of 27Cr MWCI not significantly higher than that of
26Cr-1Mo in addition to lower matrix hardness. It can be
understood that particles would mostly scrap the matrix and slip
away from the carbide, leaving the microcutting and pitting the
worn surface. Therefore, the main abrasive wear mechanism is
microcutting, and submechanism is micropitting. Because the
main mechanism occurred on the matrix, the reduction CVF
after 3 wt.% Mo makes the higher material loss than 1Mo in the
case of 26Cr. However, the wear resistance of high MWCI must
be influenced more by the lowering matrix hardness and
fracture toughness of M7C3 carbide rather than CVF. It can be
stated that the solubility of C and the size of M7C3 carbide
should be controlled rather than only transition metals.

Normally, the surface of metals will experience oxidation
phenomenon during the test because of the friction. However, it
did not significantly occur on test pieces of this study, which
can be evidenced by only a small peak of oxygen detected by
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the SEM–EDS, as shown in Fig. 12. Based on a previous study
(Ref 9), it has been known that transition metals, especially Cr,
have good high-temperature oxidation resistance. This charac-
teristic might make the peak of oxygen difficult to detect on
material surfaces after the test. Therefore, the oxidation
formation effect during the test can be ignored in this present
study. In addition, the profile and depth of the worn material
surface are also investigated using laser technology. The result
shows the area of grooving on the profile image (Fig. 13) of
representative test pieces, which indicates the zone of the three-
body abrasive wear. From the depth of the abraded surface
(Fig. 14), it can be known that the 16Cr has the deepest,
whereas the 18Cr MWCI has the shallower one. This result is
consistent with the wear performance of each material.

The observation was continued on the cross section of the
most abraded surface as displayed in Fig. 15. The better
condition belongs to the higher amount of Mo in the case of

high-Cr-Mo specimens. Besides that, the cross sections of these
materials seem more severe than 18Cr MWCI, but a significant
difference cannot be observed when compared with 27Cr
MWCI. The directly peeling out M7C3 carbide on the cross
section of 27Cr MWCI can be also clearly observed that must
worsen the wear resistance of material. It can be associated with
no big difference in abrasive wear resistance between 27Cr
MWCI and 26Cr-1Mo as described earlier. With higher
magnification as shown in Fig. 16, the plastic deformation of
matrix can be observed on the cross section of high-Cr-Mo
specimens, which disappears as the amounts of Mo and Cr
increase. However, the plastic deformation is difficult to
observe in the case of 18Cr and 27Cr MWCIs. The existence
of the plastic deformation might be influenced by the lower
matrix hardness or higher amount of RA. In addition, the M7C3

carbide cracking beneath the worn surface can also be seen on
all specimens. It can be understood that when the abrasive
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Cr Cr
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Fig. 11 SEM–EDS microphotograph of materials worn surface after abrasive test
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(a)

(b) (c)

Fig. 12 The surface elemental peak diagram after three-body abrasive wear test of: (a) 16Cr; (b) 16Cr-1Mo; (c) 16Cr-3Mo as the representative
materials

Groove Groove

(a) (b)

Fig. 13 Mapping of the representative material�s surface of (a) 16Cr-1Mo; (b) 27Cr MWCI obtained by laser tech
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particles hit the material surface, the soft phase (matrix) will
experience plastic deformation and push the hard-phase
resulting cracking in carbide. Therefore, the higher matrix
hardness will reduce the tendency of plastic deformation and
carbide cracking leading to better wear resistance. However,

M7C3 carbide of 27Cr-MWCI is easily to crack and peel-out
that worsens its wear resistance even though the plastic
deformation is difficult observed. This carbide is easy to crack
may be due to its too large size which has lower toughness or
too brittle (Ref 30). The good collaboration among carbon
concentrations, the size of M7C3 carbide, and the CVF on 18Cr
MWCI provides the best abrasive wear resistance among other
specimens.

4. Conclusions

All the findings can be concluded that Mo and Cr can
significantly increase the CVF, hardness, and wear resistance of
HCCI, although the opposite result occurs when Mo addition
exceeds 1% wt. in case of 26Cr because of lowering CVF. The
wear resistance of 26Cr-1Mo (as the better one among current
materials) is only 15% lower than 27Cr MWCI, and it is
approximately 53% lower than 18Cr MWCI because of the
reduction in the matrix hardness as Cr increases in both
comparable materials. Besides that, the larger M7C3 carbide on
27Cr MWCI easily peels out owing to brittleness that worsens
its wear resistance. Therefore, the three-body abrasive wear
characteristics of materials strongly depend on chemical
composition, matrix, size of M7C3, and CVF.

16Cr 16Cr-1Mo 16Cr-3Mo
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Fig. 15 The cross-sectional observation of the most abraded materials surface. The blue arrow indicates the direction of abrasive wear (Color
figure online)
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