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MoB/CoCr, a novel cermet material for thermal spraying, with high durability in molten alloys has been
developed to utilize for aluminum die-casting parts, and for hot continuous dipping rolls in Zn and Al-Zn
plating lines. The durability of the MoB/CoCr coatings prepared by high velocity oxy-fuel (HVOF)
spraying has been investigated using a molten-metal immersion tester. The tests revealed that the MoB/
CoCr coating has much higher durability without dissolution in the molten Al-45wt.%Zn alloy. Little
change of crystal structure, mainly composed of double borides of CoMoB and CoMo2B2, is observed
after the immersion test, suggesting that the double borides have much higher durability. Using
undercoat is effective to reduce the influence of large difference in thermal expansion between the MoB/
CoCr topcoat and substrate of stainless steel of AISI 316L, widely used for the hot continuous dipping
rolls. Optimized thickness combinations of topcoat and undercoat are necessary to obtain intrinsic
performance of low reactive MoB/CoCr against the molten Al-45wt.%Zn alloy.

Keywords cermet coatings, coefficient of thermal expansion,
erosion and abrasion resistance, high temperature
erosion, novel material, thermal shock

1. Introduction

Thermal spray coatings offer some customized surface
properties, such as resistance to corrosive atmosphere,
abrasion, erosion, high temperature, and high heat flux.
Recently, these properties of the spray coatings have been
greatly progressed by development of novel spray equip-
ments, such as high-power plasma spraying and high
velocity oxygen-fuel (HVOF) spraying (Ref 1, 2), as well
as by development of feedstock (Ref 1) including cus-
tomization for the equipments. Thus, the applications of
spray coatings can be expanded by the development.
Durable spray coatings in molten metals are one of the
possible applications, for example (Ref 3). Improvement
of hot continuous dipping parts, such as sink rolls and
stabilizing rolls, with higher erosion resistance against
molten zinc (Zn) and aluminum-zinc (Al-Zn) alloys is one
of the key issues in steel manufacturing process (Ref 4). It
is considered that rolls coated by Co-based self-fluxing
alloy has insufficient durability in spite of relatively longer
life compared to the common roll made from stainless cast
steel (Ref 5, 6).

Some groups have reported that WC/Co coatings pre-
pared by the HVOF spraying show higher durability than

the Co-based alloy coating in molten pure Zn (Ref 5) and
Al-Zn (low Al content) alloys (Ref 6). Inclusion of double
carbides of g-phase (Co3W3C and Co6W6C) in the WC/Co
coating is found to be effective to improve the durability,
where g-phase reduces free metal Co with high reactivity
(Ref 5-8). However, surface modifications without adhe-
sion of the molten alloy and dissolution by the alloy are
still required by the steel manufacturers to increase the
operating time retaining the product quality. In addition,
the effect of the g-phase coating is only limited for the
molten alloys at relatively lower temperature of less
than 750 K. Since Al-rich Al-Zn alloy plating lines,
Al-45wt.%Zn for example, are generally operated at
higher temperature of more than 900 K, the condition
becomes serious and it is difficult to apply the spray
coatings onto hot continuous dipping parts, in general. No
development of the coating material suitable for such a
serious condition is reported, as far as we know.

Recently, a novel thermal spray material of MoB/CoCr
with higher durability against molten Al and Al-Zn alloys
has been developed by Fujimi Incorporated (Japan) to
utilize for die casting parts and for hot continuous dipping
parts (Ref 9-11). The durability of the MoB/CoCr coatings
prepared by the HVOF spraying has been investigated
using a laboratory-scaled molten-metal immersion tester.
The basic immersion test has revealed that the MoB/CoCr
coating has much higher durability in the molten Al and
Al-Zn alloys than conventional spray coatings. Further, no
damage or dissolution are observed in the MoB/CoCr
coating after long-term immersion test of molten
Al-45wt.%Zn alloy, where both the conventional cermet
and ceramic coatings are damaged due to dissolution
and crack generation, respectively. However, influence of
the coating structure, which may affect the lifetime of the
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dipping rolls drastically, is still unclear. Especially, no
examination has been conducted using stainless steel of
AISI 316L as substrate, whose material is mainly used as a
sink roll and stabilizing rolls in actual Al-rich Al-Zn
plating lines.

In this article, potential of MoB/CoCr coatings for
Al-45wt.%Zn plating line has been investigated through
laboratory-scaled molten-metal immersion tests. Also,
coating structures, in terms of base substrate, its coeffi-
cient of thermal expansion (CTE) and thickness of
undercoat and topcoat, have been studied to avoid crack
generation in the coating and peel off of the coating,
whose damages can drastically reduce the lifetime of the
coated parts, in spite of high durability (low reactivity) of
MoB/CoCr against the molten Al-Zn alloy.

2. Experimental

2.1 Structural, Chemical, and Mechanical Analysis
of the Powders and the Spray Coatings

Micro-structural analysis was conducted using a
scanning electron microscopy (SEM: SEMEDX III,
Hitachi-High Technologies Corp., Japan) and an optical
microscopy. Porosities of the spray coatings were esti-
mated by an imaging analysis using the optical micro-
scope. Energy dispersive x-ray (EDX: EX-250SE,
HORIBA Ltd., Japan) analysis was used for chemical
analysis. Crystal structures of the powders and the coat-
ings were identified from x-ray diffraction analysis (XRD:
RINT-2000, RIGAKU Corp., Japan). Hardness of the
coatings was measured using micro Vickers hardness tes-
ter (HMV-1, SHIMADZU Corp., Japan), whose indent-
ing load was 1.96 N and loading time was 10 s. Volume
wear ratio of the coatings was investigated using Suga
abrasion tester (NUS-ISO-3, Suga test instruments Co.,
Ltd., Japan), whose load was 30.9 N and counter material
was abrasive paper of SiC F180, where volume loss of
carbon steel (JIS SS400) was used as a reference.

2.2 Preparation of MoB/CoCr Powder

Commercially available fine powders of molybdenum
boride, chromium boride, and cobalt-based alloy (Co-
30 wt.% Cr-4 wt.% W-1.2 wt.% C) as raw materials
were mixed and milled in solvent by ball milling. The
milled powder was agglomerated using spray drier. The
agglomerated powders were sintered at more than 1273 K
in inert gas to form double borides of Co-Mo-B by a
chemical reaction of metal borides and cobalt-based alloy.
After sintering process, particle size distribution of the
MoB/CoCr was optimized for HVOF spraying through
classification process. The particle size distribution and
typical atomic contents are shown in Table 1. Figure 1
shows an x-ray diffraction (XRD) pattern for the MoB/
CoCr powder after sintering process. The MoB/CoCr
powder is mainly composed of double borides of both
CoMo2B2 and CoMoB. An SEM image and element
mappings by the EDX analysis of the MoB/CoCr powders
are shown in Fig. 2.

2.3 Measurement of Coefficient of Thermal
Expansion (CTE)

Coefficient of thermal expansion (CTE) of the spray
coatings and substrate materials was measured by thermo-
mechanical analyzer (Thermo Plus TMA-8310, RIGAKU
Corp., Japan). The spray coatings were prepared onto
steel plate (JIS SS400, 50 · 70 · 2t mm), where thickness of
the coating was set to about 500 lm. The specimens were
also used for the XRD analysis. As for thermodilatometry,
the coatings were separated from the substrate using a
micro-cutting machine. The separated coatings were cut
about the size of 5 · 20 · 0.5t mm and the CTE was mea-
sured in-plane direction. The heating and cooling rate was
5 K/min in argon gas and heating-cooling cycle was re-
peated three times from 323 to 1273 K. The CTE of each
specimen was estimated from the second heating cycle
data. In this article, temperature range of the CTE was set
to 373-923 K.

2.4 Preparation of Thermal Spray Coatings for
Molten Al-45wt.%Zn Alloy Immersion Test

Table 2 summarizes the specimens for the molten Al-
45wt.%Zn alloy immersion test, where the measured CTE
of the spray coatings (topcoat and undercoat) and sub-
strates are described. Conventional ceramics of white
alumina (PS-A, product name: SURPREX AW50) and
yttria stabilized zirconia (PS-Z, prototype name: DTS-
Z10-45/10) as well as a conventional cermet of WC/
12 wt.% Co (HV-W1, product name: SURPREX WC12J)

Fig. 1 An x-ray diffraction pattern for the MoB/CoCr powder

Table 1 Characteristics of MoB/CoCr powder

Powder manufacturing method Agglomerated and sintered
Particle size )45 + 15 lm
Chemical composition, wt.% Mo Co Cr B W

Bal. 22.5 19.1 8.5 1.6
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powders are manufactured by Fujimi Incorporated, Japan.
The MoB/CoCr powder (from HV-B1 to B7, prototype
name: DTS-B49-45/15) also has been developed by Fujimi
Incorporated.

Two steels were used as substrates, whose size was
u19 mm · 200 mm with a round-shaped nose, as shown in
Fig. 3(a). Lower CTE one is AISI H13 (Fe-0.37C-5.0Cr-
1.3Mo-1.0Si-1.0V, 12.7 · 10)6/K), which is a typical mate-
rial of the mold for aluminum die-casting. The specimens
from PS-A to HV-B1 were sprayed onto the AISI H13 to
evaluate mainly the dissolubility of these coatings in the
molten Al-45wt.%Zn alloy because the CTE difference
between the coatings and the substrate was relatively
smaller that should reduce the damage by thermal shock,
such as crack generation and peel off.

PS-A (alumina, Al2O3) and PS-Z (yttria stabilized zir-
conia, ZrO2-8wt.%Y2O3) have been prepared by plasma

spraying whose conditions are summarized in Table 3.
The CTE of each coating was 7.8 · 10)6/K and 10.4 · 10)6/
K, respectively. The other specimens are HVOF sprayed
coatings whose spray conditions are also summarized in
Table 3. All substrates were sand-blasted using alumina
grit of F40 before spraying. HV-W2 (6.8 · 10)6/K), pre-
pared on trial, was basically same as HV-W1 (7.2 · 10)6/K)
of conventional WC cermet, except for using WC with
lower carbon content. When low carbon WC is sintered
with Co, double carbides, such as g-phase (Co3W3C and
Co6W6C), are generally formed. Carbon contents in the
HV-W1 and HV-W2 powders were 5.5 and 4.2 wt.%,
respectively. HV-B1 was the MoB/CoCr coating
(9.2 · 10)6/K) onto the AISI H13 substrate.

Stainless steel of AISI 316L with higher CTE of
19.3 · 10)6 /K compared to AISI H13 was used as
substrates for the MoB/CoCr specimens from HV-B2 to

Table 2 Specimens for the molten Al-45wt.%Zn immersion test

No. Substrate

Topcoat Undercoat

Materials/CTE Thickness Materials/CTE Thickness

PS-A AISI H13/12.7 · 10)6 Al2O3/7.8 · 10)6 150 lm Without ...
PS-Z ZrO2-8wt.%Y2O3/10.4 · 10)6

HV-W1 WC/12 wt.% Co/7.2 · 10)6

HV-W2 WC/12 wt.% Co(low carbon)/6.8 · 10)6

HV-B1 MoB/CoCr/9.2 · 10)6

HV-B2 AISI 316L/19.3 · 10)6

HV-B3 AISI 440C/12.4 · 10)6 50 lm
HV-B4 Co-30wt.% Cr-4wt.%

W-1.2wt.%C/15.0 · 10)6HV-B5 100 lm
HV-B6 100 lm 50 lm
HV-B7 500 lm

Fig. 2 (a) An SEM image and element mappings of (b) Mo, (c) Cr, and (d) Co of the MoB/CoCr powder
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HV-B7. This stainless steel is currently used for conven-
tional continuous dipping rolls due to its relatively high
durability against molten Al-45wt.%Zn alloy. As for
HV-B2, MoB/CoCr was directly sprayed onto the AISI
316L without undercoat. Undercoat was prepared for the
specimens from HV-B3 to HV-B7. AISI 440C coating
with the CTE of 12.4 · 10)6/K was formed as undercoat for
the HV-B3. From HV-B4 to HV-B7, Cobalt-based alloy
coating with the CTE of 15.0 · 10)6/K was also prepared as
undercoat, where thickness of both the undercoat and the
MoB/CoCr topcoat was changed to find the optimal
thickness to reduce the negative influence of the consid-
erably large CTE difference between the MoB/CoCr
coating and the AISI 316L substrate.

2.5 Immersion Test in the Molten Al-45wt.%Zn
Alloy

A schematic of the molten-metal immersion tester de-
signed by Fujimi Incorporated is illustrated in Fig. 4.
Specimens were repeatedly immersed in a molten alloy at
the constant temperature of 923 K. The specimens were
rotating and orbiting in the molten metal to come into
contact with a fresh molten metal as well as to preserve
liquid uniformity during the test. The dissolubility of
specimens against the molten metal and thermal shock
resistance were evaluated by using this tester through the
repetition of immersing and air cooling. The specimens
were automatically photographed by a high-speed camera
at the time of cooling operation, and the photograph data
was stored into a personal computer. Dissolution or
mechanical damage of the specimens was checked by vi-
sual observation or stored data, and then the lifetime was
estimated.

The experimental conditions of the immersion test in
the molten Al-45wt.%Zn are summarized in Table 4.
These conditions (alloy composition and its temperature)
have been set by assuming that the coatings are applied to
the hot continuous dipping rolls, such as sink rolls and
stabilizing rolls. Thus, the specimens were repeatedly
pulled out from the molten Al-45wt.%Zn for only 1 min
to take a photograph by the high-speed camera or to check
the specimens visually after long-term immersion of
60 min. Spray coated area was about 120 mm in length
from the nose, as shown in Fig. 3(a). Figure 3(b) shows a
typical specimen after the immersion test of molten
Al-45wt.%Zn alloy, whose immersed length is about
50 mm. Dissolution of the substrate is clearly seen near
the round-shaped nose.

Table 3 Conditions of HVOF and plasma spraying

HVOF Plasma

Gun JP-5000(PRAXAIR/TAFA) SG-100(PRAXAIR)
Coating Topcoat Undercoat Topcoat
Spray Oxygen flow rate: 893 L/min Oxygen flow rate: 893 L/min Ar/He flow rate: 39/7.9 L/min
Conditions Kerosene flow rate: 0.32 L/min Kerosene flow rate: 0.32 L/min Ar/He pressure: 0.34/0.34 MPa

Barrel length: 203.0 mm Barrel length: 101.5 mm Arc current/voltage: 900 A/36 V
Spray distance: 380 mm Spray distance: 380 mm Spray distance: 120 mm

Fig. 4 Schematic of the molten-metal immersion tester

Table 4 Conditions of the molten Al-45wt.%Zn
immersion test

Rotation speed 120 rpm
Orbital speed 30 rpm
Immersion time 60 min
Cooling time 1 min
Alloy composition Al-45wt.%Zn
Temperature 923 KFig. 3 Photographs of typical specimens of (a) as-sprayed and

(b) after immersion test
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3. Results

3.1 Structural and Mechanical Properties of the
Spray Coatings

Figure 5 shows cross-sectional optical micrographs of
as-sprayed coatings of alumina (PS-A), WC/12 wt.% Co
(HV-W1) and MoB/CoCr (HV-B1). It is clear that the
cermet coatings by the HVOF spraying have higher den-
sity (lower porosity) than the plasma sprayed alumina
coating. Porosities by imaging analysis, hardness and vol-
ume wear ratio by Suga abrasion test of the coatings in
Fig. 5 are summarized in Table 5. In spite of lower hard-
ness, wear resistance of the MoB/CoCr coating is much
better than that of the alumina coating, and is almost
comparable to Cr3C2/25 wt.% NiCr coating by the HVOF
spraying. Lower porosity (1.6%) of the MoB/CoCr coating
should be better to avoid penetration of the molten alloy.

3.2 Immersion Test in the Molten Al-45wt.%Zn
Alloy

The lifetime of the substrates and spray coatings (from
PS-A to HV-B1) in the molten Al-45wt.%Zn alloy is
shown in Fig. 6, where the substrate was AISI H13 to
investigate mainly the reactivity of the coating materials.
Spray coated specimens have much longer lifetime of
more than 100 h compared to the substrates: 1 h for AISI
H13 and 3 h for AISI 316L. The molten Al-45wt.%Zn
alloy was quickly dropped off from the surface of the
ceramic coatings (PS-A and PS-Z) at cooling cycle during
the test that shows their high inertness. However,
mechanical damages generated by heat shock, such as
cracks, defluxion of fragment and peel off, were clearly
observed visually at about 5 h prior to the dissolution of
the base substrates (lifetime). Thus, in spite of their
inertness, the lifetime of the ceramic coatings becomes
short due to their brittleness and it is clear that the cera-
mic coatings are difficult to apply to the actual application.
As the ZrO2-8 wt.% Y2O3 coating (PS-Z) has the com-
paratively higher CTE as well as higher toughness than the
Al2O3 coating (PS-A), it may result in longer lifetime.

The molten alloy was also dropped from the surface up
to 100 h for the WC/12 wt.% Co coating (HV-W1). And
then, adhesion increased gradually after 100-h immersion
and the dissolution of the substrate was observed at 209 h.
The HV-W2 (WC/12 wt.% Co with lower carbon content)

coating showed higher durability. In spite of adhesion of
the alloy onto these cermet coatings suggesting higher
reactivity than ceramics, the lifetime is almost comparable
to that of the ceramic coatings showing higher heat-shock
resistance. The MoB/CoCr coating (HV-B1) has shown
excellent durability in the Al-45wt.%Zn alloy without
dissolution and mechanical damage even after 623-h
immersion.

3.3 Micro-structural Analysis of the Coatings after
the Immersion Test

Figure 7 shows cross-sectional SEM images at
immersed region after the test. As for damaged specimens

Table 5 Structural and mechanical properties of the
thermal spray coatings

PS-A HV-W1 HV-B1
Al2O3 WC/12 wt.% Co MoB/CoCr

Porosity, % 10.4 2.5 1.6
Vickers Hardness 928 1281 845
Volume wear ratio 1.30 0.03 0.25

Fig. 6 Lifetime of the specimens coated onto AISI H13 in the
molten Al-45wt.%Zn. The MoB/CoCr coating (HV-B1) shows
no damage after the 623-h immersion test

Fig. 5 Cross-sectional optical micrographs of the coatings of (a) alumina (PS-A), (b) WC/12 wt.% Co (HV-W1), and (c) MoB/CoCr
(HV-B1) before the immersion test
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shown in Fig. 7(a-c), adjacent region of the dissolved re-
gion was observed to investigate behavior of damage, such
as dissolution, reaction, and mechanical damage. In
Fig. 7(a), the Al2O3 coating is peeled from the substrate
with vertical crack in the coating. No adhesion of the alloy
and no reaction layer between Al2O3 and Al-Zn alloy are
observed, which is identified from the EDX analysis.
Considering that the observation of peeling, visible cracks
and defluxion of the fragment, mechanical damage is
dominant in the ceramic coatings, not dissolution. There-
fore, it is considered that the specimen is finally dissolved
by contact with the highly reactive steel substrate and the
molten Al-Zn alloy, which passes through the vertical
cracks in the Al2O3 coating.

As for the WC/12 wt.% Co coating (HV-W1) in
Fig. 7(b), both Al-Zn alloy layer adhered onto the coating
surface and the reaction layer containing Al, Zn, W, and
Co are observed. This shows diffusion of Al and Zn into
the coating. Also, solid solution and/or intermetallic
compound composed of Al, Zn, and the metal binder of
Co might be generated. A crack is seen in the reaction
layer implying the layer is brittle. Further, diffused WC
grains from the coating are seen in the Al-Zn adhesion
layer. Dissolution behavior of the WC/12 wt.% Co with
low carbon coating (HV-W2) in Fig. 7(c) is almost similar
to that of the conventional WC/12 wt.% Co coating
(HV-W1) except for higher durability, where adhesion of
the Al-Zn alloy and mixed layer of Al, Zn, W, and Co are
also observed. In the MoB/CoCr coating (HV-B1) in
Fig. 7(d), no decrease in the coating thickness and
adhesion of the Al-Zn alloy have been found even after
the long-term immersion of 623 h.

In order to investigate the dissolution behavior by Al-
Zn alloy in detail, line analysis by EDX is conducted as

shown in Fig. 8. Adhesion of the Al-Zn alloy, reaction
layer composed of Al, Zn and WC are observed on the
WC/12 wt.% Co coating, whose thickness are apparently
decreased, as shown in Fig. 8(a). It is found that diffusion
behavior between Al and Zn is different identified from
the line profiles. Al intensity is higher in the Al-Zn
adhesion and decreases sharply at the interface between
the adhesion and the reaction layer. Further, it is almost
comparable to background intensity in the WC/12 wt.%
Co coating showing that Al is included in the adhesion and
the reaction layer. On the other hand, in addition to the
adhesion and the reaction layer, Zn is also detected in the
WC/12 wt.% Co coating showing that diffusion of Zn is
faster than that of Al. Gradual diffusion of Zn is also
different from the stepped diffusion of Al. Al and Zn
intensities are almost comparable to background intensi-
ties that shows no or little diffusion of both Al and Zn into
the MoB/CoCr coating as shown in Fig. 8(b).

3.4 Crystal Structural Analysis of the Coatings
after the Immersion Test

Figure 9 shows the XRD patterns for the powders,
as-sprayed coatings prepared onto JIS SS400 plates and
the coatings after 24-h immersion test in the molten
Al-45wt.%Zn alloy. The peaks from double carbides of
Co6W6C and Co3W3C appeared in the WC/12 wt.% Co
coating (HV-W1) after the immersion test. Co6W6C phase
appeared in the WC/12 wt.% Co with low carbon coating
(HV-W2) with Co3W3C phase originally existed in the
powder. The peak intensities from double carbide tend to
increase after the immersion test in the both WC/12 wt.%
Co coatings. Considering that the formation of double
carbide decreases the amount of reactive metal Co

Fig. 7 Cross-sectional SEM images of the coatings after the immersion test in the molten Al-45wt.%Zn alloy. (a) Al2O3 (PS-A, 138 h),
(b) WC/12 wt.% Co (HV-W1, 209 h), (c) WC/12 wt.% Co with low carbon (HV-W2, 358 h), (d) MoB/CoCr (HV-B1, 623 h)
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(Ref 7), longer lifetime of the HV-W2 coating is reason-
able. No clear change of the XRD patterns is observed
even after the immersion test in the MoB/CoCr coating.

3.5 Optimization of the Coating Structure onto
High CTE Substrate

Figure 10 shows measured expansion ratio of the AISI
316L as substrate and the spray coatings of Co-based alloy
as undercoat and MoB/CoCr as topcoat, whose CTE val-
ues are summarized in Table 2. The AISI 316L substrate
has the highest CTE of 19.3 · 10)6/K and the MoB/CoCr

coating has the lowest (9.2 · 10)6/K). At first heating cycle,
inflexion point with shrinkage is seen only in the thermal
spray coatings about 900-1000 K.

The lifetime of the MoB/CoCr coatings in the molten
Al-45wt.%Zn alloy is shown in Fig. 11. The coating onto
AISI H13 (HV-B1) has no damage after long-term
immersion of more than 600 h as mentioned previously.
However, the HV-B2 coating with same coating thickness
of HV-B1 has much lower lifetime of 213 h due to high
CTE substrate of AISI 316L. This shows the large differ-
ence in the CTE between the substrate and the MoB/CoCr
coating seriously affects the durability of the coating. It is

Fig. 8 EDX line analysis of the coatings after the immersion test in the molten Al-45wt.%Zn alloy. (a) WC/12 wt.% Co (HV-W1,
209 h), (b) MoB/CoCr (HV-B1, 623 h)

Fig. 9 XRD patterns for (a) WC/12 wt.% Co (HV-W1), (b) WC/12 wt.% Co with low carbon (HV-W2), and (c) MoB/CoCr (HV-B1).
Bottom, middle, and top patterns in each figure correspond to powder, as-sprayed coating and the coating after 24-h immersion in the
molten Al-45wt.%Zn alloy, respectively
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considered that increase in the volume of the MoB/CoCr
coating is relatively lower during immersion in the
Al-45wt.%Zn alloy at 923 K. In contrast, stainless
AISI316L substrate expands widely that causes the dam-
age of the coating, such as cracks and peel off.

Although it is found that formation of undercoat by
AISI 440C (50 lm in thickness) with an intermediate CTE
of 12.4 · 10)6/K is effective to improve lifetime (HV-B3:
no damage after 600 h), martensitic steel of AISI 440C is
difficult to apply to actual application due to its low
durability in the molten alloy. Since Co-based alloy coat-
ing with the CTE of 15.3 · 10)6/K has relatively higher
durability compared to the AISI 440C coating, it seems
to be suitable for undercoat. However, the lifetime is

insufficient (HV-B4: 245 h) when thickness of undercoat
and topcoat is same as that of HV-B3. The damage
behavior was studied by micro-structural analysis to solve
the problem of insufficient lifetime. Figure 12 shows
optical micrographs of cross sections of the MoB/CoCr
coating (HV-B4) after 245-h immersion test. A lot of
cracks, delamination and peel off are observed at im-
mersed area into the Al-45wt.%Zn alloy as shown in
Fig. 12(a-c). Although Fig. 12(d) is no immersed area,
cracks are generated in the MoB/CoCr coating. This result
means that the mechanical damage of crack is generated
by only heat-shock, not dissolution.

In the case of increasing undercoat thickness from 50 to
100 lm (HV-B5) or decreasing topcoat thickness from 150
to 100 lm (HV-B6), no damage is observed after 600-h
immersion. As for HV-B7 with thicker undercoat of
500 lm, its lifetime becomes shorter of 321 h, where
peeling at the interface between undercoat and substrate
is observed. Therefore, HV-B5 (150 lm topcoat and
100 lm undercoat) and HV-B6 (100 lm topcoat and
50 lm undercoat) are the best coating structure within this
study to reduce the negative influence of the large CTE
difference.

4. Discussion

4.1 Erosion Resistance of MoB/CoCr Coating
against Molten Al-45wt.%Zn

When applying thermal spray coatings to molten metal
applications, high erosion resistance against molten metal
is the most important property for the coating material.
Mo-(Ni, Cr)-B cermet material, including ternary double
boride of Ni-Mo-B, is known to have excellent durability
against the molten aluminum (Ref 12, 13). Also, thermal-
sprayed coating of the MoB/CoCr is mainly composed of
ternary double boride of Co-Mo-B, where Co, instead of
Ni (Ref 3), is selected to reduce the reactivity in the
molten metal (Ref 14). Further, it is considered that the
composition ratio of MoB and CoCr is also optimized
in terms of lower content of reactive metal matrix,
mainly Co. Therefore, the MoB/CoCr coating shows the
excellent durability without the change of the crystal
structure.

On the other hand, WC, not ternary compound, is
dominant and content of double carbides of Co-W-C is
lower in the as-sprayed WC/12 wt.% Co with low carbon
coatings. Increase of double carbides (g-phase) during
immersion shows reaction between WC and Co suggesting
that double carbide is also relatively inert compared to
WC. Therefore, double carbide-rich WC/Co coating with
little WC crystal may have good erosion resistance. Since
difference in reactivity between double boride of Co-Mo-B
and double carbide of Co-W-C is presently unclear, basic
investigation about reactivity of such ternary ceramics is
future issues to find optimal composition. It is considered
that Co-based alloy as metal matrix in the MoB/CoCr has
higher durability than pure Co as metal matrix in the
WC/12 wt.% Co coatings. This inertness of the metal

Fig. 10 Measured expansion ratio of (a) the AISI 316L as
substrate and the spray coatings of (b) Co-based alloy as
undercoat and (c) MoB/CoCr as topcoat

Fig. 11 Lifetime of the specimens coated onto AISI 316L in the
molten Al-45wt.%Zn. HV-B1, B3, B5, and B6 specimens show
no damage after about 600-h immersion test
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matrix may also contribute to good erosion resistance of
the MoB/CoCr.

4.2 Heat-Shock Resistance of the MoB/CoCr
Coating

Spray coatings for high temperature applications
should have high heat-shock resistance to avoid
mechanical damages, such as cracks and peel off. One of
the possible characteristics to evaluate the heat-shock
resistance is CTE of the coating. Additionally, small CTE
difference between the coating and the substrate is an
important factor to avoid damages. The behavior of
expansion and shrinkage of the coating during the heat-
ing and cooling should be also considered. Thermal
expansion curve in Fig. 10 shows that the thermal spray
coatings have an inflexion point with shrinkage at 850-
900 K of first heating cycle. After the shrinkage, thermal
expansion curves become almost stable from first cooling
to third cooling cycle. It is suggested that the shrinkage is
caused by recrystallization of amorphous phase and/or
relaxation of residual stress in the as-sprayed coating.
Thus, it should be considered that the shrinkage of the
spray coatings might negatively affect the heat-shock
resistance of the coating in the molten Al-Zn alloy
because its operating temperature is more than 900 K
and substrate expands with increasing temperature. As a
result, actual CTE difference between the coating and
the substrate becomes larger than that of measured CTE
difference. Posttreatment of heating to make shrinkage
of the coatings will be necessary prior to operation in
actual applications.

Ceramic or cermet coatings with relatively lower CTE
are generally formed onto metal substrates with higher
CTE in plasma and HVOF sprayings. This means that use

of high CTE materials within ceramics or cermet is better
to reduce the CTE difference between coating and sub-
strate. As the CTE of MoB/CoCr is higher than that of
WC/12 wt.% Co, influence of heat shock by the CTE
difference should become smaller. In spite of higher CTE
than that of MoB/CoCr, ceramic coating of ZrO2-8 wt.%
Y2O3 has shorter lifetime by crack generation showing
that high fracture toughness is also required for the coat-
ing material. Therefore, it is likely that cermet material of
MoB/CoCr is the most adaptable choice to obtain the
required properties, such as higher inertness, relatively
higher CTE and higher fracture toughness. In the case of
WC/Co, both CTE and fracture toughness can become
higher with increasing Co content that will attain higher
heat-shock resistance. On the other hand, increasing
Co content apparently degrades the erosion resistance.
Decrease of Co content is also difficult to obtain all
required properties.

4.3 Behavior of the Damage for the MoB/CoCr
Coating

The results of cross-sectional analysis shown in Fig. 12
suggest the damage of the MoB/CoCr coating is mainly
derived from insufficient heat-shock resistance due to
large CTE difference between the coating and substrate.
Although AISI316L substrate expands larger, expansion
of the MoB/CoCr coating is smaller due to its lower CTE
as well as shrinkage by recrystallization and relaxation
of residual stress. As a result, vertical cracks seen in
Fig. 12(d) are considered to be easily generated.

From the observation of crack generation at no im-
mersed area in Fig. 12(d), it is easy to consider that cracks
are also generated at immersed area by heat shock. After
crack formation, the coating thickness becomes thinner

Fig. 12 Cross-sectional optical micrographs of the MoB/CoCr coating (HV-B4) after 245-h immersion test. (a, b, c) are immersed area
and (d) is no immersed area near the center of the specimen
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due to delamination as shown in Fig. 12(a, b). At last,
when the undercoat or substrate is exposed to Al-Zn alloy
directly or passing through the cracks as shown in
Fig. 12(c), adhesion of the alloy is occurred and followed
by dissolution of the specimen. In conclusion, optimization
of coating structure including MoB/CoCr thickness as
topcoat, undercoat material, undercoat thickness and
thickness combination between top and undercoat will
be essentially required when the MoB/CoCr coating is
applied to actual application to attain intrinsic perfor-
mance of inert MoB/CoCr.

5. Conclusions

The durability of the coatings prepared by ther-
mal spraying has been investigated in the molten
Al-45wt.%Zn alloy. The MoB/CoCr coatings has excel-
lent durability in the molten Al-45wt.%Zn alloy com-
pared to the conventional cermet coating of WC/
12 wt.% Co as well as ceramic coatings of Al2O3 and
ZrO2-8wt.%Y2O3. The molten alloys are hard to adhere
onto the coating surface of the MoB/CoCr. The crystal
structure of the MoB/CoCr coating is mainly composed
of the double borides, and little change of the structure
is observed after immersion test, suggesting that the
double borides have much higher durability against the
molten alloys.

In order to apply to actual continuous dipping rolls by
improving lifetime, using undercoat is effective to reduce
the influence of large difference in thermal expansion
between the MoB/CoCr coating and austenitic steel of
stainless AISI 316L. It should be noted that optimized
thickness combination of topcoat and undercoat is
important.
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