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a  b  s  t  r  a  c  t

Hexagonal  boron  nitride  (h-BN)  material  was  added  to  a nickel  aluminum  alloy  (Ni–Al),  which  was
deposited  as  plasma  spray  coatings,  and  the  resultant  enhanced  tribological  properties  of these  coat-
ings  were  investigated.  The  microstructures  of the  coatings  were  analyzed  using  a  scanning  electron
microscope  (SEM)  to monitor  the  morphologies  of  both  the powders  and  the  coatings.  After  wear  testing,
vailable online 6 June 2011

eywords:
lasma spraying
oatings
exagonal boron nitride

the  surface  morphologies  of  the  scratched  coatings  were  analyzed  using  an  SEM  to monitor  the  fracture
mode  of  the  coatings.  The  results  of  this  study  indicate  that  the  addition  of h-BN  material  to  Ni–Al  results
in coatings  with  enhanced  tribological  properties.

© 2011 Elsevier B.V. All rights reserved.
ickel aluminum

. Introduction

The protection of machine part substrates is seriously con-
idered by engineers and scientists. Substrate protection issues
nclude wear, corrosion and oxidation resistance, and these issues
rise when mechanical parts are operated under various environ-
ental conditions. Fortunately, there are many ways to resolve

hese issues. For example, the deposition of protective coatings
n the surfaces of mechanical parts is one way  to improve their
urface properties. These coatings are designed to enhance sub-
trate surface properties, including tribology, corrosion resistance
nd oxidation resistance, at either normal or high temperatures
1,2]. Thermal spraying is a deposition method that can be used to

pply suitable coatings onto machine parts so as to reduce wear
oss [3,4]. Previous studies have shown that the thermal spray-
ng of coatings provides good protection in terms of tribology or
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corrosion resistance, and this process has been ubiquitously used
in industrial applications [5,6]. Plasma spraying is a high-energy
variation of the thermal spraying deposition process and uses a
high-temperature plasma torch to melt the powder materials. Dur-
ing the plasma spray process, feedstock powder is injected into a
high temperature plasma torch, and the high melting energy used
in the plasma spray process can be used to deposit dense coatings
[7].

Protective coatings are necessary to provide high-temperature
oxidation and corrosion resistance to machine parts to extend their
life expectancy even in harsh environments and especially at high
temperatures. The nickel aluminum (Ni–Al) alloy is a common high-
temperature protective coating that can be easily deposited using
thermal spraying. This alloy possesses good mechanical properties,
oxidation resistance and corrosion resistance at high temperatures
(>800 ◦C) [8,9]. The application of a lubricating material to Ni–Al
coatings is one way to enhance the tribological properties of these
coatings, which could prolong the life expectancy of machine parts.

Hexagonal boron nitride (h-BN) is a useful reinforcing mate-
rial and has a low density, excellent stability and high thermal
conductivity. It is also a good lubrication material due to its low
coefficient of friction [10,11]; however, pure h-BN is difficult to
deposit as a thermally sprayed coating due to its high melting tem-

perature and weak bond strength at basal plane. Previous research
has shown that h-BN can be trapped in a metallic matrix [12], which
may represent one method of trapping h-BN material in a pow-
der for use as a composite material in plasma spraying. Moreover,
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Fig. 1. SEM images of powders: (a) an

echanical alloying (MA) processes can be used to trap h-BN mate-
ial as a composite powder for thermal spray deposition [13,14]. In
revious studies, the addition of h-BN material as a solid lubricant

n thermal spray coatings has been used to enhance the tribology
roperties of these coatings [15]. In this study, h-BN was added
o thermal spray coatings to improve the tribological properties
f these coatings at high temperature. Both MA  and blended pro-
esses were used to prepare Ni–Al/h-BN powders before they were
lasma sprayed as coatings.

. Materials and methods

Ni–5 wt%  Al powder with particle size 16–45 �m,  which was  produced by the
AC  company, USA, was  used in this study. Hexagonal boron nitride powder that
ontained 99.2% pure h-BN was produced by the Kallex Company Ltd., Taiwan.
hermal spraying was  used to deposit approximately 200-�m-thick coatings on
5  mm × 25 mm × 5 mm 304 stainless steel substrates for the fabrication of metal-

ographic and wear-testing specimens. The deposited materials are summarized in
able 1. Ni–5Al (Ni–5 wt% Al) and Ni–10BN–2.5Al (Ni–5 wt%  Al + 10 wt% h-BN) pow-
ers were deposited using plasma spraying. Two types of Ni–10BN–2.5Al composite
owders were used in these experiments. One composite powder was prepared
sing the blend method, whereas the other was prepared using ball milling as a
echanically alloying process. These composite powders were fed into a plasma
praying torch and deposited as coatings. The plasma-spray-deposited coatings
f  the Ni–5Al, Ni–10BN–2.5Al blend composite and the Ni–10BN–2.5Al MA com-
osite material are designated as C1, C2 and C3, respectively in this study. Ball
illing was performed using a Fritsch Pulverisette 5 planetary ball mill with a

able 1
aterials in the thermal spray coatings.

Samples Coating material Mixed method

C1 Ni–5Al
C2 Ni–10BN–2.5Al Blend
C3 Ni–10BN–2.5Al MA
C1 powder, (c) and (d) h-BN powder.

sufficient amount of the aforementioned powders prior to plasma spraying. For
each vial of the ball mill, 100 g of composite powder was mixed using hardened
stainless steel balls that were 7.92 mm in diameter and sealed in a stainless steel
vial. The total weight of the balls was 594 g, and the milling time for each mix-
ture was  4 h (each was mixed for 15 min and allowed to stand for 15 min) at
250 rpm.

Plasma spraying was used to deposit the coatings. An F4 plasma spraying gun
(Sulzer Metco), using 55 SLPM argon and 9.5 SLPM hydrogen as the plasma gases,
was used to produce the thermal spray coatings. The spraying parameters are shown
in  Table 2. The abrasion properties of the resultant coatings were characterized by
dry sand wear testing based on the ASTM G65 standard. The wear load and wear
distance during dry sand wear testing were 5 N and 60 m, respectively. The tribo-
logical properties of the coatings were tested using a ball-on-disk wear-testing
instrument (UMT-2 MultiSpecimen Test System, CETR, USA). This instrument is
equipped with heating coils to reach and maintain at a desired temperature. 440-
C  stainless steel balls with a diameter of 4.0 mm and HRC  62 microhardnesses
at  a load of 5 N were used for the wear testing. The wear distance and testing
temperature were 20 m and 850 ◦C, respectively. After wear testing, the morpholo-
gies of the worn surfaces were analyzed using a scanning electron microscope
(SEM). Bond testing of the coatings was performed according to the ASTM C 633
standard. The bond strengths of the coatings were averaged over eight positional
points.

X-ray diffraction (XRD), metallurgical microscopy, scanning electron
microscopy and energy dispersive spectrometry (EDS) were used to analyze
the  microstructures of the thermal spray coatings. An epoxy resin that had been
treated with glass sand, which helps increase the hardness of the resin, was  used for

the sample preparation. All samples were ground and polished before observation.
The porosity of the coatings was analyzed using Image Pro Plus (Media Cybernetics,
Inc.).

Table 2
Plasma spraying parameters.

Argon Hydrogen Current Carrier gas Spray distance Robot speed

55 SLPM 9.5 SLPM 600 A 3.5 SLPM 140 mm 400 mm/s
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ings. Similar structures with oxide phases have also been observed
in others studies [16,17]. Fig. 4(c) and (d) depicts microstructural
images of the C2 coating and, as the figure indicates, the addition
Fig. 2. SEM images of MA  powders: (a) and (b) C1 pow

. Results and discussion

Figs. 1 and 2 depict the SEM images of the powders that were
sed as the feed material in this study. The particle morphology of
he C1 powder was spherical and crystalline, as shown in Fig. 1(a)
nd (b); the particle size distribution of the Ni–Al alloy powder
as 16–45 �m.  After the C1 powder was prepared using MA,  the
orphology of each C1 MA  particle became flaky. Moreover, the

imensions of the particles were broader and thinner than those
f the particles before the MA  process, and no broken Ni–Al parti-
les were observed following the MA  process (Fig. 2(a) and (b)). The
orphology of the h-BN material exhibited a flaky microstructure,

s shown in Fig. 1(c); however, weak adhesion between the flakes
as observed, as shown in Fig. 1(d). To prepare the composite pow-
er, h-BN powder was added to the C1 powder using the blend and
A techniques, and then the powders were deposited as coatings

2 and C3. The particle size of the C3 composite powder (Fig. 2(c)
nd (d)) was smaller than that of the C1 and h-BN powders. The h-
N material separated the Ni–Al particles from each other, which
esulted in a decreased particle size after the MA  process. The h-BN
owder was dispersed and distributed around the Ni–Al particles
ue to the MA  process.

The C1, C2 and C3 coatings were prepared using spherical Ni–Al
owder, blended powder and MA  powder, respectively. The depo-
ition rates of the C1 coating was higher than those of the other
forementioned composite coatings. When h-BN was added to the
oating, the coating deposition rate decreased, as shown in Fig. 3.

oreover, the deposition rate of the C3 coating was slower than

hat of the C2 coating. As shown in Fig. 2(c), smaller particles were
btained after the MA  process, resulting in a slower C3 coating
eposition rate.
fter 4 h of MA,  (c) and (d) C3 powder after 4 h of MA.

An SEM image of the cross-sectional microstructure of the C1
coating exhibits a high density (Fig. 4(a)), and the microstruc-
ture depicted in this figure has a low porosity. Significant splat
boundaries that are located between the lamellar structures of the
coating can be observed in the high-magnification image depicted
in Fig. 4(b). EDS analysis identified higher Al and O elemental con-
tents in the gray area that are designated by the arrow in the figure.
Similar Al- and O-rich areas were observed in the C2 and C3 coat-
Fig. 3. Deposition rates of the various coatings.
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ig. 4. SEM images of coatings created using atmosphere plasma spraying: (a) and 

f h-BN to the C2 coating increased the coating’s porosity com-
ared to that of the C1 coating. In addition, the interface between
he lamellar structures was significant in the C2 coating. Higher B
nd N contents were observed at the splat boundaries and porous
reas, as indicated by the arrow shown in Fig. 4(d) and as deter-
ined using EDS analysis. Based on a comparison of the C1 and C2

oatings, the BN that is located in the splat boundary position could
xplain the increase in porosity because it is a lubricating material;
owever, because h-BN was added to the Ni–Al powder and pro-
essed via MA,  the C3 powder was refined. Therefore, after plasma
praying, the porosity of the C3 coating exhibited a lower porosity
han that of the C2 coating. The SEM images of C3 are depicted in

ig. 4(e) and (f).

Most of the B- and N-rich areas were located in pores according
o optical and scanning electron microscopy. The microstructural
mages of the coatings shown in Fig. 4 indicate that an unsuitable
 coating, (c) and (d) C2 composite coating and (e) and (f) C3 composite coating.

boron nitride distribution caused the higher porosities of the C2 and
C3 coatings. High-magnification images of the B- and N-rich areas
of these coatings are shown in Fig. 5. Boron nitride powder was
melted using a plasma torch to create a new type of microstructure,
as shown in Fig. 5(a) and (b) for the C2 and C3 coatings, respectively.
Fig. 6 depicts the porosity of each coating. Similar to the metallo-
graphic results depicted in Fig. 4, the porosity of the C2 coating was
higher than that of the C3 coating.

According to the coating porosities indicated in Fig. 6, the
porosities of the C2 and C3 coatings increased due to the addi-
tion of h-BN, regardless of whether the starting powders were
prepared using the blended process or the MA  process. Based on

the microstructures of the feedstock powders, the powder particle
size was smaller after the MA  process. According to previous stud-
ies, powders with smaller particle sizes can produce lower-porosity
coatings [18], and the porosity of the C2 coating was higher than
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Fig. 5. High-magnification images of B- and N-rich areas of coatings: (a) C2 and (b) C3 coating.
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Fig. 6. The porosities of the coatings.

hat of the C3 coating. However, more BN was incorporated into the
2 coating than the C3 coating (Fig. 4) due to the formation of BN
ear to the pores of these coatings. The porosities of the C2 and C3
oatings indicate that the blending process could potentially allow
he Ni–Al particles to catch more BN compared to the MA  process.

Fig. 7 depicts the XRD spectra of the powders and coatings at
he h-BN (0 0 0 2) position. The C2 powder presents good crystal-
ization. In the C3 powder, the peak intensity of h-BN (0 0 0 2) is

educed, which is similar to the finding that was  reported by Tek-
en  et al. [19]. After the MA  process, thick h-BN grains decomposed

nto many thinner layers that cleaved along the basal planes [20].

Fig. 7. X-ray diffraction spectra of the coatings along h-BN (0 0 0 2).
Fig. 8. Microhardnesses of the coatings.

Thus, the crystallization of the C3 powder was reduced after the MA
process, as indicated by the XRD pattern. The c-BN or a-BN phases
of h-BN were induced by the high pressure and temperature that
was used during the thermal spraying process [21]. After plasma
spraying, crystallization along h-BN (0 0 0 2) of the C2 coating was
observed. The SEM images shown in Fig. 5 also demonstrate that

the surface morphology of the BN was  altered. Applied thermal
and impact forces during plasma spraying caused the h-BN phase
to transform into amorphous boron nitride (a-BN). The C3 coating

Fig. 9. Volume loss during dry sand wear testing.
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ig. 10. SEM and EDS images of trace elements in coatings after ball-on-disk wear
igher-magnification image of C2 coating at Fe- and O-rich area.

lso exhibited a lower degree crystallization along h-BN (0 0 0 2);
owever, the degree of crystallization of the C3 coating was  lower
han that of the C2 coating. Moreover, according to the XRD results,
he peak intensity of the C3 coating was shifted to the left.

The microhardness of the Ni–Al coatings was reduced with the
ddition h-BN, as shown in Fig. 8. According to a previous article,
he microhardness of a coating will normally decrease when a soft

aterial is added [15]. In this case, the microhardnesses of the C2
nd C3 coatings were lower than that of the C1 coating. After dry
and wear testing, the volume losses of the coatings increased when
N was added to the coating, as shown in Fig. 9. Because BN is softer
han Ni–Al, the C2 and C3 coatings experienced greater volume
osses than the C1 coating.

The C1 coating is a well-bonded thermally sprayed coating that
xhibits a high bonding strength between its layers. The average
onding strength of the C1, C2 and C3 coatings were 9105, 7474

nd 7328 psi, respectively. After adding h-BN to the coatings, the
onding strengths of the coatings were reduced. After ball-on-disk
ear testing at 850 ◦C, elemental distribution images of the coat-

ng surfaces were obtained, as shown in Fig. 10(a–c). The wear
g at 850 ◦C: (a) C1, (b) C2, (c) C3, (d) higher-magnification image of C3 coating, (e)

trace was not significant in the C1 coating; however, the C2 coat-
ing elemental distribution image indicates the transfer of Fe from
the surface of the steel-testing ball to the C2 coating surface. Addi-
tionally, partial peeling of the C3 coating was observed, as shown
in Fig. 10(d). The weights lost by the C1, C2 and C3 coatings due
to wear were 0.0003, −0.0018 and 0.0108 g, respectively. Based on
the inspection of the SEM images of the powders that were pre-
sented earlier in this paper, the size of the Ni–Al particles in the C3
powder was  refined after the MA  process. Moreover, the BN mate-
rial was  distributed around the surface of the Ni–Al particles. After
plasma spraying, the C3 coating that was created using a refined
powder exhibited a greater Ni–Al/BN interfacial area in the coating.
The greater Ni–Al/BN interfacial area between splat layers caused
greater displacement due to the fact that BN is a soft material. The
displacement of the splat layers caused weak bonding in the coat-
ing and thus, partial peeling under the high pressure of ball-on-disk

wear testing. The partial peeling of the coating also caused the coef-
ficient of friction to increase. The coefficients of friction of the C1, C2
and C3 coatings were 0.71, 0.70 and 2.31, respectively. The C2 coat-
ing exhibited better wear resistance than the other two coatings
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C1 and C3). High-magnification SEM images of the Fe- and O-rich
reas that are shown in Fig. 10(e) indicate that the crystalline struc-
ures of iron oxides were induced. According to the EDS analysis in
ig. 10(a–c) and XRD analysis, no Fe was present in the plasma-
prayed coatings. The Fe must originate from the steel balls that
ere used during ball-on-disk testing. More BN was present in the
2 coating than in the C3 coating, as previously described in this
rticle. A greater amount of the h-BN phase was transformed into
he a-BN phase, as indicated in Fig. 7. The formation of a-BN phase
hat was induced in the C2 coating caused trace amounts of Fe to be
ransferred from the ball surfaces to the wear track of the C2 coat-
ng surface during ball-on-disk testing. The results indicate that the
e- and O-rich areas on the wear tracks of the coatings were crys-
alline in structure. This suggests that the wear properties of Ni–Al
oatings can be improved with the addition of BN by blending.

. Conclusions

This study has investigated the structural evolution of
ickel–aluminum (Ni–Al) alloys following the addition of hexag-
nal boron nitride and deposition using atmospheric plasma
praying. The major results of this study are summarized as follows:

. Ni–Al/h-BN powders can be mixed and co-deposited as plasma-
sprayed coatings.

. The h-BN material displays lower degrees of crystallization along
(0 0 0 2) after the MA  process or plasma spraying. The thermal
and impact forces that are introduced during plasma spraying
can cause the h-BN phase to transform into amorphous boron
nitride.

. h-BN was found to exhibit a lubrication effect and provide a bet-

ter tribological property when it was added to Ni–Al by blending.

. When h-BN was decomposed into small particles which were
imbedded in the splat boundaries, it would cause the splat struc-
ture to peel off and results in a poor wear property.

[
[
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jallcom.2011.05.095.
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