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Abstract

Nanostructured ceramic matrix composite coating was prepared in-situ by reactive plasma spraying micro-sized Al-Fe,O3; composite
powders. The microstructure, toughness and Vickers hardness of these coatings were investigated by X-ray diffraction, scanning electron
microscopy, transmission electron microscopy and mechanical tests. The results indicated that the coating exhibited nanostructures
which consisted of FeAl,O4, Al;O3, Fe (or Fe solid solution) and a little FeAl. The composite coating showed significantly higher
toughness and wear resistance than the conventional Al,O3 coating.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Coating is a unique way to tailor the surface properties
of a component to suit a specific environment without
sacrificing the bulk characteristics. Thermal plasma tech-
nology is increasingly applied to a variety of materials
processing applications [1-3]. Thermite reactions have
become important in the synthesis of refractory ceramic
and composite materials and in the preparation of ceramic
coatings in metallic pipes [4]. The thermite reaction
between Fe,O; and Al has been extensively studied and
developed to be applied in welding, producing composites
and fabricating alumina coatings inside metal pipes under
centrifugal force [5-7]. Because of the large exothermic
heat, the thermite reaction can generally be initiated locally
and can become self-sustaining, which makes their use
extremely energy efficient. Reactive plasma spraying com-
bines plasma spraying with self-propagating high-tempera-
ture synthesis to produce in-situ composite coatings [8—11].
In recent years, development of nanocrystalline/nanostruc-
tured coating has attracted significant scientific and indus-
trial interest. It is generally believed that, because of their
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ultrafine structures, the coatings would exhibit novel
properties compared to traditional materials and open up
opportunities for new technological applications [12—14].
In the present paper, the formation of an in-situ high-
performance nanostructured ceramic matrix composites
(CMC) coating toughed by metallic phase through reactive
plasma spraying microstructured Al/Fe,O3; composite
powders was investigated. The microstructure and
mechanical properties of the as-sprayed nanostructured
CMC coating and traditional Al,O5 coating were carefully
characterized and compared.

2. Experimental procedures

The present investigation is based on the following
reaction:

Fe;O03+2A1— Al,O3+2Fe+836 kJ

The reagents used in this study consisted of commercial
powders of Al and Fe,O;. The pure Fe,O; power is
produced by Tianjin Third Chemical Reagent Co., Ltd.,
China. The average particle size of Fe,O; powder is about
0.6-0.8 um. The pure Al powder is made by Anshan Iron
and Steel Fine Aluminum Powder Co., Ltd., China and the
average particle size is 4-5 um. Fe,O5 and Al powders were
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wet-mixed thoroughly by grinding with addition of poly-
vinyl alcohol as binder using a mortar in a molar ratio
of 1:2. The feedstock powders employed in this work were
engineered to exhibit similar particle size distribution
(50-75 um) in order to generate similar values of particle
temperature and velocity in the spray jet. The substrate
is carbon steel (0.14-0.22 wt% C) which was machined
into sample of 30 mm x 25 mm x 10 mm. The steel was
degreased and grit-blasted by using alumina grit with a
pressure-operated machine to give a surface roughness
(Ra > 25 pm) immediately before spraying. A bond coat-
ing of Ni—10 wt% Al self-melting alloy with thickness about
100 pm was deposited onto the carbon steel substrates in
order to increase the adhesive strength between the composite
coating and the substrate. The as-prepared Al-Fe,Oz; com-
posite powders and conventional microstructured monolithic
Al,O3 powder were then plasma sprayed onto the bond coat-
ings for about 300 um in thickness respectively. The coating
was sprayed using GDP-2 type 50 kW plasma spraying device
made by Jiu Jiang Spraying Device Company, China. Fig. 1
shows the schematic drawing of the reactive spraying process.
The spraying processing parameters are given in Table 1.
Powder morphology, surface and cross-section topogra-
phy of the coatings were examined using the PHILIPS
XL30 scanning electron microscope (SEM) equipped with
energy dispersive X-ray spectroscopy (EDS). The Philips
X,-pert MPD X-ray diffraction instrument with Cu Ka
target was used to identify the phases and compositions of
the composite powders and the coating. The microstruc-
ture of the coating was characterized by transmission
electron microscope (TEM, Philips Tec- nai F20). The
microhardness was determined on the polished cross-
section of the coatings by a HX-1000 Microhardness tester
under an indent load of 100 gf with a dwell time of 15s.
An average of 10 tests was used as an indicator of the
coating hardness. Relative toughness of the coatings is
expressed by crack extension force (G,) calculated from
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Fig. 1. Schematic of the reactive plasma spraying gun.
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Table 1
Process parameters of plasma spraying.

Eq. (1) [15]
G.=6.115 x 1074(d*P/c) (1)

where, G.: the crack extension force (J m~?); a: the impres-
sion half-diagonal (m); P: the indentation load (N); ¢: the half
of the total length (tip-to-tip) of the major crack.

The wear volume was determined using the wear track
data measured by the profile meter. Commercial GCrl5
steel rings (HRC 62) were used to rotate in contact with
each block sample. At least three specimens were tested for
each load to obtain the average value.

3. Results and discussion

3.1. Characterization of the composite powders

Fig. 2(a) shows the BSE images of the Al/Fe,O;
composite powders. It is found that the powders present
quasi-spherical shape after reconstitution process. The
average particle diameter of the composite powders is
about 50 um. In the powder, the Al particulates are
uniformly clad by fine Fe,Oj3 particles, which will be
beneficial to the thermite reaction between Fe,O; and Al
particles and thus the homogeneous composition distribu-
tion of the coating is obtained. The XRD pattern of the
composite powders is presented in Fig. 2(b). From which,
it is clearly observed that the composite powders consisted
of Fe,O5 and Al phases, and no other phases are detected,
which indicates that the composite powders kept high
stability during the reconstitution process.

3.2. Phase and microstructure analysis of the CMC coating

Fig. 3(a) shows the XRD pattern of the CMC coating.
It is found that the coating is composed of FeAl,Oy4, Fe,
Al,O; and a little FeAl, the main phases are Fe and
FeAl,O4 spinel. No pure Al or Fe,O; phase can be
detected in the coating, which means Al and Fe,O3 have
reacted completely. Fig. 3(b) shows the BSE images of
cross-section morphology of the CMC coating. The coat-
ing presents a typical lamellar microstructure with little
porosity and these splats are tightly stacked. It can be seen
that the CMC coating contains four distinctive regions,
namely white region (A), light grain region (B), dark grain
region (C) and black region (D), which are uniformly
overlapped. The EDS results of corresponding regions are
shown in Table 2. From the EDS and XRD results, it can
be found that the white region (zone A) is Fe-rich phase;

Ar H, Input Voltage Spray distance The anode nozzle internal Injector nozzle Injector Carrier gas flow
(L/min) (L/min) current (A) (V) (mm) diameter (i.d.) (mm) i.d. (mm) position rate (L/min)
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Fig. 2. SEM micrograph and XRD pattern of the Fe,O3/Al composite powders: (a) BSE micrograph; (b) XRD pattern.
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Fig. 3. (a) XRD patterns of the CMC coating, (b) BSE micrograph of cross-sectional CMC coating.

Table 2
Corresponding EDS results of four regions in Fig. 3b.

Fe (at%) Al (at%) O (at%)
A 91.33 3.29 5.38
B 27.34 33.79 38.87
C 11.97 49.37 38.66
D 5.95 52.81 41.24

the gray zones B and C are FeAl,Oy4-rich phases and the
black zone D is Al,Os-rich phase. Thus, it can be
concluded that the microstructure of the CMC coating
consists of phases with different morphologies. As the
matrix, the gray FeAl,O4rich phase possesses lamellar splat
microstructure. As second phases, the granular Fe-rich metal
particles and the black thin lamellar splats of Al,Os-rich
phase are embedded into the FeAl,O4-rich phase matrix.
The TEM bright field images and the corresponding
selected area diffraction (SAD) patterns of the CMC coating
are displayed in Fig. 4. The CMC coating consists of a large
number of nano-sized grains with different morphology,
which are on the order of tens of nanometers to hundreds
of nanometers. Fig. 4a shows equiaxed micrograins (diameter
about 50-200 nm) and columnar grains (diameter about
50-100 nm) in the composite coatings. Fig. 4b is the higher
magnified TEM micrograph of the columnar nanograins.
The SAD patterns of two microstructures are indexed to
be FeAl,O4. There are a lot of spherical grains (size about

50-100 nm) which are embedded in the FeAl,O4; matrix
(Fig. 4a). The SAD pattern of the spherical grain suggests
that spherical grains are a-Fe phase (Fig. 4c). There are also
a lot of spherical grains with the size about 10-60 nm
embedded in the matrix (Fig. 4d), and the SAD pattern
indicates that these spherical grains are y-Al,O3;. The TEM
characterization revealed a lot of spherical a-Fe and y-Al,O4
nano-grains embedded in the equiaxed and columnar
FeAl,O4 nano-grains matrix.

3.3. Microhardness and toughness

With increasing applied loads which ranged from 100 gf
to 1000 gf, the Vickers microhardness of the coating
exhibits a slow drop-down tendency from 895 Hvq to
775 Hvqp99 as shown in Fig. 5.

It is obvious that such phenomenon reveals a typical
indentation size effect (ISE) [16]. Due to presence of softer
FeAl,04 and Fe phases in the coating, the microhardness of
the CMC coating is 895 + 15 HV, which is lower than that of
conventional microstructured monolithic Al,Oz coating
developed using plasma spraying process (1070 4+ 40 HV).
The calculated crack extension force of CMC coating is
approximately 10.1 J/m?, which is 20% higher than that of
the nanostructured Al,Os;+ 13%TiO, coating (8.4 J /mz) and
twice higher than microstructured AlL,Os coating (5.4 J/m?)
deposited by plasma spraying process. Fig. 6(a) and (b) show
Vickers-hardness indentations of the Al,O; coatings and
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Fig. 4. TEM morphology of the reactive plasma sprayed composite coating (a) spherical nanocrystalline and equiaxed FeAl,04 nano-grains, (b)
columnar FeAl,O4 nano-grains, (c) spherical o-Fe nano-grains, (d) spherical y-Al,O3; nano-grains.
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Fig. 5. Dependence of Vickers microhardness values at different loads for
the CMC coating.

composite coatings at load of 100 gf. It can be seen that the
Al,O5 coating is broken along the edge of the indentation
impression (Fig. 6a), and multiple cracking is present around
the indentation impression. However, few microcracks are
formed around the indentation impression on the CMC
coating (Fig. 6b). The indentation impression with clear
shape and fewer microcracks on the CMC coating exhibits
more ductile behavior than Al,O; coating. It is known that
Al,O5 is a hard but brittle phase, and stress concentration
and fine cracks can easily form when the Al,O; coating
withstand the pressure. In contrast, the presence of tough and
ductile Fe phase in the CMC coating can efficiently prevent
the stress concentration and absorb the fracture energy. It is
confirmed that combination of the nanostructured ceramic

and the ductile Fe phase can improve the ductility of the
ceramic coating.

3.4. Fractographic characterization of the CMC coating

The SEM micrographs of the fracture surfaces of the
Al,O3 coating and CMC coating are shown in Fig. 7.
There are two morphologies in Al,O5 coating, one is the
facet as shown in A of Fig. 7(a) and the other is typical
step which is formed in the process of cleavage fracture
and shown in B of Fig. 7(a). Al,O; particles do not
completely melt during the plasma spraying, causing the
lower bonding strength of the coating. The rapture exhibits
the facet micrographs which are similar to the intercrystal-
line cracking formed in the particles or in the lamellar
splat. Hence, the fracture mode of the Al,O5 coating that is
mainly composed of cleavage fracture is brittle fracture.

It can be seen from Fig. 7(b) that the lamellar splats of the
CMC coating are thinner and better-knit than that of the
Al,Oj3 coating. The CMC coating exhibits more ductile mode
of fracture compared with the Al,O; coating, which is
illustrated by relatively larger number of dimples (Fig. 7(b)
A and B) in the fractograph possibly left by the extracting of
the metallic Fe particles. The B and C areas of Fig. 7(C) are
the residue of the rapture metal particles. Fig. 7(c) is BSE
micrograph of the fracture corresponding to the area of B
and C in Fig. 7(b). Some metal particles are involved in the
fracture of the coating, and the other particles are extracted
from the matrix during the fracture process. The in situ
synthesized metal second phase particles dispersed in the
coating can service as micro-absorbers to prevent the stress
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Fig. 7. Micrographs of the fracture surfaces of coatings (a) Al,O; coating,
(b) CMC coating, (¢) BSE micrographs of CMC coating, (d) high
magnified fracture micrograph of CMC coating.

concentration and absorb the fracture energy. When loads
are put on the coatings, the micro-absorbers will generate the
plastic deformation in a certain degree.

Furthermore, dispersed metal particles can work as
bridge between the ceramic matrix to buffer and deflect
microcrack propagation [15], as shown in Fig. 7(b).
Accordingly, the microcracks had to walk a farther route
when they bypass the metal phase. Compared with the
monophase ceramic material, the in situ synthesized metal
second phase will lead to complex fracture behavior that
mixed intergranular and transgranular fracture modes (see
in Fig. 7(b)) due to the composite microstructure of mixed
metal and ceramic phase mixture. The dissipation of
energy originated from the plastic deformation of the
metal second phase is considered as the most essential
toughening factor. Additionally, the relatively higher frac-
tion and homogeneous dispersion of metal phase in the
CMC coating will devote to toughness enhancement.

3.5. Frictional wear test

Fig. 8 shows the wear volume of Al,Oj; coating and
CMC coating against GCrl5 steel at different loads. With
increasing loads, the wear volumes of the two coatings
increase. The wear volume of the CMC coating is lower
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Fig. 8. Wear volume loss of the composite coating and Al,O3 coating
plotted as a function of loads.

than that of the AIl,O; coating under the same load,
especially under high load. The wear volume of the
CMC coating is only 1/2 of that of Al,Os coating under
normal load of 500 N. The preferable toughness of the
CMC coating remarkably improves its wear resistance.
The in situ synthesized metal second phase particles
dispersed within the coating can efficiently prevent the
stress concentration and absorb the fracture energy.

Tribological heat produced by friction during testing is
difficult to diffuse, so it will concentrate on the real contact
area of friction pairs, which will raise the temperature of
the Al,O5 coating quickly and accelerate the wear of the
Al,Oj3 coating [16]. Metallic phase Fe in the CMC coating
is an excellent conductor of heat, so the temperature
increase of the CMC coating is relatively low, which led
to the lower wear volume of the CMC coating. It is known
that the smaller the grain size, the higher the external stress
required to induce grain boundary cracking and grain
pulling out [17]. Refining the coating microstructure to
nanostructure will improve the ductility of the CMC
coating [18]. The enhanced grain boundary adhesive
strength between second phases and matrix due to in situ
natural formation of all phases is also contributing to the
better wear resistance of the CMC coating compared with
the Al,O; coating [19]. Therefore, the CMC coating
presents excellent wear resistance.
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4. Conclusion

Nanostructured ceramic matrix composite coating was
successfully deposited in-situ by reactive plasma spraying
micro-sized Al/Fe,O3; composite powders. The composite
coating exhibited dense microstructure with a number of
spherical a-Fe and y-Al,O3 nano-grains embedded in the
equiaxed and columnar FeAl,O4 nano-grains matrix, and
it was found that the in situ synthesized metal phase was
helpful to toughen the coating matrix. The composite
coating exhibited excellent toughness and anti-friction in
comparison with conventional Al,O; monophase coating,
though its microhardness value was a little lower than that
of Al,O3 coating, which were attributed to the nanostruc-
ture of the composite coating and the inclusion of ductile
metallic phase of Fe in the composite coating.
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