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Abstract In situ nanostructured ceramic matrix com-
posite coating toughened by metallic phase was fabricated
by reactive plasma spraying micro-sized Al-Fe,O3; com-
posite powders. The microstructure of the composite
coating was characterized by X-ray diffraction, scanning
electron microscopy, and transmission electron micros-
copy, respectively. The adhesive strength, microhardness,
toughness, and wear resistance of the composite coating
were explored. The results indicated that the composite
coating exhibited dense microstructure with a lot of
spherical «-Fe and y-Al,03 nano-sized grains embedded
within the equiaxed and columnar FeAl,O, nano-grains
matrix. The adhesive strength, toughness, and wear resis-
tance of the composite coating were significantly enhanced
despite its lower microhardness compared with the micro-
sized Al,O3 coating, which were attributed to the inclusion
of ductile metallic phase Fe in the composite coating and
the nanostructure of the composite coating.

Introduction

Surface coating is a unique method to tailor the surface
properties of metal component to suit specific environment
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without sacrificing the bulk characteristics of the metal
component [1, 2]. Ceramic coating material is well-known
for its superior features, such as high hardness, excellent
wear, corrosion, chemical, and thermal resistance [3].
However, its application is limited due to its brittleness and
poor machining property. Therefore, many toughening
methods have been put forward, in which the inclusion of
second phases into ceramic coating material was widely
used and investigated [4]. Ceramic matrix composite
(CMC) coatings exhibited enhanced toughness and wear
resistance compared with monolithic ceramic coatings [5].
In recent years, increasing efforts have been directed
toward the synthesis of nanostructured materials because
novel and attractive properties can be expected [6, 7].
Nanostructured CMC coatings have been considerably
investigated and reported to possess superior adhesion,
toughness, spallation, wear, corrosion, and thermal resis-
tance compared to their conventional coarse-grained coun-
terparts [8—10]. A number of techniques have been attempted
to produce nanostructured coatings, such as physical vapor
deposition, chemical vapor deposition, ion implantation,
magnetron sputtering, electrodeposition, laser cladding,
thermal spraying, cold spraying, etc. [7, 11-15]. Among the
possible processes, reactive plasma spraying (RPS), which
combines plasma spraying with self-propagating high-tem-
perature synthesis to produce in situ composite coatings, has
received much attention in recent years [16, 17]. The prin-
ciple of RPS is based on the reaction between feedstock
materials or between feedstock materials and surrounding
reactive gases present in the plasma. RPS has been used to
fabricate thick coatings with improved properties, for
example MoSi,/SiC, TiN, Ti-TiN, Fe-TiC, FeCr-TiC,
NiCr-TiC, NiCr—Cr;C,, etc. [16-23]. However, to the best
knowledge of the authors, there is little information about the
synthesis of nanostructured CMC coating using RPS.
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In this article, we report an efficient method that uses
reactive plasma spraying micro-sized Al-Fe,O3; composite
powders to prepare in situ high-performance nanostructured
CMC coating toughened by metallic phase. The micro-
structure and properties of the as-sprayed nanostructured
CMC coating were characterized, and the indentation
impression and fracture surface of the CMC coating was
carefully analyzed. It is worth noting that the major advan-
tage of this processing route is its simplicity and cost effec-
tiveness which may rapidly lead to mass production and
commercial application of nanostructured coating materials.

Materials and methods

Reactive plasma spraying in this investigation is based on the
thermite reaction of Al-Fe,O5 system. As-received powders
are Fe,O5 (analytical grade, Tianjin Third Chemical Reagent
Co., Ltd., China) with average grain size about 0.6-0.8 pum
and Al (99.9% grade, Anshan Iron and Steel Fine Aluminum
Powder Co., Ltd., China) with average grain size about
5 pm. The micrographs of the starting powders (Al and
Fe,03) were shown in Fig. 1. The Al powders were spheri-
cal, and the Fe,O3 powders were finely granular. The molar
ratio of Fe,O5 and Al powders was 1:2. Fe,O3 and Al pow-
ders were wet-mixed by 99-1A electromotion blender for
12 h using absolute alcohol as the mixing media and poly-
vinyl alcohol as binder, and then the powder mixture was
dried at 150 °C and sieved through the sieve of 200-300
mesh. The carbon steel (0.14-0.22 wt%C) coupons were
used as substrates. A bond coating of Ni—10wt%Al self-
melting alloy with thickness about 50-100 pm was plasma
deposited onto the substrates. The as-prepared Al-Fe,O3
composite powders and conventional micro-sized mono-
lithic Al,O5 powders (Fig. 2) were then plasma sprayed onto
the bond coatings for about 300 pm in thickness, respec-
tively. The plasma spraying parameters were shown in
Table 1. The phase constitution of the composite powders
and as-prepared coatings was characterized by X-ray dif-
fraction (XRD, Philips X’-Pert MPD) with Cu Ko radiation.

A scanning electron microscope (SEM, Philips XL30/TMP)
equipped with X-ray energy dispersive spectroscope (EDS)
was employed to characterize the morphologies of the
composite powders, the cross-sections, fracture surfaces,
and indentation impressions of the coatings. The micro-
structure of the coating was characterized by transmission
electron microscope (TEM, Philips Tec-nai F20). The
adhesive strength of the coatings (average of three mea-
surements per coating) was measured by tensile adhesion
tests according to ASTM C 633-01 [24]. The microhardness
was determined on the polished cross-section of the coatings
by a HX-1000 Microhardness Tester under an indent load of
100 g with adwell time of 15 s (ten indents for each sample).
Relative toughness of the coatings was expressed by crack
extension force (G.) calculated from Eq. 1 [25]:

G. = 6.115 x 107*(a* - P/c?) (1)

where G, is the crack extension force (J m™2), a is the
impression half-diagonal (m), P is the indentation load (N),
c is the half of the total length (tip-to-tip) of the major crack.
Unlubricated sliding wear test was performed on an M-200
tribometer (Xuanhua Material Test Machine Co., Ltd.,
Xuanhua, China) using block-on-ring configuration in air at
room temperature according to ASTM G77-83 [26]. Com-
mercial heat-treated GCrl5 steel (0.95-1.05 wt%C, 1.30-
1.65 wt%Cr) rings (HRC 62) were used to rotate in contact
with the coating. The normal load on each block was 500 N.
The sliding velocity was about 0.4 m s™', and the sliding
time was 30 min. The wear volume was determined using the
wear track data measured by the profile meter, and three
specimens were tested for the average value.

Results
Characterization of the composite powders
The XRD pattern of the micro-sized Al-Fe,O3; composite

powders was shown in Fig. 3a, confirming that the com-
posite powders consisted of Al and Fe,0;. Figure 3b

Fig. 1 SEM micrographs of the Al powders (a) and Fe,O3 powders (b)
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50 pm

Fig. 2 SEM micrograph of the micro-sized Al,O3 powders

showed the SEM micrograph of the composite powders.
After reconstitution processing, quasi-spherical composite
powders had been obtained. The average particle size of
the composite powders was about 50 pm in diameter. Each
feedstock particle consisted of many micro-sized Al and
Fe,O3 granules. Such structure of the composite powders
provided homogeneous distribution of Al and Fe,Oj;.
Therefore, thermite reaction between Al and Fe,O3; may be
enhanced to prepare in situ composite with homogeneous
composition distribution [27].

Microstructure characterization of the CMC coating
XRD characterization of the CMC coating

The Al-Fe,O3; composite powders were then plasma
sprayed onto the substrate. Figure 4a showed the XRD

Table 1 The main plasma spraying parameters

pattern of the as-prepared coating, which indicated that the
as-prepared coating was mainly composed of FeAl,O,,
7-Al,O3 and a-Fe as a result of the thermite reaction
between Al and Fe,O; during plasma spraying. In addition,
it can be seen from Fig. 4a that the fundamental diffraction
peaks of the CMC coating were fairly broad, indicating that
a very fine grain structure was formed in the coating [28].

SEM characterization of the CMC coating

Representative cross-sectional back-scattered SEM micro-
graph of the CMC coating was shown in Fig. 4b. The cross-
sectional view of the CMC coating presented dense and
crack-free microstructure with little porosity and good
coating-substrate adherence. The porosity of the composite
coating was about 3.33 £ 1.02% measured by computerized
digital analysis. However, the porosity of the conventional
pure Al,Oj; coating prepared by plasma spraying is generally
about 5-10%. The CMC coating exhibited splat morphology
(lamellar structure), and the splats were very thin and well-
knit. The lamellar splat was derived from melted and spread
feedstock powders. The composite powders were better
melted during the plasma spraying process due to the high
temperature of the plasma jet and the heat released by the
reaction of Al-Fe,O; thermite system, which was sufficient
to raise the temperature of the feedstock powders to very high
value (>3000 K), above the melting points or even the boiling
points of reactants, intermediate, and final products [29]. The
melted powders, namely the splats, underwent strong spreading
and flattening when they impacted on substrate or previously
deposited coating due to the high velocity of non-equilibrium
plasma spraying process. Hence, the single splat in the CMC
coating was very thin and strong adhesion between the splats

Voltage Current Primary gas (Ar) Secondary gas (Hy) Spray distance
(V) (A) flow rate (L min~") flow rate (L min~ ") (mm)
Ni-Al coating 70 500 80 20 80-100
AlL,Oj3 coating 75 500 80 20 80-100
CMC coating 60 500 80 20 80-100
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was achieved [30]. Some studies revealed that the lamellar
bonding (splat adhesion) will determine the properties of
plasma sprayed coatings [31].

TEM characterization of the CMC coating

TEM micrographs and the corresponding selected area
diffraction (SAD) patterns and EDS results of the CMC

Yequiaxed grains

A

S0nm

70

coating were shown in Fig. 5. The CMC coating consisted
of a large number of fine grains with different morphology,
which were on the order of tens of nanometers to hundreds
of nanometers. There were equiaxed grains with size about
50-200 nm in the CMC coating (Fig. 5a). The EDS result
of “A” area in Fig. 5a (inserted image) exhibited that the
equiaxed grains contained Fe, Al, and O, and the SAD
pattern (from “A” area in Fig. 5a) of these equiaxed grains

51')herical 7-AL O3
nano-grains

Fig. 5 TEM micrographs and the corresponding SAD patterns and EDS results of the CMC coating: a equiaxed FeAl,O4 nano-grains,
b equiaxed and columnar FeAl,O, nano-grains, ¢ spherical o-Fe nano-grains, d spherical y-Al,O3 nano-grains
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was indexed to FeAl,O,. Moreover, there were also
columnar grains with diameter about 50-100 nm in the
CMC coating (Fig. 5b). The EDS result and the SAD
pattern (from “B” area in Fig. 5b) of these columnar grains
revealed that they were FeAl,O4. There were a lot of
spherical grains with size about 10-200 nm embedded
within the matrix (Fig. 5c). The EDS result and the SAD
pattern (from “C” area in Fig. 5c) revealed that these
spherical grains were o-Fe. There were also a number of
spherical grains with size about 10-60 nm embedded
within the matrix (Fig. 5d), and the SAD pattern (from
“D” area in Fig. 5d) indicated that these spherical grains
were y-Al,03. The TEM characterization results revealed
that the CMC coating presented a microstructure with a lot
of spherical «-Fe and y-Al,O3 nano-sized grains embedded
within the equiaxed and columnar FeAl,O, nano-grains
matrix. The achievement of dense and crack-free micro-
structure with metallic phase Fe and ceramic phase Al,O;
dispersed homogenously in FeAl,O, ceramic matrix will
be beneficial to impart the CMC coating high mechanical
properties.

Properties of the CMC coating

In order to evaluate the properties of the CMC coating,
adhesive strength test, microhardness test, toughness test,
wear test, indentation fracture examination, and fracto-
graphic study were carried out. Table 2 showed the prop-
erties of the CMC coating and conventional micro-sized

Adhesive strength, microhardness, and toughness

The adhesive strength of the CMC coating (26.2 MPa) was
higher than that of the Al,O3 coating (20.5 MPa). The
microhardness of the CMC coating was 900 HV, which
was lower than that of the Al,O3 coating (1070 HV) due to
presence of softer FeAl,0O4 and Fe phases in the coating.
However, the crack extension force (G.) of the CMC
coating and the Al,Os coating were 11.3 and 5.4 J m™2,
respectively, which indicated that the CMC coating pos-
sessed higher toughness (more than double) compared with
the Al,O; coating. The toughness-to-hardness (G.//HV)
ratio was considered proportional to the ductility of hard
materials [25, 32]. It can be seen (Table 1) that the CMC
coating presented higher G.//HV ratio (1.28) than that of the
Al,O5 coating (0.51), which suggested a more ductile
behavior compared with the Al,O5 coating.

Indentation fracture characterization of the CMC coating

Indentation fracture examination was performed on the
Al,Oj3 coating and the CMC coating, and the load applied
for the Al,O3 coating and the CMC coating was 0.98 and
4.9 N, respectively. Figure 6 showed the SEM micrographs
of the indentation impressions on the cross-section of the
Al,O5 coating and the CMC coating. It can be seen that the
Al,O5 coating was broken along the edge of the indentation
impression (Fig. 6a), and multiple cracking (marked by
arrows) was present around the indentation impression.

monolithic Al,Oj3 coating developed using plasma spraying. ~ However, few microcracks were formed around the
Table 2 Properties of the Al,O3 coating and the CMC coating
Adhesive Microhardness Microhardness G. [J m’z) G./HV Wear volume
strength (MPa) (HV) (GPa) (um)* (mms)
Al,O3 coating 20.5 £ 2.1 1070 £ 40 10.49 £ 0.39 54+15 0.51 231+£03
CMC coating 262 £ 1.7 900 =+ 30 8.82 + 0.29 113+ 1.8 1.28 0.78 £ 0.1

Fig. 6 Indentation impressions on the cross-section of the Al,O3 coating and the CMC coating at different loads: a the Al,O5 coating at load of

0.98 N and b the CMC coating at load of 4.9 N

@ Springer



7374

J Mater Sci (2011) 46:7369-7376

indentation impression on the CMC coating (Fig. 6b). The
well-shaped indentation impression and fewer microcracks
on the CMC coating, as compared with that on the Al,O;
coating, indicated that the CMC coating exhibited a more
ductile behavior on indentation than the Al,O3 coating. It is
known that Al,O; is hard but brittle phase, and stress
concentration and fine cracks easily form when the Al,O3
coating sustains impact and stress [33, 34]. The presence of
tough and ductile Fe phase in the CMC coating can restrain
crack propagation by virtue of stress releasing and blunt the
cracks. The CMC coating, therefore, showed improved
toughness compared with the Al,O; coating. Moreover, the
higher toughness of the CMC coating may also be attrib-
uted to existence of the nanostructure in the CMC coating.

Fractographic characterization of the CMC coating

The SEM micrographs of the polished cross-sections of the
two coatings were shown in Fig. 7. The SEM micrographs
of the fracture surfaces of the two coatings were shown in
Fig. 8. The Al,O3 coating had typical lamellar structure
and straight columnar grains (Figs. 7a, 8a). In addition,
there were many pre-existing micro cracks and voids
between splat boundaries and in the splats of the Al,O3

coating. The CMC coating, however, had dense micro-
structure (Figs. 7b, 8b). The lamellar splats in the CMC
coating were thin and well-knit. There were few micro-
cracks in the CMC coating but only some micro spherical
pores existed. Previous studies revealed that lamellar
microstructure, splat boundaries, pre-existing pores, and
cracks usually degraded the performance of plasma
sprayed coatings [31, 35]. The achievement of dense and
crack-free microstructure would be beneficial to impart the
CMC coating high fracture resistance. It can be seen from
Fig. 8b that the CMC coating exhibited more ductile mode
of fracture compared with the Al,O; coating, which was
illustrated by presence of relatively larger number of
dimples in the fractograph possibly left by the extracting of
the metallic Fe particles.

Wear resistance of the CMC coating

The wear volume of the Al,O; coating and the CMC
coating against GCrl15 steel was shown in Table 2. The
wear volume of the CMC coating was only one-third of
that of the Al,O; coating under normal load of 500 N,
which meant that the wear resistance of the CMC coating
was enhanced by a factor of two compared with the Al,O3

Fig. 8 SEM micrographs of the fracture surfaces of the Al,O; coating (a) and the CMC coating (b)
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coating. The superior wear resistance of the CMC coating
to that of the Al,O; coating may be attributed not only to
its higher adhesive strength and toughness but also to
existence of the nanostructure in the CMC coating [7, 10,
25], which is under further systematic investigation.

Discussion

The molar ratio of Al/Fe,Os5 in the composite powders was
2:1 in the present investigation, which will lead to reaction
products Al,O; and Fe under equilibrium condition
according to Eq. 2 [36],

2Al1 + F€203 = A1203 + 2Fe (2)

However, it had been pointed out that the chemical
composition and phases of the reaction products of Al-Fe, 03
thermite system were mainly dependent on the reactants
composition, reaction extent, and cooling conditions [29]. It
is well-known that the non-equilibrium plasma spraying
process is characterized by high temperatures (~ 10000 K),
high velocity (about 200 m s™'), and extremely high
cooling rate (about 10°-10% K s_l) [7, 15, 25]. Therefore,
the reaction products (FeAl,O4, Al,Os;, and Fe), which
were also reported in other non-equilibrium processing of
Al-Fe,0j5 thermite system [29, 37-39], were different from
that of the equilibrium reaction condition (Al,O5 and Fe). It
is known that FeAl,0,4 and Al,0; ceramic phases are hard
but brittle, while Fe metallic phase is tough and ductile.
Inclusion of metallic phase Fe in FeAl,O,4 ceramic matrix
may, therefore, improve the toughness of the ceramic coating
effectively.

The micro-sized Al,Os; feedstocks were dense and
angular. In spray process, the molten state, spread defor-
mation, and adhesion of micro-sized Al,O; feedstocks
were not as good as the self-reactive composite powders.
Therefore, many microcracks were formed in the Al,O3
coating due to the tensile residual stress generated during
the rapid cooling process (10°~10® K s™') and the inho-
mogeneous solidification of the droplets when spreading
out over the substrate [40]. When the load was applied on
the Al,O3 coating, cracks could be formed and propagate
along the pre-existing microcracks as well as lamellar and
columnar grain boundaries (GBs). However, the presence
of ductile Fe phase in the CMC coating could restrain crack
propagation by virtue of stress releasing and blunt the
cracks. Therefore, the CMC coating exhibited higher
toughness and fracture resistance compared to the Al,O3
coating. In addition, as pointed out in [41], grain and
interphase boundaries crucially influenced plastic flow and
fracture processes in nanocrystalline materials. During
plastic deformation, GBs in nanocrystalline materials
served as sources of partial lattice dislocations and cracks

often nucleated at and grew along interfaces. The nano-
crystalline in the CMC coating could play a significant role
in improving its fracture and spallation resistance, tough-
ness, and wear resistance.

Conclusion

1) By using reactive plasma spraying Al-Fe,O; com-
posite powders prepared by micro-sized Al and Fe,O3
powders, in situ nanostructured ceramic matrix com-
posite coating was synthesized. The composite coating
exhibited dense microstructure with a lot of spherical
o-Fe and y-Al,05; nano-sized grains embedded within
the equiaxed and columnar FeAl,O, nano-grains
matrix.

2) The adhesive strength, toughness, and wear resistance
of the nanostructured composite coating were signif-
icantly enhanced despite its lower microhardness com-
pared with the micro-sized Al,O3 coating, which were
attributed to the inclusion of ductile metallic phase Fe
in the composite coating and the nanostructure of the
composite coating.
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