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Abstract Four kinds of chromium carbide composite
coatings were successfully prepared on the surface of TC4
titanium alloy by plasma spraying Cr,O3-Al-SiC composite
powder. The effects of SiC content in composite powder on
the microstructure and properties of the as-prepared coat-
ings were investigated. The results showed that the desired
phases of Cr,Cs, CrSi, and Al,O3 were synthesized in situ
through the reactions among Cr,0O;, Al and SiC powders.
However, due to the different content of each phase in
coatings, the microstructure and properties were different.
When the SiC content increased from 5 to 12 wt.%, the
porosity of the coatings decreased, and the microhardness
and toughness increased. Continue to increase SiC content
to 19 and 30 wt.%, the porosity of the coatings increased,
and the microhardness and toughness decreased. When the
SiC content was 12 wt.%, the as-prepared coating had the
lowest porosity (3.20%), the highest microhardness (1262.2
HV,.1) and the best fracture toughness (3.3 MPa m”2) due
to the higher reaction degree and better melting state of the
composite powders in the plasma jet.
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Introduction

Transition metal carbide chromium carbide (Cr;Cs) has
high melting point, high hardness, good corrosion resis-
tance and excellent high-temperature stability. Using Cr,C3
as coating material has obvious advantages. Due to its
excellent physical and chemical properties, it can be
applied to the surface of metal or alloy through various
surface technologies, so as to improve the service life of
wear-prone components (Ref 1-3). Cr;C; coating has broad
application prospects in the field of material protection
(Ref 4). Because of the high melting point of Cr,;Csj, it is
prone to oxidation and decarburization in high-temperature
environment. Moreover, Cr;Cs has the inherent brittleness
of ceramic materials, so single-phase Cr,C; powder is
rarely used as coating material alone, but mostly used as
reinforcing phase or combined with other alloy phases or
ceramics to improve coating performance. Liu et al. (Ref 5)
used plasma jet cladding technology to prepare a coating
on a Q235 carbon steel substrate using Ni-Cr-C elemental
powder blends. The coating was composed of primary
coarse blocky carbide Cr,C; and the inter-blocky tough y-
Ni/Cr,C; eutectic matrix. The composite coating had high
hardness and excellent wear resistance in dry sliding wear
test. Niu et al. (Ref 6) prepared Ni3Si-Cr;C; composite
coating on AISI 1020 steel substrate by self-propagating
high-temperature synthesis (SHS) casting route and
explored the effect of phase composition in the coating on
the microhardness and dry sliding wear behavior of the
coating. The results showed that the high hardness of the
composite coating was due to the existence of Cr,C3 phase.
The microhardness of the coating increases significantly
with the increase of Cr,Cs volume fraction. Zhu et al. (Ref
7) prepared Cr,Cs-(Ni, Cr)3(Al, Cr) coating by HVOF. The
major phases of the as-prepared coating were Cr;C; and Cr
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alloyed Nis;Al. With the increase of Cr;C; content, the
room temperature microhardness of the composite coating
increased. When the Cr,C; content was too high, the room
temperature hardness will decrease because the hard cera-
mic phase lacks the support of the binder phase.

In order to reduce the brittleness of chromium carbide,
an important way is to prepare multiphase ceramic coating.
Compared with single-phase ceramics, multiphase ceram-
ics not only have better hardness, but also have better
fracture toughness. The fracture toughness of ternary
composites is higher than that of binary composites (Ref
8, 9). Composite coating combines the advantages of each
phase, and its performance is significantly better than that
of single-component ceramic coating (Ref 10). Transition
metal silicides are widely used as high-temperature struc-
tural materials due to their good high-temperature oxida-
tion resistance, high-temperature creep strength and high-
temperature acid corrosion resistance (Ref 11). Chromium
silicide (CrSi,) is an important silicide. First, its melting
point (1490 °C) is relatively low, which can fill the pores
and cracks of the as-prepared coating and reduce the
porosity of the as-prepared coating (Ref 12); second, the
SiO, glass formed in high-temperature oxidation atmo-
sphere has good oxidation resistance (Ref 13); third, the
thermal expansion coefficient (TEC) of CrSi;
(10.5 x 10° k1) and Cr,C; (10.0 x 107° k') is similar,
which can reduce the thermal stress in the coating during
the cooling process of thermal spraying and reduce the
generation of cracks. By introducing low melting point
component chromium silicide into the coating, not only the
brittleness of chromium carbide can be reduced, but also
the overall thermal shock resistance and high-temperature
oxidation resistance of the coating can be improved. Ma
et al. (Ref 14) used Cr-SiC composite powder as raw
material to prepare Cr;C3;-CrSi, composite coating by
plasma spraying technology. The results showed that Cr
and SiC in Cr-SiC composite powder had obvious chemical
reaction. The as-prepared coating included chromium car-
bide (Cr,C5 and Cr3C,) and chromium silicide (CrSi,). The
coating structure was uniform and dense, with high hard-
ness (1003.3 HVj;), low wear rate and good toughness.

Atmospheric plasma spraying (APS) technology is a
suitable choice for preparing high-quality ceramic coatings
because of its low cost, flexible process and wide variety of
sprayable materials (Ref 15, 16). Atmospheric plasma
spraying combined with self-propagating high-temperature
synthesis technology is reactive plasma spraying (RPS)
technology. RPS is based on the reactions between the
sprayed materials and surrounding reactive gases in the
plasma or mutual reactions with constituents in feedstock
powders. In recent years, RPS has been widely used to
prepare ceramic matrix composite coatings (Ref 17-22).
RPS has great advantages. It can form fine and uniformly

dispersed stable hard phase in situ, and can prepare multi-
performance and high-quality composite coatings with
cheap raw materials (Ref 23, 24). Since the powders of the
target component are not sprayed directly, the component
of the precursor powder has a great impact on the type of
the synthesized target product and the quality of the pre-
pared coating. Xu et al. (Ref 25) prepared TiB,-TiC-Al, O3/
Al composite coatings on the surface of magnesium alloy
substrate by reactive plasma spraying Al-TiO,-B,4C system.
The results showed that with the increase of Al content, the
coatings became much denser, but the microhardness of the
coatings gradually decreased. The composition of precur-
sor powder has a great influence on the microstructure and
properties of the coating.

In the present investigation, the precursor composite
powder of Cr,O3-Al-SiC aluminothermic reaction system
was used to prepare chromium carbide composite coating
by atmospheric plasma spraying technology. In this system,
the high exothermic property of the thermite reaction
between Cr,O3 and Al is conducive to the full melting of
powder particles, and the by-product Al,O; can also
improve the hardness and wear resistance of the coating
(Ref 26). By changing the SiC content in Cr,03-Al-SiC
composite powder, four different coatings were prepared
under the same process parameters. The effects of SiC
content on the microstructure and properties of the as-
prepared coatings were investigated. This study can pro-
vide some reference experience for the development of
reactive plasma spraying and the preparation of chromium
carbide composite coating.

Experimental Materials and Characterization
Methods

In this study, commercial available Cr,O3 powder (Hebei
Xingtai Huana Metal Materials Co., Ltd.), Al powder
(Angang Industrial Fine Aluminum Powder Co., Ltd.) and
SiC powder (Shandong Weifang Kaihua Silicon Carbide
Powder Co., Ltd.) were selected as raw materials. The
particle size of Cr,O3 raw powders was between 1 and
2 pm, the particle size of Al raw powders was between 6
and 9 pm and the particle size of SiC raw powders was
between 1 and 3 pm. Equation (1) was the aluminothermic
reaction equation of Cr,O3 and Al at precise stoichiometric
ratio. Here, on the premise of ensuring that the molar ratio
of Al and Cr,0O5 was 2:1, the content of SiC was changed to
mix the powders. Four groups of Cr,0O3-Al-SiC composite
powders with different SiC content were prepared by spray
drying technology. The proportion of raw materials in the
composite powders is shown in Table 1. CASS, CAS12,
CAS19 and CAS30 represented the composite powders
with SiC content of 5, 12, 19 and 30 wt.%, respectively.
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Table 1 Proportion of raw materials in Cr,O3-Al-SiC composite
powders

Composite powders (wt.%) Cr,03 Al SiC
CASS 70 25 5

CAS12 65 23 12
CAS19 60 21 19
CAS30 52 18 30

The coatings prepared by the four groups of composite
powders were marked as CCASS, CCAS12, CCAS19 and
CCAS30, respectively.

Cr,03 + 2Al = Al,O3 4 2Cr (Eq 1)

TC4 (Ti6Al4V) titanium alloy (Beijing Qianshuo Non-
ferrous Metal Products Co., Ltd., China) was selected as
the matrix, and the sample size was 10 mm x 10 mm Xx

12 mm. The substrate was gristblasted to obtain a clean
and rough surface before spraying. The GP-80 type plasma
spraying system (Jiujiang Spraying Device Co., Ltd,,
China) was used to prepare the coatings. NiCrAlY powder
(Hangtian Zhenbang Technology Co., Ltd.) was sprayed on
the surface of the substrate as a bonding layer to reduce the
residual stress caused by the TEC mismatch and increase
the bonding strength between the coating and the substrate.
NiCrAlY powder consists of 72.5 wt.% Ni, 17 wt.% Cr, 10
wt.% Al and 0.5 wt% Y, with particle size of -
200 ~ 4 500 mesh. The plasma spraying parameters of
the coatings are shown in Table 2.

The phase compositions of the composite powders and
coatings were determined by x-ray diffractometer (Rigaku
DMAX-2500) with Cu Ko radiation. The working mode of
the diffractometer was continuous scanning, the power was
6 kW, the scanning speed was 4°/min and the scanning
range was from 20 to 80°. The scanning electron micro-
scope (SEM, Hitachi S-4800) equipped with the EDAX-
AMETEK energy spectrometer (EDS) was used to char-
acterize the morphology of the powders and the cross-
sections of the coatings. Image analysis method was used
to analyze the porosity of the coatings, with 10 cross-sec-
tional scans at 500 x magnification selected on each
coating. The hardness of the coating was measured using a
microhardness tester (SHIMADZU HMV-2) with Vickers
diamond pyramid indenter. The load was 0.1 kgf, and the
dwell time was 15 s. In order to reduce the error, the
average value of 20 points was selected as the hardness
value of the coatings. The toughness of the coatings was
analyzed by the indentation method at 0.5 kgf and 2 kgf,
and the dwell time was 15 s. Under 2 kgf load, the radial
cracks in the indentation corners were well developed and
repeatable. Three points of each coating were randomly
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selected, and the indentation half-diagonal and crack length
of each indentation were measured and averaged. The
fracture toughness was calculated as follows (Ref 27, 28):

P a
Kic = 0.079mlog(4.5 ;) 0.6 <c/a<45 (Eq 2)

where P is the applied load (N), a is the indentation half-
diagonal and c is the crack length from the center of the
indent.

Results and Discussion

Phase and Microstructure Analysis of Composite
Powders

Figure 1 shows the XRD pattern of CAS12 composite
powders obtained by spray drying. The composite powders
were composed of Cr,Ojz, Al and SiC phases. Figure 2
shows the SEM micrographs of CAS12 composite powders
and the element composition of the area A in Fig. 2(b). The
powders were spherical with smooth surface and dense
structure. The particle size was about 30-60 um and evenly
distributed. The composite powders had good surface
quality and no obvious defects. These powders had good
fluidity, which were conducive to atmospheric plasma
spraying (Ref 29). Figure 2(c) shows that the element
composition of the powder was Cr, Al, O, C and Si. The
constituent elements of the composite powders were the
same as the raw powders. Combined with the XRD results
in Fig. 1, it can be further determined that the composite
powders were composed of Cr,0O3, Al and SiC.

From the above analysis, it can be seen that the com-
posite powders prepared by spray drying technology had no
phase transition. Spray drying ensured good agglomeration
and uniform distribution of raw powders, which can avoid
the separation of raw powders in the plasma jet. Each
agglomerated particle was a substantial SHS reaction unit
during spraying, and its agglomerated structure was con-
ducive to the ignition of SHS reaction in RPS process and
the adequate conduct of the reaction during spraying, so as
to form a composite coating with uniform structure in situ
(Ref 20).

Phase Analysis of Composite Coatings

Figure 3 shows the XRD patterns of the coatings prepared
by four groups of Cr,O3-Al-SiC composite powders. The
relative contents of each phase in the four coatings were
calculated according to the reference intensity ratio (RIR)
of the characteristic peak, and the results are shown in
Table 3. The calculation method is as follows:
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Table 2 The plasma spraying

parameters of the coatings Parameters NiCrAlY bond coating Composite coating
Arc voltage (V) 60 70
Arc current (A) 500 500
Primary gas flow rate (Ar, dm’ /min) 120 150
Second gas flow rate (H, dm?® /min) 30 30
Powder flow rate (L/min) 0.4 0.4
Spraying distance (mm) 100 100
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Fig. 1 XRD pattern of CAS12 composite powders

/s
A
K3

W,: relative content of A phase, I,: integral intensity
value of the strongest diffraction peak of A phase and K4 :
reference intensity ratio (RIR) value of A phase.

It is shown from Fig. 3 that the Cr,C3, CrSi, and Al,O5
phases were synthesized in situ in plasma jet. The reaction
can be expressed as Eq. 4. However, Cr3C,, Cr3Si and CrSi
by-products were also formed in this process, indicating
that the reaction of Cr,O3-Al-SiC system in the plasma jet
was relatively complex (Ref 14). In the Cr-C system, the
Gibbs free energy of Cr;C, (AGy= — 112.9 kJ/mol) is
higher than that of Cr,C5 (AG; = — 209.2 kJ/mol), and the
most stable Cr3Ce¢ (AGf = — 481.2 kJ/mol) should be
formed by low-temperature aging treatment (Ref 6). Cr3C,
and Cr,C; are orthogonal structures with similar mechan-
ical properties. Their uniform distribution in the coating
can improve the microhardness of the coating. As we all
know, the preparation of coating by plasma spraying is a
process of high temperature, high speed and rapid cooling.
The reaction between reactant powders in the spraying
process is uncontrollable to a certain extent, the reaction
products are diverse and it is easy to form metastable and
amorphous phases. The obtained coating presents a

Wy =

(Eq 3)

multiphase heterogeneous metastable lamellar structure.
The literature (Ref 21) also had relevant reports on the Al-
Cr,05 aluminothermic reaction system. Without the addi-
tion of SiC, the plasma sprayed Al-Cr,O3 system not only
reacted to produce Cr and Al,Os, but also generated the
continuous solid solution (Al, Cr),O5; phase of Al,O5; and
Cr,0;. The (Al, Cr),05 phase was not found in this study,
which may be due to the addition of SiC changing the
direction of the reaction. The literature (Ref 30) pointed out
that the reaction products of thermite reaction system are
closely related to the composition of reactants, reaction
degree and cooling conditions.

17Cry05 + 34Al + 12SiC = 4Cr;C3 + 6CrSiy 4+ 17A1,05
(Eq 4)

As shown in Table 3, with the increase of SiC content in
the composite powder, the content of SiC in the coating
also increased gradually. There were more raw materials
Cr,05 and Al in CCASS coating, and the desired phases of
Cr,C; and Al,O3 was less, which indicated that the reaction
of CASS5 composite powder in plasma jet was insufficient,
so that a large amount of Cr,O; and Al was remained.
Since the adiabatic temperature of the reaction between
Cr,O5; and Al is greater than 1800 K, the reaction can
proceed spontaneously. The insufficient reaction may be
due to the addition of 5 wt.% SiC inhibited the reaction. As
the SiC content in the composite powder increased to 12
wt.%, the content of Cr,O5 and Al in the coating decreased,
and the content of y-Al,O3 and Cr;C; increased. This was
because increasing the amount of SiC allowed SiC to fully
react with the aluminothermic reaction product Cr to pro-
duce chromium carbide and chromium silicide. The reac-
tions can be expressed as (5), (6) and (7). This process
consumed the reaction products of aluminothermic reaction
and promoted the forward progress of the reaction.
CCAS19 and CCAS30 coatings had a large amount of SiC,
indicating that a large amount of SiC was not involved in
the reaction. This showed that when the SiC content was 12
wt.%, the reaction was relatively sufficient.

17Cr + 6SiC = 2Cr,C; + 3CrSi, (Eq 5)
32Cr + 6SiC = 2Cr;C; + 6Cr3Si (Eq 6)
10Cr + 38iC = CrsC; + 3CrSi (Eq 7)
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Fig. 2 SEM micrographs and EDS pattern of CAS12 composite powders: (a) SEM of CAS12 composite powders, (b) high magnification of

(a) and (c) EDS pattern of area A

Microstructure Analysis of the Chromium Carbide
Composite Coatings

Figure 4 shows the cross-sectioned SEM image of the
coatings prepared by Cr,03-Al-SiC composite powder with
different SiC content. In the process of plasma spraying,
the feedstock powders melted in the plasma jet and reac-
tions occurred in the droplets. The reacted droplets crashed
onto the surface of substrate at a high speed, followed by
rapid spread and solidification on the substrate to form the
lamellar and splat-like structure (Ref 25). From Fig. 4(a),
(c), (e) and (g), it can be seen that the as-prepared four
coating samples showed obvious three layers. The upper
layer was ceramic coating, the middle layer was bonding
layer and the bottom layer was TC4 titanium alloy sub-
strate. As shown in Fig. 4(b), (d), (f) and (h), the wave
lamellar structure of the coatings becomes less and less
obvious with the increase of SiC content. In particular,
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CCAS30 coating (see Fig. 4(h)) had large holes and cracks,
and almost no lamellar structure can be observed. The
microstructure of the four coatings was mainly composed
of black, dark gray and light gray areas. Table 4 shows the
EDS results for the three areas shown in Fig. 4(d). Black
area A was mainly rich in Al and O, light gray area B was
mainly rich in Cr, C and O and dark gray area C was rich in
Cr and Si. Combined with the XRD results of the coating, it
can be known that the A region was mainly composed of
Al,O3 and Al, B area was mainly composed of Cr;Cs,
Cr3C, and Cr,O; and C area was mainly composed of
various Cr-Si compounds.

It is shown from Fig. 4(b) that CCASS coating was
relatively dense, with obvious lamellar structure. Accord-
ing to the XRD in Fig. 3(a) and the phase content calcu-
lation results in Table 2, it was known that a large amount
of Al (10.6 wt.%) remained in the coating. The melting
point of Al was low, which provided a good liquid envi-
ronment in the plasma jet and promoted the spread of the
droplets. However, some pores formed by volume
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Fig. 3 XRD patterns of four coatings: (a) CCASS, (b) CCAS12, (¢) CCAS19 and (d) CCAS30

Table 3 Phase content

calculation results of four Coatings Phases, wt.%

coatings Cr,03 Al SiC  Cr,C;  CrsC,  v-ALO;  CrSi,  CrsSi CrSi
CCASS 28.7 10.6 2.1 16.6 8.0 12.8 4.4 6.6 10.2
CCAS12 7.8 4.3 3.8 31.0 10.5 27.5 5.1 3.3 6.7
CCAS19 6.4 8.9 29.2 10.8 27.9 6.1 3.7 7.0
CCAS30 6.2 14.7 26.9 10.3 26.3 4.6 2.9 8.1

shrinkage during solidification of droplets can also be
observed. With the SiC content in the composite powder
increasing, it can be seen that the structure of CCASI2
coating was evenly distributed and dense. The coating had
obvious lamellar structure, and there were almost no holes
in the coating, and the overall quality of the coating was
good. When the SiC content in the composite powder
increased to 19 wt.%, Al disappeared and the SiC content
in the coating increased. From Fig. 4(e) and (f), it can be
seen that the lamellar structure of the coating became
thicker, the number of pores increased significantly and the
coating quality decreased. After further increasing the
content of SiC in the composite powder, the compactness
of CCAS30 coating was very poor, there were many

unmelted particles in the coating and the lamellar structure
was not obvious. According to the phase content calcula-
tion results in Table 2, there was a large amount of SiC
(14.7 wt.%) remained in the coating. Yeh et al. (Ref 31)
carried out SHS experiment on compressed samples pre-
pared from Cr,03-2Al-ySi (y = 0.67-4.0) powder mixtures.
The results showed that with the increase of Si content, the
combustion wave velocity decreased, and the adiabatic
temperature of the system decreased from 1960 to 1575 K.
This showed that with the increase of Si content, the heat
released by aluminothermic reaction will decrease.
Through calculation, it can be seen that the adiabatic
temperature of Cr and SiC reaction is less than 1800 K, the
reaction cannot be self-sustaining and the external energy
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Fig. 4 Cross-sectional
micrographs of four coatings: (a)
(a) CCASS3, (c) CCAS12,

(e) CCAS19, (g) CCAS30, (b),
(d), (f) and (h) high
magnification of (a), (c), (e) and

(@

Table 4 EDS results of the area shown in Fig. 4(d)

Elements(wt.%) Cr Si C Al (6]

A 8.80 0.72 4.70 47.93 37.86
B 73.04 1.54 12.00 1.03 12.39
C 42.76 36.13 9.40 4.07 7.64

must be continuously provided for the reaction (Ref 14). In
this study, the excess SiC in the CAS30 raw material
powder led to the reduction of the heat released by the
aluminothermic reaction. On the one hand, it was not
conducive to the reaction between Cr and SiC, and on the
other hand, the melting point of SiC (2700 °C) is high, and
the presence of a large amount of SiC led to insufficient
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pores

100pm

100pm

melting of the powder system. When the droplets with
unmelted particles crashed the substrate, they were not
fully spread. The accumulation of a large number of
unmelted particles led to high porosity of the coating. The
coating showed the characteristics of loose microstructure
and poor quality.

Figure 5 shows the porosity of the four coatings. The
porosity of the coating is an important indicator of the
quality of the coating. The formation of pores in APS
coating is mainly due to the following reasons (Ref 32, 33):
One is the gas in the droplets did not escape from the
deposits, the second is the volume shrinkage of droplets
during solidification and the third is the incomplete overlap
of droplets when they crashed the substrate. With the
increase of SiC content, the porosity of the composite
coatings decreased first and then increased. The porosity of
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Fig. 5 Porosity of four coatings

CCASI12 coating was the lowest, only 3.20%, and the
porosity of CCAS30 coating was the highest, which was
12.45%. When the SiC content was low (5 wt.%), there
was more Al remained in the coating. The volume
shrinkage caused by solidification of a large amount of
molten Al was so serious that the porosity of the coating
was high. When the SiC content was high (19 and 30
wt.%), there was more unreacted SiC in the coating. The
existence of unmelted particles made the droplets spread
inadequately, resulting in high porosity. The quality of
APS coating has a great relationship with the melting state
of feedstocks and the characteristics of molten raw material
particles (Ref 34). With the increase of SiC content in the
composite powder, the reaction degree and melting state of
the feedstocks will change during the plasma spraying
process, resulting in the coating quality increased first and
then decreased. It can be concluded that the composition of
composite powder plays an important role in regulating and
controlling the structure of the coating.

Formation Mechanism of the Chromium Carbide
Composite Coatings

Combining the characteristics of the reactant powders, the
XRD results of the coatings and the cross-sectional SEM of
the coatings, the qualitative mechanism of the reaction of
Cr,05-Al-SiC composite powder in the plasma jet during
plasma spraying can be proposed, as shown in Fig. 6. After
the feedstock particles enter the plasma jet, the Al with low
melting point first melts. Molten Al wraps unmelted Cr,03
and SiC, providing a good liquid-phase environment for the
reaction system and making full contact between compo-
nents. The preferential formation of molten phase not only
enhances the interaction between reactants, but also leads
to the densification of the final coating. Then, Al reacts

with unmelted Cr,O5 (2435 °C) to form Cr and Al,O3. The
heat released by the reaction and the heat of plasma jet are
superimposed to promote the melting of powder particles
and accelerate the reaction. Then, Cr reacts with SiC to
produce chromium carbide and chromium silicide. Finally,
driven by the plasma flow, the molten droplets quickly
crash the substrate, resulting in deformation, diffusion and
finally cooling and solidification. Multiple droplets accu-
mulate continuously on the surface of the substrate and
finally form a coating. The reaction process of the four
groups of composite powders in the plasma jet is the same,
and they all experienced four processes: melting, diffusion,
reaction and deposition. However, due to the different
content of SiC in the composite powder, the microstructure
of the coating obtained is different.

Performance Characterization of the Chromium
Carbide Composite Coatings

Microhardness Analysis of the Chromium Carbide
Composite Coatings

The microhardness of coating is mainly affected by two
factors: One is the phase of the coating, and the other is the
microstructure of the coating. Generally, the increase of the
content of hard phases in the coating contributes to the
increase of microhardness, and the increase of the coating
density contributes to the increase of microhardness (Ref
35). The average microhardness of CCASS5, CCASI12,
CCAS19 and CCAS30 coatings was 821.1 HV, 1262.2
HVy.1, 1029.6 HV,; and 820.4 HV, 4, respectively. It can
be found that with the increase of SiC content, the average
microhardness of the coatings first increased and then
decreased. The CCASI12 coating had the highest micro-
hardness. Because the ceramic coating prepared by plasma
spraying is a kind of heterogeneous material, the indenta-
tion will encounter different microstructure at different
positions. The microhardness value will vary with the
indentation position. Therefore, the average value of
microhardness cannot really reflect the characteristics of
hardness. Using Weibull distribution can more accurately
describe the microhardness distribution of coating. The
Weibull distribution of the microhardness values of the
four coatings and their corresponding fitted straight lines
are shown in Fig. 7. The higher the slope of the fitted
straight line, the more uniform the microstructure distri-
bution of the coating and the more stable the performance
of the coating. With the increase of SiC content, the slope
of the fitted straight lines first increased and then
decreased. The slope of CCASI12 coating (9.5) was the
highest, indicating that the microhardness distribution of
CCAS12 coating was more uniform, and the coating
quality was more homogeneous.
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Fig. 6 Formation mechanism
diagram of the coatings
prepared by plasma spraying
Cr,05-Al-SiC composite
powders
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Fig. 7 Weibull distribution of the microhardness values and corresponding fitting straight lines of four coatings: (a) CCASS, (b) CCASI12,

(c) CCAS19 and (d) CCAS30

When the SiC content was 5 wt.%, the reaction degree
of CASS5 composite powder was low, and a large amount of
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Al remained in the coating. Although the total content of
hard phase Cr;C3 and Cr;C, in the coating reached 24.6
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wt.%, a large amount of Al diluted the overall hardness of
the coating. When the SiC content was too high (19 and 30
wt. %), there was a large amount of unmelted SiC in the
coating. The microstructure of the coating was loose and
the porosity was high. The non-uniformity of phase dis-
tribution and the existence of defects in the coating made
the microhardness of the coating discrete, so the average
microhardness of the coating decreased. When the SiC
content was 12 wt.%, the coating structure was uniform
and dense, and the hard phase was evenly distributed, so it
had high microhardness.

Toughness Analysis of the Chromium Carbide Composite
Coatings

The indentation fracture examination of the coatings was
carried out with a load of 0.5 kgf and a load of 2 kgf.
Figure 8 shows the indentation morphology of four coat-
ings under 0.5 kgf load. Under the same magnification, the
indentation area of CCAS12 coating was obviously the
smallest, which is consistent with the results of micro-
hardness. As shown in the figure, the indentation of the
four coatings was relatively intact, without large radial
cracks. However, some small cracks can be seen on the
edges of the indentation of CCASS, CCAS19 and CCAS30
coatings, and the edges of the indentation of CCAS30
coating were warped. No obvious cracks were observed
around the indentation of CCAS12 coating. This shows that
the CCAS12 coating had better toughness.

Figure 9 shows the crack morphology at the indentation
corner of the coatings under 2 kgf load. After increasing

Fig. 8 Indentation micrographs
of four coatings (load 0.5 kgf):
(a) CCASS, (b) CCAS12,

(c) CCAS19 and (d) CCAS30

the load, obvious cracks appeared on the indentation edge
(marked by blue arrows) and corner (marked by yellow
oval) of the four coatings. There was obvious collapse and
warping around the indentation of CCAS19 and CCAS30
coatings. The fracture toughness of CCASS5, CCASI12,
CCAS19 and CCAS30 coatings was calculated to be 2.8,
3.3, 2.5 and 1.7 MPa m"?, respectively. CCAS5 and
CCAS12 coatings had higher fracture toughness than
CCASI19 and CCAS30 coatings, and CCAS12 coating had
the best fracture toughness.

There are two reasons for the poor toughness of
CCAS19 and CCAS30 coatings. One is that there are a
large number of unmelted or semi-melted particles in the
coating, resulting in poor compactness of the coating. The
other is that there is a large amount of unreacted SiC in the
coating. SiC ceramics have obvious brittleness. The pres-
ence of large amounts of SiC in the coating reduces
toughness of the coating (Ref 36, 37). Due to complete
reaction and full melting of composite powder, CCAS12
coating had homogeneous and dense structure. Uniform
and dense coating structure contributes to reduce stress
concentration and improve crack propagation force (Ref
19). Therefore, CCAS12 coating had high toughness.

Conclusions

Four groups of Cr,0s3-Al-SiC composite powders with
different SiC content (5, 12, 19 and 30 wt.%) were pre-
pared by spray drying technology; then, four kinds of
chromium carbide composite coatings were successfully

Cracks

s

Cracks ot
¢

30pum 30um
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Fig. 9 Crack morphology at
indentation corner of four
coatings (load 2 kgf):

(a) CCASS, (b) CCAS12 R s

(c) CCAS19 and (d) CCAS30

prepared on the surface of TC4 titanium alloy by plasma
spraying. The effects of SiC content on the microstructure
and properties of the coatings were investigated. The
conclusions are as follows:

(1) The four groups of composite powders obtained by
spray drying had obvious reactions in the plasma jet,
and the desired phases of Cr;Cs;, CrSi, and Al,O3
were produced in the coatings with some by-
products. When the SiC content was 5 wt.%, the
reaction of the raw powders in the plasma jet was not
sufficient, and a large amount of raw powders Cr,03
and Al was remained in the coating. When the SiC
content was 12 wt.%, the reaction was relatively
sufficient, and the residual raw powders were less.
When the SiC content was 30 wt.%, there was a
large amount of unreacted SiC in the coating.

(2) With the increase of SiC content, the porosity of the
coatings decreased first and then increased. When
the SiC content was 12 wt.%, the microstructure of
coating was uniform and dense, and the coating had
the lowest porosity of 3.20%.

(3) With the increase of SiC content, the microhardness
and toughness of the coatings first increased and then
decreased. When SiC content was 12 wt.%, the
coating had the highest microhardness (1262.2
HVy) and the best fracture toughness (3.3 MPa
m'’?). This was attributed to the high content of hard
phase, low porosity and uniform and dense structure
of the coating.

@ Springer
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