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Cr3;C,-NiCr coatings were deposited by high-velocity oxygen fuel (HVOF) spraying process under spray
conditions of different flows of oxygen and propane gases, and spray distances. The orthogonal regres-
sion experimental design method was used for systematic investigation of the influence of spray
parameters on the erosion performance of Cr;C,-NiCr coatings. Erosion tests were performed at dif-
ferent jet angles of abrasive particles. The erosion mechanism of Cr;C,-NiCr coatings was examined
through the surface morphology and cross-sectional microstructure of the eroded coatings. The corre-
lations of the carbide particle size and carbide content with the erosion rate were examined. It was found
that the erosion occurred dominantly by spalling of splats from the lamellar interfaces. The spalling
resulted from the propagation of cracks parallel to the interfaces between the lamellae exposed to the
surface and underlying coating. The carbide particle size and content in the coating influenced signifi-
cantly the erosion performance of Cr;C,-NiCr coatings.

Keywords Cr;C,-NiCr coatings, erosion mechanisms, ero-
sion performance, high-velocity oxygen fuel
(HVOF)

1. Introduction

Chromium carbide coatings are widely applied to the
parts subjected to high-temperature wear and erosion
(Ref 1-11). Tt is usually considered that the wear and
erosion resistance of cermet coatings are predominatingly
influenced by its microstructures including the splat size,
carbide particle size, carbide content and carbide distri-
bution within a splat, and the cohesion between the splats
(Ref 11-14). On the other hand, the microstructure of
high-velocity oxygen fuel (HVOF)-sprayed cermet coat-
ings is significantly influenced by the microstructure of
starting powder, spray system, and spray conditions (Ref
15-22). Previous studies suggested that the coatings with a
higher amount of fine carbides embedded exhibit a better
wear performance (Ref 13, 14). Recently, HVOF spray
process is preferably used to deposit cermet coatings such
as Cr3C,-NiCr, WC-Co, etc. This is because the coatings
deposited by the HVOF process exhibit high density, low
porosity, and excellent adhesive strength with much more
carbide particles retained in the matrix of the cermet
compared with plasma spraying process (Ref 15, 17).
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In HVOF process, however, the coating microstructure,
which dominates the wear performance of the coatings, is
significantly influenced by starting materials (Ref 12-14),
spray systems (Ref 15, 16), and spray parameters including
flows of oxygen and fuel gases and spray distances (Ref 17-
19). Therefore, many studies have been conducted to
optimize the compositions of starting materials and the
spray conditions of HVOF Cr;C,-NiCr coatings for anti-
wear and anti-erosion applications (Ref 12-17). Since dif-
ferent HVOF systems have different operating parameters
and different parameter ranges, it is essential to under-
stand the main microstructural features which control the
erosion of coatings and mechanisms of erosion. Further-
more, the understanding of correlations between the spray
parameters and coating microstructure will benefit the
optimization of coating erosion performance. Although
many papers were involved in the investigation of erosion
of Cr3C,-NiCr coatings, the erosion mechanisms of HVOF
Cr3C,-NiCr coatings were still insufficiently understood.

The purpose of this paper is to examine the erosion
behavior and mechanism of HVOF-sprayed Cr;C,-NiCr
coatings through investigating systematically the effects of
spray parameters including fuel gas flow, oxygen flow, and
spray distance on the erosion performance based on the
orthogonal regression experimental design method. The
correlations between hard carbide phase and erosion rate
were also examined to reveal its effect on the erosion of
the coatings.

2. Materials and Experimental Procedure

2.1 Materials

Commercially  available  sinter-crushed  Cr;C;-
25 wt.%NiCr powder with a particle size range of
10-55 pm was used in this experiment. The powder
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exhibited an angular shape as shown in Fig. 1. Mild steel
plates of dimensions of 50 x 60 x 4.5 mm were used as
substrates which were sand-blasted using 20-mesh alumina
grits before spraying.

2.2 Coating Deposition

Cr;C,-NiCr coatings were prepared using the HVOF
spray system (CH-2000) developed in Xi’an Jiaotong
University. A detailed description of the system can be
found elsewhere (Ref 23). Propane and nitrogen gases
were used as fuel and powder carrier gases, respectively.
The flows of oxygen and propane, and spray distance were
changed in five levels according to the orthogonal exper-
imental design. The values of parameters corresponding to
each level are given in Table 1. The pressures of propane,
oxygen, and nitrogen were fixed at 0.4, 0.55, and 0.35 MPa
during spraying, respectively. The detailed experimental
conditions are shown in Table 2.

2.3 Characterization of Microstructure

Microstructures of the starting powder and coating and
morphologies of the eroded coating surfaces were exam-
ined by scanning electron microscopy (SEM). The thick-
ness of as-sprayed coatings was in the range of 200-
300 um. The mean particle size and volume fraction of
carbides in the as-sprayed coatings were measured from
the cross-sectional SEM micrographs through an image
analysis method. The porosity of coatings was estimated
from the density difference between the ideal and actual

Fig. 1 Morphology of the Cr;C,-25wt.%NiCr powder

Table 1 Spray parameter levels and values

Mark of level 0, flow, L/min C;Hg, L/min S.D., mm
+1 526 45.8 258.6
+1 510 443 250

0 447 37 210

-1 382 29.6 170

-1 368 28.1 161.4

S.D.: Spray distance

coatings. The actual density was evaluated by the weight
and volume of a sample. The theoretical density of the
coating was calculated using the densities of the constit-
uents of ideal coating without porosity according to the
calculation method for composites.

2.4 Erosion Test

Erosion resistance of Cr;C,-NiCr coating was tested by
a blast erosion tester as shown schematically in Fig. 2. A
compressed air was used as an accelerating gas of erosive
particles. In this tester, an accelerating nozzle has a
diameter of 3.6 mm and a length of 22 mm. The pressure
and flow rate of the compressed air were fixed to 0.35 MPa
and 141 L/min. 60-mesh alumina grits with a microhard-
ness (Hvo ;) of 1940 kgf/mm? were used as the abrasives.
The jet angles (o in Fig. 2) of erosive particles with respect

Compressed air ~ Abrasives

/ Inlet of abrasives

Inlet of compressed gas

Fig. 2 Schematic of the erosion tester

Table 2 Arrangement of parameter levels and
experimental results

Levels Erosion rate,
mg/g
Exp.No. 0, GCiHg SD. Y4 Yoy Hvgs, kgf/mm?
1 1 1 1 0.625 0.978 814
2 1 1 -1 0.613 1.545 868
3 1 -1 1 0.688  1.40 598
4 1 -1 -1 0.603 1.115 705
5 -1 1 1 0.528 0.938 745
6 -1 1 -1 0.528 1.138 891
7 -1 -1 1 0.555 1.223 576
8 -1 -1 -1 0.585 1.258 583
9 r 0 0 0.585  1.203 610
10 -1 0 0 0.50 1.218 719
11 0 r 0 0.49 1.148 763
12 0 -1 0 0.545  0.995 581
13 0 0 r 0.558 1.04 535
14 0 0 -1 0.48 0.988 661
15 0 0 0 0.49 0.905 723

Y.;: Erosion rate at 30°; Y,,: erosion rate at 90°
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to coating surface were changed from 30° to 90°. The
distance from the nozzle exit to the center of sample
surface was 100 mm to permit all erosive particles
impacting on coating surface. The erosion test was per-
formed successively with 20 g abrasives at one test and the
coating weight loss was measured after each test. The
erosion rate was estimated based on the linear relation
between the weight loss of the coatings and the weight of
the abrasives used at a stable erosion state, and deter-
mined by the average value of ten tests.

3. Results and Discussion

3.1 Microstructures of the Starting Powder
and Coating

It was clearly shown in Fig. 1 that the powder particles
used in the present study had an angular shape. Exami-
nation of cross-sectional microstructure of powder re-
vealed that the powder particle had a dense
microstructure with small angular Cr;C, particles aggre-
gated by NiCr alloy matrix, as shown in Fig. 3. The mean
carbide size in the starting powder is about 6.4 pm. Fig-
ure 4 shows a typical cross-sectional microstructure of
HVOF-sprayed Cr;C,-NiCr coating. It can be found that
the coating exhibits a typical lamellar structure which is
formed by the stacking of splats elongated in the direction
parallel to substrate surface. Most carbide particles within
the as-sprayed coating still presented an angular shape and
the NiCr binder phase was composed of complex phases,
such as amorphous phase, nanocrystallines, and micro-
crystallines which were revealed by transmission electron
microscopy examination as reported elsewhere (Ref 24).
The porosities of all coatings estimated from density dif-
ference were less than 1.0%.

3.2 Erosion of HVOF Cr3;C, Coatings

Figure 5 shows a typical erosion test result representing
the change of the coating weight loss with increasing
number of test. It was found that the coating weight loss

Fig. 3 Cross-sectional microstructure of the CrzC,-25wt. %NiCr
powder
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almost increased linearly with the increase of abrasive
weight under a jet angle of 90°. A linear relation between
coating weight loss and abrasive weight used was ob-
served. When the test was performed at a jet angle of 30°,
the similar linear relation was achieved after erosion using
about 40 g abrasives. The erosion rates (Y.y) at individual
jet angles were obtained from the slopes of the linear
relation between weight loss of the coatings and the
weight of abrasives.

Figure 6 shows effect of jet angle on the erosion rate for
the coatings deposited under conditions from No. 9 to 15
as shown in Table 2. It can be found that the erosion rate
increased with the increase of jet angle of erosive particles.
Under 90° impact the erosion rate reached to a maximum
value for all coatings. Such characteristic was typical for
thermally sprayed ceramic coatings (Ref 25). This fact
implies that the erosion of HVOF Cr;C, coating presents a
behavior similar to that of brittle materials (Ref 26).

Fig. 4 Typical cross-sectional structure of HVOF Cr;C,-NiCr
coating

140
Jet angle: d
120l Jetangle: .
O '//
100 OO0 L
300/
/

x
o
N

W_ (mg)

(o)
[«

L

0 20 40 60 80 100
W, (®)

Fig. 5 Change of coating weight loss (We,) with weight of
abrasives (W,)
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Fig. 6 Effect of jet angle of abrasive particles on erosion rate of
HVOF Cr;C,-NiCr coatings

For all coatings deposited using spray conditions as
shown in Table 1, the erosion rates at both 30° and 90°
were measured. The results were shown in Table 2. Those
results clearly revealed that erosion rate of HVOF Cr;C,-
NiCr coating was significantly influenced by spray
parameters. However, it was also found that the effect of
individual spray parameters on erosion rate was compli-
cated owing to the intereffect of spray parameters. To
examine the effects of individual spray parameters, the
following regression formulae for 30° and 90° were ob-
tained based on the experimental data (Ref 19).

Y = 4902 — 1.17X; — 4.64X, — 1.04X5 + 0.000824.X X,
4 0.00062X1 X5 — 0.00183X,.X; + 0.0012X7

4 0.0596.X7 + 0.00208 X7 (Eq 1)

Yoy = 945.4 — 379X, — 4.89X; + 0.825X3 + 0.011X, X>
—0.0432X,.X3 + 0.00387X7 + 0.119X7 + 0.00159X73
(Eq 2)

where X, X5, and X3 are oxygen flow, propane flow, and
spray distance, respectively. Y, and Y., are the erosion
rate at 30° and 90°, respectively. By use of those formulae,
the effects of spray parameters on erosion rate of the
coating can be systematically examined as follows.

3.3 Effect of Spray Parameters on the Erosion
at 30°

Figures 7, 8, and 9 show the influences of propane flow,
oxygen flow, and spray distance on erosion rate of the
coatings at a jet angle of 30°, respectively. Those results
were calculated from the orthogonal regression formula
(Eq 1). It can be found that the variations of the erosion
rate with the flows of both propane and oxygen follow a
concave curve. The coatings with a comparatively lower
erosion rate can be deposited using moderate flows of
oxygen and propane. It is evident from Fig. 9 that with an
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Fig. 7 Effect of propane flow on erosion rate of Cr;C,-NiCr
coating at jet angle of 30°. Spray distance: 180 mm
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Fig. 8 Effect of oxygen flow on erosion rate of CrzC,-NiCr
coating at jet angle of 30°. Spray distance: 180 mm

increase in spray distance the erosion rate decreases first
and then tends to increase significantly when spray dis-
tance increases to about 240 mm.

3.4 Effect of Spray Parameters on the Erosion
at 90°

Figures 10, 11, and 12 show the influences of propane
flow, oxygen flow, and spray distance on erosion rates of
the coating at a jet angle of 90°, respectively. It can be
found from Fig. 10 that propane flow influences less sig-
nificantly the erosion of the coating with the increase of
propane flow up to about 35 L/min although the erosion
rate shows a decreasing tendency. However, the erosion
rate tends to increase with a further increment of propane
flow. From Fig. 11 it can be recognized that the erosion
rate of the coating is decreased when oxygen flow increases

Journal of Thermal Spray Technology
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Fig. 9 Effect of spray distance on erosion rate of Cr3C,-NiCr
coating at jet angle of 30°. Flow of oxygen: 430 L/min
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Fig. 10 Effect of propane flow on erosion rate of CrzC,-NiCr
coating at jet angle of 90°. Spray distance: 180 mm

from 300 to 400 L/min. However, when the flow of oxygen
exceeds about 400 L/min, the further increase of oxygen
flow presents a comparatively less effect on the erosion
rate and the erosion rate increases slightly with the incre-
ment of oxygen flow. Figure 12 shows clearly that the
effect of spray distance on the erosion rate depends on the
other spray parameters. When propane flow is 44 L/min,
the erosion rate of the coating decreases with the increase
of spray distance. On the contrary, when propane flow is at
about 30 L/min, the increase of spray distance leads to the
increase of the erosion rate. Moreover, it is found that
when propane flow is at around 37 L/min, the erosion rate
is not significantly influenced by spray distance. Through a
close examination of the results indicated by Fig. 10 to 12,
it can be found that the flows of oxygen and propane, and
spray distance have certain intereffect on erosion perfor-
mance, especially with propane flow and spray distance.

Journal of Thermal Spray Technology

é

1.8k Flow of propane (I/min):
\

16 \ ----30
D ' s —37
S~ ’) ......
E rafN\y 44

N\

% 1.2 N
= N é
g 10 =
2
H 08

0.6

300 350 400 450 500
Flow of oxygen (I/min)

Fig. 11 Effect of oxygen flow on erosion rate of Cr;C,-NiCr
coating at jet angle of 90°. Spray distance: 180 mm
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Fig. 12 Effect of spray distance on erosion rate of Cr3C,-NiCr
coating at jet angle of 90°. Flow of oxygen: 430 L/min

Those relations between the erosion rate and HVOF spray
parameters have also been confirmed by the other Cr;C,-
NiCr coatings deposited by the other type of powders and
by different HVOF systems (Ref 27).

3.5 Erosion Mechanisms

Figure 13 shows a typical morphology of the coating
surface and cross-section after erosion test at 90°. From
the cross-sectional microstructure (Fig. 13a), substantial
cracks along the interface between the lamellar layer
exposed to coating surface and subsurface lamellar layers
were observed. It can be considered that such cracks ini-
tiate from the nonbonded lamellar interface area and
propagate along the lamellar interfaces under impact of
abrasives owing to relatively limited weak bonding. The
lamellar interfaces in a thermally sprayed ceramic coatings

Volume 16(4) December 2007—561

pamaInay Jead




3
=
2
]
c
w
8
Q

Fig. 14 Erosion morphology of Cr;C,-NiCr coating at 30°. (a) cross section and (b) surface

are only partially bonded together with over one-third of
the interfaces nonbonded (Ref 28, 29). The growth of
these cracks throughout whole interface area finally leads
to spalling of lamellae, which are exposed on coating
surface and subjected to direct impact of abrasives.
Meanwhile, the morphology examination of coating sur-
face after erosion showed that there also existed the evi-
dence of ploughing.

Figure 14 shows the morphology of the coating surface
and the microstructure of cross section of the sample
eroded at 30°. It can be observed that there are small
craters on the eroded surface formed by the peeling off of
carbides within matrix (Fig. 14b) and some narrow gouges
as well. Meanwhile, the chips and pits were evidently
found from cross section of the sample (Fig. 14a). This
result implies that the erosion of the coating occurs
through spalling of lamella owing to propagation of cracks
along lamellar interfaces and ploughing of NiCr matrix by
abrasives. The morphology examination of the eroded
surface also showed that the ploughing became more
evident with the decrease of jet angle of erosive particles.
However, taking the dependency of erosion rate on
impact angle into account, it can be considered that the
dominant erosion of HVOF-sprayed Cr;C,-NiCr coating
occurs through lamella spalling.

Therefore, examination of cross sections and surfaces
of eroded coating suggests that the erosion of HVOF-
sprayed Cr;C,-NiCr coating occurs through two mecha-
nisms. The first one is microcutting and ploughing of soft
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binder matrix by hard abrasives. With progress of erosion,
the harder carbide particles are exposed and then gouged
out by further impact of abrasive particles, which leads to
further removal of the matrix by cutting. This appears to
be a less-dominated mechanism, especially at high impact
angle.

The second one is lamella spalling resulting from cracks
propagation as shown in Fig. 15. The study of interla-
mellar bonding has revealed that only less than one-third
interface area is bonded together in plasma-sprayed
ceramic coatings (Ref 28, 29), while two-third interface
area between lamellae exists as interlamellar gaps which
can be considered as pre-existing cracks as well. Although
there is no any interface bonding data available for cermet
coating deposited by HVOF process, it may be reasonable
to consider HVOF cermet coating having a lamellar
bonding state comparable to plasma-sprayed ceramic
coating. This is because the lamellar bonding ratio of an
alumina coating deposited by detonation gun spray, which
is characterized as typical high-velocity spray process, was
lower than the plasma-sprayed coating (Ref 30). There-
fore, there could be substantial pre-cracks between
lamellae interfaces as shown in Fig. 15a. Under impact of
abrasive particles, the propagation of pre-cracks in the
form of lamellar interface gap occurs easily along lamellar
interface (Fig. 15b). Once these cracks interlink through
pre-existing non-bonded interface areas throughout the
whole lamellae interface, either a mono lamella or multi-
lamellae removal occurs (Fig. 15¢).

Journal of Thermal Spray Technology
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Fig. 15 Schematic of erosion behavior of Cr3C,-NiCr coating

Under the erosion at 90°, the contribution of the
microcutting to erosion will be limited. In the case that
single lamella spalling is a dominant erosion process, the
erosion rate of the coating will be inversely related to the
cohesion between splats and positively related to lamella
thickness (Ref 31, 32). During deposition of cermet coat-
ing by HVOF, lamella thickness depends directly on solid
carbide particle size (Ref 14, 18). Moreover, the higher
carbide content in lamella is associated with a more lim-
ited spreading of lamella during splatting, which results in
generation of more concentrated impact contact pressure
(Ref 33). As a result, it can be considered that the im-
proved cohesion between lamellae may be achieved with a
lamella of higher carbide content. Figure 16 shows the
effect of the ratio of mean carbide particle size to carbide
fraction on erosion rate at 90°. Both the mean carbide
particle size and carbide volume fraction were measured
from cross-sectional microstructure of the coatings. It is
evident that with the increase of the ratio the erosion rate
tends to increase. The result suggests that the coating with
less carbide content and large mean carbide particle size
will be eroded at a high erosion rate. This is because both
large carbide particles increase lamella thickness and
retention of high carbide content during solid-liquid two-
phase droplet may enhance the cohesion between lamellae
(Ref 34).

On the other hand, the examination into the effect of
carbide content reveals that the carbide content in the
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Fig. 17 Effect of carbide content on the erosion rate at (a) 30°
and (b) 90°

coating exhibits influence on the erosion rate at 30° and
90° as shown in Fig. 17(a) and (b), respectively. It is clear
that with the increase of carbide content in the coating the
erosion rate decreases. This is because increasing carbide
content enhanced the ability of the coating to resist cutting
wear and cohesion between lamellae as well. Moreover, it
is obvious that the influence of carbide content on erosion
performance is more significant at 30° than 90°. There-
fore, at low impact angle the microcutting may contribute
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significantly to the erosion, although splat spalling was
evidently observed as shown by Fig. 14. As the jet impact
angle increase, the action of vertical momentum of erosive
particles will increase. Consequently, the erosion of the
coating will be changed from microcutting-ploughing and
lamella spalling mechanisms to lamella spalling-controlled
mechanisms.

The above results exhibit that erosion performance of
cermet coating is influenced by spray parameters through
carbide content and size. The previous study showed that
the rebounding off of large carbide particles is mainly
responsible for carbon loss during HVOF of Cr;C,-NiCr
(Ref 35). The well melting of spray particles results in thin
splats and subsequent easy rebound-off of carbide parti-
cles (Ref 14). Therefore, it can be considered that the
spray conditions under which melting and velocity of spray
particle is improved tends to deteriorate erosion perfor-
mance of HVOF Cr;C,-NiCr coating through decreasing
carbide content. On the other hand, the preferable
rebounding off of large carbides tends to decrease mean
carbide particle size, which may enhance the erosion
performance of the coating.

Since the tendency of rebounding-off of solid carbide
particle on droplet impact increases with carbide particle
size (Ref 14-18), the high carbide content can be easily
obtained by spray particles of small size of carbide (Ref 17).
Therefore, it can be considered that deposition of Cr;C,-
NiCr coatings using feedstocks of small carbide particles
aggregated densely can contribute to a high carbide
retention and also small carbide particle size, and conse-
quently an improved erosion performance of HVOF Cr;C,-
NiCr coatings.

4. Conclusions

The effect of spray parameters on the erosion perfor-
mance of HVOF-deposited Cr3C,-NiCr coatings was sys-
tematically investigated using the orthogonal regression
experimental design method. The erosion mechanism of
the coating was examined through the cross-sectional
microstructure and surface morphology of the eroded
coating. It was clear that the erosion rate of Cr;C,-NiCr
coatings increased with increase of the abrasive impact
angle and reached to a maximum value at 90°. The erosion
performance of Cr3C,-NiCr coatings was significantly
influenced by the flows of both propane and oxygen gases.
The effect of spray distance on the erosion rate depended
on flows of propane and oxygen. The spalling-off of
lamellae from the interlamellar interface was mainly
responsible for the erosion of HVOF Cr;C,-NiCr coatings
at relatively high erosion angles. The micro-cutting,
gouging, and carbide peeling out occurred in a low-angle
erosion besides lamellae spalling. The size and content of
carbide particles in the coatings significantly influenced
the erosion behavior. The small carbide particles may lead
to reduction of lamella thickness and consequently an
improved erosion performance. Therefore, it is considered
that the erosion performance of HVOF Cr;C,-NiCr

564—Volume 16(4) December 2007

coating may be improved by using feedstock of small size
of carbides.
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