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High-velocity oxygen/air fuel (HVO/AF) WC-17Co and WC-10Co4Cr coatings exhibit great potential in
the replacement of electrolytic hard chrome (EHC) plating, and comprehensive properties of such
coatings should be superior to those of electrolytic hard chrome plating. The impingement resistance of
HVAF WC-based coatings sprayed on 300M ultrahigh-strength steel was studied in this paper. As an
important property index, the fracture toughness of HVAF WC-based coatings was measured using the
microindentation method at loads of 9.8, 19.6, 24.5, 29.4, and 49.0 N, respectively. The cracks resulting
from stress concentration in the microindentation were analyzed. The impingement resistance for two
HVAF WC coatings and EHC was evaluated according to the ASTM D 3170 standard, and steel ball
free-fall experiment was performed at the height of 0.61, 1.52, 1.83, 2.36, and 2.59 m, respectively. The
cracks caused by both impingements were analyzed using scanning electron microscopy (SEM) and
optical microscopy (OM) in comparison with the cracks in microindentation test.
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1. Introduction

High-velocity oxygen/air fuel (HVO/AF) WC-17Co
coating has been selected as an alternative to electrolytic
hard chrome plating because of the minor negative effect of
coating on fatigue and its good wear resistance (Ref 1-3).
However, HVO/AF WC-17Co demonstrates lower corro-
sion resistance (Ref 4). Thus, WC-10Co4Cr coating has
been introduced to promote the corrosion resistance as an
alternative candidate of HVAF WC-Co coating. The
obvious difference between WC-17Co coating and WC-
10Co4Cr coating lies in the content of tungsten carbide hard
phase, which produces significant influence on the fracture
toughness and impingement resistance of both coatings.

The HVAF WC-based coatings in the replacement
of electrolytic hard chrome plating have found their
wide applications in printing, steel, and energy industries

(Ref 5-7). However, they are typically applied to the land-
ing gear of helicopters (Ref 8-10). The WC cermets com-
monly used metallic cobalt as binder phase because of to its
good wettability with WC particle, but metallic cobalt can
be easily corroded, especially in salt-spray surroundings.
Therefore, a small amount of metallic chrome is introduced
to improve the corrosion resistance of WC-based coatings.

It is inevitable that HVAF WC coated landing gear is
impinged by grits with high velocity during service; these
grits have a wide range of velocity with a distribution from
several to nearly a hundred meters per second. It is also
necessary to prevent from impingement in operation
caused by the accidental fall of tools onto the coatings.
Both of these events can possibly damage HVAF WC-
based coatings.

In the present work, the impingement resistance of
HVAF WC-based coatings is evaluated by simulating the
problems mentioned previously with 300M ultrahigh-
strength steel as substrate. Indentation test is commonly
used as an evaluation of the fracture toughness for coat-
ings. As a comparison, the impingement resistance of
electrolytic hard chrome plated 300M steel is also studied
in this paper.

2. Experimental Details

2.1 Spray and Specimen Preparation

The 300M steel of low-alloy steel, which also contains
small amounts of nickel, chrome, and manganese, was
used as substrate. The substrate has high strength and
good fracture toughness and finds wide applications
in aero and automobile industries. The specimens
were prepared with dimension /50 mm · 8 mm and
/50 mm · 200 mm, respectively. Prior to deposition, the
specimens were degreased in ethanol ultrasonically and
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subsequently alumina grit blasted with an average size of
0.25 mm at an air pressure of 0.4 MPa. HVAF WC-based
coatings were deposited using an HVAF torch (Unique-
Coat Technologies, Oilville, VA, USA). Commercial WC-
17Co and WC-10Co4Cr powders (H.C. Starck & Co.,
Goslar, Germany), which were both produced by
agglomerating and sintering, were used. Both had a par-
ticle size of 5 to 30 lm with an average size of 17 to 18 lm.
The thickness of the HVAF WC-based coatings was
within 300 lm for microindentation test and was within
100 lm for impingement resistance test for all the three
coatings. The spraying parameters used in this study are
shown in Table 1.

2.2 Experiments and Characterization

The fracture toughness for HVAF WC-based coatings
was examined by microindentation at different loads, such
as 9.8, 19.6, 24.5, 29.4, and 49.0 N. Two methods were used
to evaluate the impingement resistance of three coatings.
One was chip resistance, according to ASTM D 3170
standard, using an average grit size of 20 mm. The sche-
matic for the evaluation is presented in Fig. 1.

The other method was steel ball free-fall experiment. A
steel ball (0.41 kg, /50 mm) was freely dropped on coated
bar from the height of 0.61, 1.52, 1.83, 2.36, and 2.59 m,
respectively, along the inside of a plastic pipe, as shown in
Fig. 2. The plastic pipe was fixed perpendicular to the
coated bar, and the steel ball was carefully placed on the
pipe to prevent from friction between steel ball and plastic
pipe wall. The free fall resulted in elliptical indentation
when observed from top to below, and the positions, 12:00,

3:00, and so forth, indicate the spot of indentation edge,
and these are the spots we observe.

A scanning electronic microscope (SEM) (JSM
SL5910, JEOL Ltd., Tokyo, Japan) equipped with EDS
and optical microscopy (Leica DMIMR, Leica Camera
AG. Solms, Germany) were used to analyze the cracks
formed in the experiments.

3. Results and Discussion

3.1 Coating Characterizations

The SEM images for both HVAF WC coatings and
EHC plating cross section are presented in Fig. 3. HVAF
WC coatings exhibit dense structures, where the porosity
is lower than 1%. HVAF WC-10Co4Cr coating shows
some black phase, which is CoCr-rich phase analyzed by
EDS. The crack in EHC plating transverse to plating is
attributed to the great tensile strength in plating. The
microhardness for both WC-Co coating and WC-CoCr
coating is not lower than HV300g 1100, which is 200 higher
than that of EHC plating.

3.2 Fracture Toughness

Fracture toughness is an important index to evaluate
the impingement resistance. Typical microindentation at

Table 1 Spraying parameters for HVAF WC-17Co and
WC-10Co4Cr coatings

Fuel (C3H6) one pressure, MPa 0.54
Fuel (C3H6) two pressure, MPa 0.42
Air pressure, MPa 0.59
Powder flow, g/min 80
Spray distance, mm 150

Fig. 1 Chip resistance testing
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Fig. 2 Steel ball free-fall experiment
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the load of 49.0 N for both HVAF WC-17Co and WC-
10Co4Cr coatings are presented in Fig. 4. Obvious cracks
are found for both HVAF WC-based coatings at the edge
of indentation parallel to the substrate surface. On the
other hand, no cracks are observed at the edge of inden-
tation perpendicular to substrate. This shows that the
HVAF WC-based coatings exhibit a lamellar structure,
even though they seem to have a homogeneous macro-
structure with SEM observation.

The fracture toughness for both coatings can be ob-
tained using Lawn and Fuller equation (simplified as LF)
(Ref 11) and Evans Wilshaw (simplified as EW) equations
(Ref 12) presented as:

LF equation: Kc ¼ 0:0515
P

c3=2

EW equation: Kc ¼ 0:079
P

a3=2
log

4:5a

c

where P is denoted as load (mN), a is a half of average
diagonal length (lm) of microindentation, and c is average
length (lm) from the center of indentation to crack ends.
No cracks are found at the loads lower than 29.4 N. The
parameters in LF and EW equations at different loads and
the fracture toughness for both HVAF WC coatings are
listed in Table 2. It shows that HVAF WC-17Co coating
exhibits higher fracture toughness than that of HVAF
WC-10Co4Cr coating at the load of both 29.4 and 49.0 N.
The results are probably connected with the relative
content of metal in tungsten carbide cermet coatings.

However, the fracture toughness for electrolytic hard
chrome plating is not evaluated due to the limited thick-
ness of chrome plating using microindentation test.

3.3 Chip Resistance Test

No disparity is observed in the surfaces of WC coatings
when viewed with unaided eyes, and the surface is dime
for EHC plating, before and after the chip resistance test.
Typical optical micrographs for three coatings after grit
impingement are presented in Fig. 5. There is no obvious
difference between WC-17Co coating and WC-10Co4Cr
coating, but some scratches are found in both WC coat-
ings. As for the EHC plating, grit spalling caused by gravel
impingement is observed. The results seem to demonstrate
that WC coatings display better chip resistance than does
EHC plating.

3.4 Steel Ball Free-Fall Test

The statistics of cracks for three coatings at 12:00 and
3:00 positions are demonstrated in Fig. 6 after the steel
ball was freely dropped from different heights. The spot at
12:00 received higher stress than at 3:00, and the stress led
to many cracks in coatings at the spot of 12:00 than at the
spot of 3:00. No cracks for WC-17Co coating are found at
either spot when the steel ball was freely dropped at the
lowest height of 0.61 m. On the other hand, more than one
crack is easily observed in WC-10Co4Cr coating at both
12:00 and 3:00. Only a crack at 12:00 and no crack at 3:00
are found in electrolytic hard chrome coating. There are
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Fig. 3 SEM images. (a) WC-17Co coating. (b) WC-10Co4Cr coating. (c) Hard chrome plating. (d) EDS for WC-10Co4CR coating at
spot 1
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more cracks in the WC-10Co4Cr coating than in the WC-
17Co coating and the electrolytic hard chrome plating at
the two spots. Optical micrographs for WC-17Co coating,
WC-10Co4Cr coating, and chrome electroplating at the
spot of 12:00 and 3:00 are shown in Fig. 7 after the free fall

Fig. 5 Optical micrographs for WC-17Co (a), WC-10Co4Cr (b),
and EHC (c) after chip resistance testing
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Fig. 6 Statistics of cracks in WC-17Co and WC-10Co4Cr coat-
ings and EHC plating at 12:00 and 3:00 positions after free fall of
steel ball from different heights

Fig. 4 SEM cross section for indented WC-17Co (a) and
WC-10Co4Cr (b) coatings at the load of 49.0 N

Table 2 Parameters in LF and EW equations and
fracture toughness for HVAF WC-based coatings

At load, N

9.8 19.6 24.5 29.4 49.0

HVAF WC-17Co

P 9800 19,600 24,500 29,400 49,000
a 19.2 32.4 35.6 39.7 47.9
c ÆÆÆ ÆÆÆ ÆÆÆ 55.7 64.5

LF ÆÆÆ ÆÆÆ ÆÆÆ 3.64 4.87
EW ÆÆÆ ÆÆÆ ÆÆÆ 4.7 6.11

HVAF WC-10Co4Cr

P 9800 19,600 24,500 29,400 49,000
a 21.6 30.0 34.4 36.0 46.3
c ÆÆÆ ÆÆÆ ÆÆÆ 61.8 68.9
LF ÆÆÆ ÆÆÆ ÆÆÆ 3.11 4.41
EW ÆÆÆ ÆÆÆ ÆÆÆ 4.49 5.90

See text for details
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of a steel ball from different heights. The impingement
resistance for three coatings is therefore ranked as: WC-
17Co > electrolytic hard chrome > WC-10Co4Cr. The
impingement resistance for WC-17Co coating and WC-
10Co4Cr coating agree well with the fracture toughness
measured by microindentation for two HVAF WC-based
coatings.

3.5 Cracks Observation

The cracks in HVAF WC-based coating and chrome
plating are presented in Fig. 8. It reveals that the cracks in
WC coating propagated tortuously, while the cracks in
chrome electroplating extend without obvious deflection.
Watanabe et al. (Ref 13) reported that the cracks in

WC-Co(Cr) coating propagated predominantly in bond
phase such as Co and CoCr phase, and WC phase served
as an effect of crack deflection. Besides, a crack linking
two parallel cracks is observed in chrome electroplating
just as indicated by the black arrow in Fig. 8(b). The crack
is probably connected with inherent cracks in chrome
electroplating resulting from great tensile residual stress.

4. Summary and Conclusions

• Fracture toughness for WC-17Co and WC-10Co4Cr
coating are evaluated using microindentation, and
WC-17Co coating exhibits higher fracture toughness
than that of WC-10Co4Cr coating.

Fig. 8 Cracks in WC-10Co4Cr coating (a) and chrome electroplating (b)
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Fig. 7 Optical micrographs for WC-17Co coating, WC-10Co4Cr coating, and chrome electroplating at 12:00 and 3:00 positions after
steel ball fall from different heights
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• Chip resistance for three coatings showed that there is
no difference between WC-17Co and WC-10Co4Cr
coating. Grit spalling is only found in chrome electro-
plating.

• Steel ball free-fall test reveals that WC-17Co coating
demonstrates better impingement resistance than WC-
10Co4Cr, and the impingement resistance of chrome
electroplating falls between that of WC-17Co and WC-
10Co4Cr coatings.

• Crack observation shows that the inherent cracks in
chrome electroplating produce negative effects on the
impingement resistance of chrome electroplating.
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