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Abstract

The aim of this study was to investigate the potential of applying hot isostatic pressing (HIPing) as a post-treatment to thermally sprayed
wear resistant cermet coatings. The relative performance of the as-sprayed and hot isostatically pressed functionally graded WC–NiCrBSi
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oatings was investigated in sliding wear conditions. Coatings were deposited using a high velocity oxy-fuel (HVOF)—JP-5000 sy
IPed without any encapsulation at temperatures of 850 and 1200◦C. The influence of post-treatment temperature on the coating’s

esistance was thus investigated. Sliding wear tests were carried out using a high frequency reciprocating ball on plate rig usin
eramic balls under two different loads. Results are discussed in terms of microstructural investigations, phase transformations,
roperties, and residual stress investigations. The results indicated significant alteration of the coating microstructure, brought a
oating post-treatment, particularly when carried out at the higher temperature of 1200◦C. As a consequence, developments in the co
echanical properties took place that led to higher wear resistance of the HIPed coatings.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Wear resistance of thermally sprayed coatings in sliding
onditions has been a subject of numerous investigations over
he last decades[1–3]. Different coating materials, spraying
ystems, and a number of tribological tests have been used

n previous investigations. Based on their results, researchers
roved that thermally sprayed coatings could be successfully
pplied to components used in different industries such as
utomotive, aerospace or mining. With the correct choice of

he material for a particular application, using the develop-
ents in the process technology of thermal spraying, e.g. the

atest high velocity oxy-fuel (HVOF) systems and the appro-
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priate coating design, the coated components can ex
wear conditions.

Cermets are intensively used in thermal spraying indu
for applications where wear resistance is required. Am
them, the most attractive proved to be tungsten carbide b
cermets. This is because tungsten carbide is known to
beside the high hardness for which it was firstly chose
certain degree of ductility compared with the other carbi
This, in addition to the toughness provided by Co, CoC
or NiCrBSi matrix, forms not only very hard but also tou
cermet system, making it suitable for numerous indus
applications.

The latest HVOF deposition systems are designed to
timise the velocity and temperature of the spray parti
hence decreasing the level of in-flight chemical reacti
and improving the bonding throughout the coating. A su
of published literature of such systems shows that th

043-1648/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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sulting coatings are more durable in wear applications due to
their high hardness, density, low tensile or compressive resid-
ual stress when compared to the older HVOF or atmospheric
plasma systems (APS).

Finally, the coating design, which accounts for the com-
position and the structure of the coating, plays a dominant
role in controlling the tribo-mechanical properties of the
coating. Thus, functionally graded depositions which bring
a gradual change in both the composition and structure have
been shown to alter the coating residual stress and thus to
decrease the fatigue and fracture failures, leading to higher
wear resistance.

However, in thermally spray coatings, even those sprayed
by the latest liquid fuel JP-5000 systems, partial melting of
the particles causes poor bonding at the interfaces between
the unmelted and semi-melted particles, and phase composi-
tion changes due to in-flight chemical reactions. To a certain
degree these problems are overcome by the availability of a
number of post-treatments such as austempering/annealing,
laser melting, and hot isostatic pressure (HIP). Promotion
of cohesion between splats and adhesion between coating
and substrate, phase transformation from amorphous to crys-
talline, generation of uniform compressive stress, and atten-
uation of coating anisotropy to obtain near homogeneous
material properties are some of the desired post-treatment
i igue,
i sive
w

ioned
c tatic
p lica-
t ctive
c s in
c ions,
a t
t will
o s.

wear
p BSi
c rent
t are
d hase
t tress
i

T
M

P

P
A
W
P
P
A , B: 1. 0.25%

S
C x, Si: 1

2. Experimental procedure

2.1. Material selection

The material selected for this study was WC–NiCrBSiFeC
composite powder which was produced by the spray
dried and sintered manufacturing route in two dif-
ferent compositions, i.e. WC–10 wt.%NiCrBSiFeC and
WC–40 wt.%NiCrBSiFeC (Table 1). The rationale of choos-
ing this powder over other wear resistant materials currently
used in different industrial applications resides in a number
of special properties brought to the system by the powder
constituents, e.g. tungsten carbide brings the wear resistance,
nickel brings excellent wettability which promotes good co-
hesion, chromium improves the tribo-mechanical properties,
boron reduces the melting point, silicon increases self-fluxing
properties, iron modifies the diffusion rates[10]. Hence,
the material has very good sliding wear resistance, in two
and three body wear by abrasive particles. Additionally, the
above-mentioned properties provide very good protection
against particle erosion and cavitation at temperatures up
to 600◦C. Thus, components produced using this material
are found in applications such as glass moulding plungers,
hydro-turbines, and pump parts.

Moreover, taking into consideration the choice for the sub-
s
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mprovements, when a high degree of resistance to fat
mpact loading, delamination, and corrosive/erosive/abra
ear is required.
Previous studies have shown that the above-ment

oating improvements may be achieved by the hot isos
ressing (HIPing) post-treatment. The simultaneous app

ion of high temperature and pressure promotes an attra
ombination of material properties through change
oating microstructure, beneficial phase transformat
nd reduction in porosity levels[4–9]. It is anticipated tha

he advantages of the above-mentioned improvements
ffset the cost of HIPing process in industrial application

This study addresses an investigation in which the
erformance of HIPed thermally sprayed WC–NiCr
oatings was investigated in sliding contact under diffe
ribological conditions of load and counterface. Results
iscussed in terms of microstructural investigations, p

ransformation, mechanical properties, and residual s
nvestigations.

able 1
aterial selection for coating and substrate

owder WC–10 wt.%NiCrSiBFeC

article size distribution (�m) − 45 + 15
pparent density (g/cm3) 4.42
C grain size (�m) 3–4
owder manufacturing route Agglomerated and sintered
owder shape Spherical
lloy composition Ni: Bal., Cr: 7.6%, Si: 3.6%, Fe: 2.4%

ubstrate 440C Stainless steel
hemical composition (%) Fe: Bal., C: 0.86–1.20, Mn: 1.0 ma
WC–40 wt.%NiCrSiBFeC

− 45 + 20
3.51
3–4

Agglomerated and sintered
Spherical

6%, C: 0.25% Ni: Bal., Cr: 7.6%, Si: 3.6%, Fe: 2.4%, B: 1.6%, C:

.0 max, P: 0.04 max, S: 0.03 max, Mo: 0.75 max, Cr: 16.0–18.0

trate, i.e. 440C stainless steel (see composition inTable 1)
here is another benefit of using the NiCrBSiFeC. Th
he promotion of a good bonding between the coating
he substrate, which could be further enhanced by the H
ost-treatment. 440C stainless steel was chosen to be th
trate due to its superior properties over other steel gr
hich help the substrate resists the harsh conditions o
IPing treatment.

.2. Coating production and post-treatment

A JP-5000 system was used to spray the powder
1 mm diameter and 8 mm thick substrate discs. In a
tage, 100�m of WC–40 wt.%NiCrSiFeBC coating was d
osited onto the substrate. This was followed by a 400�m

ayer of WC–10 wt.%NiCrSiFeBC, resulting in a 500�m
unctionally graded coating (Fig. 1). This coating was de
igned to bring a gradual change in the composition, pa
larly the use of higher amount of binder in the bottom la
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Fig. 1. Functionally graded coating system containing 100�m layer of
WC–40 wt.%NiCrSiBFeC and 400�m layer of WC–10 wt.%NiCrSiBFeC.

to provide an additional value to the coating wear resistance
by decreasing the thermal and mechanical mismatch of prop-
erties.

In JP-5000 system, oxygen and kerosene were mixed in
the combustion chamber (see parameters inTable 2), forming
gases that accelerated the powder particles, depositing them
onto the grit blasted and preheated 440C steel substrate. The
post-treatment was carried out for 1 h at a constant pressure
(150 MPa) in argon environment. The coatings were not en-
capsulated, decision mainly dictated by the economical and
also technical incentives, and HIPed at 850 and 1200◦C.

2.3. Coating characterisation

2.3.1. Microstructural evaluation
The X-ray diffraction (XRD) analysis was used to quan-

tify the microstructural modification for the as-sprayed and
HIPed coatings. The diffraction patterns were obtained with a
Siemens D500 diffractometer operating at 40 kV and 20 mA.
Cu K� radiation was used and the samples were run at 2θ from
10◦ to 90◦ with a step size of 0.02◦ (2θ) and a time of 2 s/step.
Spray powders and coating microstructures were evaluated
by scanning electron microscopy using conventional imaging
with secondary and backscattered electrons.
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optical microscope images showing the differences between
the investigated coatings.

2.3.3. Elastic modulus measurements
The elastic modulus of all coating systems was determined

by microindentation, with a Vickers indenter, using the uni-
versal hardness-measuring machine (Fischerscope HCU). A
load of 500 mN was applied over 20 s and maintained for
5 s. Ten measurements were performed on each coating sur-
face and 30 on each cross-section, which were distributed in
three lines of 10 measurement points each, at 50, 150, and
250�m, respectively from the coating’s surfaces. A distance
of 100�m between all indentations was ensured to eliminate
stress-field effect from nearby indentations.

Thus, the indentation modulus was determined with the
help of the following relation:

YHU =
(

5.59h′
r

	h

	F
(hmax) − 7.81× 10−7

)−1

[GPa] (1)

whereh′
r is the intersection point of the tangent at the load

indentation depth curve for the maximum load with the in-
dentation depth-axis (mm) andh/F (hmax) is the reciprocal
slope of the tangent to the load indentation depth-curve at the
maximum load (mm/N)[12]. Furthermore, the indentation
modulus can be correlated to the Young’s modulus (E) of the
c
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.3.2. Microhardness and fracture toughness
easurements
Microhardness measurements were carried out un

oad of 300 g using a Vickers microhardness test machin
he coating surface and cross-section. Thirty measurem
ere performed on each coating surface and 150 on the c
ection, which were distributed in five lines of 30 meas
ents each, at 50�m from the substrate/coating interface

he substrate, 50, 150, 250, and 350�m, respectively from
he substrate/coating interface on the coating cross-sec

The evaluation of coating fracture toughness was also
ied out by the indentation method. Although several lo
ere used, fracture toughness could not be quantita
valuated[11] even at a load of 50 kg. Therefore, only
ualitative analysis was possible, which was based upo

able 2
praying parameters

pray gun JP-5000
xygen flow 8931 l/min
erosene flow 0.321 l/mi
praying distance 380 mm
praying rate 50 g/min
oating through:

= YHU (1 − ν2) (2)

hereν is the Poisson’s ratio of the coating.

.3.4. Residual stress measurements
Measurements of the residual stress on the surfac

hrough depth of the as-sprayed and HIPed coatings wer
ormed using X-ray radiations. Layers of 20�m were electro
olished and then the residual stress was measured on th
xposed surface. The sin2ψ method was applied with eig

angles between 0◦ and 36◦. The shift of the diffraction
eak was recorded and the magnitude of the shift relat

he magnitude of the residual stress through the slope o
θ–sin2ψ plot, according to the following relation:

= E

1 + ν

∂(ε)

∂(sin2ψ)
= − Ecotθd

2(1+ ν)

∂(θ)

∂(sin2ψ)

= K
∂(θ)

∂(sin2ψ)
(3)

hereE andν are the Young’s modulus and the Poisso
atio, respectively,ε is the residual strain,θ is the diffraction
ngle,θd is the diffraction angle in a stress free conditionψ

s the angle between the sample normal and diffraction-p
ormal.K is the X-ray elastic constant and was meas
sing a conventional in situ four point bending test eq
ent subjected to a known load within the elastic range.
easured value of theK was—1975.13 MPa. The last te
f the equation is the slope of the best fitted straight lin

he 2θ–sin2ψ plot.
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Fig. 2. High frequency reciprocating ball on plate rig.

2.4. Tribological testing

Sliding wear tests were carried out using a reciprocat-
ing ball-on-plate apparatus, instrumented to measure the fric-
tional force via a load cell (Fig. 2). As it can be appreciated
from the figure, the upper ball bearing the normal load is sta-
tionary while the coated disc has a reciprocated motion. The
sliding speed was 0.037 m/s at the centre of the wear scar.
The type and properties of the balls are listed inTable 3. The
coated specimens were ground and polished to produce a sur-
face roughness (Ra) of 0.04�m. Before each test, the coatings
and balls were ultrasonically cleaned in acetone for 5 min to
remove any contaminants and grease and then dried in air.

The tests were performed under two normal loads (12 and
22 N) in unlubricated contact conditions at ambient temper-
ature and humidity. The contact stresses at the beginning of
the tests, corresponding to the loads applied by the steel balls
were approximately 1 GPa for 12 N load and 1.2 GPa for 22 N
load, each of these values varying slightly depending on the
type of the coating. When the ceramic balls were used, the
contact stresses were approximately 1.18 GPa and 1.2 GPa
corresponding to the load of 12 and 22 N, respectively. The
repeatability of wear results was considered by repeating each
test three times, and averaged values are presented in the nex
section.
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3. Experimental results

3.1. Microstructural identification

3.1.1. X-ray diffraction analysis
The XRD patterns of the spray powder, as-sprayed

and HIPed coatings are presented inFig. 3. Fig. 3a
shows the phase composition of agglomerated and sin-
tered WC–10 wt.%NiCrSiBFeC powders. As expected high
amounts of mono tungsten carbide (WC) and certain quantity
of metallic nickel and chromium can be observed in the pow-
der spectra. However, beside these phases, some amounts
of chromium carbides (CrxCy) are also seen, which were
brought about by the powder manufacturing process.

Deposition of these powders under the conditions listed
in Table 2led to the formation of secondary phase tungsten
carbide (W2C) and metallic tungsten (W). Further evidence
of coating decomposition can be seen by the peak broadening
between 42.7◦ and 44.7◦, which indicates the presence of
amorphous/nanocrystalline phase.

The post-treatment carried out at 850◦C produces visible
changes in the coating phase composition (Fig. 3c). Thus,
higher amounts of primary tungsten carbide, less amounts of
secondary phase (W2C) and metallic tungsten (W) are no-
ticed. The occurrence of two additional phases, complex car-
bide containing Ni (Ni2W4C) and cromium carbide Cr23C6
i
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The coating wear scars were examined using Zygo
iew 5000 interferometer, which provided the volume l
f the material for each wear scar. The volume loss o
all was evaluated using an optical microscope, which

owed the precise measurement of the ball wear scar diam
oreover, using the diameter of the sphere segment rem
uring the test, the ball volume loss (V) was calculated as fo

ows:V = πH2(3R−H)/3, whereH = R− √
R2 − r2 and

R” and “r” are the ball radius and ball-wear-scar radius
pectively. The surface morphology of the coating wear s
as analysed with SEM equipped with EDX.

able 3
he properties of the balls used as counterface in sliding tests

440C Steel Si3N4 ceramic

iameter (mm) 12.7 12.7
ensity (kg/m3) 7769 3165
eight (g) 8 3
verage roughnessRa (�m) 0.015 0.013
ardness (HV0.1) (kg/mm2) 820 1580
t

s also observed.
When the post-treatment is carried out at a temperatu

200◦C, significant phase transformations take place c
ared to as-sprayed coating (Fig. 3d). The higher temper

ure allows the formation of additional phases which are
resent in the coatings HIPed at 850◦C. Thus, beside an in
rease in the existent nickel-containing carbide (Ni2W4C)
nd chromium carbide (Cr23C6), new phases such as ir

ungsten carbide (FeW3C) and chromium carbides of d
erent compositions (Cr3C2, Cr7C3). Moreover reactions b
ween Ni and B or N and Cr take place and thus phases
s Ni4B3, NiB12, Cr3Ni2 form.

.1.2. SEM observations
Fig. 4 illustrates the characteristic spherical shape o

gglomerated and sintered powders used for coating
ition. The size of the powder particles measured via im
nalysis on this micrograph ranges between 30 and 6�m
ith an average at around 45�m.
Figs. 5–7show SEM micrographs taken on the cro

ection of the as-sprayed and HIPed coatings.Figs. 6d and 7
xhibit the interface between the HIPed coatings and the
trate. Contrary to the as-sprayed coating shown inFig. 5d,
n additional layer, slighly brighter than the matrix or
ubstrate, occurred, in both cases, along the interface
ayer is approximately 5�m for the coating HIPed at 850◦C
nd about 25�m for the coating HIPed at 1200◦C.

During the examination of the coating layers no obv
ifference in the shape or size of WC grains was not
etween the as-sprayed and the coating HIPed at 850◦C as



V.S
to
ica

e
ta
l./W

e
a
r
2
5
7
(2
0
0
4
)
1
1
0
3
–
1
1
2
4

Fig. 3. XRD spectra of (a) WC–10 wt.%NiCrSiB
1107

FeC powder and top layer of (b) as-sprayed, (c) coating HIPed at 850◦C, and (d) coating HIPed at 1200◦C.
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Fig. 4. SEM micrograph of the starting WC–10 wt.%NiCrSiBFeC powder.

shown in Figs. 5 and 6. However, the micrograph of the
coating HIPed at 1200◦C shows significant changes in the
structure of the coating. Throughout the coating, within both
layers, the carbides underwent a transformation in the shape
from rounded to prismatic. Moreover there was an obvious
difference between the two coating layers. This is the pres-
ence of carbide agglomerates in the layer which has a higher
level of binder. Hence, the carbide grains are dragged one
to another and they form closely-packed islands which, as
a result, increases the areas of matrix which do not contain
carbide grains (Fig. 7c).

F
t

Finally, a closer look at the interface between the bottom
and the upper layers of the coating HIPed at the tempera-
ture of 1200◦C reveals the existence of another layer of a
thickness of approximately 15�m. The structure of this in-
termediar layer is rather similar to that of the bottom layer
of the coating HIPed at 850◦C although the grains have the
angular shape characteristic to the coating HIPed at 1200◦C
(seeFigs. 6c and 7b).

In order to avoid misinterpreting any feature which might
have arose on the coating cross-section (especially structure
and pores) due to mechanical deformation during the cutting
process or due to grinding or polishing[13–15], the coatings
were immersed in liquid nitrogen for 3 h and then fractured.
Fig. 8shows the scanning electron micrographs of the frac-
tured coatings. A number of features can be appreciated when
micro-analysing the as-sprayed coating. Lamellar cracks, in-
dicated by arrows inFig. 8a, appear to be distributed over the
investigated regions of the coating. Black spots, signed “A”
on the same figure, whose diameters do not exceed approxi-
mately 1.5�m can also be seen on the fractured as-sprayed
coating. A different aspect can be noticed on the fractured
HIPed coatings. Also, the surfaces of both HIPed coatings
were much rougher than that of the as-sprayed coating. No
microcracks are observed but the dark spots, intentionally
shown inFig. 8c at a slightly higher magnification for more
c gs is
s
b ture,
ig. 5. SEM micrographs of the as-sprayed coating: (a) general view, (b) inte
he coating and the substrate.
larity, suggest that the level of porosity on these coatin
lightly higher than that on the coating HIPed at 850◦C. It is
elieved that upon application of pressure and tempera
rface between top and bottom layers, (c) bottom layer, and (d) interface between



V. Stoica et al. / Wear 257 (2004) 1103–1124 1109

Fig. 6. SEM micrographs of the coating HIPed at 850◦C: (a) general view, (b) interface between top and bottom layers, (c) bottom layer, and (d) interface
between the coating and the substrate.

Fig. 7. SEM micrographs of the coating HIPed at 1200◦C: (a) general view, (b) interface between top and bottom layers, (c) bottom layer, and (d) interface
between the coating and the substrate.
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Fig. 8. SEM micrographs on cross-section of cryogenic fractured: (a) as-sprayed (the arrows indicate cracking, “A” indicates pores), (b) HIPed at 850◦C, and
(c) HIPed at 1200◦C coatings (upper layer).

the small-in-size pores of the HIPed coatings arise from the
fragmentation of the lamellar cracks and/or collapsing of the
bigger pores already seen in the as-sprayed coatings. How-
ever, lamellar cracks completely disappear at higher HIPing
temperature of 1200◦C.

3.2. Mechanical properties measurement

3.2.1. Microhardness measurements
The microhardness values for all the coatings that were

tested are shown inFig. 9. The measurements taken on the
substrate cross-section in the vicinity of interface with the
coating shows an increase of the substrate microhardness
when the coated discs were subjected to the temperature
and pressure of HIPing process. As can be appreciated from
this figure, the microhardness of the substrate in that par-
ticular location is very sensitive to the HIPing temperature.
Thus, the microhardness increased from 400HV300 to ap-
proximately 600HV300 when the temperature is raised from
850 to 1200◦C. An opposite trend was seen on the results
of the measurements carried out at 50�m on the coating
cross-section. At this location, which is approximately in the
middle of WC–40 wt.%NiCrSiBFeC layer, the as-sprayed
coatings have the highest microhardness, 1134HV300, fol-

lowed by the coating HIPed at 850◦C with 971HV300 and
the coating HIPed at 1200◦C with 846HV300. The rest
of the cross-section measurements were performed on the
WC–10 wt.%NiCrSiBFeC layer. The results show, as ex-
pected, higher microhardness compared with the first layer.
For the entire thickness of this layer, the HIPed coatings have
a higher microhardness than the as-sprayed coatings. An in-
crease of about 100HV300 is brought about by treating the
coating at 850◦C, while increasing the temperature of the
post-treatment at 1200◦C increases the microhardness from
around 1100 up to approximately 1250HV300. These values
were calculated as average on the entire thickness of the bot-
tom layer. The microhardness measured on the coating sur-
face keeps the same ascending trend from the as-sprayed to
the coating HIPed at 1200◦C. However, the results show that
on the surface, HIPing at 850◦C has minor influence on the
coating microhardness, a rather insignificant increase from
1005HV300 to 1015HV300 being noticed for coatings HIPed
at 1200◦C.

3.2.2. Fracture toughness measurements
In order to determine coating’s toughness, the coatings

were indented using a Vickers macrohardness apparatus. Ini-
tially the indentations were performed under 5 kg. However,
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Fig. 9. Variation of coating microhardness with the distance from the coating/substrate interface. (�) as-sprayed, (�) HIPed at 850◦C, (�) HIPed at 1200◦C.

the crack length of all coatings could not meet the criteria
c > 2a, required for the determination of numerical value of
fracture toughness (see ref.[11] for details). The load was
further increased but, even at a load of 50 kg, quantitative

analysis of the fracture toughness could not be performed.
Therefore, using the micrographs taken with an optical mi-
croscope (Fig. 10), only qualitative observations on the coat-
ing fracture mode could be made.
Fig. 10. Fracture toughness indentations on (a) as-sprayed, (b) HIPed
 at 850◦C, and (c) HIPed at 1200◦C coatings (all coating tested at 50 kg).
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Fig. 11. Variation of coating elasticity with the distance from the coating surface.

The micrograph of the as-sprayed coating (Fig. 10a) shows
a net of cracks spread around the indentation. The cracks orig-
inated not only from the corners but also from the each side of
the indentation, propagating randomly in the surroundings.
Differing, the indentations of the coating HIPed at 850◦C
exhibit less cracks, limited only in the close vicinity of the
indentations. The coatings HIPed at a temperature of 1200◦C
produced tougher coatings, conclusion drawn after analysing
all the indented coatings. AsFig. 10c reveals, no cracks
were produced indenting the coatings with a load as high as
50 kg.

3.2.3. Indentation modulus measurements
The results of the coating elasticity measurements are

shown inFig. 11. This graph indicates the difference in the
elastic modulus between the as-sprayed and the post-treated
coating and the influence of the HIPing temperature on the
coating elasticity. The results show higher coating elastic
modulus brought about by the application of the coating post-
treatment. Thus, an increase of almost 70% is noticed after
HIPing the coatings at 850◦C. Moreover, followingFig. 11,
it can be appreciated that an increase in the post-treatment
temperature leads to higher coating elasticity. The results
also show slightly higher anisotropy for the coating HIPed at
1200◦C whose modulus gradient is the highest when com-
p

3

mma
r ess
c IPing
p coat-
i g the

coatings at 850◦C leads to an increase in compressive stress
of about 9%, from 780 MPa to approximately 850 MPa. HIP-
ing the coatings at 1200◦C further increases the stress to
990 MPa. All these values were calculated by averaging the
residual stress over the coating thickness. In terms of stress
gradient along the coating thickness, no difference is noted
between the stress distributions of the as-sprayed and HIPed
at 850◦C coatings. Both these coatings exhibit in some re-
gions stress variations of almost 100 MPa across a thickness
of 20�m. On the other hand, the coating HIPed at 1200◦C
has a maximum variation of approximately 50 MPa, which is
spread over the first 60�m.

3.4. Tribological testing

3.4.1. Friction behaviour
The friction coefficients of all tested couples are presented

in Figs. 13 and 14.Fig. 13a and b shows the friction behaviour
of the couples tested using the lower load. The online mea-
surements indicated higher frictional force for all coatings
tested against steel balls compared with coating–ceramic cou-
ples. Correspondingly, as shown in the above-mentioned fig-
ures, the friction coefficients are higher, with averaged values
of 1.13 and 1.03, respectively.

When the balls applies 22 N on the coating, contrary to the
a steel
c amic
c n
c 0.87
c s on
t ison,
r steel
p her
f

ared to the other two coatings.

.3. Residual stress measurements

The results of residual stress measurements are su
ized in Fig. 12, which describes how the residual str
hanges when the coatings are post-treated by the H
rocess. Firstly, as expected the residual stress of all

ngs is compressive. Secondly, it is observed that HIPin
-

bove case, the frictional force resulted from coating–
ontact is smaller than that produced by the coating–cer
ouples. This is shown inFig. 14a and b where the frictio
oefficient of the couples involving steel have a value of
ompared with 0.94 obtained rubbing the ceramic ball
he coatings. Summarizing this steel–ceramic compar
egardless of the type of coating used, at low load (12 N)
roduces higher friction while, at high load (22 N), hig

riction is given by the ceramic.
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Fig. 12. Variation of coating residual stress with the distance from the surface.

ComparingFig. 13a with 14a and thus, the friction coef-
ficients produced sliding steel balls over the coatings, it is
observed that the tests carried out at a load of 22 N produces
less friction than those using lower load. The average value
of friction coefficient decreases from 1.13 to 0.87 with in-
creasing load from 12 to 22 N. The same trend is given by
the graphs inFigs. 13b and 14b. Thus, the average friction
coefficient of the coating–ceramic couples is 1.03 and 0.94
for low and high load, respectively.

Hence, regardless the type of ball used in the test, increas-
ing the load produces a decrease in the friction coefficient.
This is bearing in mind that only two different loads were
used. The friction coefficient values presented above were
calculated as average of the friction coefficients of the as-
sprayed and HIPed coatings over the total test time after the
running-in period.

No clear difference between the as-sprayed and HIPed
coatings when tested against either steel or ceramic balls is
observed. Typical friction behaviour of the sliding tests is
found for all the couples tested: the running-in stage which
in almost all cases last around 140 mins, followed by the
stabilisation stage characterised by a rather random oscilation
of the friction coefficients around the average value.

3.4.2. Sliding wear
ume

l in-
v
t and
H en-
t f the

balls to that of the coatings and the results were compiled in
Fig. 16.

The general trend, regardless of the corresponding coun-
terface or the load used, is that the HIPed coatings lost less
material than the as-sprayed ones. This essential finding is
shown inFig. 15. Although no significant improvement in
the wear resistance of the coatings HIPed at 850◦C can be
noticed, the coating HIPed at 1200◦C loses almost half the
material lost by the as-sprayed coatings. In this case, the per-
formance of the coating HIPed at 850◦C is rather an ex-
ception. The rest of the couples show almost twice the wear
resistance of the coatings HIPed at 850◦C, followed closely
by the coating HIPed at 1200◦C.

Adding the volume loss of the balls gives the total vol-
ume loss of the tested systems.Fig. 16confirms furthermore
the trends shown in the previous figure. Here the amount of
the ball material lost during testing accentuates the differ-
ence between the as-sprayed and the HIPed coatings. Thus,
in most cases, the ball which rubs on the as-sprayed coatings
produced double or even more system material loss. This be-
haviour is consistent at both loads and also with steel and
ceramic balls, indicating the consistent trend of improved
wear performance over the range of tribological conditions
considered in this investigation.

The interferometric plots also provided three-dimensional
p e of
t nder
2 t-
i this
fi coat-
i ings.
A Zygo interferometer was used to measure the vol
oss of the coating material. The results for all coatings
olved in the testing are shown inFig. 15. This provides
he relative performance comparison of the as-sprayed
IPed coatings. Furthermore, the volume loss of the

ire system was determined adding the volume loss o
lots of the middle section of coating wear scars. Som
hem, those which were tested against ceramic balls u
2 N are presented inFig. 17. The particularities of each coa

ng wear scar such as width or depth can be observed from
gure. As a general trend, the scars on the as-sprayed
ngs are significantly wider than those on the HIPed coat
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Fig. 13. Friction coefficient of the as-sprayed and HIPed coatings tested vs. (a) 440C steel and (b) Si3N4 balls (load = 12 N).

In most cases the wear scars on the coating HIPed at 1200◦C
is the narrowest of them. In terms of wear track depth, the
as-sprayed coatings are again the worst, being the deepest
regardless the load or ball used. Quantifying for the couples
presented inFig. 17, the wear track on the as-sprayed coat-
ing has 5.8�m depth and 1.6�m width. Compared to this,
the depth of the HIPed coatings wear scars is less than half,
2.25�m and 1.8�m, respectively. Same trend was seen when
comparing the width of these coatings although the difference
between the coatings is less. Thus, the width of the coating
HIPed at 850◦C is 1.4�m whilst that of the coating HIPed
at 1200◦C is 1.38�m.

Fig. 18 summarizes the post-test investigations of the
wear tracks of the as-sprayed and HIPed coatings which slid
against steel and ceramic balls, whereas the debris resulting
from sliding wear tests are shown inFig. 19. Fig. 20shows
the EDX analysis within the wear track of the as-sprayed
coatings.

4. Discussion

Previous study[16] by authors proved that HIPing post-
treatment at temperature of 850◦C for 1 h can be successfully
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Fig. 14. Friction coefficient of the as-sprayed and HIPed coatings tested vs. (a) 440C steel and (b) Si3N4 balls (load = 22 N).

applied on encapsulated thermally sprayed WC–Co coatings.
In the current research, the authors investigated the potential
of combining special properties of functionally graded coat-
ings, with the properties of WC–NiCrBSi material to enhace
the beneficial effect that HIPing post-treatment has on wear
resistant coatings. Moreover, the HIPing conditions were spe-
cially chosen to avoid cracking of coatings during heating
and cooling, and to decrease the cost of the process using un-
encapsulated coatings. The post-treatment of these coatings
was performed at 850◦C and also at 1200◦C to investigate
the effect of a higher HIPing temperature on the capacity of
these specially designed coatings to withstand harsh condi-
tions in wear applications.

A detailed analysis of the microstructure of the HIPed
coatings was performed, the mechanical properties and resid-
ual stresses of the HIPed coatings was compared to those of
the as-sprayed ones and the coatings were tested in sliding
conditions.

4.1. Coating microstructure

An analysis of chemical composition by XRD diffrac-
tion revealed a number of phase transformations which take
place during the coating post-treatment. Secondary phases
of tungsten carbide (W2C) and the metallic tungsten which
are known to contribute towards the coating’s brittleness be-
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Fig. 15. Coating volume loss (mm3).

come unstable at temperatures above 850◦C. It is believe
that reactions of these phases with the existent nickel or iron
from the matrix led to the formation of additional complex
carbides (Ni2W4C, FeW3C). The increased intensity of the
WC peaks suggests that some secondary phase also converted
to WC, conversion facilitated by the carbon which existed
in the matrix (Table 1). Thus, although there are still some
brittle secondary phases of tungsten carbide in the coatings
HIPed at 850◦C, they are less than in the as-sprayed coating.
Therefore, these post-treated coatings can be expected to be
tougher. Moreover once the complex carbides formed, they
should bring extra hardness to the coatings HIPed at 850◦C.
Their influence on toughness can also be appreciated from
Fig. 10.

The increased number of new phases in the coatings HIPed
at 1200◦C indicates more reaction activity with increasing
the HIPing temperature. Thus, as a consequence, brittle sec-
ondary tungsten carbide and metallic tungsten phases which
were seen in small amounts in the coating HIPed at 850◦C
were eliminated. Except these brittle phases, the rest of the
phases existent in the coating HIPed at 850◦C also formed
in the coatings HIPed at 1200◦C. Due to higher tempera-
ture, additional reactions increased the number of complex
carbides such as Ni2W4C, chromium carbides CrxCy, and
also led to the formation of new carbides such as FeW3C
o on.
B s in
m ex-
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[

Microanalysing the HIPed coatings under scanning elec-
tron microscope, marked characteristics of the structure of the
HIPed coatings particulary those HIPed at 1200◦C are found,
and these differences from the structure of the as-sprayed
coating can be appreciated by studying the coating layers.
Micrographs taken on the vicinity of the coating/substrate
interface of both HIPed coatings reveal the occurrence of an
intermediar layer along the interface while the initial inter-
face disappeared (e.g.Fig. 7d). Elemental analysis within this
region indicates the presence of high amounts of Ni, suggest-
ing that diffusion-controlled processes took place between
the substrate and coating layer, from the coating towards the
substrate, leading to the strengthening of the bonding be-
tween the two parts and correspondingly, the elimination of
the initial interface. An additional effect of the diffusion of
the binder in the substrate is expected to be the hardnening
of the substrate throughout the additionally-created layer. As
expected, a greater extent of this metallurgical bonding oc-
curred during HIPing at 1200◦C, which was confirmed by the
difference of the thickness of the new diffused layer, and also
in the substrate hardness near the coating/substrate interface.

As illustrated in theFigs. 5b and d, and 6b and d, no clear
evidence was observed of any effect of the post-treatment
carried out at 850◦C on the size and shape of carbide grains.
Thus, both the as-sprayed and the coating HIPed at 850◦C
h valid
f 0
p e sub-
s

t at
1
t rbide
g re of
t erved
a n of
r products of nickel and chromium or nickel and bor
earing all these transformations in mind, the change
echanical properties of the HIPed coatings can be
lained. Thus, the absence of secondary tungsten ca
hase decreased the coating brittleness while the form
f additional complex carbides led to higher coating h
ess. Moreover, a survey of the literature also shows
ickel borides or chromium nickel phases would incre

he hardness of the material whose constituents the
17–19].
ave approximately the same characteristics. This was
or both the upper and bottom coating layers. Hence, 85◦C
roved to be lower than the temperature needed to caus
tantial changes thoughout the coating microstructure.

Contrary to above, the post-treatment carried ou
200◦C produced appreciable changes (Fig. 7). Firstly, no-

iceable throughout the coating is the tendency of the ca
rains to become prismatic. Moreover, under the pressu

he post-treatment a rearrangement of the grains is obs
nd thus a shift from a relatively homogenous distributio
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Fig. 16. Total volume loss (mm3) of (a) coating–steel and (b) coating–ceramic systems.

carbide grains of the coating HIPed at 850◦C to the formation
of islands of grains takes place. However this aggregation of
the carbides brings about an increase in the size of binder
spaces. Since this is particulary evident in the bottom layer
of the coating HIPed at 1200◦C, the carbide agglomeration is
related to the level of binder in the coating. With the HIPing
temperature higher than the eutectic, the solubility of carbides
in the binder is greatly enhanced. This decreases the activa-
tion energy for atomic movement across the carbide bound-
aries leading to greater flexibility of the carbide interfaces
[20]. The movement of the carbide interfaces ceases when
low energy prismatic carbide interfaces form. Close-packing
of carbides takes place and thus the contact between different

carbides increased. Furthermore, another process might take
over which leads to a coarsening of the grains. This may be
the coalescence of the carbide grains as described by Ryoo et
al. [21]. Although the adsorbtion of additional atoms on the
surface of the prism-shape carbide would increase the surface
energy, nevertheless, the micrographs show intimate contact
between the certain grains to the extent that the boundary be-
tween them cannot be easily distinguished. Thus, provided
that an angular relationship between two grains is satisfied
[21], they can easily coalesce forming larger prismatic grain.
However, there are situations when the corsening of the grains
is possible only with an influx of C atoms, which decreases
the probability of coalescing, whilst sometimes the orieta-
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Fig. 17. Interferometric plots of the (a) as-sprayed, (b) HIPed at 850◦C, and
(c) HIPed at 1200◦C coating wear scars produced by ceramic balls (load =
22 N).

tion relationship is totally unfavorable and the coalescence
impossible.

Another feature specific to the coatings HIPed at 1200◦C
is the layer which occurred between the bottom and the up-
per layers. Since its structure resembles the bottom layers of
the coating HIPed at 850◦C, it is believed that a longer HIP-
ing time would have transformed the structure of the coating
HIPed at 1200◦C over the entire thickness of the bottom
layer.

4.2. Mechanical properties

Mechanical properties measurements confirmed the as-
sumptions made throughout the previous section on the ef-
fect of microstructure on the coating hardness or toughness.

Thus, the gradual increase of the microhardness with HIP-
ing temperature is brought about by the occurrence of new
hard phases throughout the upper coating layer. The analy-
sis of the phase composition also shows that an elimination
of brittle phases takes place during the HIPing process, and
is enhanced with increasing the temperature. Although only
qualitative, the fracture toughness results show consistent be-
haviour confirming the above. Hence, there is an increase of
the potential of the upper coating layer to withstand higher
loads without fracturing with the temperature of the post-
treatment. However, a simultaneous increase in the hardness
and the toughness will not be reasonable without an improve-
ment of the elasticity of the upper coating layer. The modulus
results taken on the surface and throughout the cross-section
of this layer of both HIPed coatings validated this assump-
tion. Hence, it is believed that the transformations in the phase
composition of the coatings during the post-treatment set up
new relatively stronger bonds at 850◦C, which is reflected by
the substantial increase in the elasticity of the HIPed coatings
compared with the as-sprayed ones. However, the modulus
results of the coating HIPed at 1200◦C shows even higher
values. Although the coating HIPed at 1200◦C has higher
modulus, the coating treated at 850◦C has lower modulus
gradient, and hence almost no anisotropy. The source of the
anisotropy might be the porosity level of the coatings HIPed at
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200 C (Fig. 8c), which influences the measurements ta
t low load of 500 mN.

On the other hand, for the bottom layer, the partic
oating structure is responsible for the decrease in the m
ardness of the coating HIPed at 1200◦C. The transforma

ion from the relatively homogeneous carbides distributio
he formation of aggregates produced larger spaces of b
hich were influential in microhardness measurements

o the corresponding decrease of the number of carbid
ustain the load. Thus, it is thought that the plastic defo
ion component during the indentation is responsible fo
ifference in the microhardness results.

The results of the microhardness measurements tak
he substrate in the close vecinity of coating/substrate i
ace show an increase in the hardness of the substrate
articular location. The alteration of the substrate com
ition as a result of nickel diffusion which was mention
n the previous section is responsible for the enhanceme
he substrate hardness. Regardless of the temperature o
ng, all treated systems had an increase of substrate ha
hich is nevertheless increasing as the HIPing temper

ncreases.

.3. Residual stress measurements

In terms of residual stress, the HIPing process build
ompressive residual stresses within the coating, thus inc
ng the stress level already existing in the as-sprayed coa
Fig. 12). It is believed that, during the HIPing process,
esidual stress profile undergoes a number of change
esponding to the influence of the pressure and tempe
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Fig. 18. SEM micrographs within the wear scar of as-sprayed, HIPed at 850◦C and HIPed at 1200◦C coatings tested against steel: (a), (b), (c), and ceramic
(d), (e), (f) under a load of 12 N. (“A” indicates oxide layers and the arrows indicate cracking of the oxides under the load).

during the post-treatment. Considering the result of the mea-
surements, it can be appreciated that the application of the
pressure produces enough compressive stresses to overcome
the tensile stresses which resulted from the cooling stage.
The temperature of the HIPing process doesn’t significantely
influence the level of the stresses, the HIPed coatings hav-
ing about the same averaged value calculated over the entire
coating thickness. However,Fig. 12shows an evident differ-
ence between these coatings. This is the gradient of the stress
value over the coating thickness. Thus, the coating HIPed at

1200◦C has less variation of residual stress throughout the
coating thickness, indicating that stress concentrations are
less likely under mechanical loading.

4.4. Tribological testing

The total wear of the coating–ball system is influenced
by several main mechanisms: microcraking of the coating
surface, oxidation at the contact asperities, abrasive wear in
two and three body. Although the contribution of these wear
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Fig. 19. Debris formed by sliding the as-sprayed, HIPed at 850◦C and HIPed at 1200◦C coatings against steel: (a), (b), (c), and ceramic balls (d), (e), (f) (load
= 12 N).

mechanisms cannot be treated independently, it is convenient
for a better understanding to discuss them separately.

Regardless of the tribological conditions microcracking is
a wear mechanism which occurred only in the tests which in-
volved the as-sprayed coatings. Thus, the micrographs taken
on the as-sprayed coatings exhibit microcracks randomly dis-
persed over the wear track. They are ascribed to the rela-
tively higher brittleness of these coatings compared to the
HIPed ones. The cracks nucleate at the surface of the coat-

ing within the brittle phases and propagate along the bound-
aries of WC grains (Fig. 17a) throughout the contact area,
preferentially perpendicular to the sliding direction. They in-
fluence both the friction and wear of the system. Thus, as
energy dispersive mechanism, microcracking causes an in-
crease in friction. The crack edges also cause the material of
the ball to be removed and are themselves preferred location
for the removal of coating material. Moreover propagating
the cracks form nets, leading to localised weakening of the
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Fig. 20. EDX analysis within the wear scar of the as-sprayed coating tested against (a) steel and (b) ceramic ball (load = 12 N).

coating surface and, subsequently to the delamination of the
coating.

Transient flash temperatures at the asperities contact lead
to oxidation throughout the contact area. Hence, layers of
dark phase (Fig. 18), confirmed by EDX to have high pro-
portion of iron and oxygen, and tungsten (Fig. 20a and b) ran-
domly covered the coatings tested against steel and ceramic.
This suggests the presence of FeO in the first case (steel ball)
and WO3 in the later (ceramic ball). Since smearing of the

oxide layer was noticed under the SEM, it is suggested that
further sliding causes the spreading of the oxide layers over
the coating. They also deposit into the surface pits providing
reservoirs for further system solid lubrication, decreasing the
friction coefficient and thus avoiding adhesive wear. Subse-
quent formation and removal of these oxide layers is a part
of this process which last for the entire duration of the wear
tests. Also called the oxidational wear, this process influences
the total wear of the systems regardless of the load used. Cou-



1122 V. Stoica et al. / Wear 257 (2004) 1103–1124

ple of mechanisms by which the oxides can be detached as
wear debris are proposed. Cracking is one of them, as shown
in Fig. 18b, c, and e. Thus, the small thickness and also the
brittleness of these layers cause their removal from the coat-
ing surface under the load. During sliding, this mechanism
operates in sequence or simultaneous with other mechanisms
involved. The spalling of some layer fragments exposes the
coating which is prone to further wear by other wear mech-
anisms. Harder debris, removed either from the coating or
from the ceramic ball will also be present in the contact area,
and thus promote another mechanism for the detachment of
the oxide layers. This is the rolling and sliding of the debris
particles between the sliding surfaces, which once again led
to cracking and spalling of the oxides. Once the oxide layer
is removed, the amount of system material loss and also the
increase in friction depend on the rapidity of the formation
of new layer.

The three body abrasive mechanism was seen to follow
all the processes described above. Two mechanisms which
operate simultaneously are proposed. Thus, when the third
body is carbide grains and/or ball fragments, either steel or
ceramic, there is a gradual extrusion of the coating matrix.
Plastic shearing takes place leading to the removal of binder.
As a result, the carbide grains protrude from the coating sur-
face as shown inFig. 18b and d. They are unprotected and
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scar of the as-sprayed coating. The debris originated from
this process continued this mechanism until the end of the
test, and hence resulted in more wear of the as-sprayed test
couples.

Although the examination of the wear debris collected at
the end of wear tests doesn’t give indications of its appearance
at the formation, some suggestions on the transformations
they suffer from the initial to the final state can be proposed.
Thus, flake-like debris was found in most of the tests but also
agglomerates of smaller particles, as shown inFig. 19a. El-
emental analysis on flakes-like debris produced in different
tests suggest that they have oxide layers. They spalled out of
the coatings and were involved in three body abrasive wear
which cracked and fragmented them until they reached the
sizes seen inFig. 19. On the other hand, during sliding, par-
ticles detached from either the coating or the ball adhere to
each other until agglomerates of different sizes form. They
can move away from the contact area or get entrapped be-
tween the sliding pairs, becoming flattened by the plastic
deformation. Although not included in this paper, elemen-
tal analysis of the debris indicated a combination of coating
fragments, bits of oxide layer and ball material.

Apart from the oxidation wear for which a quantification
of the oxide layers for each coating surface is difficult, the
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oatings HIPed at 1200◦C (Fig. 17). The role of this mech
nism on the coating material loss can be appreciated

he wear of the as-sprayed coatings which had lower
ure toughness and hardness and they loose material b
he plastic deformation (perhaps microcutting rather
loughing) and brittle fracture. This aspect of the wear
f the as-sprayed coating, as depicted inFig. 17a, shows tha
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brasive wear, namely plastic deformation and brittle f
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coefficients as shown inFigs. 13 and 14. Although there is no
clear difference in the friction between the as-sprayed and the
HIPed coatings, at least at the beginning at the tests, the HIPed
coatings, particularly those HIPed at 1200◦C show slightly
lower friction. Generally, the profiles are relatively smooth
except those which corresponded to the tests involving steel
balls. The fluctuations are seen mostly at the beginning of
the tests and are ascribed to the increase in the apparent area
of contact. As the contact area become stable, further varia-
tion of the friction coefficients is due to the debris entrapped
within the wear scar. This is confirmed by the micrographs of
the debris produced during coating/steel tests. They show, be-
side large flake-like debris, the agglomerates of fine particles
mentioned earlier, suggesting that the debris spent a longer
time within the contact area hence producing variation and
influencing the friction coefficients.

The last issue without which this discussion will not be
complete is the apparent proportionality of the friction coeffi-
cient with the applied load, although only two different loads
were applied. Considering the first law of friction[22], one
should expect that the coefficient of friction to be indepen-
dent of the applied load. However, this is not generally true
since it has been shown that the so called “Coulomb friction”
(the friction which does not depend of the test conditions),
is proven only in few tests. This is confirmed by the narrow
r ow-
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coatings increases with increasing the HIPing tempera-
ture. The qualitative examination of the coating fracture
toughness confirms the absence of the brittle tungsten car-
bide secondary phases or metallic tungsten indicating im-
provement in coating toughness.

3. Microstructural investigations show that considerable dif-
fusion throughout the coating and at the interface of coat-
ing layers take place, especially at higher temperatures
producing higher bonding and consequently higher coat-
ing elasticity.

4. The development of uniform compressive residual stress
was possible after HIPing the coating at a temperature of
1200◦C.

Acknowledgements

Authors would like to thank Dr. Susan Davies at Body-
cote HIP Ltd., UK for her support during the HIPing post-
treatment. Financial support of EPSRC (Grant Number
GR/R45284) is also gratefully acknowledged.

References

icki,
ear
ment

pray

of
and

8 (1)

e of
earch
third
IN:

nt of
3–238
Ed.),
ASM

cts
inless

ce-
ceed-
.
g of
cture,

tria-

sma-
lms

[ . Di
rbide
995)
ange of load employed in this investigation, the results sh
ng that the friction coefficient decreases with increasing
oad. The frictional force is therefore not proportional to
pplied load. It was observed that the increase in the ap

oad produced an increase in the frictional force neverth
ot enough to maintain the friction coefficient at a cons
alue, and represents the complex role of oxide layer
ear debris within the contact region.

. Conclusions

The tribological performance of the as-sprayed and p
reated thermal spray coatings via hot isostatic pressing
valuated to investigate the effect that the post-treatmen
erature has on the coating wear resistance. The result
ate that the wear performace of the WC–NiCrBSi therm
prayed coatings can be improved by HIPing process. H
he coating without encapsulation by appropriate desig
unctionally graded coatings and HIPing conditions pro
uccessful. Increasing HIPing temperature produces h
oating wear resistance through the following changes w
ccur in the coating microstructure, mechanical proper
nd residual stress state:

. Microstructural investigations show that phase tran
mations led to the elimination of brittle phases existin
as-sprayed coatings, and gradually produce harder p
as the temperature of the HIPing process increased.

. As a consequence of the above-mentioned changes
coating phase composition, the hardness of the H
[1] A.C. Savarimuthu, H.F. Taber, I. Megat, J.R. Shadley, E.F. Ryb
W.C. Cornell, W.A. Emery, D.A. Somerville, J.D. Nuse, Sliding w
behavior of tungsten carbide thermal spray coatings for replace
of chromium electroplate in aircraft applications, J. Therm. S
Technol. 10 (3) (2001) 502–510.

[2] L. Jacobs, M.M. Hyland, M. De Bonte, Study of the influence
microstructural properties on the sliding-wear behavior of HVOF
HVAF sprayed WC-cermet coatings, J. Therm. Spray Technol.
(1999) 125–132.

[3] T.P. Slavin, J. Nerz, Material characteristics and performanc
WC–Co wear-resistant coatings, 198-164 of thermal spray res
and applications, in: T.F. Bernecki (Ed.), Proceedings of the
National Thermal Spray Conference, ASM International, AS
0871703920, 1990.

[4] H. Ito, R. Nakamura, R. Shiroyoma, M. Sasaki, Post-treatme
plasma sprayed WC–Co coatings by hot isostatic pressing, 23
of thermal spray research and applications, in: T.F. Bernecki (
Proceedings of the third National Thermal Spray Conference,
International, ASIN: 0871703920, 1990.

[5] H. Kuribayashi, K. Suganuma, Y. Miyamoto, M. Koizumi, Effe
of HIP treatment on plasma-sprayed ceramic coating onto sta
steel, Am. Ceram. Soc. Bull. 65 (1986) 1306–1310.

[6] K.A. Khor, N.L. Loh, Hot isostatic pressing of plasma sprayed
ramic coatings, 804–809 of ceramics—adding the value, in: Pro
ings of the third International Thermal Spray Conference, 1992

[7] K.A. Khor, Y. Murakoshi, M. Takahashi, T. Sano, Plasma sprayin
titanium aluminide coatings: process parameters and microstru
J. Mater. Process. Technol. 48 (1995) 413–419.

[8] K.A. Khor, Y.W. Gu, Hot isostatic pressing of plasma sprayed yt
stabilized zirconia, Mater. Lett. 34 (1998) 263–268.

[9] H.C. Chen, E. Pfender, J. Heberlein, Structural changes in pla
sprayed ZrO2 coatings after hot isostatic pressing, Thin Solid Fi
293 (1997) 227–235.

10] I.C. Grigorescu, C. Di Rauso, R. Drira-Haulouani, B. Lavelle, R
Giampaolo, J. Lira, Phase characterisation in Ni alloy-hard ca
composites for fused coatings, Surf. Coat. Technol. 76–77 (1
494–498.



1124 V. Stoica et al. / Wear 257 (2004) 1103–1124

[11] P. Ostojic, R. McPherson, Indentation toughness testing of plasma
sprayed coatings, Mater. Forum 10 (4) (1987) 247–255.

[12] M. Buchmann, M. Escribano, R. Gadow, G. Burkle, et al., in: C.C.
Berndt (Ed.), On the elastic mechanical properties of thermally
sprayed coatings, 598–605 of thermal spray: surface engineering via
applied research, ASM International, ISBN: 0-87170-680-6, 2002.

[13] M.F. Smith, D.T. McGuffin, J.A. Henfling, W.J. Lenling, A com-
parison of techniques for the metallographic preparation of ther-
mal sprayed samples, J. Therm. Spray Technol. 2 (3) (1993) 287–
294.

[14] D.J. Nolan, M. Samandi, Revealing true porosity in WC–Co thermal
spray coatings, J. Therm. Spray Technol. 6 (4) (1997) 422–424.

[15] S.D. Glancy, How metallographic preparation affects the microstruc-
ture of WC/Co thermal spray coatings, in: Proceedings of the Seventh
National Thermal Spray Conference, 1994, pp. 771–776.

[16] V. Stoica, R. Ahmed, S. Tobe, Wear of hot isostatic pressed (HIPed)
thermal spray cermet coatings, in: C.C. Berndt (Ed.), 930–937 of
thermal spray: surface engineering via applied research, ASM Inter-
national, ISBN: 0-87170-680-6, 2002.

[17] Z. Ding, H. Zhao, J. Wang, Effect of WC content on the wear
resistance of Ni-base alloy spray fusing overlays, in: C.C. Berndt,
K.A. Khor, E.F. Lugscheider (Eds.), 1089–1092 of thermal spray
2001: new surface for a new millennium, ASM International, ISBN:
0871707373, 2001.

[18] S.C. Modi, E. Calla, Structure and properties of HVOF sprayed
NiCrBSi coatings, in: C.C. Berndt, K.A. Khor, E.F. Lugscheider
(Eds.), 281–284 of thermal spray 2001: new surface for a new mil-
lennium, ASM International, ISBN: 0871707373, 2001.

[19] O. Knotek, H. Reimann, P. Lohage, Reactions between Ni–Cr–B–Si
matrixes and carbide additives in coatings during fusion treatment,
Thin Solid Films 83 (1981) 361–367.

[20] B. Meredith, D.R. Milner, Densification mechanisms in the tungsten
carbide–cobalt system, Powder Metall. 1 (1976) 38.

[21] H.S. Ryoo, S.K. Hwang, B.K. Kim, H.S. Chun, Anisotropic grain
growth based on the atomic adsorption model in WC–25 Pct Co
Alloy, Metall. Mater. Trans. A 31 A (2000) 1925–1935.

[22] I.M. Hutchings, Friction, 23–25 of Tribology: friction and wear of
engineering materials, ISBN: 034056184 X, 1992.


	Sliding wear evaluation of hot isostatically pressed (HIPed) thermal spray cermet coatings
	Introduction
	Experimental procedure
	Material selection
	Coating production and post-treatment
	Coating characterisation
	Microstructural evaluation
	Microhardness and fracture toughness measurements
	Elastic modulus measurements
	Residual stress measurements

	Tribological testing

	Experimental results
	Microstructural identification
	X-ray diffraction analysis
	SEM observations

	Mechanical properties measurement
	Microhardness measurements
	Fracture toughness measurements
	Indentation modulus measurements

	Residual stress measurements
	Tribological testing
	Friction behaviour
	Sliding wear


	Discussion
	Coating microstructure
	Mechanical properties
	Residual stress measurements
	Tribological testing

	Conclusions
	Acknowledgements
	References


