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Electrolytic hard chrome (EHC) plating is a source of environmental pollution due to evolution of hexavalent
chromium, which is a known carcinogen. Coating technology known as Kinetic Metallization™ (KM™) is an
alternative to EHC for depositing wear resistant WC-Co coatings. Kinetic Metallization™ employs high kinetic
energy of impacted feedstock particles and achieves a dense coating with good intersplat bonding. However, the
high kinetic energy imparts peening and thermal stresses that are different from other thermal spray processes.
This work characterizes the residual stress profile and room temperature wear behaviour of WC-Co coatings
deposited under several input parameters. A combination of SEM imaging and etched optical micrographs
revealed significant plastic deformation and particle penetration at the interface due to high energy impact of
feedstock particles. No signs of substrate grain refinement were detected. The coating was composed primarily of
WC and Co with minor compositional variations, as calculated by quantitative Rietveld analysis, with respect to
the input parameters. Coating residual stresses were compressive in nature due to domination of thermal
contraction stresses over peening stresses. The wear resistance assessed by the pin-on-disk method revealed a
wear performance equivalent to conventionally sprayed WC-Co coatings.

or electrical thermal spray processes; including flame spray, detonation
spray (DS), high velocity oxygen fuel (HVOF) and atmospheric plasma

1. Introduction

Electrolytic hard chrome (EHC) plating is used in industry due to its
high-performance capabilities in providing superior hardness, wear
resistance and corrosion resistance for protecting components in high
wear environments. However, EHC has an uncertain future as legislation
concerning hexavalent chromium, a known carcinogen, becomes more
stringent and restrictive due to its hazardous health and environmental
effects. An alternative approach is to employ cold spray (CS) nano-
structured tungsten carbide cobalt (WC-Co) coatings [1] that have
exhibited positive outcomes in wear applications. Hence this work ex-
plores a variant CS process called Kinetic Metallization™ (KM™) [2] for
deposition of WC-Co coatings.

Traditionally, WC-Co coatings are applied to surfaces by combustion

spray (APS) [3]. These methods require control of processing parameters
to achieve a uniformly dense coating. Often these high temperature
environments and rapid solidification processes also result in undesir-
able features in coatings. These coating defects include multi-phase
formation in the coating, porosity, a void network and detrimental re-
sidual stress [4].

On the other hand, impact consolidation methods of cold spray and
KM™ prevent unfavorable thermal input and rely on solid state cold
welding technique as bonding mechanism arising from plastic defor-
mation [5,6]. All of the Cold Spray variants rely on the injection of metal
particles into a supersonic stream of accelerant gas. The KM™ design
features a patented friction compensated sonic nozzle to accelerate
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particles [7]. In the KM™ process, thermally soften powder particles
(from 1 to 50 pm in diameter) are accelerated to sonic velocities of 500
to 1500 m/s by a gas jet through a friction-compensated sonic nozzle
[2]. The nozzle design restricts the gas flow below Mach 1, leading to
equal gas density past the nozzle throat; thereby averting any losses
associated with kinetic energy of the particles [2,8]. The high velocity
particles convert their kinetic energy to mechanical and thermal
deformation so that they adhere to the underlying material and form a
dense and oxide free coating by a process similar to explosive welding.
The low process temperature avoids decarburization and oxidation of
the WC-Co [7].

Conventional WC-Co based composite coatings are composed of high
proportions of hard WC phase of up to 80 wt% in conjunction with low
amounts of Co as the binder material. The WC component enhances the
hardness and wear resistance of the coatings, while, the Co binder im-
proves the toughness of the composite [1,9]. Hence, the wear resistance
of the WC-Co coating system will decrease with an increase in the binder
content. Thus, research on these composite coatings has focused on high
WC content to further improve the wear resistance [10,11]. However,
the current work on KM™ WC-Co coatings employed high Co content to
investigate this specific process and the influence of high binder content
on the overall wear resistance. The wear behaviour of KM™ WC-Co
coating with high binder content was studied under dry sliding condi-
tions using a pin-on-disk method against an alumina ball. The
morphology, structure and composition of the worn surface were
assessed to understand the wear mechanism.

Specific knowledge on the magnitudes of peening and thermal stress,
which together evolve the residual stress profile of the KM™ WC-Co
coatings, is needed for comparison purposes to other cold spray and
HVOF technologies. These coating systems are used in critical applica-
tions such as landing gear pistons and axle journals, hydraulic rods,
engine shaft journals, and other components that operate under high
cycle conditions. The residual stress state developed during any coating
process has a significant influence on fatigue properties.

Hence, knowledge of stresses and their linkage to other properties
and production parameters is essential for these critical structures. WC-
Co coatings were prepared under a two-factorial design that involved
the process gas pressure and gas temperature. Relationships among (i)
processing conditions, (ii) microstructure, (iii) residual stresses, and (iv)
the mechanical properties of these coatings were investigated.

2. Experimental details
2.1. Coating procedure

The Kinetic Metallization™ system (Inovati, Santa Barbara, CA
93117, USA) consists of a KM™ Gun, a control cabinet with dual powder
fluidizing units, and a fully enclosed spray cabinet. The patented KM™
Gun [12,13] has a friction compensated sonic nozzle with an integrated
gas heater and combined powder injection and mixing chamber. The
powder particles that pass through this nozzle are typically accelerated
to speeds up to 1000 m/s, which are then deposited onto a substrate to
form a coating.

Helium was used as an accelerant gas for the current KM™ system.
Gas temperature and pressure were varied in this study since these
variables largely influence the coating deposition. The inlet gas pres-
sures were between 0.414 and 0.621 MPa (60-90 psi) and gas temper-
ature were 760-980 °C (1400-1800 °F). Three coatings were fabricated
onto a SAE1018 mild steel substrate (3.0 mm thick) with the KM™
parameters (i) 0.414 MPa and 760 °C (60 psi and 1400 °F), (ii) 0.414
MPa and 980 °C (60 psi and 1800 °F), and (iii) 0.621 MPa and 760 °C
(90 psi and 1400 °F). Identical samples at each parameter setting were
procured for neutron measurements and to perform metallography,
SEM, instrumented indentation, and wear testing.
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2.2. Microstructural and mechanical characterization

The coated substrates were metallurgically prepared in accordance
to the ASTM E1920: Standard Guide for Metallographic Preparation of
Thermal Sprayed Coating [14]. Microscopy and image analysis (IA)
using Image J® (National Institute of Health, USA) allowed quantitative
measurements of coating porosity. Cross-sections of the coating micro-
structure were characterized using a field emission scanning electron
microscope (SEM) (Zeiss SUPRA™ 40VP FESEM system) with a working
voltage of 20 kV and working distance of 10 mm. An energy dispersive
X-ray spectrometer EDS (Oxford Instruments, INCAxcat detector) was
adopted for point scanning of element distributions. Bruker's D8
discover powder X-ray diffraction (XRD) system (Bruker Corp., Billerica,
MA, USA) was used for phase analysis of the coatings. The samples were
scanned under Cu Ka radiation over a 20 range of 30° to 90° at a voltage
of 40 kV, a current of 30 mA and a 0.05°20 step size. Quantitative
Rietveld analysis was performed using DIFFRAC.SUITE TOPAS 4.2
(Bruker Corp., Billerica, MA, USA) interface to calculate the carbide and
cobalt contents in coatings. The diffraction patterns for KM™ WC-Co
coatings include complex phases that obscure peak fitting. Hence, the
Rietveld analysis is a guide towards changes in the coating composition
under different input parameters.

The microhardness evaluation of the coating cross section was per-
formed according to ASTM C1327: Standard Test Method for Vickers
Indentation Hardness of Advanced Ceramics [15], using the Hysitron TI
980 Triboindenter indentation platform (Bruker Corp., Minneapolis,
MN). Indents were set at a load of 3 N and at least 20 indents were
performed on each coating. The indenter records the applied load and
penetration depth for the loading and unloading cycle. Hardness is
calculated by dividing the maximum load on the load-displacement
curve by the area of the indent. The elastic modulus was determined
by using the Oliver-Pharr method from the slope of the unloading curve
shown on the load-displacement graph [16].

2.3. Residual stress analysis

All substrates of SAE1018 mild steel (3.0 mm thick) underwent stress
relief at 500 °C for 3 h. Then, the substrates were lightly blasted with SiC
grit to remove any oxide scales as well as any surface irregularities such
as scratches or gouges. Prior to deposition, the coated side was high
pressure grit blasted with boron carbide. These steps ensured that all the
substrates were at similar initial stress states so that valid comparisons
could ensue after the neutron measurements. Residual stresses were
measured by a neutron diffraction technique using KOWARI, the
neutron residual stress diffractometer at the Australian Center for
Neutron Scattering (ANSTO) [17]. The stresses were evaluated from the
measured strains in the two principle directions, the in-plane and
normal, assuming a bi-axial stress state that has been demonstrated for
similar coating systems [18].

The neutron wavelength was selected according to the material, Fe
substrate or WC coating, to provide a 90° geometry for the best locali-
zation of the gauge volume. Since the thickness of Fe substrates is 3 mm,
a high spatial resolution of 0.3 mm was required for this experiment to
resolve stress distribution in the through-thickness dimensions. Due to
the possibility of using a match-stick gauge volume for the planar sample
geometry, the overall gauge volume of 0.3 x 0.3 x 20 mm® was suffi-
cient for fast (10 min per point) and accurate (50 pstrain) measurements
of the stress profile in the Fe substrates in steps of 0.3 mm. A smaller
gauge volume size, 0.2 x 0.2 x 20 mm?®, was used for average through-
thickness stress measurements in the coatings, since scanning through
0.3 mm thickness is not required and it was sufficiently small to avoid
largely the partial illumination. The zero plane stress conditions were
used to address the dg problem and its possible variation and to enable
the stress calculations without direct measurements of dy. This method
was confirmed in previous experiments on similar coatings [19]. Since,
both the Fe substrate and WC phase were measured, this technique



A. Meghwal et al.

enabled the measurement quality to be independently checked through
the stress balance condition.

2.4. Sliding wear behaviour

Wear testing was performed on the flat coating disks using a pin-on-
disk tribometer (Microtest, S.A., Spain) with a 6 mm diameter Al,O3 ball
as the counter body. The coating top surface was polished to 1200 grit
and cleaned with ethanol prior to wear testing. The room temperature
(RT) wear test was conducted at 10 N load. The sliding distance was
1000 m at a speed of 0.1 m/s with a 10 mm wear-track diameter. The test
was repeated three times to assess repeatability. The volume loss of the
coating was estimated using laser confocal microscopy (LEXT OLS5000,
Olympus, Japan) followed by volume loss analysis through the Lext
software (Olympus, Japan). Wear track surface and wear debris were
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further analysed using SEM and energy dispersive spectroscopy (EDS).

3. Results and discussion
3.1. Coating characterization

Fig. 1 shows that the KM™ technique is capable of achieving WC-Co
coatings greater than 300 pm thickness under operating conditions of
low gas pressure and temperature. The coating was intact and spallation
free at the coating-substrate interface. Porosity measurement using
image analysis revealed less than 2% porosity in all the coatings as well
as an absence of large voids or a microcrack network. More importantly,
etched optical microscopy images in Fig. 1 confirmed plastic deforma-
tion (shown by red arrows) and coating particle penetration (shown by
yellow arrows) at the interface due to high kinetic energy involvement
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Fig. 1. Etched optical microscopy images of KM™ WC-Co coatings showing uniformity and a clean substrate-coating bond line is shown through micrographs of (a)
to (f). Plastic deformation and coating particle penetration into coating surface is shown by red and yellow arrows, respectively. Note the following experimental
equivalent units: (i) 0.414 MPa and 760 °C (60 psi and 1400 °F), (ii) 0.414 MPa and 980 °C (60 psi and 1800 °F), and (iii) 0.621 MPa and 760 °C (90 psi and 1400 °F).
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in the KM™ system. mass dissolution of WC with Co; which is a commonly observed phe-

The angular grain structure of WC phase observed at high magnifi- nomenon in plasma sprayed and HVOF WC-Co coatings [20,21]. Mat-
cation SEM imaging was attributed to retention of WC grains, Fig. 2. This thews et al. [21] sprayed WC-17wt%Co powder using both HVOF and
demonstrated an absence of high temperature transformation or the plasma spraying and indicated significant variation in carbide
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Fig. 2. SEM images of KM™ WC-Co coatings deposited at various spray parameters. Image (a), (c) and (e) shows the plastically deformed zones (red arrows) and
particle penetration into the substrate (yellow arrows). Submicron and nano WC particles (grey colour) can be observed through image (b), (d) and (f); surrounding
the particles is Co matrix (black colour). Mean free binder path is closest for 90 psi, 1400 °F deposition condition as evidence by image (f). Note the following
experimental equivalent units: (i) 0.414 MPa and 760 °C (60 psi and 1400 °F), (ii) 0.414 MPa and 980 °C (60 psi and 1800 °F), and (iii) 0.621 MPa and 760 °C (90 psi
and 1400 °F).
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dissolution within binder material and decomposition of WC phase. Due
to carbide dissolution, WC content was steeply decreased from 85.5 wt%
in powder to 21.7 wt% in HVOF and 9.8 wt% in plasma sprayed coating,
respectively. In addition, peaks of W2C, elemental W, WC; 4 and CogWsC
were also observed in XRD patterns of both type of coatings. Further-
more, the SEM analysis also indicated WC grain fracture. This fracture is
associated with the high kinetic energy of the particles during impact
against the substrate and subsequent inter-particle collisions that cause
large WC particles to fracture and become redistributed within the
coating microstructure. The occurrence of matrix phase grain refine-
ment in a composite coating due to grain fracture has been reported
previously [1,22] and leads to the increase in the fracture strength of the
coating due to the Hall-Petch effect [23,24]. The corresponding micro-
hardness will increase with formation of smaller grains.

The effect of an increase in accelerant gas pressure produced a
reduction in the mean free path of the binder. For instance, the 0.621
MPa-760 °C WC-Co coating exhibited a lower binder mean free path, see
Fig. 2(f). In addition, an increase in hardness as well as the elastic
modulus was observed, see Table 1. The microhardness data revealed
that the 0.621 MPa and 760 °C (90 psi and 1400 °F) WC-Co coating
exhibited a hardness of 9.6 + 0.5 GPa (or 970 HV0.3) and elastic
modulus of 269.1 + 3.1 GPa, which were the highest values among all
the coatings.

The coating-substrate interface as seen in Fig. 2(a), (c) and (e)
exhibited plastic deformation (represented by red arrows) and particle
penetration zones (represented by yellow arrows) due to high energy
collision of particles onto the substrate. The possible mechanism might
include creation of localized plastic region (substrate side) due to high
energy particle bombardment leading to grain fracture at the interface
(substrate side). In addition, high energy impact might also have
generated a rapid localized rise in the temperature at the interface,
weakening the substrate, which then triggers particle infiltration into
the substrate. Chaudhuri et al. [25] reported similar phenomenon at the
interface during cold spraying of Inconel 625 super alloy onto a steel
substrate and confirmed the fine layer of grain refinement. Dosta et al.
[26] also studied the impact of cold-sprayed WC-Co particles onto Al and
Steel substrates and described a similar pattern at the interface. How-
ever, in this current work, analysis of the etched optical microscopy
images (Fig. 1) and SEM images (Fig. 2), did not observe signs of grain
refinement, even at a shallow depth from interface. The substrate con-
sisting of relatively equal sized coarse grains can be observed in Figs. 1
and 2. Only localized plastic regions and particle penetrations were
spotted at the interface. It can be cautioned that grain refinement phe-
nomenon can vary according to the specific spray system, input pa-
rameters and substrate materials.

The KM™ process does not approach any temperature regime that
can cause melting and re-solidification of the WC or Co components. The
XRD pattern does not index any W,C or oxide peaks, while a minor peak
of W was observed in all coatings as shown in Fig. 3. Hence, the
quenching stresses for a KM™ WC-Co coating should be zero. Moreover,
the XRD patterns for various KM™ WC-Co coatings were identical and
no peak changes or newly formed peaks were found, Fig. 3. Quantitative
Rietveld analysis revealed that there was a minor change in the carbide
and Co content at the various temperature and pressure settings of the

Table 1
Microhardness and elastic modulus of KM™ coatings deposited at various
parameters.

KM™ WC-Co coatings Microhardness Reduced modulus, E;
(GPa) (GPa)
0.414 MPa and 760 °C (60 psi, 7.6 +0.3 174.4 + 2.9
1400 °F)
0.414 MPa and 980 °C (60 psi, 8.1+04 142.8 + 4.9
1800 °F)
0.621 MPa and 760 °C (90 psi, 9.6 + 0.5 269.1 + 3.1
1400 °F)
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KM™ process that were explored. Also, the elemental W percentage was
minor with respect to the WC and Co weight percentage, which suggests
negligible de-carburization, Fig. 3.

3.2. Microhardness analysis

The 0.621 MPa and 760 °C (90 psi-1400 °F) WC-Co coating exhibited
the highest hardness and elastic modulus of the three coatings, Table 1.
This high hardness is attributed to its lower mean free binder path and
dense coating microstructure, Fig. 2. Thus, pressure increase from 0.414
to 0.621 MPa at 760 °C (60 to 90 psi at 1400 °F) induces a positive effect
on mechanical properties of KM™ coatings. However, an increase in the
gas temperature to 980 °C (1800 °F) from 760 °C (1400 °F) at constant
pressure 0.414 MPa (60 psi), demonstrated an increase in hardness and a
reduction in elastic modulus to 143 GPa, Table 1. An explanation to this
atypical inverse relationship is related to the size of the Vickers indenter.
Microindentation at a load of 3 N would cover a macroscopic volume
including both the WC and Co phases, porosity and other microstruc-
tural artefacts. Since all the coatings have less than 2% porosity, it is
highly unlikely that pores would drastically affect the hardness and
elastic modulus value due to their low volume, especially with common
indentation practice of indenting in dense area of coatings; a practice
that should be discouraged since the results do not reflect the bulk
material properties. Also, elastic modulus is a material property and
incorporates compliance from indenter as well. Thus, if the indentation
occurred on a phase specific, the standard deviation would have been
very high due to specific indentation on WC and Co phase, respectively.
However, low standard deviation of elastic modulus indicates that the
occurrence of phases beneath the indented area is considerably ho-
mogenous. In addition, the hard phase WC grain fracture occurred due
to the high kinetic energy of the particles during impact against the
substrate and subsequent inter-particle collisions. This attributes to
fragmentation of large WC particles and their redistribution within the
coating microstructures, lowering down the mean free path of binder
and improves the mechanical properties of the coatings.

Another hypothesis is that the microhardness values are influenced
by residual stresses that are superimposed on the applied indentation
stress field within the measurement volume [27]. Residual stresses exert
a significant influence on the deformation behaviour around the indent
on the coating surface. Therefore, dislocation pile-up may occur under
compressive stress, which leads to inconsistencies in the actual contact
area of the indenter to the one calculated by the Oliver-Pharr method.

3.3. Macro-stress profiling

Rietveld analysis of coating XRD patterns (Fig. 3) demonstrated that
the weight fraction of cobalt (32-35 wt%) was much higher than con-
ventional WC-Co coatings produced by HVOF with cobalt fraction s of
8-15 wt% [28]. The coating material should be considered as a com-
posite and the stress analysis entails both macro and micro-stress as-
pects. The procedure for discriminating these two stresses can be found
elsewhere [29] and only a short description is provided here.

Macro-stress, ¢, is the long-range stress in the material that is
approximated to be homogeneous. Macro-stress is also termed as the
“engineering” or “mechanical” stress and assumes that micromechanical
distributions of strain/stress fields are averaged through the rule-of-
mixture principle into averaged quantities. Macro-stress usually origi-
nates from differential plastic deformation or/and thermal history of the
different regions of a body. Micro-stress, of, in contrast, is relatively
short-ranged to the scale of the sample and varies with respect to the
material grain size. Micro-stresses, o} where i is the phase index, are
typical for multi-phase or composite materials and arise due to the
different elastic, plastic, and/or thermal properties of the phases. In any
large volume, the micro-stresses are averaged over all phases and
balanced to zero according to the rule-of-mixtures.

In principle, macro-stresses can be determined by using diffraction
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0.414 MPa, 980 °C|Co = 35.13 wt%
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WC =66.23 wt%

0.414 MPa, 760 °C| Co = 32.75 wt%
W =1.02 wt%

Fig. 3. Indexed XRD spectra of WC-Co coating deposited at various gas pressure and temperature settings in KM™ system along with corresponding phase weight

fractions calculated using quantitative Rietveld analysis.

methods for total stresses in all phases and applying the rule-of-
mixtures. This assumes that the stress-free (or dy) lattice parameters
are available to calculate the total phase stresses. Specifically, for
coatings, there are two conditions that help for the stress analysis: (i) the
stress state is biaxial with two principal directions (in-plane and normal,
or || and 1) and (ii) the condition oM = 0 is valid with great accuracy,
especially for thin coatings. Even when the stress-free lattice parameters
are not known, the strain-stress equations can be resolved to derive the
macro-stress [30].

In this study, the stress-free lattice spacing (dy) for WC phase was
known. However, it was not possible to measure the cobalt phase due to
the specific neutron scattering properties of cobalt that makes such
measurements impractical. In these circumstances, the macro-stress in
the coating, formally speaking, could not be evaluated directly through
weighted averaging of the two phases. However, the macro-stress in the
coating was possible to evaluate indirectly using the stress balance be-
tween total stress in the substrate and the coating, which equilibrates to
zero. As shown by Luzin et al. [30], the macro-stress in the coating and
stress measured in one phase of the composite coating can be split as the
deviatoric part of the micro-stress tensor. In the case of this work macro-
stress is determined indirectly through the balance condition and, as
well, stress can be measured in the WC phase. This split in stress was
detected and statistically treated as the presence of the deviatoric part of
the micro-stress, which is evidence of microstructural anisotropy.

Fig. 4 shows a typical through thickness residual macro-stress profile
of the KM™ WC-Co coatings, where the experimental points are shown
as symbols. In accordance with the general principles defined above, the
measurements in the substrate represent the true macro-stress, while
measurements in the composite coating can have a contribution from
the deviatoric stress micro-stress component as well as the macro-stress
component.

The final residual stress distribution is a complex superposition of
stresses generated within the coating and substrate system. The disin-
tegration of the stress profile into different contributions is the basis of
the quantitative analysis of the experimental data. To achieve this goal,
the distributions of macro-stress were further analysed, attributing the
stress state to several contributions under the formalism of the Tsui &
Clyne [31].

3.4. Contributors to the residual stress

In our model approach, the following contributions were considered:
(i) Thermal contraction stresses due to the mismatch between the co-
efficients of thermal expansion (CTE) between the substrate and coating,
in the presence of the temperature drop from the end-of-spray to room

300

| Fe substrate

200

100

stress, MPa
o

100 —©

-200 —

'300 - [ T ] [ [ T ‘ [ T

30 -25 -20 15 -10 -05 00

through-thickness position, mm

Fig. 4. Through thickness residual stress profile scan results of WC-Co coating
deposited at 0.414 MPa and 760 °C (60 psi and 1400 °F). The solid circle
symbols represent experimental points and the lines correspond to the model
calculations from fitting the experimental results. The blank circle symbols
correspond to the stress profile after grit-blasting.

temperature, (ii) deposition (or, for KM™, ‘peening’) stress from the
bombardment of high speed WC-Co particles, and (iii) self-equilibrating
stress in the substrate that was generated prior to the coating deposition.
The sources of stress within the coating and substrate superimpose to
establish the residual stress state of the coating/substrate system.
However, with a single point measured in the coating, it is difficult to fit
the experimental data with a model profile unambiguously. Therefore,
several parameters were experimentally determined and used as fixed
parameters for quantitative data analysis, see Table 2 for details.

The three contributions mentioned above, under quantitative con-
siderations, can be characterized. In particular, (i) ACTE between the
coating and substrate materials and the temperature drop after the spray
process, AT, can be obtained from measurements. The thermal expan-
sion difference, Aa, is determined from Aa = @coqr — Asub, Where dgoqr CAN
be accurately evaluated on the basis of the volume fractions of cobalt
and WC; while agy is known from standard material property mea-
surements. Second, (ii) the deposition stress was set to a value of zero
since the peening effect generates compressive stress, which are typical
for the cold spray materials. The peening stresses are approximately
equilibrated by the quenching effects that generate tensile stress.
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Table 2
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Summary of residual macro-stress analysis. Note the following experimental equivalent units: (i) 0.414 MPa and 760 °C (60 psi and 1400 °F), (ii) 0.414 MPa and 980 °C

(60 psi and 1800 °F), and (iii) 0.621 MPa and 760 °C (90 psi and 1400 °F).

Spray conditions: gas Measured deposition

Differential thermal coefficient

Thermally generated stress Deposition stress Total residual

pressure/temperature temperature of substrate (°C) Ae = AaAT (pstrain) in coating (MPa) (MPa) stress (MPa)

0.414 MPa, 760 °C (60 psi, 150 + 20 —410 + 50 -71+7 0 -71+7
1400 °F)

0.414 MPa, 980 °C (60 psi, 200 + 20 —570 + 60 —80+8 0 -80+8
1800 °F)

0.621 MPa, 760 °C (90 psi, 100 + 20 —250 + 50 -59 +11 0 —-59 +11
1400 °F)

Since, the given spraying regime combines features of two effects
opposite in terms of the residual stress generation (high peening action
and high energy input), the expected value of the deposition stress can
really be close to zero. If not perfect zero, then the further analysis can be
biased by the small value of the deposition stress since any non-zero
deposition stress in thin coatings (thickness of coating is much less
than the thickness of the substrate) results in almost constant residual
stress of the same value (for thick coatings the deposition stress and
residual stress might differ greatly). This possibility will be discussed in
detail later. Also, the uncertainty of the deposition stress in this case,
some 100 MPa, does not allow accurate analysis of this parameter, since
typical values of the deposition stress is in the range of 100 MPa [32],
though even with these error bars some general trend can be traced out.

Finally, (iii) the third contribution is the self-balanced stress in the
substrate that demonstrated the sharp gradient in the interface region
with tensile stress peaking up to ~300 MPa. In general, the spray process
is associated with compressive zone in the near-to-interface region of the
substrate due to peening effects from the grit blasting or peening effect
of the sprayed hard particles to ~0.5 mm depth in the substrate [33,34].
However, in the current study, the measured stress profile demonstrates
an opposite footprint with a tensile zone, which is associated with the
thermal impact on the substrate surface. This profile, however, can be
quantitatively described by a Gaussian-like distribution by three pa-
rameters: the amplitude, the centre position and the width parameter.
The three shape parameters were used to fit the experimental profiles.

The superposition of the above three contributions results in the
distribution shown in Fig. 4 as an experimental profile (solid circle data
points) and a model profile (solid lines), which are in a good quantitative
agreement with a chi-square per degree of freedom of less than 5. In the
same figure, the stress profile after grit-blasting is also plotted to
demonstrate slightly compressive stress near the surfaces of the sub-
strate that is typical for this kind of substrate surface treatment before

spraying.
3.5. Overadll stress profiling

The residual macro-stress measurements for the steel substrate and
WC-Co coating revealed that compressive stresses developed in the
coatings. The magnitude of compressive stress in the WC-Co coatings
were around 100 MPa, see Table 2. Such compressive stresses in the
coatings are mainly due to the large difference in CTE between the
coating and substrate materials [35-37]. Therefore, thermal contraction
stresses arise due to the large ACTE as well as localized substrate heating
from the high kinetic energy impacted particles. These thermal stresses
dominated the deposition or peening stresses; which can be neglected
relative to the thermal mismatch stress. Subsequently, for the overall
coating, stresses are compressive and thermally generated in nature.

It can be mentioned that the absolute value of the macro-stress,
~100 MPa (compressive), is significantly lower than previously re-
ported in similar WC-Co or WC-Ni coatings, though deposited by HVOF.
A more typical value of macro-stress in WC-Co coatings made by HVOF
is rather 500 MPa (compressive), e.g. [30]. Two obvious reasons for that
effective decrease of the residual stress in cold spray are (i) higher
spraying temperatures used in HVOF inducing larger thermally

generating stresses and (ii) larger volume fraction of the metal binder in
the composite coating that effectively play a role of stress relaxation
phase. In fact, the residual stress in pure Co coatings deposited by cold
spray tends to be negligible [29]. Thus, this is not surprising that the
observed residual stress in cold spray coating fall in the range from zero
stress, typical for pure Co cold spray, to ~500 MPa in HVOF WC-richer
coatings.

Although the thermal mismatch stress dominates the experimentally
observed stress profiles, the other two contributions can also be dis-
cussed. Whereas the method of surface preparation should not have
introduced any tensile stress since grit or sand blasting usually generates
a zone of compressive stress under the interface [28], the experimental
results assume an alternative interpretation, Fig. 4. Tensile stresses that
are observed at the substrate interface usually arise from laser and
thermal treatments or machining operations. There was no machining
carried out prior to spraying these samples, hence it could be inductively
gathered that there was localized heat generated in the KM™ process
that was similar to a laser or thermal surface treatment. This localized
heat is speculated as modifying the stress state of the substrate, which
requires further investigation.

The evaluation of the total stress follows summation of both macro
and micro-stresses. The macro-stress was already estimated above. The
micro-stress can also be derived since total stress = macro-stress +
micro-stress. The results of this evaluation, Table 3, are provided as two
ways of the tensor representation; (i) through the hydrostatic H* and
deviatoric D* parts, and (ii) through ¢4 = 642 and 643 micro-stress tensor
components. The micro-stresses are presented only for the WC phase,
since stress in the Co matrix balances the average micro-stress to exactly
zero. The results of the micro-stress analysis is that, (i) the micro-stress
state is anisotropic with the in-plane and normal directions being
different, (ii) the micro-stress is compressive for the WC and tensile for
Co, (iii) the magnitude of the in-plane micro-stress is relatively small,

Table 3

Summary of residual micro-stress analysis of WC phase. Note the following
experimental equivalent units: (i) 0.414 MPa and 760 °C (60 psi and 1400 °F),
(ii) 0.414 MPa and 980 °C (60 psi and 1800 °F), and (iii) 0.621 MPa and 760 °C
(90 psi and 1400 °F).

Spray Measured Hydrostatic Deviatoric In- Normal
conditions: temperature part H" of part D" of plane o3
gas on the back micro-stress micro- o1 micro-
pressure/ Q) (MPa) stress micro-  stress
temperature (MPa) stress (MPa)
(MPa)
0.414 MPa, 150 -30 —66 -195 2
760 °C
(60 psi,
1400 °F)
0.414 MPa, 200 —203 -39 —242 —125
980 °C
(60 psi,
1800 °F)
0.621 MPa, 100 —88 —48 —-135 8
760 °C
(90 psi,
1400 °F)
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less than —200 MPa, and (iv) the micro-stress depends on the spray
conditions.

To explore the interpretation of the observed micro-stresses, a model
approach employed the Hashin-Strikman (HS) method to evaluate the
upper and lower stress bounds. The major focus was on evaluating the
thermally generated stress due to significant ACTE of the two compo-
nents of the composite coating: ayc = 5.2 x 107 1/K and ac, = 13.8 x
107% 1/K. In addition, other composite coatings of a dual phase steel
formed by cold spray have demonstrated the thermal mechanism for
micro-stress formation [34].

The results of the thermally generated micro-stress calculation are
given in Fig. 5, which shows that the micro-stress can be interpreted in
terms of the thermal mechanism. Hence the sign and magnitude of the
micro-stress can be supported; especially the ¢4; component that fits the
calculated bounds. The experimental fact that of; and %43 are different
arises through microcracking that is preferably oriented parallel to the
surface. Such microcracking causes micro-stress relaxation in the normal
direction. The anisotropic micro-stress effect is much less pronounced in
the sample sprayed at the highest temperature with of1~0%3, while for
the lower sprayed temperatures o%3~0. This result agrees with the
notion that a higher temperature provides better particle adhesion with
less microcracking. This is corroborated by the fact that the elastic
modulus of the sample sprayed at high temperatures (~270 GPa at
0.414 MPa and 980 °C (60 psi and 1800 °F)) is higher than corre-
sponding samples sprayed at lower temperatures (~150 GPa at 0.414
MPa and 760 °C (60 psi and 1400 °F)) since the elastic modulus is also
sensitive to particle adhesion.

Although these observations present a non-contradictory picture of
the micro-stress nature, the large experimental error bars prevent more
accurate analysis. For example, there might be an additional effect
related to the differential plastic deformation. Thus, Co can plastically
deform, while WC is non-deformable, but this effect should be even less
in its magnitude than the thermally generated stress. Therefore, such an
effect cannot be quantitatively considered with the given experimental
uncertainties.

3.6. Modelling of the micro-stress

The stress relaxation of the ¢%3 component can be assessed through
modelling; Fig. 6. The condition of 643 = 0 is imposed; i.e., assuming the
relaxation in the normal direction, while the thermally generated
stresses are calculated under the same conditions for the bulk composite
discussed above. The numerical data are provided in Table 4. The
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experimental results and the calculated values are in good correlation
even though the temperature drop parameters were not adjusted but
taken as the experimentally estimated values. However, good agreement
is achieved without any adjustment and confirms of the assumption
about oriented microcracking. The effective temperature was under-
evaluated since there is inconsistency of the hydrostatic part (Fig. 6
(b)), which is not surprising since the temperature was measured from
the back side of the substrate while the actual temperature of the
composite formation could be higher.

The outcomes of the stress analysis allow a test for the deposition
stress assumption being equal to zero. There is a correlation of the
macro- and micro-stress values extracted from the experimental result.
Thus, assuming any other value of the deposition stress, shifts the values
of the micro-stress. Specifically, if deposition stress is set to 100 MPa,
then the %3 value shifts to positive 175 MPa. This is impossible for the
assumption of the thermally generated stress mechanism, which can be
either negative or zero in case of full stress relaxation due to the
microcracking. Thus, the micro-stress analysis confirms that if the
deposition stress is non-zero, then the deposition stress could only be
negative (i.e., compressive). However, the negative deposition stress,
cannot be of large magnitude; otherwise the balance between ¢4; and
o#3 shifts to the opposite situation and this is unlikely.

The results of the microstructural, mechanical and residual stress
characterization allow the major coating formation concepts to be
schematically presented in Fig. 7. The microstructural observations
suggest that feedstock particles attained high kinetic energy due to a
combination of heavy WC particles and the KM™ system's velocity gas
stream. These high energy WC particles impact the substrate and result
in considerable plastic deformation to the substrate and particle pene-
tration. High kinetic energy associated with the particle breaks down the
large substrate grains to smaller grains, leading to localized grain
refinement to a limited depth. While the WC particles undergo brittle
fracture, the Co particles are ductile and experience plastic deformation.
The deformation of Co metal binds these WC grains but are chemically
inactive.

The residual macro- and micro-stress analysis brings more details of
the thermo-mechanical interactions into this picture. The initial large
amount of friction dissipation and localized heating due to high energy
impact on the steel substrate surface lead to tensile stresses in the sub-
surface region under the substrate-coating interface. A combination of
nearly balanced peening and quenching effects in the coating material
leads to overall deposition stresses close to zero. The dominating ther-
mal contraction due to differences in CTE of the coating and substrate

100
50 ]
0 — PR NS——
500 1({'0 1%0 200 250
< 100 '
= ‘ — HS+
4 -150 e HS-
g | :
2 2200 ¥ O4
e ot
2 2250 33
=
-300
-350
-400

Deposition temperature, °C

Fig. 5. The experimental WC micro-stress data (symbols) against theoretically predicted micro-stress due to the thermal mismatch between WC and Co.
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Fig. 6. Comparison of the experimental result vs. modelling by means of (a) deviatoric part and (b) hydrostatic part of the micro-stress tensor for the WC phase. The
error bars of the calculated values are due to measured temperature uncertainty propagated to the stress values.

Table 4

Summary of the HS-residual micro-stress theoretical evaluation. Note the
following experimental equivalent units: (i) 0.414 MPa and 760 °C (60 psi and
1400 °F), (ii) 0.414 MPa and 980 °C (60 psi and 1800 °F), and (iii) 0.621 MPa
and 760 °C (90 psi and 1400 °F).

Spray Accepted Calculated Calculated Calculated
conditions: temperature hydrostatic hydrostatic deviatoric
gas pressure/ drop (°C) micro-stress part of micro- part of micro-
temperature (MPa) stress when stress when
033 = 0 (MPa) 033 =0 (MPa)

0.414 MPa, 150 —140 —47 —93

760 °C (60

psi,

1400 °F)
0.414 MPa, 200 —187 —62 —125

980 °C (60

psi,

1800 °F)
0.621 MPa, 100 —-93 -31 —62

760 °C (90

psi,

1400 °F)

materials leads to compressive macro-stresses in the coating. However,
it is noted that attributing the large magnitude of compressive stress to
thermal contraction over the deposition stress is difficult to quantify
because of the relatively large error bars of 100 MPa. The limited un-
certainty is associated with the difficulties of strain measurement of the

elastically hard materials, such as WC with elastic modulus of 680 MPa.
These materials require high resolution compatible to (i) the coating
thickness of 0.3 mm, (ii) 50 vol% of Co binder and, (iii) high background
from Co incoherent scattering.

Microscopically, the mechanism of micro-stress formation is
explained through complex interactions between the ductile Co, brittle
WC particles with fracture and thermal mismatch between composite
phases, WC and Co; where all mechanisms occur under conditions of a
temperature drop after coating deposition.

3.7. Sliding wear behaviour

In general, WC-Co based composite coatings are recognized for their
wear resistant capabilities against sliding, erosion and abrasion wear at
room temperatures and up to 500 °C [38]. Hence, the room temperature
sliding wear behaviour of current KM™ WC-Co coatings were also
analysed using the pin-on-disk method against Al;Os as the counter
body. Table 5 summarizes the volume wear rate obtained for the KM™
WC-Co coatings and compares these wear results with WC-Co based
coatings manufactured using either HVOF, cold spray or an electrolytic
hard chrome process.

Table 5 shows that KM™ WC-Co coatings, even with relatively low
WC content, exhibited equivalent wear resistance to both HVOF and
cold sprayed WC-Co coatings that have a high WC content. The KM™
process is advantageous for coating WC-Co powders with desirable
mechanical properties due to the absence of decarburization and
decomposition, as evidenced by their XRD pattern shown in Fig. 3.
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; Splat formation

Substrate
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!
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fine grain formation and generation of
thermal and peening stresses

Fig. 7. A summary of KM™ processing of WC-Co coatings and the resulting microstructure.
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Table 5
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Summary of volume wear rate of KM™ WC-Co coatings and their approximate comparison with conventionally sprayed WC-Co coatings and electrolytic hard chrome
coating. Note the following experimental equivalent units: (i) 0.414 MPa and 760 °C (60 psi and 1400 °F), (ii) 0.414 MPa and 980 °C (60 psi and 1800 °F), and (iii)

0.621 MPa and 760 °C (90 psi and 1400 °F).

Composition Manufacturing process Abrasion Applied Wear Wear Volume wear rate Reference
media load speed distance

WC-Co KM™ (0.414 MPa and Al,O03 10N 0.1 m/s 1000 m 9 x 1077 mm®/N-m Current

760 °C) study
WC-Co KM™ (0.414 MPa and Al,03 10N 0.1 m/s 1000 m 18 x 1077 mm®/N-m Current

980 °C) study
WC-Co KM™ (0.621 MPa and Al,O3 10N 0.1 m/s 1000 m 6 x 1077 mm®/N-m Current

760 °C) study
WC-17Co Cs - 10N 0.6 m/s - 5.56 x 107° mm®/N-m [39]
WC-12Co CcS WC-12Co 25N ~0.2m/s 1000 m ~1.6 x 1077 mm®/N-m [10]
WC-17Co CS WC-12Co 25N ~0.2m/s 1000 m ~3.6 x 1077 mm®/N-m [10]
WC-25Co CS WC-12Co 25N ~0.2m/s 1000 m ~4.4 x 1077 mm®/N-m [40]
WC-25Co CcS WC-12Co 25N ~0.2m/s 1000 m ~4 x 1077 mm®/N-m [41]
WC-12Co HVOF Al,O3 107 N 0.2m/s 1000 m 2.5+0.7 x 107 mm®*/N-m  [42]
WC-17Co HVOF Diamond 60 N 0.03 m/s 20m ~1.2 x 10~* mm®/N-m [43]
WC-25Co HVOF WC-12Co 25N ~0.2m/s 1000 m ~2 x 107° mm®/N-m [41]
WC-12Co HVOF WC-12Co 25N ~0.2m/s 1000 m ~3.7 x 1077 mm®/N-m [11]
WC-17Co HVOF WC-12Co 25N ~0.2m/s 1000 m ~1.2 x 10~® mm®/N-m [11]
WC-12Co HVOF - 7N ~0.02 m/s 60 m 4.74 4+ 0.28 x 10°° mm>/N- [44]

m
WC-10Co-4Cr HVOF WC-6Co 30N 0.10 m/s - 3.6 x 10~° mm®/N-m [45]
WC-10Co-Cr HVOF WC-6Co 318N 0.05 m/s 500 m 9.81 x 10”7 mm®/N-m [46]
Electrolytic hard chrome - - 10N 0.6 m/s - 2.25 x 107> mm>/N-m [39]
coating

Decomposition of WC-Co coatings during HVOF spraying is regarded as
deleterious in terms of wear resistance since (i) the WC phase de-
composes into brittle W,C phase, and (ii) the ductile binder is replaced
by arelatively brittle, amorphous phase [21]. Wear is then characterized
by the combined action of a brittle WoC and a brittle binder phase
containing high concentrations of dissolved tungsten, which contributes
to inferior coating cohesion [20]. The wear performance of the KM™
WC-Co coatings under the experimental conditions was superior to
electrolytic hard chrome plating, even though the KM™ coatings
exhibited a low hard phase (WC) content.

In comparison, the 0.621 MPa and 760 °C (90 psi and 1400 °F) WC-
Co coating exhibited better wear resistance than the 0.414 MPa and
760 °C (60 psi and 1400 °F) and 0.414 MPa and 980 °C (60 psi and
1800 °F) WC-Co coatings as evidenced by their measured volume wear
rate, Table 5. As discussed earlier, the 0.621 MPa and 760 °C (90 psi and
1400 °F) WC-Co coating displayed the highest hardness (9.86 GPa) and

lowest binder mean free path (Fig. 2) among the three coatings, which
together lead to superior wear resistance. It has been reported that the
wear resistance of WC-Co based composite material is proportional to
both hardness and binder mean free path [47]. Thus, a lower binder
mean free path and high hardness, in combination, enhanced the wear
resistance of the 0.621 MPa and 760 °C (90 psi and 1400 °F) WC-Co
coating. Regardless, the wear rate values of all coatings were of the
order of 1 x 10”7 mm3/N-m and indicated “mild wear” behaviour.

3.8. Morphology and composition of worn surfaces

The wear tracks of the KM™ WC-Co coatings were evaluated by SEM
and EDS to comprehend the wear mechanism; see Fig. 8. Low magnifi-
cation wear tracks images of all three coatings demonstrated distinct
surface characteristics with the common appearance of smooth surface
and shallow grooves that indicate a dominant abrasive wear mechanism,

0.414 MPa, 760 °C

0.414 MPa, 980 °C

Brittle Cracking

0.621 MPa, 760 °C

Brittle Cracking
Sy A .

Fig. 8. SEM images of the worn surface of KM™ WC-Co coatings produced with different pressure and temperature settings (a) 0.414 MPa and 760 °C, (c) 0.414 MPa
and 980 °C and (e) 0.621 MPa and 760 °C. The corresponding high magnification images of red boxes drawn in (a), (c) and (e) are shown in (b), (d) and (f),
respectively. Note the following experimental equivalent units: (i) 0.414 MPa and 760 °C (60 psi and 1400 °F), (ii) 0.414 MPa and 980 °C (60 psi and 1800 °F), and

(iii) 0.621 MPa and 760 °C (90 psi and 1400 °F).
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Fig. 8. In addition, the sliding wear damage enforced by the Al,O3
counter body was concentrated more towards the central region of the
wear tracks; as suggested by the dark patches within the three wear
tracks. Hence, material loss is not uniform across the wear track, but
occurs preferentially in the middle of the wear track at the point of the
highest Hertzian pressure.

High magnification SEM images of the 0.414 MPa and 760 °C (60 psi
and 1400 °F) WC-Co KM™ coating wear track of width 380 pm revealed
carbide pull-out, scratches, brittle cracking and formation of spalling
pits due to accumulative detachments of both WC and binder Co phases,
Fig. 8(b). In addition, EDS analysis of points 1 and 2 indicated in Fig. 8
(b) disclosed the formation of oxides throughout the wear track. Hence,
an oxide film formed due to localized temperature excursions from
frictional forces. Subsequently, this soft oxide film acted as a protection
film that shields the surface from further damage and, thus, the wear
rate is reduced to a relatively steady wear rate.

Intriguingly, EDS analysis at point 1 on dark patches, not only
discovered the presence of high oxygen content but also aluminium from
the counter body. In addition, the elemental content of both W and C
was found to be lower at these points. The appearance of oxygen in the
dark patches was a combined effect of frictional temperature rise and
material transfer from the counter body. Embedment of aluminium
particles within the wear surface attributed to the adhesive wear char-
acteristics. Another important observation was brittle cracking within
the dark oxide patches, which induces the detachment of coating ma-
terial and created the spalling pits as observed in Fig. 8(b). Therefore,
the wear of the 0.414 MPa and 760 °C (60 psi and 1400 °F) WC-Co KM™
coating was the accumulative action of abrasive, adhesive and oxidative
wear mechanisms.

In contrast, the 0.414 MPa and 980 °C (60 psi and 1800 °F) WC-Co
KM™ coating suffered significant coating surface damage as evi-
denced by a valley of dark patches within the central portion of the wear
track of width 355 pm, Fig. 8(c). Moreover, excessive brittle cracking
and scratches were visible at high magnification images of the wear
track, Fig. 8(d). EDS of points 1 and 2 shown in Fig. 8(d) indicated the
development of oxides throughout the worn surface. In addition, point 1
indicated transfer of counter body material to the wear surface, but to a
lesser extent than the 0.414 MPa and 760 °C (60 psi and 1400 °F) WC-Co
KM™ sample. The presence of continuous wide dark patches with severe
brittle cracking is probably the major reason for the high-volume wear
rate of this coating compared to the other two coatings. Thus, the wear
mechanism was the combination of abrasive, adhesive and oxidative
wear mechanisms, as also described for the previous material (i.e.,
0.414 MPa and 760 °C (60 psi and 1400 °F) WC-Co KM™ coating).

The wear track of the 0.621 MPa and 760 °C (90 psi and 1400 °F)
WC-Co KM™ coating with a width of 322 pm displayed the formation of
shallow grooves, rough waves due to plastic deformation, and random
dark patches that were concentrated towards the central portion of the
sample, Fig. 8(e). The dark patches were small in comparison to the
0.414 MPa and 980 °C (60 psi and 1800 °F) WC-Co KM™ coating worn
surface and exhibited very few brittle cracks. The major portion of the
worn surface was covered by features described as rough waves and
which were attributed to plastic deformation and extrusion of the binder
phase with the protrusion of WC grains in a characteristic wave pattern,
Fig. 8(f). EDS of points 1 and 2 in Fig. 8(f) also indicated the formation of
oxides and transfer of counter body material. The material loss occurred
mainly from the dark portions on the worn surface. Thus, the concurrent
action of an inhibitive oxide film and W, C and Co rich rough waves lead
to the superior wear resistant of the 0.621 MPa and 760 °C (90 psi and
1400 °F) WC-Co KM™ coating compared to the 0.414 MPa and 760 °C
(60 psi and 1400 °F) and 0.414 MPa and 980 °C (60 psi and 1800 °F)
WC-Co KM™ coatings. However, the operative wear mechanism was
similar to the other two coatings; i.e., a combination of abrasive,
oxidative and adhesive wear.

Interestingly, width of wear track (380 pm) for 0.414 MPa and
760 °C WC-Co KM™ coating was bigger than 0.414 MPa and 980 °C
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coating (355 pm), but, displayed lower volume wear rate as compared to
former when measured using laser confocal microscopy. This is attrib-
uted to the disproportionate removal of coating material from centre
portion of the coating as evidenced by SEM images in Fig. 8(a) and (b).
SEM images of 0.414 MPa and 980 °C coating with smaller wear track
width demonstrated a continuous valley of dark patches with extensive
brittle cracking, ascribing to high material loss, Fig. 8(c) and (d).
However, SEM images of 0.414 MPa and 760 °C coating, even with
bigger worn surface width, shown wear track without severe dark
patches and predominantly unveiled a homogenous surface throughout
the track, Fig. 8(a) and (b). More importantly, the 0.621 MPa and 760 °C
(90 psi and 1400 °F) WC-Co KM™ coating exhibited the lowest volume
wear rate due to a combined effect of low mean free binder path and
development of both an oxidation layer and a morphology described as
rough waves. After the preferential removal of soft binder phase, the
waves were composed mainly of protruding WC grains that bear the
maximum sliding load. The EDS results, Table 6, indicate that there was
no material transfer within these waves due to the absence of adhesive
wear; resulting in a low volume wear rate and smooth surface [48].

The combined SEM and EDS analysis of the worn surfaces of indi-
vidual WC-Co KM™ coatings identify cobalt extrusion and micro-
abrasion as the main wear mechanisms. When a hard Al,O3 counter
body slides against the WC-Co coating, the binder phase composed of
ductile Co is removed preferentially and endures severe plastic defor-
mation, Fig. 8. The centre of wear track endures the extreme load of the
counter body. Hence, the support for the WC grains from the Co matrix is
reduced due to a combination of plastic deformation and micro-
abrasion. Subsequently, micro-cracking and carbide pull-out leads to
plate-like wear debris that is Co rich, Figs. 9(a) and 10. Moreover, there
is a localized temperature rise due to high frictional heat that induces
the oxide formation on the worn surface as evidenced by the EDS
analysis mentioned in Table 6 and the high oxygen content within the
wear debris, Fig. 10(a). The formation of a smooth oxide layer on the
coating surface during sliding reduces the material loss. However,
repeated sliding of the coating against the counter body cracks the
brittle oxide layer and produces fine Co-rich oxide debris developed by
extrusion and micro-abrasion, Figs. 8 and 9(a).

Adhesive wear was evident as counter body material transfer within
the worn surface; especially within the heavily deformed surface aligned
towards the centre portion of the wear track where load-bearing was
undertaken by binder phase-based oxides due to removal of WC parti-
cles. It is intriguing to notice material transfer from a smooth Al,O3 ball
to a relatively rough WC-Co KM™ produced coatings. To understand the
operating mechanism, surface of Al,O3 ball was analysed using optical
microscope, which was used as counter body for wear testing the 0.414
MPa and 760 °C coating, Fig. 9(b). The surface of Al,O3 ball sustained
dark patches with the characteristics same as spalling pits, showcasing
the material removal and, revealed extensive wear track marks forming
grooves and scratches on worn surface. In addition, cracks are visible on
the ball surface attributing to heavy sliding action against hard WC-Co
coatings. These cracks probably have formed during recurring gliding

Table 6

EDS results of points 1 and 2 in wear tracks of KM™ WC-Co coatings as shown in
Fig. 8. Note the following experimental equivalent units: (i) 0.414 MPa and
760 °C (60 psi and 1400 °F), (ii) 0.414 MPa and 980 °C (60 psi and 1800 °F), and
(iii) 0.621 MPa and 760 °C (90 psi and 1400 °F).

KM™ WC-Co coatings Point  Elemental content (at.%)
w C Co 0] Al
0.414 MPa, 760 °C (60 psi, 1 8.37 5.01 1411 68.02 4.49
1400 °F) 2 42.03 2210 1543 20.44 -
0.414 MPa, 980 °C (60 psi, 1 10.90 3.40 22.40 61.29 2.00
1800 °F) 2 47.34 14.68 2452 1346 -
0.621 MPa, 760 °C (90 psi, 1 8.26 418 3436 5217 1.03
1400 °F) 2 46.89 35.60 1752 - -
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Fig. 9. (a) SEM image of wear debris produced during wear testing and, (b) optical microscope image of Al,O3 ball used as counter body for wear testing the 0.414

MPa and 760 °C (60 psi and 1400 °F) KM™ WC-Co coating.
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Fig. 10. Comparative EDS analysis of average elemental content of the wear
surface (WS), normal surface (NS) and wear debris (WD). Note the following
experimental equivalent units: (i) 0.414 MPa and 760 °C (60 psi and 1400 °F),
(ii) 0.414 MPa and 980 °C (60 psi and 1800 °F), and (iii) 0.621 MPa and 760 °C
(90 psi and 1400 °F).

of smooth ball against hard WC phase, especially within the area of
rough waves, as shown in Fig. 8. Detachment of material from ball
surface evidenced the material transfer from ball to coating surface,
which is well also supported by overall EDS analysis of worn surface and
wear debris in Fig. 10.

The residual stresses due to the KM™ coating process play a sub-
stantial role in assessing the wear performance of the current coatings.
Within this aspect, tensile stresses within the coating deleteriously affect
the wear properties [49,50]. However, Table 2 indicates that the KM™
WC-Co coatings were in a compressive stress state. Oladijo et al. [51]
correlated residual stresses and abrasive wear behaviour of the WC-
17Co HVOF coatings and reported that residual stresses developed
post-spraying and during the wear testing are important for under-
standing their overall effect on wear resistance. High magnitude of
compressive residual stresses resulted into improvement in wear resis-
tance indicating a proportional relation between compressive residual
stresses and abrasive wear resistance. In the current study, the residual
stresses in as-sprayed state measured using neutron diffraction method
were compressive in nature but exhibited disparity in their values due to
use of different spray processing conditions. Combinatorial analysis of
wear rate and as-sprayed residual stress mentioned in Table 2 and
Table 5 demonstrated that 0.621 MPa and 760 °C (90 psi and 1400 °F)
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WC-Co coating with high compressive residual stresses exhibited lowest
volume wear rate, i.e. high wear resistance. Whereas, the 0.414 MPa and
980 °C (60 psi and 1800 °F) coating with lower magnitude of
compressive residual stresses exhibited lower wear resistance. However,
in order to fully understand the relation between residual stresses and
wear behaviour, residual stresses needed to be quantified after wear
testing as well, which is currently beyond the scope for present study.
Nonetheless, as a conclusion, in addition to the high hardness, low
binder mean free path and oxide layer formation, compressive residual
stresses stimulate the overall wear resistance of the KM™ WC-Co coat-
ings. Therefore, even with high binder content (~35 wt% Co), the wear
behaviour of KM™ processed WC-Co based coatings was as consistent
and uniform as conventionally produced low binder content WC-Co
coatings.

4. Conclusions

This work characterizes WC-Co coatings sprayed by the KM™ cold
spray technique. All coatings exhibited a high density, uniform micro-
structure with less than 2% porosity and an absence of phase trans-
formations. High energy impact of feedstock particles resulted in
significant plastic deformation and particle penetration into the sub-
strate. Furthermore, microhardness and elastic modulus with different
spray parameters obtained were greater than 7.5 GPa and 140 GPa,
respectively. The residual stress profile analysis of these KM™ WC-Co
coatings revealed the presence of compressive residual macro-stress
within the coating of magnitudes above 100 MPa. This stress was ther-
mal in nature due to CTE mismatch between the WC-Co coating and the
steel substrate. A tensile stress zone exists to a depth of approximately
0.5 mm under the substrate surface and can be associated with a thermal
treatment process.

Micro-stresses, which are predominantly thermal in nature, are
developed in the WC and Co phases due to the composite structure of the
coating material. These micro-stresses are compressive for WC and
tensile in Co; however, anisotropy was evident due to the anisotropic
microcracking behaviour. The thermal nature of the micro-stress is
supported by evaluation of the thermally generated stress that is based
on composite theory.

The knowledge of stresses generated during the KM™ coating pro-
cess and their linkage with other properties and production parameters
is essential for the quality control of these critical structures. The stress
formation mechanisms for the macro- and micro-stresses are related to
the microstructure, micro-cracking, and mechanical properties. Under-
standing these properties allows prediction of the properties for further
process and materials optimizations.

The KM™ deposited WC-Co coatings, even with high binder content
(~35 wt% Co), exhibited equivalent wear resistance to conventionally
produced low binder content WC-Co coatings. The wear behaviour of
the coating was enhanced due to (i) forming a dense coating without any
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phase transformation, (ii) a low mean free binder path, (iii) high hard-
ness, (iv) overall compressive residual stress state, and (v) development
of a wear inhibitive oxide layer. Hence, favorable residual stress for-
mation in conjunction with superior mechanical properties promotes
Kinetic Metallization™ as a process of industrial significance, especially
for composite coatings.
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