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Nano-, micro- and macro-indentation tests of thermal spray WC-Ni coatings
with lamellar microstructure at different particle deposition temperatures
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A B S T R A C T

The mechanical properties of WC-Ni coatings by HVOF thermal spraying were comprehensively evaluated by
indentation tests at a wide load range of 10− 1-103 N, i.e. nano-, micro- and macro-indentations. The correlation
between process parameters and coating microstructure and mechanical properties was characterized via particle
deposition temperature. The coating microstructure changes in reduced porosity, enhanced WC phase decom-
position and better splats flattening were correlated to the particle deposition temperature rising. A porosity
divergence between coating surface and cross-section was found as a quantitative anisotropy indicator to coating
intrinsic lamellar microstructure formed by the splats flattening and piling up. Considering the lamellar
microstructure, indentation responses on coating surface and cross-section were compared for hardness and
elastic modulus evaluation below 3 N. The surface hardness is higher than that of cross-section, and both
increased correlatively to the particle deposition temperature rising except for the almost constant surface
hardness below 1 N. An analogous particle temperature-dependent behavior was also manifested for the elastic
modulus by nano-indentation below 1 N. Interestingly, the elastic modulus by coating surface micro-indentation
at 30 N presented identical particle temperature dependence to that by coating cross-section nano-indentation,
both consistently representing the overall coating elastic modulus change trend verified by non-destructive ul-
trasonic test. Indentation fracture toughness on coating surface under 1.96 kN and on coating cross-section under
49 N was comparatively evaluated, and the values had a reverse trend of dependence on the particle deposition
temperature. The particle-deposition-temperature dependent mechanical properties were interpreted by the
coating intra-splats and inter-splats defects reduction with enhanced carbide-metal bonding essentially deter-
mined by the melting state of the metal binder phase, providing an insight to utilize indentation tests for
characterizing thermal spray coatings.

1. Introduction

The cemented tungsten carbides, also termed as hardmetals, are
typically referred to as a hard material category of WC-Me system (Me:
metallic binder phase of Co, Ni, Fe or their alloys etc.). A high content of
WC hard phase over 70 wt% sintered with the metallic binders has been
usually employed to provide a good combination of high hardness and
moderate toughness intended for manufacturing tools or wear-resistant
components in mechanical equipment [1,2]. In past two decades,
intensive attentions have been paid on the research and development in
industrial applications of these materials as protective coatings by
thermal spray technology onto components for versatile wear-,
corrosion-resistant and/or loading-bearing purposes etc. [3–5]. For
efficient material utilization in the advanced manufacturing

development in near future, the material-product-process linking should
be addressed for realizing a knowledge-based manufacturing toward
desired high performance of a product [6,7]. Up to now, the process
development of the cemented carbides coatings mainly involves oxygen-
acetylene flame spraying [8], plasma spraying [1,9], detonation spray-
ing [10], and high-velocity oxy-fuel (HVOF) or air-fuel spraying (HVAF)
[11,12] etc. A general principle of these thermal spray processes is that
the WC-based particles by powder injection into the spraying flame are
heated and accelerated, to a high-temperature and high-velocity, mostly
in a semi-molten state, and then hit the surface of components to deform
as flattening splats and solidify with fast cooling to form the coatings of
layer-by-layer splats piling up. It is well known that, HIP sintering
process, developed to manufacture bulk cemented carbides materials
and parts, ensures their good mechanical properties with a highly
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densified and uniform microstructure by sufficient heating and pressing
processes at equilibrium thermodynamic state. The thermal spray pro-
cesses are considered as an efficient process for fast forming of cemented
carbides as the coating form in an open air, by which a porous coating
microstructure up to 10% porosity were commonly obtained dependent
on the specific spray process employed for the manufacturing. Denser
coatings with good bonding between the WC phase and the metal phase
are expected to achieve high mechanical properties of deposited coat-
ings for practical applications. Even for HVOF or HVAF, intentionally
developed for depositing cemented tungsten carbide coatings with the
highest particle velocity andmoderate deposition temperatures, the well
deposited coatings still have an averaged porosity at 1% order. Partic-
ularly, the thermal spray coatings have the featured lamellar structure
from the layer-by-layer splats growth by the semi-molten particles
impacting, where the microstructural defects of micropores/crevices,
decomposition of stochiometric WC phase as a result of reaction be-
tween the high-temperature particles and ambient oxygen, mainly
concentrated at the interface area between the splats, may significantly
deteriorate the mechanical properties of coating hardness, elastic
modulus, and fracture toughness etc., limiting the performances such as
wear, corrosion and impact resistance of coated components [13–17].

Therefore, it is still difficult to effectively control and optimize
thermal spray processes toward the high performance of components,
due to the complicate interactions that a high particle temperature may
enhance WC decomposition negatively affecting the mechanical prop-
erties, but better for splats deformation and coating densification
beneficial to the properties [10]. In this regard, recent research advances
show process signatures a feasible tool for effective process optimiza-
tion, as deriving a process-independent correlation on physical mecha-
nisms for various processes to final performance of manufactured
component via surface integrity, facilitating a material-product-process
linking for advanced manufacturing of a product [18–20]. As for the
coated components, the coating mechanical properties with relevant
coating microstructures could be the major surface integrity parameters
determining the product wear and/or impact resistance performance,
and the process signature analysis is to establish a quantitative corre-
lation between the major surface integrity parameters to the coating
deposition temperature and stress field or in a form of material internal
energy. Once a process signature correlation to major surface integrity
parameters that determine a desired performance is identified, thermal
spray processes could be effectively optimized according to the required
particle temperature and velocity that can be also online monitored to
control the coating deposition. Consequently, more accurate and
advanced evaluation approaches for coating mechanical properties are
indispensable to post the process signature correlation for optimization
of various thermal spray processes [21]. The indentation tests are
recognized as a versatile and efficient method for analyzing the me-
chanical properties of coatings, practically convenient to be widely
applied in industrial sectors [10,13,16,21–24]. The hardness measure-
ments of cemented carbides were mainly performed using a squared-
based, pyramidal-shaped diamond Vickers indenter, where micro-
indentation test with a load of 0.3 kgf (2.94 N) was commonly adop-
ted for thermal spray coatings [10,16,22]. Here, both units of kgf and N
are described for a comparison purpose among different studies. Elastic
modulus of coatings is mainly measured by using nano-indentation with
trihedral diamond Berkovich indenter under loads typically in 100 mN
order [16,24,25], or occasionally Vickers indenter may be applied [23].
The fracture toughness measurements of coatings were carried out using
Vickers indenter, with a higher testing load in a range of 2–5 kgf [13,23].

Suresh Babu et al. [10] evaluated detonation-sprayed WC-12Co
coatings of 350 μm in thickness by indentation tests to obtain repre-
sentative hardness and modulus of the coatings. A representative Vick-
ers hardness was derived to represent the mechanical property of a
substantial volume of the coatings, by characterizing the hardness as a
function of normalized indentation depth on coating surface and cross-
section. Appropriate test loads were found for the hardness test as 5–10

kgf on the coating surface and of 2–5 kgf on the coating cross-section,
respectively, to exclude so-called indentation size effect. However, the
elastic modulus extracted from nano-indentation under 0.3 kgf and 0.9
kgf did not exhibit the indentation size effect as that of hardness mea-
surement. Houdková et al. [26] conducted instrumented indentation
tests by nano-indentation with Berkovich indenter on different HVOF-
sprayed cemented carbides coatings in thickness of 300–500 μm. The
hardness was measured continuously on the polished coating cross-
sections as a function of indenter penetration depth at loads from 20
mN to 10 N. The authors concluded that the values of hardness and
elastic modulus tested under a load corresponding to indentation depths
no less than 2 μmwere considered as the representative properties of the
entire coatings. Barbera-Sosa et al. [27] reported indentation size effect
with an indentation depth less than 1.5 μm for the nano-indentation
tests, on both the surface and cross-section of HVOF-sprayed WC-12Co
(300 μm) and WC-10Co-4Cr (500 μm) coatings; meanwhile, the hard-
ness and elastic modulus tested on the coating surfaces higher than those
on the coating cross-sections. Vickers microhardness tests at loads of
0.49–2.94 N were employed in our previous study to characterize WC-
10Ni coatings on their polished surfaces, and the lower hardness
measured under the higher loads was mainly ascribed to the large
indentation contact area covering enough distribution of coating
porosity and WC phase retention [28]. The thickness of thermal spray
coatings for various applications ranged across 0.1–1 mm, and the
coating microstructures of hard phase and metal binder phase, flattened
particles, micropores have the typical size scale from submicron to
hundred microns. The distribution of oriented microstructure with
lamellar features spanning in the characteristic scale of 3–4 orders of
magnitude, complicates the evaluation of coating mechanical properties
by indentation tests and even causes controversial results under
different indentation loads.

In this work, the indentation tests with either Vickers or Berkovich
indenter, were comprehensively studied to evaluate the mechanical
properties of hardness, elastic modulus, and fracture toughness, by
employing a load across 4 orders of magnitude from 100 mN to kN
referred to as nano-, micro- and macro-indentation tests, respectively.
For this purpose, WC-12Ni coatings are prepared by regulating HVOF
process parameters according to deposited temperature of WC-12Ni
particles to obtain coatings of various microstructures at a constant
spraying distance, while keeping almost the same particle deposition
velocity. To derive the underlying correlation between the process pa-
rameters and the indentation-extracted mechanical properties via par-
ticle deposition temperature, the variations of mechanical properties
were probed by the specific indentation responses on characteristic
microstructures under different particle deposition temperatures, in
combination with comparative analysis of non-destructive tests. The
appropriate selection of indentation methods was discussed for quanti-
tative evaluation of mechanical properties of thermal spray coatings
considering their intrinsic lamellar features by the splats flattening and
piling up.

2. Experimental procedures

2.1. Sample preparation

Coatings were prepared by the Metco LF EvoCoat thermal spray
system equipped with a Woka-610-Si HVOF spray gun on 17-4PH
precipitation-strengthening martensitic stainless steel samples using
commercial WC-12Ni powders (WEL 46112–22) of − 45 + 15 μm. In-
flight particle velocity and temperature diagnostics were performed
using OSEIR Spray Watch 2S for the spray distance of 350 mm. The
particle deposition temperature is thus controlled by appropriately
adjusting the oxygen and fuel ratio O/F(λ) value, while keeping the
particle deposition average velocity basically the same at the fixed spray
distance. The selected process parameters for coating preparation were
shown in Table 1. The thickness of as-deposited coatings was around
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250 μm, and finally polished down to 200 μm for testing.

2.2. Microstructure characterization

The microstructure of the surface and cross-section (parallel to the
scanning direction of the gun) of coatings were characterized using a
Zeiss SUPRA55 field-emission scanning electron microscope (Carl Zeiss,
Germany) and JXA-8530F Plus field-emission electron probe (JEOL,
Japan) at an accelerating voltage of 15 kV. The porosity on surface and
cross-section of coatings was measured using the image analysis soft-
ware Image J (National Institutes of Health, USA), and the images at
400× magnification of eight sites were randomly selected for each
sample observation. The X-ray diffractionmeasurement using XRD-6000
diffractometer (Shimadzu Production Institute, Japan) with Cu Kα ra-
diation was carried out to analyze the phase structure of feedstock
powder and coatings in scanning range 20–100◦. Estimation of the
relative contents of the WC and C-deficient phase was calculated from
the integrated area of the strongest diffraction peaks to characterize the
decomposition of WC-12Ni coatings, e.g. the retention of WC was
calculated by [29].

Iret,WC =
IWC

IWC + IW + IW2C + IWC1− x

(1)

where the IWC、 IW、 IW2C、IWC1-x correspond to integrated area of the
strongest diffraction peaks of WC at 2θ = 35.6◦, W2C at 2θ = 39.4◦, W at
2θ = 41.6◦ and WC1-x at 2θ = 42.9◦, respectively.

2.3. Indentation tests

The nano-indentation measurement was performed using the Nano-
indenter XP 100BA-1C (MTS, USA). A trihedral diamond Berkovich
indenter was applied to the polished coatings, with a fixed maximum
load of 650 mN during the test. An array of 9 indentations in a 3×3
matrix with 60 μm spacing was made on the coating surface and a 2×4
matrix was made on the coating cross-section of each sample, with a
maximum penetration depth of about 2000 nm. The nano-indentation
hardness (GPa) and elastic modulus (GPa) values were calculated
based on the penetration depth using the Oliver-Pharr method [26].
Micro-hardness test of the coatings was carried out on the polished
surface and cross-section of the coatings using HXD-1000TM Vickers
indentation tester (Shanghai Taiming Optical Instruments Co., Ltd.,
China) under a load of 0.49 N and 2.94 N with 10 s dwelling time, and
hardness values were averaged at least 10 measurements. The hardness
of the coating cross-section was measured at the center of the entire
thickness, i.e. position at approximately 100 μm from the surface of the
coating. Instrumented micro-indentation test was performed using a
Berkovich indenter MFT-4000 Multi-functional Material Surface Prop-
erty Tester (Lanzhou Huahui Instrument Technology Co., Ltd., China),
on the polished coating surface at 30 N load. The elastic modulus was
calculated following the Oliver-Pharr method, at least 6 indentations
were conducted on each coating surface.

The fracture toughness (KIC) on coating cross-sections and surfaces
was tested under a load of 49 N and 1.96 kN, respectively using Vickers
hardness testers of a 200HVS-10 type and a HV-250TVS type (Laizhou
Huayin Experimental Instrument Co., Ltd., China). The high load of 1.96

kN was selected according to occurrence of surface radial cracks along
the diagonal of the indent of indentation for all the tested coatings. For
each coating, 5 measurements were made under each load and the space
between two adjacent indentations was approximately 5 times the
indent diagonal. The fracture toughness of the coating cross-sections and
surfaces was assessed using two different crack opening modes proposed
by Anstis [30] (median/radial cracks, when the cracks are also devel-
oped under the indent and completely surround the indentation) and
Niihara [31] (Palmqvist cracks, when the cracks are only generated at
the extremities of the indent). The Anstis’s equation is described as

KIC = 0.016
(
P
/
c3/2

)
(E/H)1/2 (2)

where the P is indentation load (N), H the Vickers hardness (GPa) at a
load of 2.94 N, E elastic modulus (GPa), c average half-length of crack
extending along the indent diagonal (μm). The Niihara’s equation is
(
KICΦ

/
Ha1/2

)
(H/EΦ)

2/5
= 0.035(l/a)− 1/2 (3)

where the Φ is constraint factor (=H/σy≈ 3, where σy is the yield stress),
a indent half-diagonal (μm), l Palmqvist crack length (μm).

2.4. Non-destructive tests

The third method of coating elastic modulus test was the non-
destructive ultrasonic testing. The transverse vs and longitudinal vl
wave velocities passing through the coating were recorded by the ul-
trasonic water immersion focusing probe, and the elastic modulus E and
Poisson’s ratio σ can be calculated by Eq. (4), where ρ is the coating
density [29].

E =
ρv2s

(
3v21 − 4v2s

)

v21 − v2s
, σ =

(
v21 − 2v2s

)

2
(
v21 − v2s

) (4)

Residual stress on the surface of WC-12Ni coatings was measured
using non-destructive x-ray residual stress testing on a Pulstec μ-360s
equipment based on a cosα method. A fixed X-ray incident angle of 30◦

to sample surface was used. In the cosα method, X-rays are 360◦-omni-
directionally diffracted from the sample’s polycrystalline structure
around the path of incident X-rays and the complete Debye-Scherrer ring
are detected by the two-dimensional detector [32]. The residual stress is
evaluated using the data from the sample at 125 points around the
Debye-Scherrer ring.

3. Results and discussion

3.1. Coating microstructure

Fig. 1 shows XRD patterns of the feedstock powders and theWC-12Ni
coatings deposited at different particle deposition temperatures of
1490–1680 ◦C, respectively. For all the particle deposition tempera-
tures, carbon-deficient phases of close-packed hexagonal structure W2C,
cubic WC1-x, and body-centered cubic structure W were detected as a
result of high-temperature oxidative decarburization of the original
hexagonal structure WC phase. The relative contents of these phases
derived from the XRD results, are presented in Fig. 2. As the particle
deposition temperature increases, the WC phase retention keeps

Table 1
Process parameters of HVOF sprayed WC-12Ni coating adjusted by O/F(λ) to achieve desired particle deposition temperatures at the same spray distance of 350 mm.

No. Oxygen flow
(NLPM)

Kerosene flow
(L/h)

Spray distance (mm) O/F(λ) Tmean

(◦C)
TSD Vmean

(m/s)
VSD

T1 811 22.7

350

1.05 1680 3.0 908 11.6
T2 888 22.7 1.15 1646 5.2 912 5.1
T3 890 21 1.25 1594 4.4 912 11.7
T4 960 21 1.35 1558 2.4 914 9.9
T5 950 19.3 1.45 1490 10.0 908 7.2

J.R. Yuan et al.
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approximately 86% for the deposition temperatures no more than
1600 ◦C, and rapidly drops to about 80% at the higher temperatures up
to 1680 ◦C [Fig. 2(a)]. Along with the reduction of WC phase content at
higher temperatures due to its increased decarburization, the contents of
carbon-deficient phases W2C and W correspondingly increase, however,
that of WC1-x phase generally shows a decreasing trend. It is indicated
that, the stable phases of W2C and W are preferably formed over the
metastable WC1-x from the decarburization reaction of WC phase at the
higher particle temperatures.

Fig. 3 shows the backscattered electron images to reveal typical
microstructural morphology on the polished cross-section of WC-12Ni
coatings at the selected particle deposition temperatures of 1680,
1594 and 1490 ◦C respectively, representing the highest, medium,
lowest ones of this study. In general, the images at lower magnification
present the morphology of coating lamellar feature formed by the splats
flattening and piling up with inter-splats boundaries indicated by dotted
curves, and those at higher magnification give the detailed inter-splats
and intra-splats features of WC grains with C-deficient phases and Ni
binder phase. The particle deposition temperature had a strong influ-
ence on the coating morphological features. The WC grains after
decarburization clearly show a core-shell structure where the brighter
shell is imaged from the C-deficient phases of WC1-x, W2C, and W due to
their higher backscattered electron emission than that of WC phase.
Moreover, some small WC grains had fully converted to brighter in the
morphology imaging, as a result of C loss by decarburization. These

decarburization features are concentrated along the inter-splat bound-
aries, implying that the notable oxidation took place on the surface of
each WC-Ni feedstock powders heated to the high temperatures by the
thermal spray jet or plume during their flight and deposition. For the
WC-12Ni coatings of the highest particle deposition temperature of
1680 ◦C, many big WC grains have core-shell structure, whereas for the
other two coatings, only small core-shell WC grains were observed along
with some WC grains of partial shell structure, confirming the less oxi-
dization at the lower particle deposition temperatures. Furthermore,
inter-splat pores and cracks were apparently presented in the coating of
lowest particle deposition temperature of 1490 ◦C, attributable to
insufficient melting of Ni binder phase. In addition, some broken WC
grains can be found in all the coatings as a result of the high-velocity
impacting effect by the particle deposition velocity of about 900 m/s.

Fig. 4 shows the dependence of coating porosity on the particle
deposition temperature. The porosity of all the coatings measured from
both the coating surface and cross-section was obtained by image
analysis on the morphology of secondary electron images at 400×
magnification. The coatings have a relatively low porosity well distrib-
uted below 2%, as a merit of the high particle velocity of HVOF process
over the other thermal spray processes. It is clearly revealed that, by
controlling the same particle velocity, i.e. about 900 m/s in this case, the
particle deposition temperature rising led to a notable reduction of
coating porosity. Note that, a porosity divergence between coating
surface and cross-section is found on both the absolute value and the
reduction tendency on the particle deposition temperatures. The overall
porosity of coating surface is lower than that of coating cross-section,
except for a similar value at the lowest temperature of 1490 ◦C. The
porosity observed on the coating cross-section demonstrates a linear
reduction of the averaged values from about 1.2% at 1490 ◦C to 0.9% at
1646 ◦C, followed with a rapid drop to 0.5% at 1680 ◦C, in contrast, the
value on the coating surface shows a rapid drop from about 1.2% at
1490 ◦C to 0.4% at 1558 ◦C followed with a linear reduction to 0.2% at
1680 ◦C. With the microstructural morphology observation on coating
cross-section (Fig. 3), it is shown that, the porosity divergence may be
employed as a quantified anisotropy indicator of the lamellar structure
features of thermal spray coatings. For instance, the anisotropy of
coating lamellar microstructure is relatively low in the cases of the
lowest temperature of 1490 ◦C and the highest temperature of 1680 ◦C,
i.e. the difference between the surface and the cross-section porosity is
lower, as compared to those of the intermediate temperatures.

The coating microstructures correlation to particle deposition tem-
perature is understood in two aspects. On one hand, the higher particle
deposition temperatures enhance the oxidative decarburization reaction
with more release of gaseous by-products. The oxidative reaction mainly
took place at the surface of high-temperature particles in contact with
entrapped ambient air in the jet flow of particle deposition [29,33],
leading to formation of coating micropores concentrated along the inter-
splat regions during coating growth by the splat piling-up. On the other

Fig. 1. XRD patterns of WC-12Ni coatings at the different particle deposition
temperatures and feedstock powders.

Fig. 2. Dependence of phase percentage in WC-12Ni coatings on the particle deposition temperature: (a) WC phase, (b) W2C, W, WC1-X phases, respectively.

J.R. Yuan et al.
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hand, the higher particle deposition temperatures promote melting of
WC-Ni particles, especially, ensuring the Ni binder phase into a suffi-
ciently molten state beneficent to better splat flattening upon high-
velocity particle impacting deposition resulting in a more compact
splat piling-up, as well as to the local WC/Ni phase interface bonding by
molten Ni wetting on WC grains. Consequently, the anisotropy of
coating porosity, i.e. the coating surface porosity lower than its cross-
section value, may be understood as follow. The surface porosity is
counted from the top surface view of pancake-like spreading
morphology of flatten splats in diameter up to 100 μm order [34,35] by
which the intra-splat area (splat interior) is dominant over that of inter-
splat boundary, whereas the cross-section porosity is from side view of
the piling-up flatten splats as a thin layer of several-μm thickness by
which the counted areas for intra-splat interior and inter-splat boundary
is comparable. The coating porosity anisotropy on the surface and cross-
section is determined by the difference in defects density of pores and/or
cracks within the intra-splat and inter-splat regions of flatten splats.

Both the intra-splat and inter-splat regions of coatings have contin-
uous reduction of defects due to increased particle deposition temper-
ature (Fig. 4). Specifically, an out-of-sync temperature-dependent rapid
drop of coating porosity was revealed for the WC-12Ni coatings surface
and the cross-section, presenting the lower coating anisotropy or better
isotropy at the lowest and the highest particle deposition temperature to
that of coatings at the intermediate temperatures. It is implied that the
intra-splat and inter-splat regions within the coating surface and cross-

Fig. 3. The cross-sectional morphologies by backscattering electron images of WC-12Ni coatings, where the arrows indicate the WC grains of different features, Ni
enrichment, inter-splat pores and cracks, and the dotted curves indicate approximately inter-splat boundaries.

Fig. 4. Dependence of coating porosity of surface and cross-section for WC-
12Ni coatings on the particle deposition temperature.

J.R. Yuan et al.
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section had a comparable defect density at the lowest or highest particle
deposition temperatures. The particle temperature effect on coating
microstructure variations could be quantitatively explained considering
the Ni binder phase melting point of 1455 ◦C. The turn-point of surface
porosity rapid drop starting at the particle deposition temperature of
1558 ◦C is attributed to onset of well-molten Ni binder as heated up to
about 100 ◦C higher of the binder melting point for sufficient wetting of
WC and Ni phases within the particles that accounts for rapid reduction
in intra-splat defects. Subsequently, the abrupt drop in coating cross-
section porosity at 1646 ◦C is attributed to inter-splat defects mini-
mized effectively by the further enhanced molten state of the binder
phase, i.e. about 200 ◦C over its melting point that enables the binder
wetting of depositing particles to previously solidified splats during
piling-up. In a summary, the effect of particle deposition temperature on
the microstructure of thermal spray cemented carbide coatings with
laminar features is manifest from the occurrence of a two-stage coating
defect reduction process i.e. intra-splat defect reduction onset at about
100 ◦C higher than the melting point of Ni, followed by inter-splat defect
reduction at about 200 ◦C over its melting point, with theWC hard phase
kept in solid state. It is essentially depending on melting state of the
metal binder phase.

Surface integrity parameters of a coated component that determine
the desired component final performance in service could be categorized
as the surface features and surface characteristics of the component,
where the former includes parameters describing surface finish and
composition, and microstructure etc., and the latter includes those of
surface physical and chemical properties [36]. Conventional study on
effect of thermal spray processes on the coated component performance
was recognized as a black-box relation or empirical relation employed
for process optimization by trial-and-error method. In contrast, the
process signatures correlation analysis can bridge the determining sur-
face integrity parameters of desired performance to the process pa-
rameters of available manufacturing methods through external
processing load and/or internal material loading on thermodynamic
mechanism [18–20]. The WC-12Ni particle deposition temperature is
posted as a characteristic material loading to derive process signature
correlation for thermal spray process parameters. At first, the features of
coating microstructures with porosity and phase composition were
evaluated to post their correlation to the particle deposition tempera-
ture. The variations of WC retention ratio with carbon deficient phases
and porosity of WC-12Ni coatings are strongly dependent on particle
deposition temperature (Figs. 2 & 4). Particularly, the intrinsic lamellar
microstructure with flattened splats for thermal spray coatings can be
quantified by the anisotropy of the porosity divergence between coating
surface and cross-section in correlation to the particle deposition
temperature.

3.2. Coating mechanical properties

3.2.1. Hardness
Fig. 5 shows the hardness of WC-12Ni coatings tested under small

loads of less than 1 N, in correlation to the particle deposition temper-
ature, using the nano-indentation (Berkovich diamond indenter, 650
mN) and micro-indentation (Vickers diamond indenter, 0.49 N),
respectively. The hardness on coating surface and cross-section were
tested and compared for both the test methods, presenting a similar
temperature-dependent behavior except for the higher absolute values
of the Berkovich indenter data. The hardness on coating cross-sections
increased correspondingly with the particle deposition temperature
rising, i.e. nano-hardness increased from 10.8 GPa to about 13.4 GPa,
and the micro-hardness (HV0.49N) increased from 9.6 GPa to 10.7 GPa;
whereas both the surface hardness kept almost unchanged with the
particle deposition temperature change, around 13.3 GPa of the nano-
hardness and 11.1 GPa of the micro-hardness (HV0.49N), respectively.
Note that, for the micro-hardness (HV2.94N) at the higher indentation
load, both coating surface and cross-section presented a consistent
hardness increase to the particle deposition temperature rising, as
shown in Fig. 6. The surface hardness increased from 9.2 GPa to 10.3
GPa, while the cross-section hardness from 8.6 GPa to 10.3 GPa.

Fig. 7 shows the secondary electron images of nano-indentation

Fig. 5. Variation of the hardness of WC-12Ni coatings under two different small loads at the different particle deposition temperatures: (a) nano-hardness 650 mN,
(b) micro-hardness 0.49 N.

Fig. 6. Variation of the micro-hardness of WC-12Ni coatings under 2.94 N load
at the different particle deposition temperatures.

J.R. Yuan et al.
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indents, of the Berkovich indenter, on the surface and cross-section of
coatings at the highest, medium, lowest particle deposition tempera-
tures of 1680, 1594 and 1490 ◦C, respectively. The indents on the
coatings at the particle deposition temperature of 1680 ◦C show a
morphology of trihedral shape with clear and intact edge. It should be
noted that, the micro-damage features of WC grains “buckling” and
cracking at the edges of indents were found on the coatings at both 1594
and 1490 ◦C cases. The buckling of hard WC grains was caused by the
action of bending moment during the indenter impressing, indicating
the weaker bonding between WC and Ni binder formed under the lower
particle deposition temperatures. Furthermore, a more weaker bonding
feature between WC and Ni binder was identified as spalling of WC
grains at the indent edges for the coating of the lowest particle deposi-
tion temperature of 1490 ◦C.

It is clearly shown that, the dependence of coating cross-section
hardness increment on the particle deposition temperature rising has a
convergence to the surface hardness, i.e. the hardness difference be-
tween the coating surface and the cross-section is reduced at the higher
particle deposition temperatures. This phenomenon seems to be not
consistent with the changing tendency of coating lamellar microstruc-
ture anisotropy that the porosity difference on coating cross-section and
surface is larger at the intermediate temperatures (Fig. 4). It is implied
that the hardness tested under the small loads is not solely affected by
the temperature-dependent porosity, and the other factors should be
considered.

3.2.2. Elastic modulus
Fig. 8 shows the results of elastic modulus of WC-12Ni coatings at the

different particle deposition temperatures, obtained by nano-
indentation and micro-indentation in comparison with that by ultra-
sonic test. The influence of particle deposition temperature on the nano-

Fig. 7. The typical morphologies by secondary electron images of nano-indentation indents on surface and cross-section of WC-12Ni coatings at the selected particle
deposition temperatures that represent the highest, medium, lowest ones of this study.

Fig. 8. Dependence of indentation-extracted elastic modulus on the particle
deposition temperature for WC-12Ni coatings, in comparison with that of ul-
trasonic test method.
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indentation elastic modulus presented the same changing trend as that
of nano-hardness, i.e. the values measured on coating surface were
insensitive to the temperature, whereas that on coating cross-section
increased correlatively with the temperature rising. Specifically, the
elastic modulus tested on coating surface by nano-indentation, denoted
as Es,nano, has a little variation within the range of about 315–341 GPa,
whereas the values on coating cross-section as Ec,nano increase from 249
GPa at 1490 ◦C to about 330 GPa at 1594 ◦C and above, converging to
the range of Es,nano. It is confirmed that, both the nano-indentation
extracted hardness and elastic modulus on the coating surface and
cross-section have the same temperature-dependent changing trend,
presenting an anisotropy of coating mechanical properties.

The elastic modulus on WC-12Ni coating surfaces by using instru-
mented micro-indentation was measured at load of 30 N, denoted as Es,
micro, by which the representing coatings were selected for the lowest,
medium, highest particle deposition temperatures at 1490, 1594 and
1680 ◦C. The micro-indentation test of coating cross-sections is not
applicable here since the noticeable cracks could be created on the
coatings by this load nearly two-order magnitude higher than that of
nano-indentation. Of importance, the micro-indentation Es,micro
measured on coating surface has the same temperature-dependent
increasing trend to that of the nano-indentation Ec,nano on the coating
cross-section, as the particle deposition temperature rises from 1490 ◦C
to 1680 ◦C. Correspondingly, the Es,micro increased from about 306 GPa
to 364 GPa, with the values slightly higher than Ec,nano at the respective
particle temperatures. To better understand the good agreement be-
tween Es,micro and Ec,nano as both differing from the Es,nano on coating
surface, the elastic modulus of the WC-12Ni coatings was also measured
by ultrasonic technique for comparison [29], denoted as EUT. A focused
beam of ultrasonic waves with diameter of about 1 mm, about five times
of the coating thickness, was employed to measure the coating elastic
modulus with the wave propagating and reflecting between the coating
surface and substrate, and thus the EUT represents the overall or macro
mechanical property of the coatings. It is interestingly to find out that,
the EUT verifies the particle-temperature-dependent behavior of Es,micro
and Ec,nano, i.e. presenting a correlative enhancement from 315 to 374
GPa on the temperature rising, with the values slightly higher than those
of Es,micro.

Note that, there seems to be a reverse indentation depth effect
occurred for the elastic modulus result (Fig. 8) in comparison to that of
hardness (Figs. 5&6), i.e. the higher indentation load at 30 N gives a
higher elastic modulus Es,micro over that of coating cross-section nano-
indentation Ec,nano at 650mN though both the results in good correlation
to the particle deposition temperature rising. The indentation depth at
30 N is about 6–9 μm, with an indentation response involving at least a
layer of flatten splats, and thus give a value closer to the result of EUT by
ultrasonic test that responds to all layers of flatten splats through the
entire coating, i.e. about tens layers for a coating of 200 μm thickness.
The coating surface nano-indentation cannot derive the temperature-
dependent behavior of coating elastic modulus due to the low penetra-
tion depth of 1.1–1.5 μm, leading to the insensitive change of Es,nano with
respect to particle deposition temperature (Fig. 8). As mentioned above,
the coating cross-section view exposes inter-splats interfaces that take a
major portion on the whole cross-section area, and thus the coating
cross-section nano-indentation can reasonably respond to the inter-
splats interface bonding in correlation to the particle deposition tem-
perature except for underestimation of the absolute values of elastic
modulus. It is indicated that, appropriative selection of nano- and micro-
indentation methods can correctly evaluate the effect of particle depo-
sition temperature on the overall elastic modulus of thermal spray
coatings for coated components. The consistency of the measurement
results among the Ec,nano, Es,micro and EUT verifies the promotion of the
elastic modulus due to the increase in the inter-splat bonding strength of
the splat piling up by increasing the particle deposition temperature.

The indentation tests have been employed for evaluating mechanical
properties including hardness or elastic modulus of various coatings and

thin films. However, the indentation methods with different loads
complicated the results as well as their explanation where the so-called
indentation size effect was typically involved [10,26,27]. An indenta-
tion size effect was reported for Vickers hardness of WC-12Co coatings
deposited by detonation spraying that the indentation depth/coating
thickness ratio on coating surface should be in the range of 0.04–0.1 to
obtain representative hardness of entire coatings, specifically, under a
load within the range of 5–10 kgf on coating surfaces; while no such size
effect was observed for the elastic modulus measured using nano-
indentation test under 0.3 and 0.9 kgf loads [10]. Nevertheless, inden-
tation size effect for both hardness and elastic modulus evaluation was
found with a transition depth of about 2 μm by instrumented nano-
indentation test on the cross-section of different HVOF cemented car-
bides coatings including WC-12Co, WC-17Co, WC-20CrC-7Ni, Cr3C2-
25NiCr, and (Ti,Mo)(C,N)-37NiCo, i.e. the representative indentation
depth should be no less than 2 μm [26]. By using the same nano-
indentation method for both hardness and elastic modulus, a smaller
transition depth of about 1 μmwas observed on coating cross-section for
HVOFWC-12Co andWC-10Co-4Cr coatings, whereas a higher transition
depth of about 1.5 μm was identified on coating surface [27].

To clarify the indentation size effect, the specific indentation loads,
indenter types, and indent depths together with ratio to coating thick-
ness are summarized in Table 2. For the surface and cross-section
hardness of WC-12Ni coatings were comparatively tested under the
nano-indentation and micro-indentation (Figs. 5&6), the indent depth
was of 1.1–1.5 μm for the nano-indentation at 650 mN, and of 1.3–2 μm
and 3.5–4 μm for the micro-indentation at 0.49 N and 2.94 N, respec-
tively. In general, the indentation depth effect is confirmed by the
hardness results for both Vickers and Berkovich indenters, i.e. a transi-
tion depth of 1.5–2 μm in reasonable agreement with the published data
for cemented carbide coatings of the other researchers [26,27].
Furthermore, comparison of the above hardness values at different loads
verifies the indentation size effect for the hardness results by Vickers
indenter, i.e. the smaller indentation load, the higher the hardness. This
is consistent with our previous results of HVOF WC-10Ni coatings
[28,29], where a higher indentation load of 2.94 N on the coating sur-
face led to the indents with diagonals of 20–25 μm, representing the
coating Vickers hardness as both the influence of porosity and phase
change could be primarily included, otherwise the hard carbide phases
mainly take effect under the smaller load of 0.49 N with the diagonals of
indents only about 6–8 μm. At the same time, the indentation size effect
is also verified by the consistent results that nano-indentation with
Berkovich indenter has a smaller indentation depth even under a slightly
larger load of 650 mN than that of the 0.49 N load of micro-indentation
with Vickers indenter as a result of the different indenter geometry,
resulting in a higher hardness value for the former (Fig. 5). In this re-
gard, the indentation size effect may be termed more reasonably as
indentation depth effect.

Note that, a phenomenon of particle-deposition-temperature

Table 2
A summary of indentation test conditions and results for WC-12Ni coatings.

Mechanical
properties

Load Indenter
type

Coating
position

Indent
depth
(μm)

Ratio of indent
depth to coating
thickness

Hardness
and/or
elastic
modulus

650
mN

Berkovich
Surface
& cross-
section

1.1–1.5 0.0055–0.0075

0.49
N Vickers

Vickers

1.3–2 0.0065–0.01

2.94
N 3.5–4 0.0175–0.02

30 N Berkovich Surface 6–9 0.03–0.0045

Fracture
toughness

49 N
Vickers

Cross-
section

14–15 0.07–0.075

1960
N

Surface 131–133 0.655–0.67
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dependent hardness and elastic modulus is revealed by the present
study. The mechanical properties clearly associated with the coating
lamellar microstructure in correlation to particle deposition tempera-
ture are posted by comparative analysis of the surface and cross-section
indentation responses. With the indentation depth effect at the small
loads of 650mN and 0.49 N, both the nano-hardness andmicro-hardness
tested on the coating surface are insensitive to particle deposition tem-
perature change, indicating the major contribution of hard carbide
phases of WC, WC1-x, W2C etc. to the hardness at the shallow indentation
depth; instead, the respective hardness values on the coating cross-
section present a correlative increasing trend to particle deposition
temperature rising (Fig. 5). It is inferred that, as for the microstructure
changes discussed above, the area of inter-splats boundaries took a
majority at the coating cross-section view, and significantly contributed
to the hardness and elastic modulus results. As a result, a small inden-
tation load less than 1 N or an indentation depth of about 1 μm is able to
probe the effect of particle deposition temperature on the coating me-
chanical properties. It is also verified by the Vickers micro-hardness
tested at a higher load of 2.94 N, both the values on coating surface
and cross-section consistently increased in correlation to the tempera-
ture rising (Fig. 6).

Therefore, how to correctly evaluate the coating representative or
overall mechanical properties determined by the typical microstructure
of thermal spray coatings with laminar features using indentation
methods, such as hardness and elastic modulus studied in this case?
Combined with these results, it is confirmed that the extraction of
coating representative mechanical properties by indentation methods
relies on how much the coating microstructure features could be
involved in the indentation responses. The contribution frommajority of
coating porosity at the inter-splats could be well included if the inden-
tation depth from the coating surface approach to the layer thickness of
the flattened splats, as the penetration depth for 2.94 N is about 3.5–4
μm (Table 2) comparable to the flattened splats thickness usually within
a few micrometers, e.g. for WC-10Co-4Cr coatings, about 3–10 μm
[34,35].

Following the discussion of representative mechanical properties
evaluation, the term of overall coating mechanical properties is
employed to distinguish localized mechanical properties. As revealed in
this study, the involved indentation depth effect can be utilized to probe
the localized coating mechanical properties associated with the lamellar
microstructures. It is shown that the nano-indentation has an indenta-
tion depth less than the thickness of flattened splats, and thus the
extracted mechanical properties tested on the coating surface is mainly
due to the response of the WC-Ni intra-splat features dominating the
surface area, while those on the coating cross-section to that of both the
inter-splat and intra-splat WC-Ni features. This mechanism is applicable
to both the mechanical properties of hardness and elastic modulus,
where the values tested on coating surface with small loads are

insensitive to the particle deposition temperature, but the results on
coating cross-section positively depends on particle deposition temper-
ature rising as the inter-splat bonding was enhanced at higher particle
deposition temperatures (Figs. 5&8).

3.2.3. Indentation fracture toughness
In our previous studies, it was recognized that, indentation fracture

toughness of WC-based thermal spray coatings plays a determining role
of their final performance of wear resistance [29]. Here, indentation
fracture toughness of coatings is also evaluated by adopting 49 N load on
coating cross-section, and in addition, a much higher load of 1.96 kN is
employed to the coating surface indentation considering the coated
component impact resistance performance under surface impacting of
loads kN order [37].

Fig. 9 shows the results of Vickers indentation fracture toughness KIC
calculated using the two different equations (Eqs. 2 & 3). Both the
equations give the same dependence of KIC on particle deposition tem-
perature for both coating surface and cross-section just different in the
absolute values. At the same high particle deposition velocity of about
900 m/s, the increase of particle deposition temperature led to a
reduction of KIC values on the coating surface tested under 1.96 kN. With
the temperature increasing from 1490 ◦C to 1680 ◦C，the KIC values of
the coating surface decreased from 12.2 MPa⋅m1/2 to about 5.8 MPa⋅m1/

2 by the Ansits’s formula, and from 27.3 MPa⋅m1/2 to about 15.8
MPa⋅m1/2 by the Niihara’s formula. In contrast, the KIC values tested on
coating cross-section under 49 N increased with particle deposition
temperature rising, i.e. the values of Ansits’s formula from 3.1 MPa⋅m1/2

to 4.8 MPa⋅m1/2, and of Niihara’s formula from 3.9 MPa⋅m1/2 to 5.6
MPa⋅m1/2. Note that, the Vickers indentation for the coating fracture
toughness measurements demonstrates a reverse response that surface
indentation fracture toughness has a decreasing trend to the particle
deposition temperature rising whereas the cross-section ones an
increasing trend.

Both the cracking morphology of indents on the coating cross-
sections and surfaces were observed and compared, to understand the
responses of coating fracture toughness tests. Fig. 10 presents the typical
morphologies of indents on coating cross-section under 49 N load, for
the coatings of the highest and the lowest particle deposition tempera-
tures, respectively. The coating cross-section indentation indents have a
typical cracking feature with cracks preferably formed at the two lateral
corners and extended parallel to the coating surface. The crack propa-
gation paths of indentation on the WC-12Ni coatings cross-section are
mainly of intergranular type of WC/WC and WC/Ni, especially for those
deposited at lower particle deposition temperatures. As the bonding
strength of inter-splats and intra-splats of coatings increased signifi-
cantly at the highest particle deposition temperature, some trans-
granular cracks in WC and Ni phases also occurred, in which the brittle
C-deficient phases formed on WC phase due to decarburization is also a

Fig. 9. Dependence of indentation fracture toughness on the particle deposition temperature for WC-12Ni coatings using various established formulations: (a)
surface, (b) cross-section.
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preferable transgranular cracking path. Moreover, the fractions of the
four types crack propagation paths are determined according to the
morphology images by measuring the cumulative crack lengths of each
types to the total length of all types [Fig. 10(c)]. It is clearly seen that, for
the coatings at lower particle deposition temperature of 1490 ◦C, the

cracks propagated through the intergranular paths of WC/Ni and WC/
WC interfaces took up about 94% of the total propagation length with
the most preferable path of WC/Ni interface up to nearly 50% and the
least transgranular WC cracking path was only of 1.7%. For the coatings
at higher particle deposition temperature of 1680 ◦C, though the WC/Ni
interface is most preferable cracking path, both the intergranular paths
of WC/Ni and WC/WC were notably reduced to about 39% and 24%,
and the transgranular cracking path through WC and Ni phases signifi-
cantly increased to about 23% and 14%. The results confirmed that, the
higher interfacial bonding strength between WC/Ni and WC/WC for the
WC-12Ni coatings formed at the higher particle deposition temperature
effectively restricted their intergranular cracking, and simultaneously
enhanced probability of the transgranular cracking that was almost
impossible for the lower particle temperature deposited WC-12Ni
coatings with preferential cracking through the much weaker WC/Ni
and WC/WC interfaces.

The morphologies of the Vickers indents on coating surface under
1.96 kN are shown in Fig. 11, at the highest, medium, and lowest particle
deposition temperatures of 1680, 1594 and 1490 ◦C, respectively.
Different from the lateral cracking morphology of coating cross-section
indents, the surface indentation cracking on the coatings shows a typical
feature of central symmetry to the four corners, i.e. all the corners have
extended cracks with comparable lengths. In comparison, for more
porous (less denser) coatings at lower particle deposition temperatures,
more small segmented cracks was additionally generated within and/or
around the indents.

Therefore, the indentation responses of coating fracture toughness
tests could be interpreted in correlation to the coating laminar micro-
structure. At first, it is well recognized that the denser coatings have
higher indentation fracture toughness tested on the coating cross-
sections under 49 N due to the better inter-splats bonding with lower
porosity at the higher particle deposition temperatures [Fig. 9(b)], in
good agreement with previously work [28]. The reverse trend of
indentation fracture toughness values by the indentation test on the
coating surface is a new phenomenon as revealed in this study [Fig. 9
(a)]. As for evaluation of coating fracture toughness by indentation,
interaction between the compressive stresses generated under the tip of
the indenter perpendicular to the indentation surface and the pre-
existing residual tensile stresses caused shear stresses within the
coating, promoting the cracking underneath the indenter [38,39]. To
check this effect, residual stresses on the coating surface were measured,
as shown in Fig. 12. Small tensile residual stress was confirmed on all the
coatings, showing a slight increasing trend from about 20 to 50 MPa
with the increase of particle deposition temperature. As a result, the pre-
existing stress mechanism is excluded for the temperature-dependent
behaviors. Instead, the difference in the mechanical energy consump-
tion of indentation process for the crack initiation/propagation could
explain on abnormal behavior of the surface indentation fracture
toughness. On one hand, the type of symmetrical cracking from all the
four corners of indents should have shorter crack lengths as compared to
that of only two lateral cracking under comparable condition because
the consumed mechanical energy of cracking was divided to the four
corner cracks initiation/propagation during the indentation process, as
proved by the fact that surface fracture toughness values are always
higher than those cross-section ones if adopting the same fracture
toughness equations (Fig. 9); on the other hand, the less denser coatings
at lower particle deposition temperatures have higher density of pore
defects, on which densification of the coatings can consume a part of the
indentation mechanical energy and simultaneously initiation/propaga-
tion of multiple cracks are preferably developed from the defect sites
into the numerous segmented cracks during the indentation process,
further limiting the corner crack propagation and resulting in much
shorter corner cracks (Fig. 11). As a result, the fracture toughness of
coating surfaces calculated by both the equations counting only the
corner crack length presented a corresponding decreasing trend with the
particle deposition rising [Fig. 9(a)]. In a summary, the coating

Fig. 10. The typical morphologies by both secondary electron and backscat-
tering electron images of Vickers indents under 49 N for fracture toughness
measurement on the cross-section of WC-12Ni coatings at the highest and
lowest particle deposition temperatures, where the arrows indicate crack
propagation paths of different types, and the dotted lines indicate indent edges:
(a) 1680 ◦C, (b) 1490 ◦C, and (c) fraction of propagation length of different
type cracks.
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mechanical property variety of indentation fracture toughness also
essentially depends on the lamellar coating microstructure, presenting a
similar anisotropy in good accordance with the behaviors of hardness
under small loads (Fig. 5) and elastic modulus (Fig. 8) for coating surface
and cross-section.

In addition, the high-load indentation depth is larger than half of
coating thickness (Table 2) by which the steel substrate was significantly
involved in the indentation deformation process, i.e. being also a kind of
indentation depth effect. Note that, the so-called indentation depth ef-
fect occurred only for the large load on coating surface causing excessive
indent depth into the coating involving steel substrate response, dis-
tinguishing from that of indentation depth effect under small loads.
Adopting the numerical analysis method in our previous study [37], the
indentation process under the high load of 1.96 kN led to a maximal
contact surface stress (max. Principle stress) about 6% higher for the
WC-12Ni coatings with higher elastic modulus at particle deposition
temperature of 1680 ◦C than that of the coatings at 1490 ◦C particle
temperature. To some extent, this indentation depth effect may also
promote longer cracks on the coatings of higher particle deposition
temperature during the surface fracture toughness test.

4. Conclusions

In this study, a more reliable characterization of coating mechanical
properties by indentation approach is considered to study the correla-
tion of thermal spray process parameters to the properties of deposited

Fig. 11. The typical morphologies by both secondary electron and backscattering electron images of Vickers indents under 1.96 kN for fracture toughness mea-
surement on the surface of WC-12Ni coatings at different particle deposition temperatures.

Fig. 12. Surface residual stresses of WC-12Ni coatings at the different particle
deposition temperatures.
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WC-based cemented carbide coatings, through the particle deposition
temperature at almost the same particle deposition velocity. Conse-
quently, particle temperature-dependent behaviors of coating mechan-
ical properties along with intrinsic lamellar microstructure were probed
by employing the indentation tests with Vickers and/or Berkovich in-
struments at a wide load range of 10− 1-103 N order, referred as to nano-,
micro- and macro-indentations, respectively, and in combination with
comparative analysis of non-destructive test. The main conclusions are
follows.

(1) The particle deposition temperature has a great influence on the
microstructures of WC-12Ni coatings. The coating porosity de-
creases from 1.2% to 0.5–0.2% but WC phase decomposition is
enhanced from 14% to 20% together with better splats flattening
feature, as the particle deposition temperature rising from 1490
to 1680 ◦C. Correspondingly, a porosity divergence between
coating surface and cross-section is observed with a lower coating
surface porosity of 1.2–0.2% to that of cross-section of 1.2–0.5%,
as a quantitative anisotropy parameter describing the intrinsic
lamellar microstructure of thermal spray coatings formed by the
splats flattening and piling up.

(2) Considering the coating lamellar microstructure, the indentation
tests have been carried out comparatively on the coating surfaces
and the cross-sections to evaluate the coating hardness and elastic
modulus with small indentation loads below 3 N. For all the
coatings at different particle deposition temperatures, the coating
surface hardness of 12.6–13.8 GPa by nano-indentation at 650
mN, and 10.3–11.4 GPa at 0.49 N and 9.2–10.3 GPa at 2.94 N by
micro-indentation, is always higher than that of the cross-section
of 10.8–13.4 GPa at 650 mN, and 9.6–10.7 GPa at 0.49 N and
8.6–10.3 GPa at 2.94 N, respectively. Both the surface and cross-
section hardness values increased correlatively to the particle
deposition temperature rising except for the almost constant
surface hardness tested below 1 N, insensitive to the particle
deposition temperature. The elastic modulus by nano-indentation
below 1 N also has the similar particle temperature-dependent
behavior, i.e. the values on coating cross-section correlated
positively to particle deposition temperature but insensitive for
those on coating surface.

(3) The elastic modulus from micro-indentation with a relatively
large load at 30 N on the coating surface shows the same particle
deposition temperature dependence to that from nano-
indentation at 650 mN on the coating cross-section, increased
from 306 GPa to 364 GPa for the surface micro-indentation and
from 249 GPa to 327 GPa for the cross-section nano-indenation,
to the particle deposition temperature rising, respectively. Both
the indentation results are in good agreement with a macro non-
destructive ultrasonic test by which the coating elastic modulus is
correspondingly increased from 315 GPa to 374 GPa. Moreover,
the indentation fracture toughness under higher loads of 49 N on
coating cross-section and 1.96 kN on coating surface is also
compared and the latter presents an indentation depth effect
involving steel substrate response distinguishing from that of
indentation depth effect under small loads.

(4) The indentation-extracted coating mechanical properties were
interpreted by that, the particle deposition temperature rising
leads to the intra-splats and inter-splats defects reduction of the
cemented carbides thermal spray coatings with enhanced
carbide-metal bonding improvement essentially dependent on
melting state of the metal binder phase. The anisotropy of the
coatings with lamellar feature could be reduced either at higher
temperatures or lower temperatures closely related to the melting
point of the binder phase, and the coating mechanical properties
are much better at the higher temperatures. Based on the clarified
mechanism of particle deposition temperature, the various
indentation methods may be better utilized for thermal spray

coatings to probe their mechanical properties either in a localized
region or over the entire coating.
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