Residual Strain Measurements in
Thermal Spray Cermet Coatings
via Neutron Diffraction

R. Ahmed’
e-mail: rahmed@hw.ac.uk The impact and fatigue resistance of overlay coatings is significantly influenced by the
residual strain (or stress) field induced during coating deposition, post-treatment, and
H. Yu in-service loading. Optimization of the residual strain field is therefore critical to the life
and performance of components. Nondestructive measurement of these strain fields in
S. Stewart relatively thin (300—400 um) thermal spray coatings, however, poses a challenge be-

cause conventional techniques, such as deep hole drilling, x-ray diffraction, synchrotron
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diffraction, and changes in beam curvature either make these techniques destructive
and/or provides only a very near-surface strain measurement. This particularly compli-
cates the strain analysis in cermet coatings, e.g., WC-Co deposited by the thermal spray-
ing process, where the low penetration depth of x-ray and synchrotron-diffraction ray can
only provide a through thickness measurement of stress or strain profile via the destruc-
tive layer removal technique. Recent investigations have therefore concentrated on the
use of neutron diffraction technique for such analysis, and this paper reports some of the
early findings of the comparison of through thickness strain measurements in relatively
thin (400 um) as-sprayed and post-treated WC-12wt. % Co coatings via the neutron
diffraction technique. Since neutrons are not charged, they do not interact with the
electron cloud surrounding the atom (unlike x-ray); hence, diffraction results from the
interaction with the atomic nucleus. Neutrons therefore have greater penetration depth in
most engineering materials, and therefore provide a nondestructive through thickness
strain measurement. Results of strain measurement are discussed with the structure prop-
erty relationships and contact fatigue performance, and indicate that post-treatment of
these coatings results in harmonization of the strain field within the coating, and at the
coating substrate interface. This significantly influences the contact fatigue performance

by improving both the cohesive and adhesive strength of these coatings.
[DOL: 10.1115/1.2647503]
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1 Introduction

Thermal spraying is an overlay coating process in which molten
or semi-molten coating powder particles are accelerated toward a
substrate to form a coating. Tribological applications of thermally
sprayed cermet coatings, e.g., those deposited by the high velocity
oxy-fuel (HVOF) process, have greatly benefited from the recent
advancements in thermal spray coating technology, e.g., higher
impact velocity, and lower temperature and dwell time of the im-
pacting lamellas. Excellent corrosive [1], erosive [2], abrasive [3],
and fatigue/impact [4] resistance of these coatings (e.g., WC-Co,
WC-Co-Cr) have resulted in environmentally friendly solutions
for a range of engineering problems in automotive, aerospace,
marine, and manufacturing industries. While industrial demands
push the use of thermal spray cermet coatings toward high stress
impact and fatigue resistance applications, the durability and
safety implications dictate that these coatings should resist
delamination and spalling failure under severe tribological condi-
tions. A major factor dictating the resistance to fatigue and
delamination failure in thermal spray coatings is the residual
strain or stress field within the coating and substrate material.
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There are a number of factors that dictate the overall residual
stress profile in thermally sprayed deposits, as summarized in Fig.
1. Among them, the quenching (microtensile) residual stresses at
the splat level due to the very high cooling rates (e.g.,
1000 K/ms), and also macrocompressive or tensile residual
stresses due to the mismatch of the coefficient of thermal expan-
sion of the coating and substrate material play a dominant role.
Very high impact velocity of lamella in the latest HVOF systems
is also thought to improve residual stress or strain profile via
penning effect. The influence of coating powder characteristics,
coating process, and coating process parameters on the residual
stress field has been the topic of research of many investigations
[5-14] where experimental, mathematical, and numerical ap-
proaches have been adapted to ascertain the generation of residual
stress during coating deposition. However, the investigations re-
lating to the nondestructive measurement of residual stress/strain
profile and the influence of post-treatments on these profiles for
relatively thin (400 wm) cermet coatings have been limited. This
is mainly because the penetration depth of x-ray and high-energy
synchrotron radiations [15] is limited to few microns in WC-
cermet coatings, making layer removal compulsory for depth pro-
filing of residual strain. Although very near surface strain mea-
surements by techniques such as x-ray diffraction and synchrotron
diffraction are critical for durability studies of low stress compo-
nents (e.g., in sliding wear), the catastrophic failures, such as
delamination, either within the coating material or at the coating
substrate interface, are dictated by the through thickness residual
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strain profile. The destructive nature of these conventional tech-
niques also limits their use in finished components, e.g., in aero-
space applications.

Because of the difficulties in the nondestructive residual strain
(or stress) profiling of these coatings, there has been a growing
interest in the use of the neutron-diffraction technique [16-22],
which has been applied to measure residual stress profile in ther-
mal barrier coatings (TBCs) of zirconia, NiCrAlY, and yttria sta-
bilized zirconia. These investigations have provided valuable in-
formation about the stress gradients, theoretical modeling of stress
generation, and their influence on coating performance for rela-
tively thick (typically, 1000 wm thick) thermal spray coatings.
However, studies relating to the residual stress or strain changes
through the post-treatment of thin (400 xm) cermet coatings have
been limited. This investigation therefore aims to provide nonde-
structive strain measurement in thin cermet WC-12wt. % Co coat-
ings in as-sprayed and post-treated conditions and relate it to the
contact fatigue performance.

2 Experimental Test Procedure

2.1 Coating Preparation and Post-Treatment. Thermal
spray HVOF (JP5000) WC-12wt. % Co coatings were deposited
under industrially optimized conditions summarized in Table 1.
Agglomerated and sintered powder with a size range of
15—45 pm was used for spraying the test coupons. These coatings
were deposited on the surface of 32 mm dia and 8 mm thick (AIST
440-C) steel disks in two different thicknesses of 400 um and
50 wm. The selection of substrate was based on its ability to sup-
port coating during impact and fatigue tests [4]. Coating thickness
was varied to investigate both the cohesive and adhesive failures
in contact fatigue tests. The coated specimens were also post-
treated using un-encapsulated hot isostaic pressing (HIPing) for
1 h at a temperature and pressure of 1200°C and 103 MPa, re-
spectively. These HIPing conditions were adapted on the basis of
ongoing investigations of HIPing post-treatment on WC-cermet
coatings [15,23-25].

Table 1 Deposition conditions for HVOF spraying

WC-12wt. % Co, agglom. and

Coating type sintered powder

Process/System HVOF/ JP5000
Oxygen flow (I/min) 893
Kerosene flow (I/min) 0.32
Spraying distance (mm) 380
Spraying rate (g/min) 70
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Factors influencing the generation of residual stress in thermal spray

2.2 Powder and Coating Characterization. The surface and
cross sections of coated specimens were investigated via scanning
electron microscopy (SEM) equipped with energy dispersive x-ray
spectroscopy (EDX). The x-ray diffraction (XRD) analysis of
coatings was made using a Siemens D500 diffractometer with
Cu-Ka source (1.5406 A wavelength, step size of 0.02 deg, and
dwell time of 2 s). Microhardness measurements were carried out
under a load of 2.94 N using a Vickers microhardness (Mitutoyo-
MVK-H1) test machine.

Elastic modulus measurements were performed via the inden-
tation method. The indentation modulus was measured using the
real-time force displacement curve under a load of 500 mN and
correlated to the Young’s modulus (E) using

E=Yy(1-1%) (1)

where Yy is the indentation modulus and v is the Poisson’s ratio.
Further details of this test method can be found in Buchmann et
al. [26].

2.3 Neutron Diffraction Measurements. Neutron diffraction
measurements were performed at ISIS (Rutherford Laboratory),
UK using a dedicated strain measurement diffractometer (EN-
GIN). This is a pulsed neutron diffractometer equipped with slits
and collimators to achieve small gage volumes [27,28]. This in-
strument operates in a fundamentally different manner from most
reactor-based instruments, as instead of measuring Bragg reflec-
tions by scanning a detector from low to high 26, ENGIN, uses a
pulsed polychromatic beam to measure Bragg reflections at fixed
scattering angles (26=90 deg) using the time of flight of each
diffracted neutron to characterize its wavelength [29,30].

Two different neutron diffraction configurations, i.e., horizontal
scan (Fig. 2) and vertical scan (Fig. 3), can be applied for strain
measurement in these coatings. The former configuration has pre-
viously been applied at ISIS [17], and by others (e.g., [18,20,21]),
where neutron beam illuminates the coating surface at 45 deg, and
the diffracted beam analyzed either in the reflection or transmis-
sion mode (Fig. 2). In this configuration, the in-plane stress is
calculated by comparing the in-plane strain to the strain perpen-
dicular to the plane, under the assumption of zero stress perpen-
dicular to the plane of deposited layers. However, this configura-
tion can incorporate pseudo-strains [31], which can be very large,
often bigger than the physical strain in the component surface, and
conventionally can only be dealt with either with a specific cali-
bration measurement [ 18] or Monte-Carlo-type simulation of each
measurement geometry used. Furthermore, the magnitude of the
effect is unique to each specimen and diffractometer used. This
technique, as just noted, can produce inevitable systematic errors
which manifest as pseudostrains because the “sample gage vol-
ume,” i.e., the intersection of the instrumental gage volume (black
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Fig. 2 Horizontal scan of the coated sample relative to the
fixed gage volume in reflection and transmission mode to mea-
sure strain. Cross indicates the center of gravity of gage
volume.

squares in Fig. 2) with the sample changes through the scan.

However, if the incident beam is scanned vertically out of a
horizontal surface as shown in Fig. 3, there is no change in the
diffraction angle and, hence, no pseudo strains generated as the
gage volume moves out of the surface [29]. In the present work,
this “vertical scan” arrangement was therefore adopted. The
coated specimen was moved up or down in the z direction for the
depth profiling of strain in the coating and substrate material. The
incident beam was passed through a vertical and horizontal slit
assembly to give a beam height at the slits of 0.3 mm. However,
because of beam divergence (Penumbra effects), the maximum
extent of the gage volume was 0.5X 0.5X 10 mm?. Partially sub-
merging the gage volume allowed the strain in the coated material
to be measured, whereas the substrate strain was mostly measured
using a fully submerged gage volume. Longer measurement times
were therefore required for the strain measurement in the coating
material. The center of gravity of the gage volume was used to
measure the depth of strain measurement.

Strains were computed from the diffraction data using two dif-
ferent techniques of “Pawley refinement” and the shift in indi-
vidual WC (101) peaks for the substrate and coating materials,
respectively [32-34]. Pawley refinement, unlike individual peak
shift method, considers the entire spectrum. Pawley refinement
could however not be applied to measure strain in the post-treated
coating, as the diffraction pattern was too complicated for Pawley
refinement (as shown later), and individual peak shifts for the
coating materials were used for the comparative analysis of the
as-sprayed and post-treated coatings. WC-101 peak was selected
for the strain analysis within the coating material, as this peak had

Load

Rotary speed:
4000rpm :>
]
Spindle

Coated disc sample

Ceramic or steel balls
separated by a spacer

Deep groove thrust bearing

Fig. 4 Schematic illustration of the cup assembly for rolling
contact fatigue tests

none or minimum overlap with other peaks, either due to the
presence of complex WC- or substrate-phases, when gage volume
was located within the two materials.

Residual strain (g) values were calculated using the shift in the
diffraction peak using

d-d,
dy

where d and d, were the measured and strain-free lattice param-
eters, respectively. Residual strain values were then related to the
residual stress values using the modulus data (Eq. (1)). The strain-
free lattice parameter (d) for the as-sprayed and posttreated coat-
ing material was obtained by carefully removing the coating from
the substrate and crushing the deposit to form a powder. This
powder was then put in a vanadium tube and its diffraction mea-
sured using a neutron beam of dimensions 4 X4 X4 mm?>. Al-
though a straightforward measurement of the agglomerated and
sintered coating powder prior to spraying would have been easier,
this technique was adapted to avoid any changes in the lattice
parameters due to metallurgical changes during the thermal spray-
ing process. The strain-free lattice parameter (d,) for the steel
substrate was evaluated by very near-surface measurement on the
surface of steel disk.

2)

e=

2.4 Rolling Contact Fatigue (RCF) Tests. In order to ascer-
tain the delamination and fatigue resistance of thermal spray coat-
ings, coated specimens were subjected to rolling contact fatigue
(RCF) tests. A modified four ball machine (TE92-HS) was used to
study the RCF performance of the as-sprayed and HIPed thermal

z
Fo otprint of incident beam in y-direction
X (perpendicular to the plane of paper)
y
Detector2 | 4 — TE —— » |Detector 1
Coating
Diffracted Diffracted
beam beam
Substrate

Fig. 3 Vertical (2z) scan used for neutron diffraction measurements for in-plane
strain. 20 is fixed at 90 deg for both detectors. Strain is averaged from the two detec-
tors. Cross indicates the center of gravity of gauge volume
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spray rolling elements, as shown schematically in Fig. 4. In this
setup, the coated disk was assembled to the drive shaft via a collet
and drove three planetary balls, which acted as the thrust rolling
elements in the configuration of a deep groove ball bearing. These
tests were conducted in both steel and hybrid ceramic configura-
tions, by replacing the steel balls with silicon nitride ceramic.
RCEF tests were conducted under immersed lubrication conditions,
using Vitrea 320 oil at a spindle speed of 4000+ 10 rpm, at two
stress levels of 2 GPa and 2.7 GPa. The half contact width a
approximated from Hertzian stress field was approximated in the
range of 130—170 um for the contact loads and configurations
used in the test assembly. Failure was defined as the increase in
vibration amplitude above a preset level. The ratio A of the elas-
tohydrodynamic lubricant (EHL) film thickness to the average
surface roughness was calculated as A>3 under the given test
conditions. Further details of the test method and ball kinematics
can be appreciated from Stewart et al. [23] and Stewart and
Ahmed [24].

3 Results

3.1 Coating Microstructure. Figure 5 shows the SEM obser-
vations of the 400 um thick coating microstructure in the as-
sprayed and post-treated conditions. Figure 5(a) shows the typical
lamella morphology of the as-sprayed microstructure. Figure 5(b)
shows the comparative carbide morphology after the HIPing post-
treatment at a higher magnification. Figure 5(c) shows the forma-
tion of diffusion layer at the coating substrate interface after the
post-treatment. The thickness of this diffusion later was approxi-
mately 13—15 um. Figure 6 shows the XRD pattern of both the
as-sprayed and post-treated coatings and indicate the presence of
eta-phases (CogW4C,Co;W;C) after the post-treatment. Figure 7
shows the neutron diffraction pattern obtained at the location of
newly formed diffusion layer after the HIPing post-treatment. This
diffraction pattern also include the Fe-« reflections from the sub-
strate, and WC reflections from within the coating layer, as the
gage volume was located within the top coating layer, diffusion
zone, and the substrate material. Such analysis is not currently
possible nondestructively using the conventional x-ray technique,
and provides useful microstructural information, e.g., the forma-
tion of Fe;W;C after the HIPing post-treatment, which shows
crystallographic phases of the solid solution after diffusion across
the coating substrate interface. The microstructure and diffraction
pattern of relatively thinner 50 um coatings was similar to the
400 wm coatings.

3.2 Hardness and Indentation Modulus Measurements.
Figure 8 shows the through thickness indentation hardness and
indentation modulus measurements of the as-sprayed and HIPed
coatings. These measurements indicate an increase in the hardness
and modulus of coatings after the post-treatment. Generally, ther-
mal spray coatings are expected to have anisotropic microstruc-
ture; however, indentation modulus measurements indicate negli-
gible changes along and across the coating surface.

3.3 Residual Strain Via Neutron Diffraction. Figure 9 sum-
marize the residual stress and strain measurement results for the
400 um thick coatings. Because of very small ratio of coating to
substrate thickness, the depth is shown in log scale. These mea-
surements indicate significantly large values of as-sprayed coating
strain, in comparison to the HIPed coatings, and also highlight the
differences in the strain profile at the coating substrate interface.

3.4 RCF Results. Figure 10 summarizes the test configura-
tion, stress level, and relative RCF performance comparison of the
as-sprayed and HIPed coatings. It is to be appreciated that these
results are not intended for the statistical fatigue prediction, but to
comprehend the relative performance and failure modes of the
as-sprayed and HIPed coatings. Test results indicate that for both
stress levels (2 GPa and 2.7 GPa) and both test configurations
(conventional steel and hybrid ceramic), the relative performance
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Fig.5 Microstructure of 400 um thick coatings: (a) as-sprayed
coating, (b) HIPed coating, and (c) coating/substrate interface
after HIPing

of coatings improved after the HIPing post-treatment. Typical
SEM observations of the failed areas of the as-sprayed and HIPed
coatings are shown in Figs. 11 and 12 for the 400 um and 50 um
thick coatings, respectively. Failure mode of these coatings varied
as spalling, macropitting, and delamination, depending on the
contact configuration, load, and coating thickness. A three-
dimensional white light interferometer (Zygo-New View) was
used to measure the depth of coating failure. For the case of
400 pm thick coatings, the failure depth varied from 13 um to
25 pm, whereas for the case of relatively thin 50 um thick coat-
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Fig. 6 XRD pattern of the coatings:
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ings, the failure depths were measured in the range of 14 um to
50 wm for the various test conditions adapted in this investiga-
tion.

4 Discussion

4.1 Coating Microstructure. The lamellar microstructure of
thermal spray coatings has been a topic of research for a number
of investigations [e.g., [35-37]] and has provided useful informa-
tion on the influence of coating powder characteristics, coating
process, and process conditions on the resulting microstructure.

2-theta

(a) as-sprayed coating and (b) HIPed

The XRD pattern of the as-sprayed coating shown in Fig. 6 indi-
cate some carburization, which results in the transformation of
some WC into W,C and W. The mechanisms of these transforma-
tions are well understood on the basis of carbon loss either as CO,
and/or nanocrystalline phases [35-37]. The aim of the discussion
here is therefore to consider the microstructural changes caused
by the HIPing post-treatment and relate them to the tribomechani-
cal investigations. The XRD analysis of the post-treated coatings
(Fig. 6(b)) indicate two major transformations. First, the forma-
tion of 7-phases (CogWC and Co3W3C) by the interaction of
matrix (Co) and carbide (WC) at their interfacial boundary within

Fe alpha
Rl .
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o Ve we we
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§ & W cogiige | | PP
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Fig. 7 Neutron diffraction pattern of the 20 um diffusion layer formed at the coating/substrate

interface after the HIPing post-treatment
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Fig. 8 Hardness and indentation modulus measurement re-
sults for the as-sprayed and HIPed coatings

the coating microstructure. Second, the elimination of W,C and
W to form #-phases and/or solid solution after their interaction
with the matrix (Co). The former transformation resulted from the
dissolution of WC grains at their boundary with the cobalt matrix,
whereas the latter was a result of the crystallization of amorphous
phases and dissolution of W,C and W in the metal binder. These
changes during the post-treatment were underpinned by the
changes in the inter-splat bonding mechanism from mechanical
interlock to metallurgical bonding, as indicated by the XRD and
SEM observations, and confirmed by the modulus measurements.

At the coating substrate interface, the diffusion of Fe from the
substrate toward the coating, and Co from the coating into the
substrate, results in the formation of a diffusion layer, as shown in
Fig. 5(c). The neutron diffraction pattern (Fig. 7) of this diffusion
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Fig. 9 Vertical scan results comparing microstrain and re-
sidual stress in 0.4 mm thick WC-Co coatings in the as-sprayed
and HIPed conditions
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Fig. 10 RCF test results for the as-sprayed and HIPed coat-
ings in steel and ceramic ball configurations
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Fig. 11 Surface observations of 400 um thick coatings sub-
jected to 2.7 GPa contact stress using conventional steel ball
contact configuration: (a) spalling in the as sprayed coating
and (b) macropitting in the HIPed coating

layer indicates the formation of FesW;C, which was not seen in
the top coating layer (see Fig. 6), indicating carbide dissolution
(Fig. 5(c)) and formation of solid solution within the diffusion
zone. These mechanisms of diffusion have previously been con-
firmed and discussed by the author(s) using the EPMA maps of
elemental species of HIPed WC-Co coatings, further details of
which can be appreciated from Tobe et al. [38]. The formation of
this diffusion zone therefore indicates that, in addition to the
changes in the intersplat bonding mechanism outlined above, the
coating substrate interface is further strengthened by the metallur-
gical bonding due to the diffusion of species. The former therefore
improves the cohesive strength of the coating, whereas the latter
results in improving the adhesive strength of the coating. Both of
these factors significantly influence coating’s tribomechanical per-
formance as discussed next.

4.2 Hardness and Modulus Measurements. Coating hard-
ness increased after the HIPing post-treatment, which was mainly
due to the formation of harder #-phases within the coating micro-
structure (Fig. 6). This was consistent with previous studies on the
post-treatment of thermal spray coatings [e.g., [37-39]]. These
changes were seen not only on the coating surface but also
throughout the coating section. The diffusion of elemental species
at the coating substrate interface also resulted in the changes in
the substrate hardness near this interface. The formation of
n-phases, should, in principle, also increase the brittleness within
the coating microstructure. However, in this case this expected
increase was offset by the changes in the bonding mechanisms
within the coating microstructure, resulting in the higher modulus
of the post-treated coatings (Fig. 8). Although qualitative tough-
ness measurements have not been shown here, previous investiga-
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Fig. 12 Surface observations of 50 um thick coatings sub-
jected to 2.7 GPa contact stress using conventional steel ball
contact configuration: (a) delamination in the as sprayed coat-
ing and (b) surface pitting in the HIPed coating

tions by the author(s) have shown that these changes in the coat-
ing microstructure and modulus are associated with improvement
in coating toughness [25].

4.3 Residual Strain Measurements. The residual strain/
stress measurements shown in Fig. 9 indicate compressive values
in the coating material for both the as-sprayed and HIPed condi-
tions. This was mainly because of the relatively higher coefficient
of thermal expansion of the substrate material, and consistent with
previous studies on WC-Co coatings (e.g., [9,11]). The strain gra-
dient was however much steeper for the as-sprayed coating, indi-
cating a high through thickness strain variation in comparison to
the HIPed coating. These variations were caused by the rapid
cooling of the deposit during spraying. The values of compressive
strain in the as-sprayed coating were therefore much higher than
the HIPed coating, which can significantly influence the impact
and fatigue resistance by acting as stress concentrations. Although
a certain degree of compressive residual stress is always beneficial
for the fatigue and impact resistance of these coatings, very high
compressive stress (or strain) as seen in this case can have detri-
mental effects, and thus need to be carefully controlled during
coating deposition and/or subsequent post-treatment. The diffu-
sion zone formed during the HIPing post-treatment (Fig. 5(c)),
also had a significant influence on the coating substrate interfacial
strain. It can be appreciated that at the coating substrate interface,
there is a rather large shift in the residual strain profile of the
as-sprayed coating, which was caused by the mismatch of the
thermal and mechanical properties of the coating and substrate
material. However, for the case of HIPed coating, there is a uni-
form transition of strain at the coating substrate interface, thereby
minimizing the stress concentrations at this location. These differ-

Journal of Tribology

ences in the strain pattern of the as-sprayed and HIPed coatings
had a significant effect on the contact fatigue performance.

4.4 RCF Performance and Failure Modes

4.4.1 400 wm Thick Coatings. Previous studies on the RCF
performance and failure modes of thermal spray coatings have
indicated that for the case of relatively thick coatings (coating
thickness >200 um), the failure is generally within the coating
material [40,41]. These cohesive failures result from the orthogo-
nal and maximum shear stress due to contact loading, which are
located within the coating material, well above the coating sub-
strate interface. In the current set-up of contact load and coating
thickness, these depths were approximately in the range of
45-87 um. Cohesive failures were therefore seen in all the cases
of 400 um thick coatings, as confirmed by the SEM observations
presented in Fig. 11. The depth of failures in these coatings was
approximated in the range of 13—25 um. This is typical of RCF
failure modes in thermal spray coatings, where although subsur-
face cracks initiate at the location of orthogonal and maximum
shear stress, the failure is generally at a shallower depth, due to
the changes in crack directions and interaction of a number of
microcracks, which become unstable at shallower depths. Further
details of these failure modes in thermal spray cermet coatings can
be appreciated elsewhere [40,41]. The residual stress gradient
within the coating was therefore critical to the RCF performance,
as these stresses were superimposed on the Hertzian stress field.
High values of residual strain (or stress) and its sharp gradient
therefore significantly influenced the impact and fatigue perfor-
mance. Changes in the coating bonding mechanism from the me-
chanical interlock to metallurgical bonding, as confirmed by the
modulus measurements, coupled with the homogenization and re-
duction of residual strain gradient after the HIPing post-treatment,
therefore improved the cohesive strength of the coating. Both of
these factors were therefore critical in improving the RCF perfor-
mance of 400 um thick coatings after the HIPing post-treatment.

4.4.2 50 um-Thick-Coatings. When the coatings were rela-
tively thin, the maximum shear stress and orthogonal shear stress
were located near the coating substrate interface. These coatings
therefore delaminated and/or spalled at this interface, as shown in
Fig. 12, which was further confirmed by the depth of failures
(14-50 pum). The failure mode in these coatings was generally
catastrophic delamination at or near the coating-substrate inter-
face, due to poor adhesive strength, especially for the case of
as-sprayed coatings. Although improvement in coating’s cohesive
strength after the HIPing post-treatment did play a part in resisting
delamination failure, it was the adhesive strength of the coating
that dictated the fatigue and impact performance of these rela-
tively thin (50 wm) coatings.

Considering the role of changes in the residual stress/strain pro-
file for the 50 um coatings after the HIPing post-treatment, and its
influence on the RCF performance, it can be appreciated that the
residual strain profile at the coating substrate will change due to
the formation of diffusion zone. Although, the through thickness
residual strain results for the 50 um thick coatings are not in-
cluded here, it can be appreciated that a similar homogenization of
strain field at the coating substrate interface will occur after the
HIPing post-treatment, as was observed for the 400 um thick
coatings, since it was a function of the formation of diffusion zone
at the interface. Formation of diffusion zone was therefore critical
in improving the adhesive strength of coatings, and thus resulted
in relatively improved RCF performance of the HIPed 50 um
coatings (Fig. 10).

5 Conclusions

1. Vertical scanning technique has been successfully applied to
measure the residual strain via neutron diffraction in
400 pm thick WC-Co thermal spray coatings.
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2. Significant improvements in the RCF performance were ob-
served after the HIPing post-treatment for both the 400 um
and 50 um thick coatings. These improvements were caused
by the respective increase in the cohesive and adhesive
strength of the coated layer due to the changes in the re-
sidual strain profile, and metallurgical bonding at the inters-
plat and coating substrate interface level.

3. HIPing post-treatment reduces the residual strain gradient
within the coating layer, and also homogenizes the strain
profile by minimizing the stress gradient at the coating sub-
strate interface.

4. Indentation modulus measurements indicate improvements
in the bonding mechanisms (cohesive strength) after the
HIPing post-treatment.

5. Formation of diffusion zone at the coating substrate interface
resulted in improved adhesive strength as indicated by the
RCF performance of relatively thinner (50 wm  thick)
coatings.
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