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Effects of grinding process on residual stresses

in nanostructured ceramic coatings
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This paper investigates the depth profiles of residual stresses using the sin2
ψ method

combined with grazing incident X-ray diffraction (GIXD) technique. It specifically focuses on
the effects of grinding process on the residual stresses in the thermally sprayed
nanostructured WC/12Co and Al2O3/13TiO2 (n-WC/12Co and n-Al2O3/13TiO2) coatings on
low carbon steel substrates. The influence of grinding parameters, such as depth of cut
(DOC), table feedrate, abrasive grit size and wheel bond type, on residual stresses is
studied. The conditions and limitations of X-ray diffractometry for residual stress
measurements are discussed. Discussed also is the difference between the average and
actual depth profiles of residual stresses. The paper introduces a method for retrieving the
actual depth profiles from the measured average depth profiles. Finally, the influence of
peak broadening of grain size, anisotropy from different diffraction planes and surface
finish of the samples on the measurement results is explored.
C© 2002 Kluwer Academic Publishers

1. Introduction
Thermal spray is a technique of applying metallic or
ceramic surface coatings to other base materials, which
basically includes two varieties: plasma and flame
spraying. The mechanical properties and structure of
the coatings formed by plasma and flame spray are the
topics of many researches [e.g., 1, 2], and depend on
a number of factors, such as the powder grain proper-
ties, the substrate material properties and the thermal
spray conditions. One of the methods to improve ther-
mal spray quality is to decrease the powder grain size.
Materials with fine-scale microstructures have been
recognized to exhibit technologically attractive prop-
erties. When the grain size of a material decreases to
the nanometer scale (tens of nanometers), one obtains
a novel class of materials, called “nanostructured mate-
rials”, which possesses properties different from those
conventional materials [3, 4]. Nanostructured tungsten
carbide/cobalt (n-WC/12Co) and nanostructured alu-
mina/titania (n-Al2O3/13TiO2) coatings are used in the
current study.

In many applications, good surface finish and precise
dimensions are needed for coated components. Grind-
ing is a widely used method in machining hard and brit-
tle materials such as ceramics and their coatings. In this
study, superabrasive grinding is employed to machine
n-WC/12Co and n-Al2O3/13TiO2 coatings. The grind-
ing process can produce residual stresses in a stress-
free sample or alter the existing residual stress state of
a sample.

∗Author to whom all correspondence should be addressed.

On the other hand, the coated components are
commonly accompanied with residual stresses caused
by the thermal spraying process [5–7]. The residual
stresses can result in spallation and cracking of the
coatings. Residual stresses due to grinding can alter
the residual strength [8] as well as the wear resistance
of the ground workpieces [9, 10].

The methods for residual stress measurement in the
coatings usually include material removal method, sub-
strate curvature method and diffraction method. In the
material removal method, strain gauges are attached
to the coating or the substrate to measure the strain
changes during drilling a hole in a coated sample [11]
or removing a layer of the coating [12, 13]. This method
is destructive and can easily result in inaccuracies dur-
ing material removal. The substrate curvature method
is realized by measuring the changes of the substrate
curvature caused by the residual stresses in the coat-
ing [14]. This method is simple, but is limited by sample
shape and dimensions.

The X-ray diffraction method is the most popular
one for direct measurement of residual stresses, which
is based on the lattice space change. That is reflected
by the peak position change in the X-ray intensity pat-
tern. The residual stresses in the coatings result in the
lattice space change [6, 7, 15–17]. This method is non-
destructive and flexible on the requirements of sample
dimensions. Due to the limitations of X-ray penetra-
tion depth, the X-ray diffraction method can only be
used for surface layer usually of tens of micrometers in
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thickness. Neutron diffraction is another choice for
measuring the residual stresses [18], which can over-
come the small penetration depth limitation of the X-ray
diffraction method. However, the neutron diffraction
has its own shortcomings such as low scattering inten-
sity and limited availability of the neutron.

The current study is aimed at measuring the residual
stresses induced by thermal spraying process, and more
importantly at investigating the effects of grinding pro-
cess on the residual stresses in the thermally sprayed
n-WC/12Co and n-Al2O3/13TiO2 coatings with the
X-ray diffraction method. In the meantime, the experi-
mental conditions are presented in detail and the factors
that influence the measurement results are discussed.

2. Sample preparation and characterization
Nanoscale powders present difficulties for thermal
spraying process due to their high specific surface ener-
gies and inability to be carried in a moving gas stream
and deposited on a substrate. In order to successfully
apply nanoscale powders to thermal spraying process,
a reconstitution process has been developed [19, 20]. In
the reconstitution process, the nanoscale powders are
dispersed into colloidal suspension and then a binder
is added. Through the subsequent spray, the nanoscale
powders are dried into sprayable spherical microscale
granules. This method has successfully been used to
make sprayable granules from metallic, ceramic and
composite nanoscale powders.

In this study, low carbon steel substrates with dimen-
sions of 25 × 75 × 4 mm3 were used for spray coat-
ings of nanostructured materials. The substrates were
then coated with the reconstituted n-WC/12Co granules
using the high velocity oxygen fuel (HVOF) method
and with n-Al2O3/13TiO2 using the plasma spray. Both
coatings had a thickness of around 0.5 mm. The sprayed
samples were cut into dimensions of 25 × 4 × 4 mm3

for grinding experiments and X-ray diffraction mea-
surements. Typical physical properties of n-WC/12Co
and n-Al2O3/13TiO2 coatings and low carbon steel sub-
strates are shown in Table I.

The scanning electronic microscope (SEM) photo
shows that the n-WC/12Co coating exhibits a large
quantity of porosities, but without obvious cracks.
The typical surface features of a thermally sprayed
n-Al2O3/13TiO2 coating have pores, cracks, micro-
cracks and segmented structures formed by the inter-
connecting microcracks perpendicular to the coating
surface.

T ABL E I Typical properties of n-WC/12Co, n-Al2O3/13TiO2 coat-
ings and low carbon steel substrate

Low carbon
Parameters WC/12Co Al2O3/13TiO2 steel

Powder grain size (nm) 30–50 20–80 –
Mass density (g/cm3) 14.50 3.9 7.85
Thermal expansion (/K) 6 × 10−6 5.5 × 10−6 11.5 × 10−6

Young’s modulus (GPa) 222 70 202
Poisson’s ratio 0.22 0.25 0.30
Mass absorption coeff. 184.023 44.183 –

3. Grinding experiment
Grinding experiments were conducted on a precision
ceramic grinding machine (Dover Model 956-S) with
the computer numerical control (CNC). The machine
had aerostatic bearings for its spindle and x , y, z slide-
ways. The spindle had an axial run-out of 0.05 µm
and the three slideways had a straightness error of 0.1
µm/25 mm. A laser interferometer was equipped to the
machine that formed feedback loops for the x , y, z slide-
ways with a resolution of 0.07 µm. The loop stiffness
of the machine was measured to be 50 N/µm. Cup-
type diamond grinding wheels were used to grind the
coated samples. The grinding wheels had three differ-
ent bond types and also three grit sizes for the purpose
of investigating the effects of bond type and grit size on
grinding-induced residual stresses.

The wheel speed was set to 33 m/s or 3500 rpm. In
order to investigate the effect of material removal rate
(MRR) on residual stresses, depths of cut were set to 2,
5, 15 and 30 µm and feedrates were at 1, 4, and 8 mm/s
for the grinding experiments.

4. Residual stress measurement method
and GIXD technique

The widely accepted sin2 ψ technique was used for
residual stress characterization in this study. The di-
rection of the measured strain εφψ is defined by the
azimuth angle φ and the tilt angle ψ . The position shift
of the peaks in the X-ray diffraction pattern reflects the
lattice plane spacing change, and therefore the residual
stress. The lattice plane spacing follows Bragg’s law,

λ = 2dhkl sin θ (1)

where λ is the radiation wavelength, dhkl (hkl are the
Miller’s indices of the diffraction plane.) is the lattice
plane spacing, and θ is the diffraction angle.

Therefore, the measured strain εφψ along the (φ, ψ)
direction is

εφψ = dφψ − d0

d0
= sin θ0

sin θ
− 1

= (
ε11 cos2 φ + ε12 sin 2φ + ε22 sin2 φ

)
sin2 ψ

+ (ε13 cos φ + ε23 sin φ) sin 2ψ + ε33 cos2 ψ

(2)

where d0 is the unstressed lattice plane spacing, dφψ the
stressed lattice plane spacing, and θ0 and θ the diffrac-
tion angles corresponding to the unstressed and stressed
states, respectively.

According to Hooke’s law, using index notation, the
relationship between strain and stress is as follows,

εi j = 1 + ν

E
σi j − δi j

ν

E
σkk (3)

where i, j and k = 1, 2, 3, E and ν are Young’s modulus
and Poisson’s ratio of the coating, respectively.

After Equation 3 being substituted into Equation 2,
the following equation of residual stresses can be
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obtained,

εφψ (τ ) = 1 + ν

E

(
σ11 cos2 φ + σ12 sin 2φ

+ σ22 sin2 φ − σ33
)

sin2 ψ + 1 + ν

E
σ33

+ 1 + ν

E
(σ13 cos φ + σ23 sin φ) sin 2ψ

− ν

E
(σ11 + σ22 + σ33) (4)

With the assumption of biaxial stress, that is, σ13, σ23
and σ33 = 0, the above equation can be simplified as

εφψ (τ ) = 1 + ν

E

(
σ11 cos2 φ + σ12 sin 2φ + σ22 sin2 φ

)

× sin2 ψ − ν

E
(σ11 + σ22)

= sin θ0

sin θ
− 1 (5)

With the above sin2 ψ method, the residual stress distri-
butions can be determined from X-ray wavelengths for
different depths [21, 22]. Because different wavelength
can be obtained by changing the radiation sources,
which is sometimes troublesome, a combination of the
sin2 ψ method and the layer removal process can enable
a series of stress measurements in depth direction [22].
However, this method is destructive and the removal
process can easily alter the stress state in the samples.

The penetration of an X-ray beam is basically depen-
dent on the diffraction plane and the incident angle α

used in the measurement. The GIXD technique, which
is enabled by the parallel optics of the X-ray diffrac-
tometer, is to change the incident angle to obtain differ-
ent penetration depths. This technique was used in this
study to obtain the stress depth profiles. The effective
X-ray penetration depth, τ , under an incident angle, α,
is as follows [23],

τ = 1

ρ(µ/ρ)(1/ sin α + 1/ sin β)
(6)

where β = 2θ − α; ρ is the mass density of the sample;
µ is the linear absorption coefficient of the sample for
X-ray.

Before calculating the penetration depth τ of X-ray
in a material, the mass absorption coefficient, µ/ρ,
should be found first. The mass absorption coefficient,
µ/ρ, of a material containing more than one element
can be calculated from the following expression [22],

µ

ρ
= w1

(
µ

ρ

)
1
+ w2

(
µ

ρ

)
2
+ · · · (7)

where w1, w2, etc, are the weight fractions of elements
in the material and (µ

ρ
)1, (µ

ρ
)2, etc., are the elements’

mass absorption coefficients with respect to the given
radiation wavelength. The mass absorption coefficients
for n-WC/12Co and n-Al2O3/13TiO2 with respect to
Cu-Kα are calculated based on Equation 7 and listed in

TABLE I I Effective penetration depths for Cu-Kα radiation in
n-WC/12Co and n-Al2O3/13TiO2 coatings

Effective penetration Effective penetration
Angles of depth in n-WC/ depth in n-Al2O3/
incidence α (◦) 12Co, τ (µm) 13TiO2, τ (µm)

3 0.1827 2.8695
5 0.2898 4.6017
10 0.5083 8.3409
15 0.6590 11.2880
20 0.7443 13.4899
25 0.7652 14.9769
30 – 15.7678

Table I. Table II lists the effective penetration depths for
Cu-Kα radiation in n-WC/12Co and n-Al2O3/13TiO2
coatings.

5. Measurement results and discussions
5.1. Residual stresses in as-sprayed

coatings
In thermally sprayed coatings, the residual stresses
mainly originate from the combined effect of the
splat quenching and the mismatch in thermal expan-
sion between the coating and substrate. When high-
temperature particles hit the substrate, the particles
quickly quench due to a large difference in tempera-
ture. During the quenching process, the contraction of
the deposited coating is constrained by the substrate
due to adhesion. The tensile quench stress is created
in the coating. In the meantime, the substrate temper-
ature also increases. After deposition, the coating and
substrate cool down to the room temperature. During
the cooling process, the mismatch stress develops due
to the difference between the two thermal expansion
coefficients of the coating and substrate. The mismatch
stress could be tensile or compressive and is determined
by the difference of the two thermal expansion coeffi-
cients. For the coatings used in this paper, the thermal
expansion coefficient of substrate material (low car-
bon steel) is close to twice of that of n-WC/12Co and
over twice of that of n-Al2O3/13TiO2 (Table I), both of
which result in compressive mismatch stress.

The final residual stresses in the coatings are deter-
mined by the combined effect of quenching stress and
thermal mismatch stress. Biaxial stresses can form un-
der the conditions that the substrate is flat, smooth and
large enough in width and length, and the thickness of
the substrate is much larger than that of the coating.
With the GIXD technique, the assumption that there is
no significant stress gradient in the thickness direction
becomes unnecessary.

The measurement was carried out on an X-ray
diffractometer (Bruker AXS), equipped with parallel
beam optics. The measurement conditions and config-
uration are listed in Table III. In the following depth pro-
file measurements, the incident angles of 3–25◦ were
used for the n-WC/12Co coatings and 3–30◦ for the
n-Al2O3/13TiO2 coatings. For other measurements, the
incident angle of 25◦ (penetration depth of 0.7652 µm)
was fixed for the n-WC/12Co coatings and 30◦ (the
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T ABL E I I I Measurement conditions and configuration

Diffractometer
Optics Parallel beam geometry with

Glober Mirror
X-ray radiation source Cu-Kα

Radiation wavelength, λ 0.15406 nm
Incident slit 1.5◦
Detector slit 2.0◦
Detector Scintillation counter
Step size 0.02◦
Scanning speed 0.5◦/min
Incident angles 3.0◦–30◦

Nanostructured coatings
Materials n-WC/12Co and n-Al2O3/13TiO2

Diffraction lattice Hexagonal (WC) and
Rhombohedral (Al2O3)

Diffraction plane (hkl) WC (100), WC (101), Al2O3 (214)
Diffraction angles (2θ0) WC: 35.627◦ (100), 48.627◦ (101)

Al2O3: 66.516 (214)
Measurement directions (φ) 0◦, 90◦

Figure 1 X-ray diffraction patterns of reconstituted powders, as-sprayed
coating and ground coating of n-WC/12Co.

penetration depth of 15.7678 µm) for the n-Al2O3/
13TiO2 coatings. Except particular specification, the
diffraction planes used were WC(101) and Al2O3(214).

Fig. 1 shows the X-ray diffraction patterns of the re-
constituted powder, the as-sprayed coating and the
ground coating of n-WC/12Co. Comparing the three
patterns, the change of the diffraction intensity and
the 2θ position of the peaks can be observed, which
means that the thermal spray and grinding process are
accompanied by a texture change in the coating and
hence result in residual stresses.

Equation 5 is used to calculate the residual stresses
(σxx and σyy) in the current two as-sprayed and ground
coatings. The depth profiles of residual stresses are
shown in Fig. 2 for as-sprayed n-WC/12Co coatings
and Fig. 3 for as-sprayed n-Al2O3/13TiO2 coatings.
Fig. 2 shows that the residual stresses σxx and σyy in the
as-sprayed n-WC/12Co coatings are tensile and both of
their values are close to 150 MPa. This means that there
exits no anisotropy in the plane parallel to the substrate
surface in the current as-sprayed n-WC/12Co coatings
for residual stresses. The depth profile indicates that
there is no significant gradient in the thickness direc-
tion, which agrees to the assumption used in some ref-
erences [e.g., 6, 17].

Figure 2 Depth profiles of residual stresses in the as-sprayed n-WC/
12Co coatings.

Figure 3 Depth profiles of residual stresses in the as-sprayed n-Al2O3/
13TiO2 coatings.

As shown in Fig. 3, compressive residual stresses
σxx and σyy exist in the as-sprayed n-Al2O3/13TiO2
coatings and their values reach −45 MPa. Similarly,
there is no anisotropy in the plane parallel to the sub-
strate surface and no significant gradient in the thick-
ness direction. The compressive residual stresses mean
that the mismatch stress plays a dominant role in the
final formation of the residual stresses in the as-sprayed
n-Al2O3/13TiO2 coatings. On the contrary, the domi-
nant quenching stress in the thermal spray process de-
termines the tensile residual stress in the as-sprayed
n-WC/12Co coatings. A large number of microcracks
function as stress relief mechanisms, which limit the
magnitude of the residual stresses to a relatively small
level for the n-Al2O3/13TiO2 coatings.

5.2. Effects of grinding process
on residual stresses

The previous studies [21, 24–26] show that the resid-
ual stresses induced in a grinding process appear to be
biaxial with stress components σ⊥(σxx ) perpendicular
to and σ//(σyy) parallel to the grinding direction. There-
fore, only two X-ray measurements are required for
determining grinding residual stresses in each incident
angle. This study performed X-ray measurements in the
directions perpendicular to and parallel to the grinding
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direction, that is, φ = 0◦ and φ = 90◦. The measurement
conditions and the configuration of X-ray diffraction
are the same as in Table III.

5.2.1. Depth profiles of residual stresses
Fig. 4a presents the depth profiles of the residual
stresses σ⊥(σxx ) and σ//(σyy) in the ground n-WC/12Co
coatings. The residual stresses in the near surface layer
were found compressive as opposite to those in the
as-sprayed coatings. In the near surface layer,σ⊥(σxx ) is
598 MPa, much larger than σ//(σyy) of 387 MPa, which
means a significant dependence on grinding direction.
The directional dependence can be considered to be
due to the cutting action of abrasive grits. The portion
of material perpendicular to the cutting direction is de-
formed more plastically than that parallel to the cutting
direction by plowing. The compressive stresses and the
apparent plastic deformation observed in an SEM im-
age (Fig. 4b) of the ground n-WC/12Co coating surface
suggest that the mechanical loading be the main reason
for the change of residual stresses in the coatings. If

(a)

(b)

Figure 4 Depth profiles of residual stresses and SEM surface image of
a ground n-WC/12Co coating. (a) Depth profiles of residual stresses in a
ground n-WC/12Co coating, (b) SEM image of the surface of a ground
n-WC/12Co coating (grinding conditions shown in (a)).

the resultant residual stresses are the superposition of
the existing stresses in the as-sprayed coating and those
due to grinding, the change in σ⊥(σxx ) in the near sur-
face layer reaches 750 MPa. Fig. 4a also indicates that
a strong gradient exists in the thickness direction in the
ground coating.

Under the same grinding conditions, Fig. 5a shows
the similar characteristics in the ground n-Al2O3/
13TiO2 coatings: compressive residual stresses, strong
dependence on the grinding direction, and significant
gradient in the thickness direction. There were no obvi-
ous grinding marks in the ground n-Al2O3/13TiO2 coat-
ings, which are evidenced by the SEM image (Fig. 5b).

5.2.2. Effects of material removal rate
Altering the depth of cut or the feedrate or both changes
material removal rate (MRR). For example, MRR can
be doubled through doubling the depth of cut or the
feedrate. However, the effect of varying the depth of
cut or feedrate on the residual stresses induced by the
grinding process is different. Figs 6 and 7 show that
the residual stress (σ⊥) increases with the increase of
the depth of cut or feedrate for the ground n-WC/12Co
coatings. If comparing Fig. 6 to Fig. 7, one can find that
the depth of cut has more influence on the residual stress
(σ⊥) than the feedrate does. In the current cup-type
grinding, the increase of the wheel depth of cut directly
results in the growth of the grit depth of cut in the
thickness direction while the feedrate change mainly
affects the grit cutting in the longitudinal (horizontal)
direction and has a relatively small influence on the grit
depth of cut.

Fig. 8a shows the change of the residual stress (σ⊥)
with the increase of the depth of cut for the ground
n-Al2O3/13TiO2 coating. Fig. 8b is the SEM images
of the surface of a ground n-Al2O3/13TiO2 coating at a
depth of cut of 30µm. Compared to Fig. 5b (where other
grinding conditions are the same except that the depth
of cut is 15 µm), the apparent grinding marks in Fig. 8b
indicates the significant influence of increasing depth
of cut. Also the grinding marks suggest that although it
is not as obvious as in the ground n-WC/12Co coating,
there still exists plastic deformation in the ground n-
Al2O3/13TiO2 coating when under a large depth of cut.
In Fig. 9, it is shown that the residual stress (σ⊥) in the
ground n-Al2O3/13TiO2 coatings also increases with
the increase of the feedrate. The similar effects of MRR
can be observed on σ//. In the following parts, only σ⊥
will be discussed and the conclusions are applicable
to σ//.

5.2.3. Effect of wheel bond type
Three different bonds, but the same mean grit size of
15 µm, were used for the grinding wheels: vitrified
bond, cast iron fiber bond and resin bond. Fig. 10 shows
that for the n-WC/12Co coatings, the vitrified bond
wheel caused the largest change in the residual stress
while the resin bond wheel the smallest. The lower con-
centration of abrasive grits in the resin bond may par-
tially contribute to this difference, but is considered in-
significant. For the n-Al2O3/13TiO2 coatings, the bond
type effect was less significant, as shown in Fig. 11.
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(a)

(b)

Figure 5 Depth profiles of residual stresses and SEM surface images of a ground n-Al2O3/13TiO2 coating. (a) Depth profiles of residual stresses in
a ground n-Al2O3/13TiO2 coating, (b) SEM observations of a ground n-Al2O3/13TiO2 coating (Grinding conditions shown in (a)).

Figure 6 Compressive residual stress σ⊥(σxx ) vs. depth of cut in ground
n-WC/12Co coatings.

5.2.4. Effect of abrasive grit size
For the n-WC/12Co coatings, the larger the abrasive
grit size, the more the influence on the residual stresses.
In Fig. 12a, the magnitude of the compressive residual
stresses reaches as high as 480 MPa in the n-WC/12Co
coatings ground with the 120 V wheel. The 120 V

Figure 7 Compressive residual stress σ⊥(σxx ) vs. feedrate in ground
n-WC/12Co coatings.

wheel resulted in more ductile deformation as shown in
the SEM observation of Fig. 12b compared to Fig. 4b
ground by 600 V under the same grinding conditions.

Fig. 13a presents the influence of abrasive grit size
on the residual stress in the ground n-Al2O3/13TiO2

3234



(a)

(b)

Figure 8 Effects of depth of cut on residual stress and SEM observations of a ground n-Al2O3/13TiO2 coating at depth of cut = 30 µm. (a) Compressive
residual stresses σ⊥(σxx ) vs. depth of cut in ground n-Al2O3/13TiO2 coating, (b) SEM observations of a ground n-Al2O3/13TiO2 coating at depth of
cut = 30 µm (other grinding conditions shown in (a)).

Figure 9 Compressive residual stress σ⊥(σxx ) vs. feedrate in ground
n-Al2O3/13TiO2 coatings.

coatings. First, the grit size effect was not found sig-
nificant for the ground n-Al2O3/13TiO2 coatings. Sec-
ond, it is interesting to note that the residual stress with
the 120 V wheel was smaller than that with the 600 V

Figure 10 Compressive residual stress σ⊥(σxx ) vs. different wheel bond
types in ground n-WC/12Co coatings.

wheel, which may be attributed to the fact that under
the same grinding conditions, the 120 V wheel induced
more chippings and microcracks (Fig. 13b) to a ground
sample than the wheels with smaller grit sizes. These
damages function as stress relievers and hence suppress
the growth of residual stresses.
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Figure 11 Compressive residual stress σ⊥(σxx ) vs. different wheel bond
types in ground n-Al2O3/13TiO2 coating.

(a)

(b)

Figure 12 Effect of wheel grit sizes on residual stress and SEM observa-
tion of an n-WC/12Co coating ground with 120 V wheel. (a) Compres-
sive residual stressesσ⊥(σxx ) vs. wheel grit sizes in a ground n-WC/12Co
coating, (b) SEM observation of plastic deformation in an n-WC/12Co
coating ground with 120 V wheel (grinding conditions shown in (a)).

5.3. Averaged and actual depth profiles
of residual stresses

One should realize that the above residual stresses, de-
termined by the X-ray diffraction method, are averaged
over the entire irradiated layer of the sample. The depth
profiles, also called τ -profiles, are the depth profiles of

average residual stresses. The actual depth profiles of
residual stresses, termed z-profiles (where z is the dis-
tance from the sample surface) can be retrieved from
the measured τ -profiles. τ -profile and z-profile have the
following relationship,

Q(τ ) =
∫ D

0 q(z)e−z/τ dz∫ D
0 e−z/τ dz

(8)

where Q(τ ) is the experimentally measured τ -profile;
q(z) the corresponding z-profile; D the thickness of a
coating.

Equation 8 is a Fredholm integral equation of the
first kind. Analytical or numerical method can be used
to solve Equation 8 for q(z). The details of analytical
method can be found in [27, 28] for a sample with thick-
ness much larger than the maximum X-ray penetration
depth. The numerical method is based on the idea that a
continuous and bound function can be approximated by
piece-wise linear functions. Phillips [29] and Twomey
[30] proposed a linear constrained numerical inversion
method. Backus-Gilbert method [31] is another inver-
sion numerical method for solving Equation 8 for q(z).
Both the methods were designed to control the resolu-
tion and stability of the inversion results. The solution
of Equation 8 for q(z) is an important topic for X-ray
diffraction measurement of residual stresses, which is
not discussed in this paper in detail.

Although the profiles of residual stresses presented
in this paper are τ -profiles, the obtained information
is enough to provide insight into the effect of grinding
process on the residual stresses in the ground coatings.

5.4. Peak broadening in X-ray diffraction
For a perfect crystalline material, the diffraction peaks
in diffraction pattern should be symmetric and sharp.
However, for an actual material, the diffraction peaks
are broadened due to crystal defect, micro strain, in-
strumental effect and small grain size. When the size of
crystal grains, such as the nanostructured material pow-
ders, is smaller than 0.1 µm, particle size broadening
happens, which renders difficulty in the X-ray diffrac-
tion measurement. However, prior to thermal spray, the
nanostructured powders used in the current study have
been reconstituted into micron scale granules. The peak
broadening phenomenon was not very obvious in resid-
ual stress measurement of the coatings. Fig. 14 shows
the diffraction patterns of the reconstituted n-WC/12Co
and conventional WC/12Co (Metco) powders. There is
no apparent peak broadening phenomenon in the pat-
tern of the reconstituted n-WC/12Co powders.

5.5. Anisotropy
Elastic anisotropy, that is, dependence of elastic con-
stants on (hkl) direction in the crystal, was investigated
on (331) and (420) in nickel coatings by Matejicek et al.
[17]. Their research indicates anisotropy in these direc-
tions. In this paper, the dependence of effective penetra-
tion depth on (hkl) direction in the crystal is discussed.
Using Equation 6, the effective penetration depths on
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Figure 13 Effect of wheel grit size on residual stress and SEM observations of an n-Al2O3/13TiO2 coating ground with 120 V wheel. (a) Compressive
residual stresses σ⊥(σxx ) vs. wheel grit size in ground n-Al2O3/13TiO2 coatings, (b) SEM observations of an n-Al2O3/13TiO2 coating ground with
120 V wheel (grinding conditions shown in (a)).

Figure 14 X-ray diffraction patterns of reconstituted n-WC/12Co pow-
ders and conventional WC/12Co powders.

diffraction planes WC (100) and WC (101) are listed
in Table IV.

From Table IV, one can see that the effective pene-
tration depth first increases with the increase of the in-
cident angle, and then decreases after it reaches a max-
imum value for each diffraction plane. The anisotropy
of the effective penetration depth for different diffrac-
tion planes presents in two aspects: first, the effective
penetration depths are different for different diffraction
planes at the same incident angle; second, the maxi-
mum effective penetration depth is reached at different
incident angles for different diffraction planes. As dis-
cussed above, the average residual stress through the
penetration depth is obtained from the X-ray diffrac-
tion. Therefore, even with the same other conditions,
the measured values of residual stresses will be obtained
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T ABL E IV Comparison of penetration depths for Cu-Kα1 on diffrac-
tion planes WC (100) and WC (101)

Effective penetration depth, τ (µm)

Angles of incidence, α (◦) WC (101) WC (100)

3 0.1827 0.1788
5 0.2898 0.2789
10 0.5083 0.4643
15 0.6590 0.5592
20 0.7443 0.5647
25 0.7652 0.4812
30 0.7220 0.3072

T ABL E V Surface roughness and measured residual stress σxx

Surface roughness, Measured residual
Samples Ra (µm) stress, (σxx ) (MPa)

As sprayed 1.25 152
Polished 0.72 155
Polished 0.13 161

differently for different diffraction planes due to their
different penetration depths except for the case in which
the residual stress is uniform through thickness. It is
important to point out the incident angle or effective
penetration depth using the X-ray diffraction method
when a measurement result is presented, especially in
the case with a significant stress gradient existing. In
this paper, except for the depth profiles, the residual
stresses are presented at an incident angle of 25◦ or
penetration depth of 0.7652 µm for the n-WC/12Co
coatings and at an incident angle of 30◦ or penetration
depth of 15.7678 µm for the n-Al2O3/13TiO2 coatings.

5.6. Effect of surface finish
The asperities on the surface of a sample have the
stress relaxation effect for the X-ray diffraction mea-
surement results. For the low penetration depth of
X-ray (∼0.77 µm in n-WC/12Co and ∼16 µm in
n-Al2O3/13TiO2), larger surface roughness tends to
lower measurement readings for residual stresses. In
order to investigate the effect of surface finish on resid-
ual stress measurement, the polishing method was used
to reduce surface roughness. In the polishing process,
a very low load was applied to limit the influence of
polishing on the residual stress existing in the coating.
Table V lists the surface roughness and the correspond-
ing measured residual stress σxx of an n-WC/12Co
sample.

Table V shows that the residual stress is slightly un-
derestimated for a sample with a rough surface. Sur-
face roughness Ra is usually less than 0.02 µm for the
ground n-WC/12Co coatings and less than 0.2 µm for
the ground n-Al2O3/13TiO2 coatings. Since the values
of the Ra for ground coatings are relatively small com-
pared to the effective penetration depth, the influence
of surface roughness on the measurement results can
thus be neglected.

6. Conclusions
The X-ray diffraction method is employed to mea-
sure the residual stresses in the as-sprayed and ground

nanostructured WC/12Co and Al2O3/13TiO2 coatings.
The conventional sin2 ψ method combined with the
grazing incident X-ray diffraction technique is applied
to obtain the depth profiles of the residual stresses in the
as-sprayed and ground samples. The theoretical back-
ground and assumptions, which justify the application
of the current method, are discussed in detail. The for-
mation of the residual stresses in the as-sprayed coat-
ings is investigated.

The measurement results show that tensile stresses
exist in the as-sprayed nanostructured WC/12Co coat-
ings while compressive stresses in the as-sprayed
nanostructured Al2O3/13TiO2 coatings. From the depth
profiles of the residual stresses, one can see that there is
no significant gradient in the thickness direction and the
stresses in the plane parallel to the surface of a substrate
are isotropic for the two types of as-sprayed coatings.

The depth profiles of the residual stresses in the coat-
ings ground with the 600 V wheel show that the residual
stresses have a significant dependence on the grinding
direction (σ⊥ > σ//) and a strong gradient in the thick-
ness direction. The mechanical loading (grinding) plays
a major role in changing the state of the sample residual
stresses.

The residual stresses induced by the grinding pro-
cess increases with the increase of wheel depth of cut
or feedrate or both. For the cup-type wheels, it is found
that the wheel depth of cut has more influence than does
the feedrate. In addition, the wheel bond type has an ob-
vious effect on the alternation of residual stresses for
the nanostructured WC/12Co coatings while almost no
effect for the nanostructured Al2O3/13TiO2 coatings.
When compared to the 600 V wheel, the larger grit
size in the 120 V wheel has more effect on the residual
stresses in the ground nanostructured WC/12Co coat-
ings. However, the chippings and microcracks induced
by the large grits in the 120 V wheel have a relief effect
on the residual stresses in the ground nanostructured
Al2O3/13TiO2 coatings and hence lead to a lower level
of residual stresses.

The current study is helpful in understanding the
residual stress state in coatings and in selecting the
grinding parameters to control residual stresses to a
desired state.
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