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Orientation maps of the microstructures of four !-Al2O3 and TiCxN1!x multilayer coatings on WC–Co
cemented carbide tool bit inserts were used to create realistic models for "nite element calculations of resid-
ual thermal stresses. The calculations show that channel cracks in the coatings relieve thermal stresses and
that the amount of stress relieved increases with "lm thickness. The hardness and fracture toughness of
the coatings, measured by nano-indentation, are inversely correlated to the calculated mean thermal stress,
where the hardest sample has the smallest calculated mean thermal stress. The calculations also indicate that
cracks spaced more closely than about 50 "m are not effective in further reducing residual stresses.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Multilayer coatings are often used to improve the lifetime, perfor-
mance, and wear resistance of composite cutting tools. In this paper,
residual thermal stresses in !-Al2O3/TiCxN1!x coatings deposited by
chemical vapor deposition onWC–Co cemented carbides are calculat-
ed and compared to measured hardnesses. In these multilayer
systems, the !-Al2O3 and TiCxN1!x coating layers are less than
30 "m thick. The coatings are usually capped by a much thinner TiN
layer (b1 "m thick) that will not be considered further in this
paper. These coatings are representative of the most commonly
used coatings in cutting tool applications [1].

CVD coatings are typically deposited at a temperature greater than
800 °C. Residual thermal stresses occur in these coatings after cooling
for two reasons. One is the anisotropic thermal expansion coef"cients
in the alumina layer; misoriented crystals contract by different
amounts upon cooling and create a range of tensile and compressive
stresses [2]. The second source if residual stress is the mismatch in the
thermal expansion coef"cients of the substrate and coating materials
[3]. Because the thermal expansion coef"cients of the coating
materials are larger than the thermal expansion coef"cient of the
substrate, they shrink more than the substrate during cooling in the
unconstrained state. However, because the coatings must conform
to the substrate shape in the real material, they are loaded in tension
after cooling. Under typical conditions, these thermal stresses exceed
the coatings' strength and vertical channel cracks are formed that
partially relax the stress. In analogy to bulk polycrystalline alumina,
the mean value and distribution of the stored elastic energy in the

coatings is expected to be in!uenced by the texture in the !-Al2O3

layer [2]. Previous calculations of thermal stresses have shown that
coatings with [0001] textured !-Al2O3 along the "lm growth direc-
tion have less stored elastic energy and coatings with weaker texture
have a broader distribution of thermal stresses [3].

Previous models for the thermal stresses in these multilayer
coatings have not included the effect of the vertical channel cracks
that form on cooling [3]. While it is known that the cracks relieve
stress, the distribution of stress and the effect on each coating layer
has not been studied. Residual stress measurements by X-ray diffrac-
tion are able to provide an average value, but the cracks are expected
to relieve stresses in an inhomogeneous way. Because both the cracks
and the residual stresses impact the mechanical properties of the
coating, it is important to have a model that includes the heteroge-
neous characteristics of the material.

It should be noted that the above description of residual stresses
ignores the intrinsic stresses (sometimes referred to as quenching
stresses) that develop during "lm growth [4]. Intrinsic stresses can
be related to defects such as grain boundaries [5] and can occur in
physical or chemical vapor deposition processes [6]. Intrinsic stresses
can be either tensile or compressive and can even reverse sign during
growth [4]. The measurement of intrinsic stresses in thermal barrier
coatings indicates that they are smaller than the thermal stresses
[7]. The models in this paper simulate only the thermal stresses but
the stresses in real coatings are also likely in!uenced by smaller
intrinsic stresses.

Residual thermal stresses in coatings aremost commonly determined
bymeasuring the curvature of the substrate"lm combination [7,8], X-ray
diffraction [9], Raman spectroscopy [10,11], or piezospectroscopic
methods [12]. In general, these methods yield a single mean stress rather
than distributions of stresses. Under the assumption that the "lms are
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homogeneous, elastic stresses can be calculated using analytic methods
[13,14]. More recently, image based "nite element methods have been
applied and those that include the microstructure have the advantage of
being able to predict local stresses and the distributions of stresses [3,15].

The goal of this paper is to test the hypothesis that the mechanical
properties of the coating can be quantitatively correlated with the
residual thermal stresses. One can imagine that if a tensile stress is
applied to a coating, it will become less resistant to penetration and
have a reduced hardness. Conversely, in compression it should better
resist penetration and have an increased hardness. In fact, this has
been experimentally observed for some metals [9,16]. In the present
case, microstructure might also in!uence hardness, but an earlier
study noted no systematic in!uence [17]. Therefore, it is reasonable
to expect that thermal stress might have a dominant in!uence. Four
typical coatings were selected as examples and the hardnesses and
the fracture toughnesses were determined by nano-indentation.
Detailed microstructural observations of the same samples were
used to develop models of the coatings and the residual thermal
stresses were then calculated using the "nite element method. By
comparing the calculated thermal stresses in each multilayer coating
with the measured hardness and fracture toughness, it is possible to
show that the quantities are correlated.

2. Experimental methods

The microstructures and hardnesses of the four coated tool bit
inserts considered here were described in two earlier publications
[3,17]. In the present paper, we consider the same specimens,
referred to as samples 1 through 4. All of the specimens are commer-
cially available tool bit inserts and consisted of a WC–Co cemented
carbide substrate covered by a TiCxN1!x layer (6.8 "m to 18.2 "m
thick) with x approximately equal to 0.5, which was in turn covered
by an !-Al2O3 layer (1.3 "m to 11.8 "m thick). Finally, all of the

samples were capped by an approximately 1 "m thick TiN layer (this
layer was not characterized). The layers were highly crystalline, yield-
ing electron backscatter diffraction patterns. The layer thicknesses and
the mean size and shapes of the grains (the lengths of the major and
minor axes of ellipses "t the grains) are listed in Table 1. The grain
size and shape parameters were derived from electron backscatter dif-
fraction maps, as described in detail in reference [17]. The specimens
were selected because they are typical of coatings in use today. Further-
more, they span the range of total thickness from 7 (sample 4) to 30
(sample 1) "m. The microstructural data reported in the previous pa-
pers will be used as input to thermal stress calculations by the "nite el-
ement method. Furthermore, we report additional measurements of
the spacing of thermal stress induced channel cracks and the fracture
toughness of the coating.

Typical images of the channel cracks are shown in Fig. 1. To char-
acterize the average spacing of the channel cracks, the number of
cracks along the length of a cross-section of each tool bit insert
were counted using high magni"cation imaging in the scanning
electron microscope (SEM). Only those cracks that penetrated the
thickness of the coating were included (see Fig. 1b).

Hardness measurements were carried out by nano-indentation. To
prepare the sample, the tool bit inserts were ground and polished at
an approximate angle of 2° with respect to the surface of the coating
so that when viewed from the top, extended regions, approximately
200 "m wide and the length of the sample, of each coating layer are
visible. This makes it possible to make indents (nearly) normal to
the plane of each coating. The grinding was carried out with abrasives
from 200 to 1600 grit size and polishing was carried out with 3 "m
and 0.5 "m alumina slurries. Hardness measurements were made
using a nano-indenter XP (MTS systems corporation) equipped with
a Berkovich diamond tip. The diamond tip was calibrated using
measurements on fused silica. The hardness and modulus were deter-
mined using the standard practice for instrumented indentation
testing. For all measurements, the indenter approach rate was
25 nm/s. Once the indenter contacted the surface, the load the on
sample increased to a maximum of 10 mN within the time span of
25 s. The maximum load was then held constant for 10 s. Finally,
the indenter was withdrawn at twice the loading rate. The maximum
depth of indentation was 2 "m. Approximately 30 indents were made
in the exposed alumina and TiCxN1!x layer of each sample and the
results of these measurements were used to determine mean and
standard deviation for the hardness.

An atomic force microscope (Thermomicroscopes M5, Sunnyvale,
CA), working in contact mode, was used to image the indents, and it
was found that cracks frequently extended from the corners of the
triangular indents in the alumina layer. The lengths of the cracks

Table 1
Summary of microstructural characteristics of the coatings.

Layer Sample Grains Grain area,
"m2

Major axis,
"m

Minor axis,
"m

Thickness,
"m

TiC1!xNx 1 5538 2.1 4.85 0.67 18.2
2 1112 1.6 3.46 0.69 6.8
3 1996 1.93 4.83 0.54 15.0
4 2050 3.34 5.03 0.79 5.82

Al2O3 1 950 2.05 3.08 0.84 11.8
2 2567 3.9 3.36 1.36 9.2
3 1151 3.95 4.79 0.99 9.9
4 568 3.89 4.34 1.07 1.3

Fig. 1. Images of the channel cracks in CVD deposited coatings. (a) Plan view optical image of the pattern of cracks. (b) SEM image of a cross-section of a coating showing, from top
to bottom, the !-Al2O3, TiCxN1!x, and WC/Co substrate. The position of the crack is highlighted by the arrows.
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were measured from the images. The corner cracks that obviously
interacted with pre-existing channel cracks were excluded from the
analysis. For the four different coatings, at least 10 cracks from 15
images of each sample contributed to the average. Following previ-
ously established methods [18,19], the average crack length was
used to calculate the fracture toughness using the following relation-
ship:

Kc ! 1:076Xv
a
l

! "1=2 E
H

# $2=3 P
c3=2

# $
"1#

where Kc is the fracture toughness, Xv is the empirical constant 0.015
[20], a is the distance between the center of the indent to any of the
tip corners, c is the crack length that extends from the corner of the
indent, l is the overall crack length (c+a), E is the elastic modulus,
H is the hardness, and P is the maximum load. In this case, P=
766 mN and a=7.5 "m and measured values of the modulus, hard-
ness, and crack length are used for the other parameters. This analysis
was carried out only for the indents in the alumina layer. It should be
noted that the use of indentation to determine toughness is contro-
versial; it has been shown that toughnesses determined by indenta-
tion are not comparable to those determined by standard tests [21].
However, given the physical form of the coatings, this is the only cur-
rent option for producing quantitative data.

The thermal stresses were calculated using the OOF2 software
package (OOF2, version 2.0.5a11, National Institute of Standards and

Technology, Gaithersburg, MD) [22–24]. This software accepts
image data as input and here we use the orientation maps reported
previously [17]. The code produces meshes from the images and
uses the "nite element method to compute stresses and strains [24].
This software has been used to simulate a wide range of phenomena
in ceramics [25–30] and in this case was validated by comparing the
results from simple homogeneous models to independent calcula-
tions of the residual thermal stress. The models were constructed by
joining orientation maps of the !-Al2O3 and TiCxN1!x layers and
placing them on a microstructurally homogeneous substrate. The
orientation maps were duplicated as necessary to build structures
whose lengths were equal to the average spacing between the
channel cracks while maintaining "lm thicknesses that were
measured in the cross-sectional SEM images. A vertical channel
crack was simulated in the center of each model by assigning a
continuous path of pixels to have crack-like properties (near zero
modulus and zero thermal expansion). The creation of the simulated
crack begins by converting 2 pixels in the center of the image and at
the top of the coating to be part of the crack. To advance the crack
toward the substrate, a random number between 0 and 1 is selected.
If the number is less than 1/3, the crack advances 1 pixel downward
and 1 pixel to the left. If the number is greater than 2/3, the crack

Fig. 2. An example of a microstructure model constructed from observed orientation maps that have been merged so that the length is equal to the average crack spacing. A sim-
ulated crack (black) has been added. From top to bottom, the maps of the alumina, TiCxN1!x, and substrate, respectively, are assigned the properties associated with those phases.
The legends on the right de"ne the orientation–color relationship for the two coating phases.

Table 2
Physical properties of the materials used for the simulations.

Material Young's
modulus
(GPa)

Poisson's
ratio

Coef"cient of
thermal expansion
(!10!6, K!1)

Elastic constants (GPa)

TiN – – 9.35a C11=625, C12=165, C44=
163, A=0.709b

TiC – – 7.4c C11=513, C12=106, C44=
178, A=0.875d

Al2O3 – – a11=7.67, a33=
8.52e

C11=497, C12=163, C13=
116, C14=22, C33=501,
C44=147f

WC 619.5 0.24 a11=5.2, a33=7.3g C11=720, C12=254, C13=
267, C33=972, C44=328g

Co 211g 0.31g 14.0g –

Crack 0.01 0.01 0 –

a Ref. [31].
b Ref. [32].
c Ref. [33].
d Ref. [34].
e Ref. [35] at 1100 K.
f Refs. [36,37].
g Refs. [16,38,39].

Fig. 3. AFM de!ection image of an indent in the alumina layer with cracks protruding
from the corners. The cracks are indicated by white arrows.
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advances 1 pixel downward and one step to the right. For all other
values, the crack moves downward in a straight line. This procedure
causes the crack to meander in a way that is similar to the observed
cracks. As an example, one such model is shown in Fig. 2. Cracks gen-
erated in this way are qualitatively similar to observed channel
cracks.

Microstructure models created as described above were meshed
using OOF2 [23]. Each discrete element was assigned a phase and ori-
entation based on the orientation map. The thermal and elastic prop-
erties of each phase were assigned according to the data in Table 2.
The properties of the TiCxN1!x, were estimated based on the properties
of the pure binary phases. Because x is approximately 0.5 in these coat-
ings, the coef"cient of thermal expansion (CTE) for TiCxN1!x is as-
sumed to be the average of TiN and TiC, which is 8.375!10!6 K!1.
Each of the elastic constants was also averaged (by averaging the indi-
vidual components of the stiffness matrix that are listed in Table 2).
The elastic properties of the substrate were estimated by averaging
the properties of WC and Co according to the volume fractions in the
composite.

The boundary conditions of the simulation were set based on the
assumption that the coating must conform to the substrate. There-
fore, the CTE of the substrate was taken to be zero and the CTEs for
the !-Al2O3 and TiCxN1!x were reduced by the CTE of the substrate.
The left, right, and bottom of the model were assigned zero

displacement and zero force boundary conditions. The system was
then cooled by 800 °C (simulating the cooling that occurs from
the process temperature to ambient temperature) and the resulting
stress and strain were calculated in each element. Using these data,
it was also possible to determine the elastic energy distribution by
computing the product of the stress and strain in each element.
The domain of the computation ranges from 13,000 to 25,000 ele-
ments depending on the size of the image. Calculations based on
the same models with 50% more or 50% fewer elements yielded
the same results.

3. Results

An AFM de!ection image of an indent in an alumina layer is
shown in Fig. 3. This is an example of one of the indents used for
the hardness measurement, obtained from a tool bit insert polished
at a 2° angle from the plane of the coating, as described in Section 2.
The image re!ects the difference between the true de!ection and
the set point de!ection of the cantilever during contact imaging.
Black contrast corresponds to de!ection below the set point (a nega-
tive slope on the surface), white contrast corresponds to de!ection
greater than the set point (a positive slope on the surface), and gray
contrast corresponds to the set point de!ection (a !at surface). The
de!ection image is valuable for this study because it simultaneously
reveals large topographic features (the indent) and small features
(cracks). Differential polishing of the alumina during preparation of
the sample reveals some of the grain boundaries. When polished,
some grains wear at a faster rate than others and this produces con-
trast at the grain boundaries. The cracks, highlighted by arrows,
appear as sharp changes in contrast.

The geometric and mechanical characteristics of the coatings are
listed in Table 3. The hardness and modulus data are consistent
with values previously reported in the literature [40,41]. The calculat-
ed values of the fracture toughness are consistent with measure-
ments of bulk materials, for which values vary between 2 GPa·m1/2

(for single crystals) to nearly 7 GPa·m1/2 (for some ceramic samples)
[42,43]. Note that in each case, the harder coatings have shorter aver-
age crack lengths and this leads to higher calculated fracture tough-
nesses. In the present case, the measurements may be in!uenced by
the thickness of the layers. For example, the modulus of the alumina
layer is the smallest in coating 4, which is also the thinnest and
may, therefore, be in!uenced the most by the underlying layers.

Table 3
Summary of measured properties of the coatings. Values in parentheses are standard
deviations of measured quantities.

Sample
1

Sample
2

Sample
3

Sample
4

Coating Average channel crack
spacing, "m

129 81 131 96

TiCxN1!

x

Thickness, "m 18.2 6.8 15.0 5.82

Modulus, GPa 497 (33) 467 (18) 486 (24) 463 (27)
Hardness, GPa 21.8 (0.8) 20.8 (1.0) 21.7 (0.7) 20.3 (0.7)

!-Al2O3 Thickness, "m 11.8 9.2 9.9 1.3
Modulus, GPa 521 (39) 486 (25) 428 (20) 412 (20)
Hardness, GPa 24.6 (2.2) 24.2 (1.3) 22.3 (1.2) 21.1 (1.4)
Indenter crack length, "m 4.3 (1.5) 4.7 (1.6) 5.4 (2.3) 7.3 (2.4)
Fracture toughness,
GPa·m1/2

7.5 (1.6) 6.2 (0.9) 4.6 (0.3) 2.8 (0.5)

Fig. 4. The thermal stress distribution along the horizontal direction for the samples 1 through 4 without cracks (a–d) and the same samples with a crack (e–h). For each model, the
scale bar on the left indicates a length of 25 "m.
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The distributions of stresses in the horizontal direction for each
coating (with and without a channel crack) are shown in Fig. 4. In
each case, there are abrupt changes in the stresses between the sub-
strate (bottom), TiCxN1!x (middle), and !-Al2O3 (top) layers. In gen-
eral, there is higher stress in the TiCxN1!x layer than in the !-Al2O3

layer. The data in Fig. 4 show that the stresses in the TiCxN1!x layer
are approximately 700 MPa while those in the alumina layers are
100 to 200 MPa lower. This is because the thermal expansion
mismatch between the TiCxN1!x layer and the substrate is larger
than the mismatch between the !-Al2O3 layer and the substrate.
Both the microstructure of the sample and the cracks introduce het-
erogeneity in the distribution of stresses. The stresses in the parts of
the coating closest to the crack are able to relax and the material fur-
thest from the substrate can relax the most. Therefore, the overall
stress relaxation is greater in the thicker coatings. However, there is
an opposite effect on the substrate. Large tensile stresses are localized
at the crack tip in the substrate and the thicker the "lm, the larger the
extent of the stressed region.

To emphasize that there is a wide distribution of stresses and the
distribution is not described by a simple functional form, histograms
of the stresses in the !-Al2O3 and TiCxN1!x layers are shown in
Fig. 5. The stresses in the alumina layer have multiple distinct maxima
and the stresses in samples 2 and 3 are similar. Based on these data, it
seems unlikely that it is possible to model the stress distributions in

different "lms by any simple functional form. Note that when Ma
and Clarke [12] evaluated the residual stresses in polycrystalline
alumina using piezospectroscopic methods, they found that for
"ne-grained alumina the average residual stresses from grain misori-
entations were about 100 MPa. This is comparable to stresses in the
relaxed portions of the distribution (from material near the crack).
The higher (unrelaxed) stresses in the coatings result from the strain
imposed by the substrate.

The distribution of the elastic energy is shown in Fig. 6. The trends
evident in these plots are similar to what is observed for the distribu-
tion of the stresses. Throughout most of the coating, the cracks reduce
the amount of stored energy. However, in the region of the coating
near the interface with the substrate, the elastic energy is actually
larger than before the crack. So, in this localized region, the crack
increases the stored elastic energy. Similar to the case of the stresses,
the crack is more effective in reducing the average elastic energies in
the thicker "lms. However, the high energy density region in the
substrate and near the interface is larger in the thicker "lms.

A number of calculations were also carried out to examine how
cracks interact as a function of crack spacing. Two models were
considered, each consisting of a single TiCxN1!x coating on a
substrate with "xed width. The "rst coating was 4 "m thick and the
second was 8 "m. In each model, cracks were situated so that there
was a spacing of 10 "m, 30 "m, 50 "m, 70 "m, or 90 "m. The results

Fig. 5. Histogram of the values of the stress invariant 1 in (a) Al2O3 and (b) TiCxN1!x (trace of the stress tensor) in each element for the four samples, based on the data in Fig. 4 (e–
h). The legend in the right applies to both "gures.

Fig. 6. The elastic energy distribution per element for samples 1 through 4 without cracks (a–d) and with a single crack in the center (e–h). All "gures have the same scale.
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for the 4 "m thick coating are shown in Fig. 7 and the 8 "m thick
coating are shown in Fig. 8. Note that, as pointed out above, the cracks
relieve more stress in the thicker coating. Visually, the results suggest
that each crack has a roughly "xed stress relieving capacity. However,
when they are closer together, the overlap of stress relief zones
reduces the total amount of stress relieved.

4. Discussion

One of the clearest results from the calculations is that the stress
relaxation in coatings with cracks increases with the coating thick-
ness. This is illustrated by Fig. 9, which plots the mean stress in
each layer as a function of "lm thickness, for the cracked and
uncracked coatings. The effect of thickness is more pronounced in
the alumina layer than in the TiCxN1!x layer. Note that for uncracked
TiCxN1!x layers, there is no change in stress with thickness. For the
cracked layer, there is a modest decrease in stress as thickness
increases. This is because the stress relief occurs near the walls of
the crack and, for longer cracks in thicker layers, more stress is

relieved. A similar phenomenon occurs in the alumina layer, but is
more dramatic; because the alumina layer is further from the
constrained substrate/TiCxN1!x layer interface, it can relax more.
Therefore, the decrease in stress with coating thickness is more
dramatic for the cracked alumina coatings. There is also a decrease
in stress with thickness for the uncracked alumina coatings and this
is not necessarily expected. In this case, the lower stresses in samples
1 and 3 may be because these samples have the strongest texture
[17]. The strength of texture in samples 1 and 3 (measured in multi-
ples of a random distribution, MRD) are 8.8 and 6.8 MRD, respective-
ly, while the strength of the texture in sample 2 and 4 is 4.2 and 5.2
multiples of random, respectively [17]. It has already been established
that residual thermal stresses in alumina decrease with increasing
texture [2,3].

It should be noted that there is actually a wide distribution of
stresses, especially in the models with cracks. Here, we assume that
the mean value is a representative quantity. This assumption is justi-
"ed because past studies have shown that macroscopically measured
properties are correlated to mean residual thermal stresses, which are

Fig. 7. Stress distribution as a function of crack spacing. Simulations are performed on 4 mm TiCxN1!x coatings with crack spacing decreasing from 90 "m, 70 "m, 50 "m, 30 "m, to
10 "m shown in (a) to (e).

Fig. 8. Stress distribution as a function of crack spacing. Simulations are performed on 8 "m TiCxN1!x coatings with crack spacing decreasing from 90 "m, 70 "m, 50 "m, 30 "m, to
10 "m shown in (a) to (e).

Fig. 9. Coating thickness versus residual thermal stress for (a) TiCxN1!x and (b) !-Al2O3. In each case, the numbers refer to the sample coating. These stresses were determined for
the models in Fig. 4. The square symbols are for the coatings without cracks and the diamonds are for the coatings with cracks.
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usually the only quantitative metrics that are experimentally accessi-
ble [44].

The main hypothesis of this work was that the calculated thermal
stresses could be correlated to measured coating properties, such as
hardness. Again, we select the mean thermal stress as a metric and
the relationship between the mean stress and the hardness of each
layer is shown in Fig. 10. There are two important features of these
results. The "rst is that for the simulations without cracks, the hard-
ness of both coating layers is independent of thermal stress. For the
TiCxN1!x layer without cracks, the thermal stress is almost the
same for each layer. For the alumina layer, there are !uctuations,
but no clear trend with hardness. The !uctuations in thermal stress
in the alumina layer are likely related to differences in texture, as
noted in the discussion of Fig. 9. The second feature is that for the
simulations with cracks, there is a clear trend that increased hardness
occurs in coatings that have lower calculated thermal stresses. The
independence of the thermal stress and hardness in the crack-free
coatings and the trend of increasing hardness with decreasing ther-
mal stress in the cracked coatings suggest the importance of having
some cracks to partially relieve stress and increase hardness. It is
assumed that the inverse correlation between hardness and thermal
stress persists within the range of geometric parameters (thickness
and crack spacing) spanned by the four samples.

The simulations also explored the stress relieving capabilities of
the cracks as a function of their separation. The mean stress in the
coating as a function of separation is shown in Fig. 11. The average
thermal stress in samples with a 10 "m crack spacing is the highest
because of the overlap in the stress-relieving region. Because the
regions overlap, the two cracks are relieving stresses in a smaller
total area and this leads to higher average stresses. When the average
crack separation reaches 50 "m, the thermal stress reaches the

smallest value, so cracks with this spacing relieve the most thermal
stress. At larger separations, there is a small increase in stress. This
is likely a result of the "nite size of the simulation domain; as the
cracks move closer to the "xed boundaries, they cannot relieve as
much stress.

The results show that channel cracks in the coating relieve
thermal stresses and this is correlated to improved hardness. While
the idea that a coating with cracks is harder than one without is at
"rst counter-intuitive, it must also be recognized that the coatings
are under a tensile stress. Tensile stresses reduce a material's
hardness [45] so anything that reduces the stress will mitigate its
detrimental effects. The channel cracks reduce the tensile stress
from the substrate and, therefore, lead to a relative increase in hard-
ness. At some point, however, the cracks are also expected to have a
negative impact on performance. If there are too many cracks, one
would expect the coating to lack mechanical integrity. For example,
if the regions of high elastic energy at the coating–substrate interface
in Fig. 7 begin to overlap, the cohesion of the coating and the
substrate would be affected. Second, it is clear that the cracks create
tensile stresses in the substrate and this may promote cracking within
the bulk of the tool bit insert. However, the extent of cracking in the
present samples appears to still be in the region where it is bene"cial,
because the reduction of the thermal stresses by the cracks is corre-
lated with increases in the hardness.

The thermo-elastic model employed here, which is formulated to
be microstructurally accurate, allows residual thermal stresses to be
calculated. These stresses are correlated to the observed hardness of
the coating. This correlation makes it possible to seek improved
materials by creating hypothetical microstructures and calculating
the residual thermal stresses. Microstructures with lower stresses
are expected to have higher hardness and would, therefore, be targets
for synthesis. This procedure was already demonstrated for WC/Co
composite structures [29,30]. While such investigations are beyond
the scope of this study, the current work illustrates the relationship
between mean residual thermal stresses and the hardness of the
coating material.

5. Conclusions

Realistic, microstructure-based models of multilayer coatings on
WC–Co substrates have been used to compute the thermal stress
distribution. Channel cracks relieve stress in the coatings and this
stress relief is more effective in thicker coatings. The residual thermal
stresses are determined by the texture, thickness, and average crack
spacing of the coating. The residual thermal stresses in the coating
are inversely related to the hardness of the coating. This relationship
provides guidance in the search for improved coatings.

Fig. 10. Hardness versus mean residual thermal stress for (a) TiCxN1!x and (b) !-Al2O3. In each case, the numbers refers to the sample coating. These stresses were determined for
the models in Fig. 4. The square symbols are for the coatings without cracks and the diamonds are for the coatings with cracks.

Fig. 11. Average thermal stress of TiCxN1!x coatings with different crack separations.
Smaller crack separations result in higher thermal stresses. The lowest thermal stress
occurs for the 50 "m crack separation.
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