
Influence of Microstructure on Residual Thermal Stresses in TiCxN1-x 
and α-Al2O3 Coatings on WC-Co Tool Inserts 

H. Chien*, Z. Ban**, P. Prichard**, Y. Liu** and G.S. Rohrer* 

*Department of Materials Science and Engineering, Carnegie Mellon University, Pittsburgh, PA, 15213 

** Kennametal Incorporated, 1600 Technology way, P.O. Box 231, Latrobe, PA  15650 

  

Abstract 

The microstructures of chemical vapor deposited coatings on four tool inserts have been 
comprehensively characterized using electron backscatter diffraction mapping and these data have been 
used as input for finite element models used to calculate the residual thermal strains in the coatings.  
The results indicate that the thermal strains and stored elastic energy in the α-Al2O3 layer are larger than 
in the TiCxN1-x layer.  Furthermore, the mean value and distribution of stored elastic energy are 
influenced by the texture in the alumina layer. Coatings with weaker texture have a broader distribution 
of thermal stresses.  Coatings with alumina oriented so that the [0001] direction is parallel to the film 
growth direction have less stored elastic energy.  This is because the thermal expansion perpendicular 
to [0001] is less than the thermal expansion parallel to [0001] and, therefore, the thermal expansion 
mismatch between the alumina coating and the substrate is minimized when grains are oriented with 
[0001] perpendicular to the substrate. 
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Introduction  

Multilayer coatings are often used to enhance the performance, durability, and wear resistance of 
cemented carbide cutting tool inserts.  In the present paper, we focus on TiCxN1-x ||α-Al2O3||TiN coatings 
deposited by chemical vapor deposition (CVD) on WC/Co substrates.  In these coatings, the TiCxN1-x 
(0.3 < x < 0.5) and α-Al2O3 layers are each less than 10 µm thick and the TiN-capping layer is 
approximately 1 µm thick.  The coatings considered here are representative of the coatings commonly 
used in the US and Western Europe.  These coatings have microstructures that consist of columnar 
grains with diameters in the range of 0.5 to 1.0 microns [1].  The WC/Co substrates are generally 
untextured, the TiCxN1-x layer usually has weak (112) texture and is highly twinned, and the alumina 
layer can be prepared with a variety of textures including (0001),   

€ 

(101 2),   

€ 

(101 4), and   

€ 

(101 0) [2-5]. 

Because these coatings are deposited at temperatures 600 to 800 °C above room temperature, residual 
thermal stresses develop upon cooling.  There are two sources of these stresses.  One source is the 
mismatch between the thermal expansion of the substrate and coatings.  Because the substrate is so 
much thicker than the coatings, the coatings are constrained to change shape with the substrate.  For 
the coatings of interest in this paper, the coefficient of thermal expansion of the substrate is smaller than 
that of the coatings, so at room temperature, the coatings are loaded in tension.  Considering the relative 



values of the thermal expansion coefficients and modulus of the coating, the expected (unrelaxed) 
stresses arising from thermal expansion mismatch are on the order of 2 to 3 GPa.  The second source of 
residual thermal stress is the anisotropic thermal expansion of α-Al2O3.  The linear coefficient of thermal 
expansion (CTE) along the a-axis is smaller than along the c-axis [6]. Therefore, if there is any 
misalignment between adjacent grains, incompatible shape changes during cooling lead to residual 
stresses.  We will refer to these stresses as misorientation stresses.  Measurements have shown that 
the average value of the misorientation stress in an α-Al2O3 polycrystal with a 2 micron grain size is on 
the order of 100 MPa [6]. Finite element calculations have shown that there is a wide distribution of 
stresses that can reach as high as 500 MPa and that these stresses are sensitive to texture [7].   

Because the stress applied by the substrate exceeds the fracture strength of the coating, vertical cracks 
are formed in the coating that partially relieve the stress.  In textured coatings, these cracks have an 
average spacing in the range of 40 to 80 microns [4].  Note that while the cracks are capable of partially 
relaxing the long range strains that arise from the substrate, they are less effective in relaxing the more 
local grain-to-grain misorientation strains.  The residual stresses in textured coatings have been 
measured to be in the range of 400 to 700 MPa [5].  Therefore, in the partially relaxed coating, the 
misorientation stresses can make up a significant fraction of the complete residual stress. 

Texture in the alumina layer can influence the thermal stresses in two ways.  First, because the CTE 
along the c and a axes is different, alignment of the axis with the smaller CTE (the a-axis) parallel to the 
substrate plane should reduce the strain needed to make the coating conform to the substrate.  The 
second effect of texture is to reduce the misorientation stresses.  The more well aligned the c-axes are, 
the lower the misorientation stresses [7].  Therefore, basal oriented growth should reduce tensile strain 
arising from both the substrate effect and from local misorientations.  The main objective of the work 
described here is to test this idea. 

Because of its effect on thermal stresses and the microcracking, the texture in the alumina layer is also 
thought to influence the mechanical integrity and performance of the coating.  Texture might also 
influence the mechanical properties of the coating because of alumina’s anisotropic thermoelastic 
properties and anisotropic of the plastic response.  For the cutting of ferritic-pearlitic steels with 0.45 w/o 
C, alumina with   
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< 101 4 > texture has been reported to have superior properties. [2]  For the cutting of 
tempered steel or cast iron, (0001) texture has been reported to have superior properties.  Therefore, the 
ideal texture may be dependent on the particular application [4]. 

In the current paper, the thermal stresses in tool insert coatings with different microstructures are 
calculated.  The microstructures of four different coatings were characterized by electron backscatter 
diffraction (EBSD) mapping.  The object oriented finite element analysis program (OOF) [8] was then use 
to translate the microstructural data into a mesh that can be used to simulate the thermal stresses that 
develop upon cooling. 

 

Methods 

We compare the microstructures of four tool inserts.  Three of the four have already been described in 
reference [5] where they were referred to as samples 1, 2, and 4.  The same designations are used here.  
The procedures for acquiring the microstructure data and determining the grain sizes of the new sample 
(labeled 3) were essentially the same as the procedures used for the first three samples.  One difference 
is that the new electronic backscatter diffraction (EBSD) data was acquired on a different scanning 
electron microscope.  The FEI Quanta 200 FE ESEM allows low vacuum operation and this reduces 
charging.  Therefore, the new sample was examined without the conductive coating that was used in the 
previous work.  The EBSD data was recorded with a 1.0 micron step size for the alumina layer and a 0.5 
micron step size for the TiCxN1-x and substrate. 

The EBSD maps were prepared by cropping the poorly resolved regions and then applying a grain 
dilation clean-up using the TSL-OIM software.  The purpose of the clean-up procedure is to remove 



unindexed or incorrectly indexed points.  In this process, the minimum misorientation distinguishing 
separate grains was 5 ° and the minimum number of pixels per grain was 5.  The final step was to assign 
a single orientation to all of the pixels within a grain.   

To construct the models, representative EBSD maps, approximately 40 microns wide, of the TiCxN1-x 
layer and the α-Al2O3 layer were joined together as illustrated in Fig. 1.  Our model imposes an abrupt 
interface between the different layers of the coating.  In reality, there are interfacial regions with a very 
fine grain size.  However, the structures of these interfacial regions are beyond the resolution of EBSD.  
Because our structural description of the interface is not realistic, we will not interpret information from 
these regions.  

 

Fig. 1: Inverse pole figure maps for the α-Al2O3 (upper) and TiCxN1-x (lower) and layers of sample 3. Different colors indicate 
different grain orientations, according to the legends on the left.  

The OOF2 software package (OOF2, version 2.0.4, National Institute of Standards and Technology, 
Gaithersburg, MD) was used to create meshes from the EBSD maps and calculate the responses of the 
discretized microstructures to thermal and mechanical loads.  The calculation used the crystal orientation 
data and the anisotropic thermoelastic properties of the material.  Two different calculations were 
performed: those to evaluate the misorientation related stresses in the alumina alone and those to 
evaluate the combined effects of the misorientation related stress and the substrate related stress.  In 
both cases, the properties in Table I were assigned to the corresponding phase in the model.  The 
domain of the computation included more 10,000 finite elements. 

 

Table I: Physical Properties of the Materials used for the Simulations 

Material Young’s Modulus 
(GPa) 

Poisson’s 
ratio 

Coefficient of Thermal 
Expansion (x106, 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 - - α11 = 7.67  α33 = 8.52 e C11 = 497 C12 = 163 C13 = 116 
C14 = 22 C33 = 501 C44 = 147 f 

WC - - α11 = 5.2  α33 = 7.3 g C11 = 720 C12 = 254 C13 = 267 
C33 = 972 C44 = 328 g 

Co 211 g 0.31 g 14.0 g - 

(a) ref. [10], (b) ref. [11] (c) ref. [12] (d) ref. [13] (e) ref [14] at 1100K, (f) refs [15-16], (g) refs. [17-19],  

 



To calculate the misorientation stresses, the alumina layers alone were cooled 800 K with free boundary 
conditions, as in reference [7].  To introduce the effect of the substrate, models including the TiCxN1-x 
layers (as in Fig. 1) were used.  Because the properties for TiCxN1-x are not known, we made the 
following approximations.  Assuming x = 0.5, the CTE was taken as the average of the CTEs of TiC and 
TiN and the components of the stiffness matrix were also assumed to be averages of the components of 
each phase.  In each case, the coatings were supported by a 95 v/o WC and 5 v/o Co substrate.  To 
simulate the shrinking of the substrate, the macroscopic strain was estimated and this was applied as a 
boundary condition on the left and right hand side of the sample [9].  To specify this boundary condition, 
we used the CTEs of WC and Co to estimate a composite CTE (6.6x10-6/K) and then assumed a -800 K 
change in temperature.  The resulting strain is -0.0053 and half of this amount was applied to the left and 
right hand sides of the model.  With these conditions, the stress and strain were calculated a each point 
within the microstructure.  In one case (for sample 1), an EBSD map of the substrate (see Fig. 2) was 
added below the TiCxN1-x layer for comparison.  For this case, the properties of WC and Co listed in 
Table I were assigned for the calculation.  It should be noted that the EBSD map in Fig. 2 was obtained 
near the substrate coating interface, a region that is enriched in Co with respect to the bulk composition.  
The Co points were not indexed, so this was treated as an isotropic phase.  In earlier studies of bulk 
cemented carbides, this approach was shown to lead to acceptable results [20-21]. 

 

Fig. 2: Inverse pole figure map of the WC/Co substrate of sample 1. Different colors indicate different grain orientations, 
according to the legend on the right.  Black indicates the Co locations. 

 

Results 

Inverse pole figure maps for the α-Al2O3 and TiCxN1-x layers of sample 3 are shown in Fig. 1 and similar 
images of the other three samples were presented in reference [5].  Note that the growth direction is 
vertical.  The grain colors correspond to the orientations defined in the legend.  Inverse pole figures for 
these data are illustrated in Fig. 3.  The grain sizes and shape in sample 3 are similar to those of the 
other three samples (see Table II).  The TiCxN1-x layer in sample 3 has weak (112) texture and is similar 
to the corresponding layers in samples 1 and 2.  The closest low index orientation to the α-Al2O3 growth 
direction is   
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(101 4); the other three samples have basal or near basal orientation.  (Note that in samples 
1 and 2, the maxima was inclined by 5 ° from the c-axis, along the approximate   

€ 

[101 4] direction.  This 
was erroneously labeled as   

€ 

{101 4}  texture in reference [5]; the plane perpendicular to   

€ 

[101 4] should be 
labeled   

€ 

{101 31} .)   

 



 

Fig. 3: Inverse pole figures for the growth direction of the (a) α-Al2O3 and (b) TiCxN1-x layers of sample 3.  The units are 
multiples of a random distribution. 

 

The microstructural characteristics of the four samples are listed in Table II.  Note that two different 
values for the texture intensity are reported.  The global value is determined from all of the data.  The 
local value is determined only from the subset of the microstructure that was used in the finite element 
simulation.  The differences arise because the local value does not sample as many orientations as the 
global value.  While the global value is expected to be a more accurate characterization of the sample, it 
is more meaningful to consider the local values when comparing the calculated thermal stresses from 
the different samples.  Three of the coatings have basal oriented texture of different strengths, and 
sample 3 has   

€ 

(101 4) texture.  Similarly, three of the TiC1-xNx layers have a similar (112) texture while the 
fourth has (110) texture. 

 

Table II: Summary of Microstructural Characteristics of the Coatings 

layer sample grains grain 
area, 
µm2 

major 
axis, 
µm 

minor 
axis, 
µm 

texture 

 

texture 
strength 

global, MRD 

texture 
strength 

local, MRD 

1 5538 2.1 4.85 0.67 (112)  1.4 1.6 

2 1112 1.6 3.46 0.69 (112)  1.5 1.4 

3 2611 1.13 2.59 0.62 (112)  1.3 1.9 

TiC1-xNx 

4 2050 3.34 5.03 0.79 (110)  3.1 3.2 

1 950 2.05 3.08 0.84 ~(0001)  8.8 9.2 

2 2567 3.9 3.36 1.36 ~(0001)  4.2 7.6 

3 801 1.96 2.60 0.96   

€ 

(101 4)  6.7 6.8 

Al2O3 

4 568 3.89 4.34 1.07 (0001)  5.2 9.7 

 

The elastically stored strain energy (u, the elastic strain energy per unit volume) is of interest because it 
influences the amount of work that must be done to initiate brittle failure.  The stored energy is calculated 
in the following way: 

 
    

€ 

u =
1
2

σ ij
i, j
∑ εij (i, j = 1,2,3), (1) 

where σ and ε are the stress and strain, respectively.  It is assumed that the regions with the highest 
stored elastic energy are the most likely failure sites.  Plots of the stored elastic energy in alumina are 



shown in Fig. 4.  These maps provide visual comparison of the results while the histograms in Fig. 5 
provide a more quantitative description of the elastic energy and stresses in the material.  The visual 
impression from Fig. 4 is that samples 1 and 4 have more elements with low elastic energy than samples 
2 and 3 and fewer elements with high elastic energy.  This is verified by the histogram in Fig. 5(a).  The 
stresses in these samples (shown in Fig. 5(b)) are both tensile and compressive and mostly lie in the 
range of ± 100 MPa.  Note that the distribution of thermal stresses in samples 1 and 4 is narrower than in 
samples 2 and 3. 

 

 

Fig. 4: The stored elastic energy distributions for the four alumina layers computed for ΔT = -800 K and free boundary 
conditions.  The intensity (relative) is indicated by the shading of the figure. (a), (b), (c), and (d) are for sample 1, 2, 3, 
and 4, respectively.  

 

Fig. 5: (a) Histogram of the values of the elastic energy in each element for the four alumina layers computed with free 
boundary conditions and ΔT = -800 K.  (b) Histogram of the values of the stress invariant 1 (trace of the stress tensor) 
in each element. 

 



The stored elastic energy distributions in the four coatings (with strained lateral boundaries to simulate 
the shrinking of the substrate) are shown in Fig. 6.  The images show that there is broader range of 
stored elastic energy in the alumina layer and that the elastic energy varies with the sample 
microstructure.  For sample 1, a second simulation was run using a third layer derived from the EBSD 
map of the composite substrate (see Fig. 2) that was attached below the TiCxN1-x layer.  Identical 
boundary conditions were imposed on the three-layer structure.  The stored elastic energy in the alumina 
was nearly identical in both cases, as illustrated in Fig. 7.  Based on this comparison, it was decided that 
the boundary conditions were sufficient to simulate the influence of the strain imposed by the substrate. 

 

Fig. 6: The stored elastic energy distributions for the coatings computed for ΔT = -800 K and strained lateral boundary 
conditions.  The intensity (relative) is indicated by the shading of the figure. (a), (b), (c), and (d) are for sample 1, 2, 3, 
and 4, respectively. 

 

 

Fig. 7: The elastic energy distributions for sample 1, calculated with and without the WC/Co substrate. 

 

The main component of the strain in the coatings is in the lateral direction, εxx.  This is the component of 
the strain imposed by the substrate and is tensile.  The spatial distribution of strains in the coatings is 
illustrated in Fig. 8.  The strains are all tensile.  From these images, it is clear that the largest of the 
tensile strains is in the alumina layer.  Furthermore, the distribution of strains in the alumina layers is 



much wider than in the TiCxN1-x layers and the width of the distribution varies in the different coatings.  
The distributions of strains and elastic energy densities are quantified through the histograms in Fig. 9.  
The strain in the direction parallel to the substrate (εxx) in samples 1 and 4 clearly has a lower average 
than samples 2 and 3.  This same trend is reflected in the values of the stored elastic energy (Fig. 9(b)).  
The extreme (maximum) values for samples 2 and 3 exceed those of samples 1 and 4. 

 

 

Fig. 8: The horizontal component of the strain (εxx) for the four samples.  The magnitude of the strain is indicated by the color.  
(a), (b), (c), and (d) are for sample 1, 2, 3, and 4, respectively. 

 

 

Fig. 9: (a) Histogram of the horizontal component of the strain (εxx) for the four samples, based on the data in Fig. 8.  (b) 
Histogram of the stored elastic energy of the four samples, based on the data in Fig. 7. 

 

Discussion 

To begin, we note that the real coatings contain cracks that partially relieve thermal stresses while the 
structural models used here do not contain any cracks.  Therefore, the computed stresses (2 to 3 GPa) 
exceed those in the real coatings (about 0.5 GPa).  Therefore, the results provide us with information 



about the pre-cracked state.  While it is possible to include cracks in the models, this is beyond the 
scope of the current work. 

It is believed that the extreme values of stored elastic energy are the most important because these are 
potential fracture initiations sites [7, 20-22].  The maximum values occur consistently in the α-Al2O3 layer 
as opposed to the TiCxN1-x layer, and for this reason it is concluded that the microstructure of the 
alumina layer is more important than the TiCxN1-x layer.  The larger variations in the stored elastic energy 
in α-Al2O3 occur because it is trigonal, while TiCxN1-x is cubic.  For this reason, the texture of the α-Al2O3 
layer is important in determining the residual thermal stresses.   

The calculations demonstrate that texture has two important and potentially beneficial impacts on the 
thermal stresses.  First, because alumina has uniaxial symmetry, the alignment of the [0001] axes 
reduces the misorientation stresses.  This is illustrated in Figs. 4 and 5.  The samples with the strongest 
(0001) texture (1 and 4) have a narrower distribution of misorientation stresses than samples 2 and 3.  
Furthermore, sample 3, with   

€ 

(101 4) texture, has the highest stresses.  While the strength of the texture 
is about the same as sample 2, the texture does not promote alignment of the unique [0001] axis and, as 
a result, is not as effective in reducing the misorientation stresses. 

When the alumina layers are constrained to be attached to the substrate, these same trends persist.  In 
this case, the local misorientation stresses are compounded by the macroscopic strain associated with 
the substrate.  Once again, we see that the strain and elastic energy density is lower for coatings with 
more intense (0001) texture.  In this case, the anisotropic thermal expansion anisotropy is the source of 
the reduced strain and stored energy.  Alumina contracts more in the [0001] direction than any of the 
perpendicular directions.  Therefore, the best match to the substrate can be obtained by orienting the low 
CTE directions parallel to the substrate and the high CTE direction perpendicular to the substrate so that 
the larger dimensional change occurs perpendicular to the free boundaries.  Based on these 
calculations, strong (0001) texture acts to reduce thermal stresses resulting from both local 
misorientation and conformation to the substrate. In at least one case, coatings with this texture have 
been observed to have improved resistance to wear during cutting [4].  However, because there are 
many factors that affect wear processes during cutting, and the relative role of residual stress is not 
clear, it is not currently possible to directly relate the texture to coating performance.  

One noteworthy feature of the stored elastic energy distributions is that maxima are always connected to 
pairs of grains in which there is a large misalignment of the [0001] axes.  It is these extreme points, 
rather than the mean values, that influence crack formation.  Because we are interested in the tails of the 
distribution, it is reasonable to ask is if the amount of material we are considering is a truly representative 
volume element.  With this respect to the texture, the answer is no.  This conclusion is based on the 
differences in the local and global textures (see Table II).  However, with respect to extreme values of 
the stored energy, the size of the simulation volume is probably sufficient.  It is know that the crack 
spacing in these coating is on the order of 50 microns and this is similar to the lateral size of our 
simulation. 

 

Conclusions  

The thermal strains and stored elastic energy in the α-Al2O3 layer of coatings on cemented carbide tools 
are larger than in the TiCxN1-x layer.  The mean value and distribution of stored elastic energy is 
influenced by the texture in the alumina layer.  Increased (0001) texture leads to narrower distributions of 
stored elastic energy and the lateral thermal strain.  Because the distributions are narrower, (0001) 
textured coatings have fewer extreme values of the stored elastic energy.  The results can be explained 
by the differential thermal expansions in the a and c directions.  The thermal expansion perpendicular to 
[0001] is less than the thermal expansion parallel to [0001] and, therefore, the thermal expansion 
mismatch between the alumina coating and the substrate is minimized when grains are oriented with 
[0001] perpendicular to the substrate. 
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