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a b s t r a c t

The microstructures of chemical vapor deposited coatings on four tool inserts have been comprehen-
sively characterized using electron backscatter diffraction mapping. Nanoindentation was used to mea-
sure the hardness of the TiCxN1!x and a-Al2O3 layers in each coating. The TiCxN1!x layers have weak
[112] or [101] textures in the growth direction and are highly twinned. In these layers, coherent twins
make up 13%–20% of the total grain boundary length. The alumina layers have ½10 !14# or [0001] textures
in the growth direction that are 4.2–8.8 times random. The hardest coatings consist of highly twinned
TiCxN1!x layers with weak [112] texture and a-Al2O3 with strong ½10 !14# texture.

! 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Many of the cemented carbide cutting tool inserts used today
have multilayer coatings that enhance their performance, durabil-
ity, and wear resistance. These coatings have a wide range of struc-
tures and compositions and can be deposited by physical vapor
deposition or chemical vapor deposition (CVD). In the present pa-
per, we focus on TiCxN1!x ||a-Al2O3||TiN coatings deposited by
CVD, where 0.3 < x < 0.5. In these coatings, the TiCxN1!x and
a-Al2O3 layers are each less than 10 lm thick and the TiN capping
layer is approximately 1 lm thick. These coatings are representa-
tive of the most commonly used coatings in the US and western
Europe [1].

Coatings on cutting tool inserts are deposited at elevated tem-
perature and differential thermal expansion during cooling usually
leads to the formation of vertical cracks and weak residual tensile
stresses [1]. Early studies of structure property relationships in
these coatings have shown that these films usually have columnar
grain structures and that reduced grain sizes were associated with
increased microhardness and abrasive wear resistance [2]. The
hardness exhibits an approximate Hall–Petch relationship with
the grain size [2]. The effect of crystallographic texture in the coat-
ings is less well understood. Existing data on texture has been de-
rived from X-ray diffraction and, for example, it has been reported
that the TiCxN1!x layer in certain coatings has weak [220] texture
[3]. Other moderate temperature CVD TiCxN1!x coatings have been
reported to have twinned, columnar microstructures with [112]

texture [4]. The alumina films can be prepared with a range of tex-
tures and is has been shown that coatings with ½10 !14# texture
have superior wear resistance [5–7].

The goal of the present paper is to comprehensively character-
ize the microstructures of four coated tool inserts to see if the
microstructural characteristics can be related to measured hard-
ness values. Orientation maps derived from electron backscatter
diffraction (EBSD) data are used to measure the grain sizes and
shapes, the distribution of grain orientations, and the distribution
of grain boundary misorientations. Hardness values are obtained
from nanoindentation experiments. We find that the TiCxN1!x lay-
ers have weak [112] or [101] textures and a very high population
of twins. The alumina layers have relatively stronger texture with
preferred ½10 !14# or [0001] orientations. There are no dominant
correlations between the hardness and the grain size or the hard-
ness and microtexture. However, the hardest alumina coatings
have ½10 !14# orientation texture and small grain sizes. The hardest
TiCxN1!x coatings have a small grain sizes, [112] texture, and a
high density of twins.

2. Experimental details

The tool inserts were ground and polished in two ways to allow
for both microstructural characterization and hardness measure-
ments (see Fig. 1). The first section plane, labeled 1, creates a cross
section of the insert so that each component of the multilayer coat-
ing can be observed perpendicular to the growth direction. Note
that the reference frames for the images of the cross sections, in
Figs. 2, 4a, and 5, are rotated by 90", clockwise, with respect to
Fig. 1c. The second section plane, labeled 2 in Fig. 1b, was polished
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at an approximate angle of 2" with respect to the surface of the
coating so that when viewed from the top, extended regions of
each layer are visible, as depicted in Fig. 1d. Both sections were
prepared by first grinding with abrasives from 200 to 1600 grit
size, then by polishing with 3 lm and 0.5 lm alumina slurries.

Grain orientation measurements by EBSD were challenging be-
cause of charging. Without a conductive coating, the EBSD patterns
were unsatisfactory for indexing. On the other hand, if the coating
is too thick, the surface of interest is obscured. The ideal carbon
coatings were deposited in a vacuum of 0.7 $ 10!1 atm from a
heated carbon filament. The carbon fiber was preheated with con-
stant power for 1 s, and then a pulsed signal was applies for 5 s to
deposit the coating.

All EBSD maps were measured using an orientation imaging
microscopy (OIM) system (EDAX, Inc.) incorporated in a Phillips
XL40 FEG scanning electron microscope (SEM). The samples were
tilted to an angle of 60" with respect to the beam and patterns
were recorded using an accelerating voltage of 20 kV. Orientation
data were recorded at spatial intervals of 50 nm for samples 1
and 2 and 100 nm for samples 3 and 4. The data were processed
and analyzed using OIM software version 4.6. The grain orientation
data was processed to remove spurious observations using the
‘grain dilation clean-up’ procedure in the software. In this process,
the grain tolerance angle was fixed at 5" and the minimum grain
size was set at 12 pixels. Finally, the orientations within each grain
were averaged so that there was a single orientation per grain. To
obtain suitable statistics for the texture analysis, multiple adjacent
images were collected along the length of the exposed films. The
data sets for the TiC1!xNx layers were made up of at least 2000
grains. For the alumina layers, the data sets were made up of at
least 560 grains (see Table 1 for details). Data sets of this size are
sufficient to determine the texture with greater than 90% confi-
dence [8].

The OIM analysis software was then used to extract more than
5000 boundary line traces from each TiCxN1!x layer. The grain
boundary segments in each sample are classified in the following
way. If the misorientation is within Brandon’s [9] criterion (8.7")
of the ideal R3 misorientation (60" of disorientation about the
[111] axis), and the surface trace of the boundary is within 10"
of orientation of the coherent twin (both grains terminated by
(111) planes), it is classified as a coherent twin. If the misorienta-
tion is within Brandon’s criterion of the ideal R3 misorientation,
but the surface trace of the boundary is more than 10" from the ori-
entation of the coherent twin, then it is classified as an incoherent
R3. If the boundary does not meet the Brandon criterion, it is con-
sidered a random boundary. It should be noted that some of the

incoherent R3s have traces that are coincidentally within the 10"
tolerance and will be incorrectly classified as coherent. This leads
to a small overestimation of the coherent twin population and an
underestimation of the incoherent R3 population.

The greatest number of line segments (22,420) were extracted
from sample 1 and these were used to calculate the grain boundary
plane distribution for the R3 misorientation using a procedure de-
scribed previously [10,11]. It should be noted that while the data

Fig. 1. Schematic illustration of the geometries of the sections used to study the
tool inserts. (a) Macroscopic structure of the insert, with the area of interest marked
by an oval. (b) Cross section illustrating the two section planes, labeled 1 and 2 and
marked by dashed lines. Note that the dimensions of features in this schematic are
exaggerated for clarity and not to scale. (c) Schematic view of the coating in cross
section and (d) the low angle polish used for the hardness measurements.

Fig. 2. Inverse pole figure maps for the TiCxN1!x layers in (a) sample 1, (b) sample 2,
(c) sample 3, and (d) sample 4. Each color corresponds to a crystal orientation,
defined in the inset key. The scale in (c) is the same in all three maps.
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set is not extensive enough to determine the grain boundary plane
distribution at all misorientations, there are more than 3400 traces
from R3 grain boundaries so the plane distribution at this particu-
lar misorientation is reliable.

The grain shapes and sizes were analyzed using Image J, a pro-
gram developed by National Institutes of Health [12]. In this anal-
ysis, grains from the orientation maps are fitted to ideal elliptical
shapes and the geometric properties of these ellipses are then cal-
culated to determine the average area and the average dimensions
of the major and minor axes.

Hardness measurements were made using a nanoindenter 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 determined using the stan-
dard practice for instrumented indentation testing [13]. For all of
the measurements, the indenter approach rate was 25 nm/s. Once
the indenter contacted the surface, the load on the sample in-
creased 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 in-
denter was withdrawn at twice the loading rate. The maximum
depth of indentation was 2 lm. Indentations on coatings invariably
probe both the top layer and the underlying layers. In an attempt
to assess the influence of the underlayers, samples were polished
at an %2" angle with respect to the substrate orientation. When
moving laterally across the surface from the substrate to the top-
most layer, the sequential indents probe progressively thicker lay-
ers. At each position, 10–15 indents were made and the values
reported are the means and standard deviations of these
measurements.

3. Results

Inverse pole figure maps for the TiCxN1!x layers are shown in
Fig. 2. Note that the growth direction is vertical. The grain colors
correspond to the orientations defined in the key. Black areas and
areas with speckled contrast at the tops and bottoms of the maps
represent areas where patterns were not indexed. With a step
size of 50 nm and a minimum grain size of 12 pixels, grains with
diameters smaller than 200 nm cannot be detected, so the fine
grained transition regions at the tops and bottoms appear black
or as discrete speckled orientations. Within the bulk of the films,
the grains are columnar in shape and are aligned along the
growth axis. Average grain areas and the average dimensions of
the major and minor elliptical axes are summarized in Table 1.
Sample 3 has the highest aspect ratio (%9) and Sample 2 has
the lowest (%5). However, it should be noted that the minor ellip-
tical axis is essentially the same in samples 1 and 2; the greater
aspect ratio of the grains in sample 1 derives from the fact that
the coating is thicker and, therefore, the average major elliptical
axis is longer.

Inverse pole figures for the TiCxN1!x layers are shown in
Fig. 3. These figures are drawn with respect to the growth direc-
tion, [100]. Therefore, they show the relative frequency of crys-

tal plane normals that are parallel to the growth direction, in
multiples of a random distribution (MRD) units. All of the tex-
tures are relatively weak and all of the peaks indicate a prefer-
ence for orientations that are perpendicular to the [111]
direction, along the arc of the great circle that connects [112]
to [101]. In samples 1 and 2, there is a nearly continuous distri-
bution along this arc. In sample 3, the peak is more concentrated
at the [112] orientation and in sample 4 it is concentrated at the
[101] orientation. For simplicity, the textures in sample 1 and 2
are referred to as [112], the position of the maximum, even
though there is actually a range of preferred orientations.

Inspection of the misorientation distribution function for the
TiCxN1!x coatings (not shown) revealed a strong peak for the mis-
orientation of 60" about the [111] axis. In coincident site lattice
notation, this is a R3 grain boundary. In the case that both planes
on either side of the grain boundary are (111), this is a coherent
twin. The image in Fig. 4a shows the microstructure of sample 1
(these are the same data as in Fig. 2a), where the contrast corre-
sponds to the image quality associated with the EBSD patterns.
Therefore, there is relatively lighter contrast within the grains
and darker contrast at the grain boundaries. Those grain bound-
aries that have a R3 misorientation are marked by red lines. More
often than not, these lines are straight. We find that 28% of all the
grain boundary length is of the R3 type and that 20% of all grain
boundary length has both the R3 misorientation and has trace ori-
entations that are consistent with the coherent twin. This is re-
flected in the distribution of grain boundary planes illustrated in
Fig. 4b. The peak at the (111) position (of 760 MRD) shows that
there are many more twins than one would expect if grain bound-
aries occurred randomly. The twin content, as a fraction of grain
boundary length, is higher in sample 1 than in the other samples.
The twin population in each of the samples was analyzed and
the results are summarized in Table 2.

Inverse pole figure maps for the a-Al2O3 layers are shown in
Fig. 5. Once again, the grains are columnar in shape and are aligned
along the growth axis. The aspect ratios of these grains are smaller
than for those in the TiCxN1!x layer. The grains in sample 3 appear
to be the most columnar and have higher aspect ratios, while those
in sample 2 are the most equiaxed. The one common feature
among these coatings is the apparent texture. Based on the grain
coloring, there is an obvious preference for prismatic grain
orientations.

The inverse pole figures for the alumina layers in Fig. 6 show
relatively strong textures. Once again, these figures are plotted
with reference to the growth direction and indicate that the
[0001] crystal axis is approximately aligned with the growth
direction. For samples 1 and 2, the peak of the distribution is actu-
ally inclined with respect to [0001] and is more accurately de-
scribed as ½10 !14#. X-ray diffraction measurements of sample 1
were consistent with this assignment (although it should be men-
tioned that the angle between [0001] and ½10 !14# is approximately
5"). On the other hand, for samples 3 and 4, the preferred orienta-
tion is [0001]. Furthermore, it should be noted that the intensity of

Table 1
Summary of Microstructural Characteristics and Hardness for Coatings

Layer Sample Grains Grain area (lm2) Major axis (lm) Minor axis (lm) Texture orientation/MRD Mean hardness, (GPa)

TiC1!xNx 1 5538 2.1 4.85 0.67 {112} 1.4 21.8 (0.8)
2 1112 1.6 3.46 0.69 {112} 1.5 20.8 (1.0)
3 1996 1.93 4.83 0.54 {112} 1.9 21.7 (0.7)
4 2050 3.34 5.03 0.79 {101} 3.1 20.3 (0.7)

Al2O3 1 950 2.05 3.08 0.84 {10!14} 8.8 24.6 (2.2)
2 2567 3.9 3.36 1.36 {10!14} 4.2 24.2 (1.3)
3 1151 3.95 4.79 0.99 {0001} 6.8 22.3 (1.2)
4 568 3.89 4.34 1.07 {0001} 5.2 21.1 (1.4)
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texture differs in the different specimens. Sample 1 has the stron-
gest texture, sample 2 has the weakest texture, and samples 3 and
4 have intermediate values.

Hardness measurements were conducted on samples polished
at an %2" angle, as illustrated in Fig. 1d, and the results are shown
in Fig. 7. The image at the top of the figure is a montage of optical

micrographs of sample 1, recorded after the hardness measure-
ments. Each phase in the coating has a distinct appearance and
the location of the indent confirms the origin of the hardness data.
Here we will attempt to interpret only the data from the TiCxN1!x

layer (positions 4, 5, and 6) and the a-Al2O3 layer (positions 8, 9
and 10). The values at each of these two sets of positions were
averaged to determine the mean values of hardness reported in
the final column of Table 1. With few exceptions, mean hardness
values from comparable positions on different coatings do not dif-
fer by more than a standard deviation. However, there are clear
trends in the mean values that appear to be significant. For exam-
ple, the hardness values for the alumina layer of sample 1 are al-
ways larger than those of samples 3 and 4. In the next section,
we attempt to draw correlations between these trends and the
characteristics of the microstructure.

4. Discussion

The coatings examined in this work have a range of microstruc-
tural characteristics and this variability makes it possible to test
ideas about the links between coating structure and coating prop-
erties. One interesting feature of the microstructure of the TiCxN1!x

layers is the high density of twins. This observation is consistent
with the TEM results reported earlier [4]. The scope of the current
measurements allows us to quantify the twin content of different
films. This analysis reveals an inverse correlation between the frac-
tional length of the twins and the strength of the texture; the
strength of the texture is highest in sample 4, which also has the

Fig. 4. (a) Image quality map of the TiCxN1!x layer in sample 1. Dark contrast
corresponds to poor image quality that is characteristic of patterns recorded at
grain boundaries. The red lines denote R3 type grain boundaries. (b) The
distribution of grain boundary planes for the R3 grain boundaries. The distribution
is plotted on a stereographic projection. The peak is at the position of the
misorientation axis, [111], indicates a high fraction of pure twist grain boundaries
with (111) planes on either side of the boundary. This geometry corresponds to the
coherent twin.

Fig. 3. Inverse pole figures for the TiCxN1!x layers (a) sample 1, (b) sample 2, (c)
sample 3, and (d) sample 4 with [100] (the growth direction) as the reference.
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fewest twins. Twins tend to randomize the texture because if one
grain takes the preferred orientation, the twinned grain is neces-
sarily misoriented by 60".

There is also an interesting relationship between the twinning
and the spreading of the preferred orientations along the [111]
zone. Because most of the twin boundaries are parallel to the
growth direction, and these boundaries have (111) orientations
in the crystal reference frame, the adjoining crystal orientations
with respect to the growth direction must be perpendicular to
[111], which places them in the [111] zone. This suggests a reason
for the spreading of orientations along the [111] zone, especially in
samples 1 and 2. It also suggests that the crystals must originally
nucleate with orientations in the [111] zone, such as [101] or
[112], and that twins grow from these nuclei.

One issue in evaluating the hardness of the different layers is
that the underlying substrate and other layers necessarily influ-
ence the measurement. In the measurements presented in Fig. 7,
the coating has a different thickness at each location. For example,

at position 4, the TiCxN1!x layer is the thinnest and will be most
strongly influenced by the substrate. At position 6, on the other
hand, the layer is the thickest and the least influenced by the sub-
strate. In all cases, the substrate has a lower hardness than the
TiCxN1!x, so it is interesting that the hardness rises to its highest
value when the layer is thin and decreases as the TiCxN1!x layer
gets thicker at positions 5 and 6. A plausible reason for this is that
the grains in the thinner region are smaller than those in the thick-
er region and, therefore, the film is harder. The grains are obviously

Fig. 5. Inverse pole figure maps for the a-Al2O3 layers in (a) sample 1, (b) sample 2,
(c) sample 3, and (d) sample 4. Each color corresponds to a crystal orientation,
defined in the key to the left. The scale in (c) is the same in all three maps.

Table 2
Twin Populations in TiCxN1!x coatings

Number statistics% Length statistics%Sample

Non-R3 R3 Twins Non-R3 R3 Twins

1 84 15 6 72 28 20
2 86 14 7 75 25 19
3 84 16 7 80 20 13
4 83 16 5 77 23 13

Fig. 6. Inverse pole figures for the a-Al2O3 layers. (a) sample 1, (b) sample 2, (c)
sample 3, and (d) sample 4 with [100] (the growth direction) as the reference.
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smaller along the major elliptical axis, because part of the coating
has been removed. They are also smaller along the minor elliptical
axis because the grains are smaller in the nucleation layer and gen-
erally become wider as the film gets thicker (see Fig. 2). To test this
idea, the microstructure of the TiCxN1!x layer of sample 1 was di-
vided into three layers of equal thickness and ellipses were fit to
the grain in each of these sublayers. For the portion closest to
the substrate, where the hardness is the highest (22.6 GPa), the
average grain area was 0.2 lm2. For the middle region it was
0.24 lm2 and for the region furthest from the substrate, where
the hardness was the lowest (21.1 GPa), it was 0.27 lm2. The hard-
ness tends to increase with thickness in the alumina layer (posi-
tions 8 through 10 in Fig. 7), as one would expect for a hard
layer on a relatively softer layer.

One of the microstructural characteristics that can be expected
to influence the hardnesses of the coatings is the grain size, by the
well-known Hall-Petch effect. Because these coatings are colum-
nar, the average length of the major elliptical axis is principally
determined by the thickness of the coating. As there is no obvious
relationship between the thickness of the film and its hardness, we
assume that it is the dimension of the minor elliptical axis that is
important. For the TiCxN1!x layer, the coating with the largest min-
or axis (4) does have the lowest mean hardness. However, the coat-
ing with the smallest average minor axis (3) has a hardness
comparable to sample 1, which has a somewhat larger grain size.
It should be noted that the variation in the TiCxN1!x hardness
among the coatings is not as great the thickness dependence with-
in a single coating. For the alumina layer, the differences in the
hardnesses of the coatings are more significant. Once again,
the hardest coating has the smallest grain size, but only three of
the four observations follow the expected correlation between
grain size and hardness. These observations suggest that there
are factors other than the grain size that are influencing the hard-
ness of these coatings.

A second microstructural characteristic that can influence
hardness is the texture. For example, the effective elastic modulus
is different along different directions. If the material is textured

with soft or stiff directions perpendicular the growth surface,
the hardness of the film will be influenced. For materials with
anisotropic thermal expansion, such as alumina, thermal stresses
are very sensitive to the texture and such stresses can also influ-
ence the hardness of coatings. In general, increased texture leads
to a reduction in the level of thermal stresses [14,15]. Therefore,
both the strength of the texture and the orientation are poten-
tially important parameters. In the data presented here, there is
no apparent correlation between the strength of the texture and
the hardness. Instead, the notable trend appears to be with the
type of texture. For the TiCxN1!x layer, the softest layer is the
one exhibiting [101] texture and the harder ones have [112] tex-
tures. For the alumina layers, the two layers with ½10 !14# texture
are harder than those with [0001]. It is noteworthy that in pre-
vious work, this was the texture that was found to exhibit supe-
rior wear resistance [6].

Finally, it is worth commenting on the possible role of twins in
the microstructure. Twin grain boundaries have compact atomic
structures and very low energies. Therefore, they are expected to
resist grain boundary fracture more than general boundaries and
this may lead to higher hardness. While once again there is no dis-
tinct trend, the hardest TiCxN1!x layer has the highest twin density
and the softest TiCxN1!x layer has the lowest twin density. There-
fore, it is possible that the twins make a positive contribution to
the coating hardness. If so, there is an interesting parallel with
FCC structured metals and alloys where it has been demonstrated
that higher densities of twins leads to improved resistance to cor-
rosion and mechanical damage [16].

5. Conclusion

The microstructures of four CVD deposited coatings have been
comprehensively characterized. The TiCxN1!x layers are highly
twinned, with coherent twins making up 13%–20% of the grain
boundary length. The alumina layers have ½10 !14# or [0001] tex-
tures that are 4.2–8.8 times random. There are no dominant corre-
lations between the hardness and the grain size or the hardness
and microtexture. However, the hardest alumina coatings have
½10 !14# orientation texture and small grain sizes. The hardest
TiCxN1!x coatings have a small grain sizes, [112] texture, and a
high density of twins.
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