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CVD-coated cemented carbides are widely used for various metal cutting applications. It has been
established that the textures of the coating materials especially that of the α-Al2O3 greatly affect
the cut performance for some applications. The characterization of the coating texture is thus very
important. In this paper, inverse pole figures of α-Al2O3 based on XRD with Bragg Brentano geom-
etry were calculated for several metal cutting inserts available in the market. This method is simple,
less time-consuming and can be applied to previously collected data and is compared with that of the
EBSD. Despite several differences, IPF maps based on XRD powder diffraction represent the texture
of metal cutting inserts. © The Author(s), 2022. Published by Cambridge University Press on behalf
of International Centre for Diffraction Data. [doi:10.1017/S0885715622000197]
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I. INTRODUCTION

It is now established that the textures of the coating layers
greatly affect the cut performance of tools (e.g., Ruppi et al.,
2008). Especially for CVD coating, the textures of α-Al2O3

and MT (medium temperature)-TiCN layers have been exten-
sively studied in relation to materials properties and cut perfor-
mance in the metal cutting industry.

Coating textures are generally characterized by X-ray dif-
fraction (XRD) with texture coefficient (TC) analysis, calcula-
tion from pole figures, or by inverse pole figures (IPFs) from
electron backscatter diffraction (EBSD) data with a scanning
electron microscope (SEM). Here, the IPF is an orientation
of the sample direction mapped onto the crystal coordination
system, and such sample orientation distributions are most
instructive when the texture is nearly uniaxial, or fiber orien-
tation is expected. CVD coatings are one of these cases
since there is no preferential crystal growth in the in-plane
direction. For the TC calculations, the Harris formula
(Harris et al., 1952) has been widely used with the number
(n) of selected diffraction peaks with I and I0 being the diffrac-
tion intensity from the sample and randomly oriented speci-
men, or a given ICDD PDF card respectively as,

TChkl = Ihkl/Ihkl0

(1/n)×∑n
(hkl) (I

hkl/Ihkl0 )
(1)

The advantage of the TCmethod is that only a powder dif-
fractometer is required without a Eulerian cradle or special
optics, therefore fast measurements are possible, and historical
(existing) data taken with this geometry can be reanalyzed as
well. In most of the cases, tabulated values of TChkl for
selected (hkl) in the calculations are reported; except for
some strong textures such as (0001) for α-Al2O3, coatings

with the other textures or weaker preferred directions that
are rather difficult to be visualized from the TC tables.

Over a couple of decades, EBSD characterization using an
SEM has been popular for texture analysis in the metal cutting
industries, and not only the macrotextures, but microtextures
(such as grain boundaries misorientations) can also be charac-
terized. Most of the IPF calculations in the metal cutting
industry nowadays are based on EBSD. On the other hand,
IPF mapping using XRD TC data is less time-consuming,
and useful information can be obtained in some cases, and a
fairly large number of spectra are available in the database.
The sample is mounted in reflection geometry with its normal
parallel to the direction of interest, in the present case coating
direction, and the reflected intensities are measured with 2θ/θ
scan. The resulting (hkl) intensities are normalized to the
intensities of a standard sample with random texture or from
a chosen ICDD PDF card. The data processing up to this
point is the same as regular TC determinations as in Eq. (1).
The IPF can be constructed (Engler and Randle, 2010) by
mapping each TChkl to the stereographic surface or equal
area projection. In the IPF mapping, (hkl) datapoints are
mostly at crystallographically symmetrical points below 2θ
< 180° without extinction rules, thus generally the available
(hkl) data points are limited (mostly typical facet faces) espe-
cially for high symmetry crystal structures. In addition, for
coating analysis, the peaks are chosen which do not interfere
with peaks from the other coating phases or substrate, the
available (hkl) points are further limited, such as cubic
TiCN and TiN cases. Yet, for α-Al2O3 case, the lower crystal
symmetry (rhombohedral R�3c) results in relatively peak-rich
diffractograms, and important reflections (0006) and (00012)
are not in fully extinct conditions, thus fortunately (0001)
the basal texture can still be characterized.

To the best of author’s knowledge, there have been no or
very few attempts to evaluate IPF of CVD-based α-Al2O3

coating in the metal cutting industry using a powder X-ray dif-
fractometer. This time, α-Al2O3 IPF results are characterized
for several commercially available metal cutting inserts from
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selected vendors and compared with EBSD results. All the IPF
results presented here are in the coating directions and equal
area projections are used.

II. METHODS

A. Samples

Several commercial metal cutting tool inserts from several
vendors, produced in the past and present, were selected for
this study. All the XRD measurements were done for the
inserts in the as-received conditions. The coatings architec-
tures used here are common for many commercial products
with (WC /Co substrate)–TiN–MT TiCN–α-Al2O3 and thin

top layer TiN. For comparison studies with EBSD, we used
JEOL JSM-7100F with standard SEM settings for a polished
surface from the cross-sections.

B. X-ray diffraction measurements

A PANalytical X’Pert MPD X-ray diffractometer with Cu
Kα radiation was used for the measurements and the peak
intensities were extracted using HighScore Plus software
(Degen et al., 2014). Variable divergence slits were used to
have a constant irradiation area of 2× 10 mm2 and the intensity
was later numerically converted to a fixed slit size mode by
software. X-rays are diffracted primarily from the topmost
coating layer due to the increasing attenuation of the incident
beam with depth. The measured spectra were fit (Pawley fit)
including TiN, TiCN (multiple phases are included when nec-
essary), α-Al2O3, and WC, and the intensity of (hkil) reflec-
tions of α-Al2O3 were extracted by deconvolution. A
representative diffraction spectrum is shown in Figure 1.
Absorption from the thin TiN outermost layer was not cor-
rected since its thickness data were often unavailable. Peaks

with significant intensity overlap from other phases were not
included in the IPF calculation. As for normalization, one
must be careful with choosing an appropriate PDF reference
card where data quality and experimental conditions are
ensured, and errors in the I0 (hkil) from preferred orientations
are minimized. Thanks to ICDD reviews, ICDD star quality
reference could be found easily, and the star quality PDF
01-070-7346 was used as I0 (hkil) in this paper.

C. Calculation program

The position of (hkil) points in the IPF can be calculated
for α-Al2O3. The angle w between two planes (h1k1i1l1) and
(h2k2i2l2) can be written as,

where a and c are lattice parameters a = 4.76 and c = 12.99 Å,
respectively.

Corundum α-Al2O3 has a rhombohedral crystal structure
with space group R�3c, with Laue class of m�3. When the tex-
ture is measured by EBSD, each grain is measured with a two-
dimensional detector, the section of the projected sphere in the
IPF is considered based on Laue class m�3.

On the other hand, when we use a powder diffractometer,
the diffracted intensity is recorded as a function of one vari-
able (Bragg angle). Lattice planes such as R+ (10�14) (positive
rhombs) and R− (01�14) (negative rhombs) are nonequivalent
in this crystal system, but diffracted at the same Bragg angle,
so these planes are not separated using powder diffraction. The
powder Laue class (6/mmm) is thus used instead of Laue class
(m�3) (Pecharsky and Zavalij, 2008). This change halves the
sectors in IPF. For this reason, the 30° sector made of
(0001), (10�10), and (11�20) is used for the XRD, and 60° sector
made of (0001), (10�10), and (01�10) is used for EBSD. The 30°
sector made of (0001), (01�10), and (11�20) for the EBSD are
folded back with respect to (0001)–(11�20) to the 30° sector
made of (0001), (10�10), and (11�20) for XRD, therefore, for

Figure 1. Typical diffraction pattern from CVD-coated WC. Peak position of α-Al2O3 is shown with (hkl) index. Closely located peaks, overlapping with the
other phases, were not included in the analysis.

cosw = h1h2 + (1/2)(h1k2 + k1h2)+ (3/4)l1l2(a/c)2����������������������������������
h21 + h21 + h1k1 + (3/4)l21(a/c)

2
√ ����������������������������������

h22 + h22 + h2k2 + (3/4)l22(a/c)
2

√ (2)
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example, R+ and R− comes to the same point in XRD IPF and
the intensity sums up.

The coordinate of an arbitrary (hkil) point in IPF map
can be obtained from Eq. (2), where the zenith angle w1 is
the angle between (hkil) and (0001), and azimuth angle w2

is the angle between (hkil) and (11�2l). Then, TC of (hkil)
data points were plotted at polar coordinate (r, w2) with r =
2 tan(w1/2) for stereograph, or with r = 2 sin(w1/2) in equal
area projections. Here, special planes of basal C (0001), hex-
agonal prisms M {10�10}, A {11�20}, rhombohedrons R
{10�12}, and hexagonal bipyramid N {11�23} are denoted fol-
lowing those of a sapphire (single crystal α-Al2O3) as shown
in Figure 2. The critical resolved shear stress (CRSS) for
these planes with the given direction (slip systems) is signifi-
cantly different (Mizumoto et al., 2017; Shoja et al., 2021),
thus the crystallographic planes of the α-Al2O3 exposed on
the rake surface where the chip flows affect the cutting
performance.

The programs were coded using PYTHON3.7 using mat-
plotlib, and tricontourf to create a color map. The included
(hkil) points were selected depending on the data range and
overlap with other peaks, so the absolute intensities (which
is maximum n: number of reflections used) cannot be directly
compared unless the exact same sets of (hkil) peaks were used.
In most of the cases, the texture growth is controlled in recent
coating grades, the crystallites are oriented in one dominant
direction. For better visualization, IPFs are plotted as linear
(I), square root (

��
I

√
), and biquadratic root

��
I4

√
to visualize

the nondominant orientations. Color scale was set to [0, n
(number of reflections used)].

III. RESUTLS

A. Comparison with EBSD IPF

Two metal cutting insert grades at the flank surface were
compared with the XRD IPF map and EBSD IPF-Y map,
which correspond to the out-of-plane (growth) direction, thus
correlated to the IPF surface maps. One is C (0001) texture,
and the other is R (10�12) texture. Figure 3 shows (a) band con-
trast, (b) α-Al2O3 orientation of each grain (coating direction),
(c) IPF based on EBSD, and (d) IPF based on XRD where��
I

√
was plotted with datapoints as white dots. For the IPF,

the equal area projection is used. For both texture cases,
EBSD and XRD-based IPF are qualitatively similar. In some
cases, the construction of the IPF using XRD data results in a
problem around the edge at w1 = 90° possibly due to the absence
of some datapoints. The section angle of 60° is taken for the
EBSD IPF while 30° for the XRD IPF map as described before.

Due to the limited number of datapoints (hkil), the devia-
tion from strict (0001) texture cannot be expressed in the XRD
IPF mapping. The texture strength near the (0001) plane may
be evaluated if the reflections near (0001) such as (11�2 12), or
(11�2 15) (10�1 16) with sufficient statistics are included in the
IPF, or the rocking curves width of (0006), or (00012) may be
included, but were not studied in this paper. Shoja et al. (2021)
compared TC from XRD data and EBSD IPF maps and attrib-
uted the difference of the (01�12) texture case to the texture gra-
dient and the different sampling volume. In the present case,
the EBSD is taken from the cross-section image, therefore
there were consistent results between the XRD IPF and the
EBSD results.

Figure 2. (a) Crystallographic orientation of α-Al2O3 (c/a = 2.79), and special planes. (b) IPF map based on powder XRD, where definition of w1, w2, and
notation of R, A, M, N, and C planes. Available (hkil) points using Cu Kα diffractometer are plotted as dots in the IPF field (not necessarily used for the
present analysis). (c) IPF field based on EBSD for comparison. The crystal structure is �3 symmetry, and m�3 symmetry for EBSD based map with 60° section.
The IPF field based on powder XRD is with 30° section because of 6/mmm powder Laue symmetry.
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B. XRD Bragg Brentano method vs. EBSD

There are several characteristic differences in techniques
between XRD IPF and SEM IPF. These are summarized in
Table I.

C. Comparison studies of historical and current metal

cutting inserts

Examples of IPF mappings are shown in Figure 4, for
older and current grades, for several application ranges, for
one selected vendor. The grades are tabulated according to
the application range of steel (P) and cast iron (K) from
their publications (catalogues/URLs) using current grades
and corresponding previous grades for comparison. In the
available XRD spectral data of historical samples, the 2θ
range was often limited, so we could only use the data up to
2u ≤ 80◦ for IPF calculation. The textures were mostly A
(11�20), and/or R (01�12) textures for the previous grades
(years 2000–2010). For the current grades, basal C (0001) tex-
tures were observed as shown in IPF mapping. For the appli-
cation for roughing machining or interrupted cut, κ-Al2O3

coating were used for both the older and current grades.
From the extensive studies for α-Al2O3 based CVD coating,

the C (0001) textures are favored for some applications.
Many metal cutting tool suppliers seem to adopt (0001) tex-
tures for most of the application range.

IV. DISCUSSION

There are a couple of notes for comparison of the different
grades.

A. Outer Ti(C)N layer

The effect of outer Ti(C)N layers modified the intensity of
α-Al2O3 peak intensities by absorption. This layer is typically
1–2 μm. Intensity correction, by multiplying exp((2μTi(C )NtTi
(C )N)/sinθ) with μTi(C )N, tTi(C )N being the absorption coeffi-
cient and thickness of outer layers, respectively, may be pos-
sible, but was not studied in this paper.

B. Peak intensity evaluation method

Stylianou et al. (2019) studied the TC variation by select-
ing the different ICDD cards, integrated intensities vs. peak
height, etc. The TC values largely depend on these selections.
The strain/stress state can alter these evaluations for TChkl

Figure 3. Comparison between EBSD and XRD IPF for two grades exhibiting (a) C (basal) and (b) R (rhombohedral) texture. Note the section for the
EBSD-based IPF is 60° and XRD powder diffraction based is 30°, where XRD IPF is a folded image of EBSD IPF.

TABLE I. Comparison of the IPF between XRD powder diffraction and EBSD methods

XRD powder EBSD

Experimental Instrument Powder diffractometer SEM
Sample preparation None (nondestructive) Section/polish (destructive)
Typical measurement time 1–2 h 2–6 h

Properties of IPF for α-Al2O3 Grains counts Crystallites only contributing to XRD peaks (hkil) All the grains near cross-section
Statistics proportional to Volume fraction of the phase Cross-section of the grains
Point groups Powder Laue (6/mmm) Laue (�3m)
Section angle 30° 60°
Color map Discontinuous and relatively rough Continuous and smooth
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significantly with a rapid decrease of peak height with 2θ
when microstrain or crystallite size effects are present. The
strain and residual stress of the α-Al2O3 introduced by post-
coat processes may alter the TC results. The IPF mapping,
which is more qualitative visual representations for the pre-
sent purpose, is relatively insensitive to these variations, and
the trend of textures are still discernible. Note that errors
from the normalization may be minimized when an appropri-
ate reference PDF card is chosen; ICDD editor reviewed star
quality reference card would be a good choice since factors
influencing intensities, such as data quality and experimental
conditions, were also reviewed.

C. Statistics for the evaluation of small intensity peaks

Since the diffraction peak intensity of the random distri-
bution Ihkl0 varies with (hkl), the uncertainties of the TC for
(hkl) also varies. The uncertainty of the TC for (h0k0l0)

plane (D(TCh0k0l0 )) is proportional to the inverse of Ih0k0l00 , there-
fore, when the diffraction intensity of the random distribution
Ih0k0l00 is small, D(TCh0k0l0 ) becomes large as shown in Eq. (3)

D(TCh0k0l0 ) � 1

(1/n)×∑n
(hkl) (I

hkl/Ihkl0 )
× DIh0k0l0

Ih0k0l00

(3)

For small intensity peaks Ih0k0l00 , the background noise level
fluctuation may be translated to the large uncertainty of the tex-
ture coefficient D(TCh0k0l0 )∼ 1. To avoid this, enough statistics
need to be taken until the level of the background level is rea-
sonably flat in the range of the corresponding peaks.

D. Limitation of the hkl reflections
Another limitation is the number of points in the IPF map

is inevitably limited. This creates rather rough color mapping.

Figure 4. Comparison of the IPF for a vender A, previous and newer grade with different application ranges.
��
I

√
is plotted for XRD IPF. Previous grades of A, R

textures were replaced by C texture for newer grades for these application ranges.
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For the α-Al2O3 case, the points are denser along (11 l ), and
(10 l ) lines, and the center region is scarce. It might be possi-
ble to measure rocking curves of several peaks and estimate
the sharpness of each reflection and incorporate this informa-
tion in the map (Vaudin et al., 2001).

V. CONCLUSION

Despite several differences, IPF maps based on XRD
powder diffraction qualitatively represents the texture of
metal cutting inserts. The textures of α-Al2O3 can be mostly
classified as C (basal), R (rhombohedral), and A (pyramidal)
planes in the direction of coatings. We could include all these
typical planes into the analysis, which may be a reason we
could obtain qualitatively good agreement between XRD
and SEM results. The XRD powder diffraction-based IPF is
a quick method and useful for the metal cutting industries
for α-Al2O3 coatings. In particular, when the intensity was
plotted as I,

��
I

√
, and

��
I4

√
, the crystal orientation of nondomi-

nant direction can also be discernible. This work will further
be investigated with the relations with cut performance and
application range and historical transition.
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