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Abstract

Nano-sized clusters consisting of strongly preferentially oriented, partially coherent nanocrystallites were observed in Cr—Al-N and Cr—Al—
Si—N coatings deposited using cathodic arc evaporation. Microstructure analysis of the coatings, which was done using the combination of X-ray
diffraction (XRD) and transmission electron microscopy with high resolution (HRTEM), revealed furthermore stress-free lattice parameters, size
and local disorientation of crystallites within the nano-sized clusters in dependence on the aluminium and silicon contents, mean size of these
clusters and the kind of structure defects. Within the face-centred cubic (fcc) Cr; -, , AL Si,N phase, the stress-free lattice parameter was described
by the equation a=(0.41486—0.00827 -x+0.034 - y) nm. The size of individual crystallites decreased from ~ 11 nm in Crj 95AlgogN to ~4 nm in
Cro.24Alg ¢5Sig 19N. These nanocrystallites formed clusters with the mean size between 36 and 56 nm. The mutual disorientation of the partially
coherent nanocrystallites forming the clusters increased with increasing aluminium and silicon contents from 0.5° to several degrees. The
disorientation of neighbouring nanocrystallites was explained by the presence of screw dislocations and by presence of phase interfaces in coatings

containing a single fcc phase and several phases, respectively.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The relationship between the microstructure and properties of
nanocrystalline coatings or thin film nanocomposites, which are
based on nitrides of transition metals, is the main topic of many
studies. This is also true for chromium nitride coatings, which
contain additionally aluminium and silicon. The Cr—Al-N and
Cr—Al-Si—N coatings are used with benefit in special industrial
applications, e.g. for punching of perforated sheets [1], as super-
elastic coatings for high end spindle bearings [2] or as thermal
barriers redirecting the heat from the cutting tool into the chip
[3]. In these applications, the microstructure and properties of
the Cr—Al-N and Cr—AI-Si—N coatings are frequently tailored
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by varying their chemical composition that influences primarily
their phase composition [4—7]. For prediction of the phase
composition in transition metal aluminium nitrides, Makino [6]
published a theoretical approach that uses the band parameters
method, which is based on the concept of the localized electron
theory. For the face-centred cubic (fcc) Cr;_,ALN, this ap-
proach yielded the maximum aluminium contents of x=0.772.
Experiments performed on the Cr—Al-N coatings deposited
using magnetron sputtering [4] yielded the maximum aluminium
contents between x=0.67 and 0.75. Cr—AI-N coatings depos-
ited using rf-assisted magnetron sputtering [5] were composed of
the single fcc phase up to x=0.7-0.8. The second phase, which
forms above the solubility limit of aluminium in fce Cr; - , AL N,
is AIN with the wurtzite crystal structure. Many applications of
the CrN and Cr—Al-N coatings exploit their high oxidation
resistance [3,8]. The onset of the oxidation in CrN is typically
above 700 °C; the exact temperature of the beginning oxidation
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depends on the microstructure of the coatings [8]. Increasing
aluminium contents improves the oxidation resistance of fcc (Cr,
Al) N [9-12]. Reiter et al. [11] observed the onset of a rapid
oxidation above 950 °C and 1000 °C for coatings with the
chemical COInpOSitiOIlS Cr0,79A10,21N and Cr0_54A10.46N,
respectively.

As for other nanocomposites [ 13—15], the crystallite size and
the morphology of the internal interfaces are the most important
factors influencing the mechanical properties of Cr—Al-N and
Cr—Al-Si—N nanocomposites. This is true particularly for their
hardness, as the high hardness in nanocomposites is usually
explained by a high elastic recovery of the material and by a
high resistance against crack formation [16] or by prevention of
the grain boundary sliding [17,18]. The relationship between
crystallite size in stoichiometric CrN coatings and their hardness
was described in detail by Mayrhofer et al. in [19], who has
shown that the hardness of CrN coatings obeys the Hall-Petch
relationship up to approximately 15 nm. In smaller crystallites,
the hardness decreased. Like in the Ti—Al-Si—N system, the
addition of silicon into Cr—AIl-N improves the hardness of the
nanocomposites. Approximately 9 at.% of Si was regarded as an
optimum silicon concentration that increased the hardness of
CrN from ~23 GPa to ~35 GPa and the hardness of Cr—Al-N
from ~25 GPa to ~55 GPa [20]. Frequently, nanocomposites
form during a decomposition process [6,21-28], which is anti-
cipated to be accelerated by the presence of silicon, particularly
in the Ti—Al-Si—N system. It was verified by first-principle
calculations [29,30] that in Ti—Si—N the neighbouring TiN
nanocrystallites can be connected by a slab of silicon nitride. An
analogous inter-connection of neighbouring nanocrystallites of
fce-(Ti, Al) N and hexagonal AIN having similar inter-planar
spacings was observed experimentally in Ti—Al-Si—N nano-
composites [31]. Such an inter-connection or inter-twinning of
nanocrystallites was anticipated to be responsible for forma-
tion of local intrinsic stresses at the crystallites boundaries
and thus for an additional increase of the hardness in these
nanocomposites.

A very important experimental tool in description of the inter-
twinning of neighbouring crystallites was the effect of the partial
crystallographic coherence [32], which was exploited to deter-
mine small mutual disorientations of nanocrystallites. As
discussed in [32], partially coherent nanocrystallites produce
broad reciprocal lattice points. The size of the reciprocal lattice
points that is related to the broadening of X-ray diffraction lines is
reciprocally proportional to the crystallite size. Broad reciprocal
lattice points overlap partially each other at small disorientations
of the neighbouring crystallites. The overlap of the reciprocal
lattice points from neighbouring crystallites is perfect at the origin
of the reciprocal space, where the size of the diffraction vector
q= 4 sin 0 (1)

A
is equal to zero. With increasing length of the diffraction vector,
the overlap of the reciprocal lattice points decreases until it
disappears [31]. In Eq. (1), A is the wavelength of X-rays and 0
the diffraction angle. The partial overlap of the reciprocal lattice
points corresponds to the coherence of X-rays scattered by the

related crystallites, thus it causes a “narrowing” of the broad
diffraction lines from nanocrystallites (or it reduces the line
broadening in nanocrystallites). An interpretation of this effect in
the direct space is that the X-ray scattering cannot distinguish the
partially coherent crystallites from each other. Therefore, partially
coherent crystallites appear consequently larger than they are in a
diffraction experiment. The apparent size of the crystallites varies
with the size of the diffraction vector because the overlap of the
reciprocal lattice points and the remaining XRD line broadening
vary with the size of the diffraction vector. From the dependence
of the diffraction line broadening on the size of the diffraction
vector, two limiting quantities related to the apparent size of the
crystallites can be calculated and assigned to the microstructure
features, which can be verified by transmission electron micros-
copy (TEM): the size of individual nanocrystallites [32] and the
size of clusters, which are composed of these nanocrystallites
[33]. A requirement for the partial coherence of crystallites is that
they have a similar crystallographic orientation. The maximum
disorientation of partially coherent nanocrystallites is about 1° for
the crystallite size of approximately 10 nm. Some examples are
given in Section 3.

In this contribution, the phenomenon of the partial coherence
of crystallites is employed to determine the size of clusters of
partially coherent nanocrystallites, the average size of the nano-
crystallites and their mutual disorientation in Cr—Al-N and Cr—
Al-Si—N coatings containing a single phase or several phases,
which are important parameters and features that can be used for a
quantitative description of the microstructure of the coatings. In
coatings containing several phases, the above features were used
to describe quantitatively the microstructure of the coatings in
terms of the models, which were derived or used, for instance, in
Refs. [13-16,22,31,34—38]. These microstructure models assume
the presence of at least two phases in the coatings and describe
spatial distribution of the phases and/or the atomic ordering at
the interfaces between different phases. In Cr—Al-N coatings
containing a single phase, in which the same microstructure
features were found like in the samples containing several phases,
i.e. the clusters of partially coherent crystallites, the formation of
these clusters was explained by the development of screw
dislocations that were observed using TEM.

2. Experimental details

The Cr—Al-N and Cr—AIl-Si—N coatings were deposited
using cathodic arc evaporation (CAE) in nitrogen atmosphere at
the working pressure of 1.3 Pa from two laterally rotating arc
cathodes (w-80 from PLATIT) [39]. One cathode was made of
chromium, the second one either from pure aluminium (for
deposition of the Cr—AI-N coatings) or from aluminium
containing 11 at.% Si (for deposition of the Cr—Al-Si—-N
coatings). The ion current on the Cr cathode was 80 A, the ion
current on the Al or Al-Si cathode 120 A. The bias voltage was
—75 V in all cases. Polished plates of cemented carbide were
used as substrates. The base pressure was 5x10 > Pa, the
deposition temperature approximately 450 °C. In order to obtain
a series of samples with a variable [Cr]/[Al] or [Cr]/([Al]+[Si])
ratio in one deposition run, the positions of individual samples
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did not change during the deposition process, i.e. the samples
were not rotated unlike in technical deposition processes. The
distance between the respective cathode and the respective sub-
strate defined the chemical composition of individual coatings as
discussed in Refs. [7,40].

The chemical composition of the Cr—Al-N and Cr—Al-Si—N
coatings was determined using the electron probe microanalysis
with wavelength-dispersive spectroscopy of characteristic
X-rays (EPMA/WDS). Energy of the primary electrons in
EPMA was 12 keV. High-purity Cr, Al and Si (99.999 %) were
used as calibration standards together with BN, Fe,N and Fe4N.
The stoichiometry ratios in individual samples are given in
Tables 1 and 2 as averaged over 40 points measured across each
sample. The maximum difference in the concentration of the
analysed elements, i.e. Cr, Al, Si and N, within the individual
samples was 2 at.%. The nitrogen contents was (54+3) at.% in
all samples under study, which can be regarded as 50 at.% within
the statistical spread in the experimental data. The stoichiometric
composition of the samples regarding the nitrogen concentration
was anticipated as based on the phase diagram of the Cr—N
system [41] and confirmed by the electron probe microanalysis
done on the Cr—Si—N thin films in [42]. The oxygen contents in
the samples were below 0.1 at.% as discussed in [7]. Although
aluminium and silicon were deposited from the same cathode,
the [Si]/[Al] ratio in the coatings increased with decreasing
chromium contents, i.e. with decreasing distance between the
Al-Si cathode and the substrates in this deposition geometry.
The hardness of the coatings, which is listed in Tables 1 and 2,
was calculated from the indentation load—displacement curve
[43] measured in 10 points per sample using a computer-
controlled Fischerscope H100 microhardness tester. The max-
imum load of 70 mN, which was recommended for super-hard
coatings in [44], was reached in 20 s. The unloading time was
20 s as well. The maximum indentation depth ranged between
0.3 and 0.4 um, which are below 10% of the thickness in most
coatings (compare thickness of the coatings given in Tables 1
and 2). The systematic variation of the thickness is caused by
different distances between the cathodes and the substrates,
which influences, besides the chemical composition, also the
growth rate.

Phase composition of the coatings, stress-free lattice para-
meters, size of crystallites, size of clusters of partially coherent
crystallites and the mutual disorientation of the partially coherent
crystallites in the clusters were concluded from X-ray diffraction
experiments that were performed in the glancing-angle X-ray

Table 1
Chemical composition, thickness and hardness of the Cr—AI-N coatings

Hardness [GPa]

Chemical composition Thickness [pm]

Cro.023)Alg.0s (1) N 3.3+0.1 23.1+1.4
Cro.833)Alo.17 )N 5.0+0.1 25.7+1.4
Cro.753)Alg.2s 3)N 5.6+0.1 28.0+1.2
Cro.sa3)Alg.a6 ()N 7.2+0.1 36.3+1.4
Cro463)Alg.s4 )N 6.3=0.1 38.1+1.8
Cro302)Alo.70 3)N 5.4+0.1 383+1.7
Cro.0s(1)Alo.o1 3)N 44+0.1 31.6+1.2

Table 2
Chemical composition, the [Si]/([Al]+[Si]) ratio, thickness and hardness of the
Cr—Al-Si—N coatings

Chemical composition [Si]/([Al]+[Si]) Thickness[um] Hardness [GPa]

Crooi AloosySioooryN  (8.1£1.5)%  4.5£02 27.7+0.7
CrosasAlo1soSioonssm N (8.1£2.1)% 6302 29.6+12
Croso3) Alo2sSioora N (8.6£1.6)%  7.9+0.3 34.4+1.6
Crosa3) Aloas@Siooaon N (10.1£0.8) %  8.7+0.3 41505
Croa03)Alo.saSiooreN (12.9£1.3)%  8.6+0.3 445417
Croaa Aloss@SiotoamN (13.5£1.2) %  7.5£0.3 39.1+1.3
CI'().()7(])A1().31(3)Si0_1]g(7)N (127i09) % 3.6+0.2 34.9+0.7

diffraction (GAXRD) geometry on a D8 diffractometer from
Bruker AXS. In these diffraction experiments, copper radiation
from a sealed X-ray tube was reflected by a parabolic Goebel
mirror and directed to the sample surface. The angle of incidence
was kept constant at 3°. Diffracted radiation was registered by a
scintillation detector, which was preceded by a Soller collimator
with the acceptance of 0.12° and by a flat LiF monochromator.
The LiF monochromator located in the front of the detector
changed the K,,/K, intensity ratio to 0.08. Additional mea-
surements of the stress-free lattice parameter using the sin’y
method were carried out with an Eulerian cradle mounted on a
PTS diffractometer from Seifert. High-resolution transmission
electron microscopy (HRTEM) was done on a 200 kV analytical
high-resolution transmission electron microscope JEM 2010
FEF from Jeol equipped by ultra-high-resolution objective lens
(Cs=0.5 mm) and in-column energy filter. The latter was used to
select only the elastic electrons for the HRTEM image formation.
The analysis of the dislocation structures was performed using
the diffraction contrast in the bright field image. The specimens
for TEM were prepared in the plane-view orientation, which is
more convenient for a direct comparison of the XRD and
HRTEM results. The coatings were first removed from the
substrates, mechanically pre-thinned and etched by ion beam.
The final step in the specimen preparation was a plasma cleaning
procedure.

3. Experimental results
3.1. Phase stability and lattice parameters

Diffraction patterns of the Cr, -, ALN and Cr; —,,ALSi,N
coatings shown in Figs. 1 and 2 confirmed that samples with the
higher chromium contents than Crg 46Algs4N and Crg 49Alg 5o
Sip.0gN, respectively, contain only one fcc phase. In samples
with a lower chromium contents, wurtzitic AIN was identified as
a second crystalline phase in the coatings. The third phase found
in the XRD patterns was tungsten carbide from the substrate.
Positions of the diffraction lines are marked in Figs. 1 and 2 for
individual phases. The positions of the diffraction lines from the
cubic phases, i.e. Cr; - (/Al\N and Cr; _ - ,ALSi N, shift with the
chemical composition of the samples that is due to the
dependence of the lattice parameter on the stoichiometry in
both systems. Because of the strong anisotropy of the elastic
constants in the Cr—Al-N and Cr—AI-Si—N systems, the stress-
free lattice parameters given in Fig. 3 were calculated using the
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Fig. 1. Parts of the diffraction patterns of the Cr; — ,ALLN coatings with different
chemical compositions. The vertical lines indicate the positions of individual
XRD lines. Individual diffraction patterns were mutually shifted for clarity.

routine described in Ref. [7], which takes the well-known
dependence of the elastic constants, e.g. [45-48], on the
orientation factor

W+ K0+ 72k )
(2 + k2 + 72)?
into account. Results of this calculation were verified using the
sin’yy method [49] applied on the lattice parameter aq, for
which is I'=0. Dependence of the stress-free lattice parameters
obtained from the XRD measurements on the chemical com-
position of the samples obtained using EPMA/WDX is shown
by filled symbols in Fig. 3. Stress-free lattice parameter of CrN,
i.e. for [Cr]/([Cr]+[Al]+[Si])=1, was taken from the ICSD
database [50]. Solid lines connect lattice parameters that were
calculated from the function:

a = [0.41486(2) — 0.00827(1) - x + 0.034(1) - yJnm (3)

for the chemical compositions of individual samples. The pa-
rameters x and y have the meaning of the stoichiometry ratios of
aluminium and silicon in the fcc phase of Cr; -, ,ALSi,N. The
numerical values in Eq. (3) were obtained from the linear re-
gression that was done for the four chromium-richest samples in
each series, which were found to contain a single crystalline
phase. The first numerical coefficient in Eq. (3) has the meaning

=) Su - = =) = o
(== oo O o (= =]
2 rC—ercco (< T
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s3I 3333 & =<
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Fig. 2. Parts of the diffraction patterns of the Cr; -, —,ALSi,N coatings with
different chemical compositions. The vertical lines indicate the positions of
individual XRD lines. Individual diffraction patterns were mutually shifted for
clarity.

of the intrinsic lattice parameter of CrN. The second numerical
coefficient quantifies the decrease of the lattice parameter in fcc
Cr—Al-Si—N with increasing aluminium contents, the third one
the increase of the lattice parameter with increasing silicon
contents. Estimated standard deviations of the coefficients are
given in parenthesis in Eq. (3).

The good match between the stress-free lattice parameters
measured in chromium-rich samples up to Crgs4Alg46N or

0.415 -
0.414 -
0.413 A
0.412 4 HH

0.411 A

04104 HH

0.409 T T T T
0.2 0.4 0.6 0.8 1.0

[Cr/([Cr]+[AI+[Si])

Lattice parameter (nm)

Fig. 3. Dependence of the stress-free lattice parameters on the chemical
composition of the Cr—Al-N (@) and Cr—Al-Si—N (M) coatings. The solid
lines show lattice parameters calculated according to Eq. (3).
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Cro.50Alg.43S1g 05N and the stress-free lattice parameters calcu-
lated using Eq. (3) confirmed the result of the XRD phase
analysis that the samples contain a single fcc phase in this
concentration range. At higher aluminium contents in the Cr—
Al-N coatings, the measured stress-free lattice parameter of the
fce phase is larger than the calculated lattice parameters (Fig. 3).
The reason is the segregation of aluminium from the host fcc
crystal structure, which led to the development of AIN as
observed by XRD phase analysis. In the Cr—AI-Si—N system,
both Al and Si segregated from the host structure at lower
chromium contents than Crys;Alg43Si0sN. Segregation of
aluminium was confirmed by XRD phase analysis, which rec-
ognized wurtzitic AIN. As it follows from Eq. (3), the increase
of the stress-free lattice parameter with increasing silicon con-
tents is larger than its decrease with increasing aluminium
contents. Accordingly, the stress-free lattice parameter mea-
sured in the samples CI'().40A1()A528i0A08N and CI'0‘24A10A65810_10N
is smaller than the value calculated from Eq. (3). Segregation of
aluminium and silicon from the host structure of the fcc
chromium nitride leads to the development of the nanocompo-
site microstructure as discussed below that is well-known to
enhance the hardness of the coatings, see e.g. [13,14]. The
highest hardness was observed in the Cr—Al-N and Cr—Al-Si—
N coatings, in which the onset of AIN was found (see Tables 1
and 2). Increasing amount of the wurtzitic AIN caused a
decrease of the hardness in both systems, Cr—Al-N and Cr—Al—
Si—N. In the Cr—Al-N coatings, the maximum hardness
correlates with the minimum crystallite size. In the Cr—Al-
Si—N coatings, the maximum hardness was observed at the
crystallite size of 4.5 nm. These results, particularly the cor-
relation between the maximum of the hardness and the onset of
the segregation of the AIN, confirm the hypothesis that the
intrinsic stresses at the crystallites boundaries can additionally
enhance the hardness.

3.2. Clusters of partially coherent crystallites

Size of individual crystallites, their mutual disorientation and
the size of clusters consisting of partially coherent crystallites
were obtained from the XRD line broadening [7,31-33] and
verified by TEM and HRTEM. An example of the dependence
of the XRD line broadening on sinus of the diffraction angle, sin
60, which is according to Eq. (1) proportional to the size of the
diffraction vector, is shown in Fig. 4 for CrggyAlgogN. As
shown in [32], the saturated line broadening (for sin 6>0.75 in
Fig. 4) reveals the reciprocal crystallite size like the classical
Scherrer equation or the Williamson—Hall approach [51] at zero
microstrain. In the region of the diffraction angles, where the
crystallites are partially coherent, the effect of the partial coher-
ence of nanocrystallites causes a successive reduction of the
XRD line broadening with decreasing diffraction angle [32].
Diffraction angle for which the effect of the partial coherence of
nanocrystallites onsets depends on the mutual disorientation of
partially coherent crystallites [7,32,33]. The smaller the mutual
disorientation of crystallites, the higher is the diffraction angle,
for which the crystallites are still partially coherent. For Crg 9,
Al ogN (Fig. 4), the calculated mutual disorientation of partially

0.12 -

0.10

0.08

0.06 -

0.04 -

Line broadening (nm")

0.02 T T
0.2 0.4 0.6 0.8 1.0

sin @

Fig. 4. Dependence of the XRD line broadening on sin 6 as measured for the
Cro.00Alg.0gN coating. The steep increase of the line broadening between sin
0=0.65 and 0.75 indicates extinction of the partial coherence of crystallites. The
solid lines show the XRD line broadening that was calculated according to [32]
for two partially coherent crystallites having the size of 11 nm and the
disorientation of 0.50° (lower curve) and 0.56° (upper curve) in each cluster. The
dashed line shows extrapolation of the XRD line broadening in the partially
coherent region to ¢g=0.

coherent crystallites ranged between 0.50° (right-hand line) and
0.56° (left-hand line).

The size of crystallites and their mutual disorientations are
plotted for individual samples in Figs. 5 and 6, respectively, as
functions of the overall chemical composition. In the Cr—Al-N
system, the increasing aluminium contents in the single fcc
phase (up to Cry s4Alg46N) caused a moderate reduction of the
crystallite size (solid circles in Fig. 5). Larger reduction of the
crystallite size was observed in the samples, in which wurtzitic
AIN developed. The mutual disorientation of neighbouring
crystallites (solid circles in Fig. 6) increased slightly with
increasing aluminium contents. The addition of silicon caused a
further reduction of the crystallite size in comparison with the
Cr—AI-N system; see solid boxes in Fig. 5. The decrease of the
crystallite size with increasing aluminium and silicon contents
could be described by a smooth function in contrast to the Cr—
Al-N system. For low aluminium and silicon contents, the
mutual disorientation of neighbouring crystallites in the Cr—Al—
Si—N coatings followed the dependence found in the Cr—Al-N
coatings. However, starting with Crg 5,Alj 43519 05N the disori-
entation of crystallites began to grow significantly with in-
creasing silicon (and aluminium) contents. In Crg 40Alg 52Sig 08
N, the disorientation of crystallites exceeded 1.4°, which is the
maximum disorientation, for which the partial coherence of
crystallites with the size of approximately 10 nm still could be
observed. Such a lost of the partial crystallographic coherence
of crystallites with increasing silicon contents was also ob-
served in the Ti—Al-Si—N coatings [31], in which this phe-
nomenon was related to the development of the amorphous
Si3Ny phase.

A further microstructure parameter that was obtained from the
XRD line broadening is the size of clusters, which consist of the
partially coherent crystallites. As shown in the theory of XRD
line broadening [52], the extrapolation of the XRD line width to
the origin of the reciprocal space (¢=0) yields the size of
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[CrI/([Cr]+[AI+[Si])

Fig. 5. Dependence of the crystallite size on the chemical composition in the Cr—
Al-N (@) and Cr—Al-Si—N (H) coatings. The lines are guides for the eye.

coherently diffracting domains disregard their internal structure.
In [32], it was shown that the coherence of partially coherent
crystallites is enhanced at smaller diffraction vectors until the full
coherence is reached at g=0. Thus for partially coherent crystal-
lites, the extrapolation of the XRD line width to the origin of the
reciprocal space should yield the size of clusters consisting of
partially coherent crystallites instead of the size of individual
crystallites. This hypothesis was confirmed by comparison of the
results obtained from XRD and HRTEM. In the sample
Cro.92Al.0gN, the extrapolation of the XRD line broadening to
q=0 (dashed line in Fig. 4) revealed that the size of clusters
consisting of partially coherent crystallites is (36 + 10) nm, which
agrees well with their size obtained using HRTEM (compare
with Fig. 7 for this particular sample). The low accuracy of the
size of the clusters calculated from the extrapolation of the XRD
line broadening is due to the fact that only the broadening of the
diffraction lines affected by the partial coherence can be used for
extrapolation. For this particular sample, just six diffraction lines
were affected by the partial coherence. Size of the clusters
consisting of partially coherent crystallites as obtained from the

L
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1
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o

Disorientation (degrees)

o
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0.3 0.4 0?5 0i6 O.I? 0.8 0.9 1.0
[Cr/([Cr]+[AN+[Si])

Fig. 6. Dependence of the mutual disorientation of partially coherent
nanocrystallites on the chemical composition of the Cr—Al-N (@) and Cr—
Al-Si—N (H) coatings. The solid line is guide for the eye.

Fig. 7. HRTEM micrograph of the sample Crjg,AlgosN showing a cluster
consisting of partially coherent crystallites.

XRD line broadening in all samples under study ranged between
36 and 56 nm. Within the experimental accuracy, no systematic
dependence of the cluster size on the chemical composition of
the coatings was found.

3.3. Dislocation structures in the single-phase Cr—-AI-N
coatings

Small disorientations of neighbouring crystallites in nano-
composites, i.e. in materials containing more than one nano-
sized phase, can be explained by the misfit of inter-atomic
distances at the interfaces between individual phases [29-31].
Such an explanation of the crystallite’s disorientation is appli-
cable also for the aluminium- and silicon-rich Cr—Al-N and Cr—
Al-Si—N coatings containing at least two phases as it can be seen
from the steep increase of the disorientation of neighbouring
crystallites in Cr0.52A10A43Si0405N and Cr0‘40A10A5zsio_08N
(Fig. 6), where aluminium and silicon are leaving the host
structure of chromium nitride (see Section 3.1 and Fig. 3).
However, small disorientations of partially coherent neighbour-
ing crystallites were also observed in the Cr—Al-N and Cr—Al—
Si—N coatings with high chromium contents, which contained a
single fcc phase. The fcc phase grew in clusters having the size
between 36 and 56 nm as discussed in the previous section. The
clusters in the single-phase coatings were composed from
partially coherent crystallites having the size between 11 and
5 nm.

In analogy with the microstructure models used for de-
scription of the real structure in metallic materials and semi-
conductors, a possible explanation of the small disorientations
of neighbouring crystallites in single-phase coatings is their
disorientation due to dislocation structures. In materials con-
taining complex dislocation structures, frequently defect-poor
crystallites are observed that are separated by dislocation walls.
In metallic materials, such a microstructure is usually described
by Mughrabi’s composite model [53]. Examples of analogous
microstructural models can also be found in Refs. [54,55]. The
disorientation of neighbouring crystallites that are separated by
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a dislocation wall can be determined from the general formula
given by Frank [56]:

_2(7’>< 7) sin g 4)

where B is the sum of Burgers vectors of the dislocations that
are intersected by a vector 7, which lies in the dislocation wall.
/ 1s a unit vector, which also lies in the dislocation wall and is
parallel to the tilt axis of the neighbouring crystallites. o is the
disorientation of the crystallites. If the dislocation wall consists
of pure edge dislocations, the tilt axis is located within the so-
called tilt boundary; for dislocation walls containing only screw
dislocations, the tilt axis is perpendicular to the so-called twist
boundary [57].

An example of a dislocation wall in the sample Crg goAlj osN
is shown in Fig. 8; the micrograph was taken in the two-beam
diffraction condition [58]. In this particular case, the primary
beam was parallel with the dislocation wall, which was
perpendicular to the diffraction vector (2 2 0). As the diffraction
contrast does not change significantly in the neighbourhood of
the dislocation wall, the sum of the Burgers vectors in the
dlslocatlon wall must be perpendicular to the diffraction vector,
ie. ¢ B = 0. This means that the Burgers vector lies in the
dislocation wall and that the tilt axis of neighbouring crystallites
is perpendicular to the Burgers vector. The latter indicates that
the excess dislocation of this dislocation wall is a screw dislo-
cation. As the diffraction vector was (2 2 0), the remaining
dislocation resulting from the sum of the Burgers vectors of
dislocations from the dislocation wall could be a complete screw
dislocation with the Burgers vector a/2 (1 1 0), where a is the
lattice parameter. In Fig. 9, the dislocation wall was slanted from
the optical axis of the microscope, i.e. it was not parallel with the
primary beam. Therefore the diffraction vector, which was (2 4 2)
in this particular case, was not perpendicular to the Burgers vector
of the dislocations; the dislocations become visible and their
mutual distances can be estimated. Assuming that the dislocation
wall is built from complete screw dislocations with the Burgers

Fig. 8. A dislocation wall in the sample Crjg,AlyosN (dotted line) that is
perpendicular to the diffraction vector g = (52 O)‘ The micrograph was taken in
the two-beam diffraction condition.

Fig. 9. A micrograph of three dislocation walls (marked by white arrows) taken
at the diffraction vector §'= (242) in the sample Crg9,AlgogN. / =
1/v/2(101) is a unit vector lying parallel to the tilt axis of the crystallites
disorientation (marked by the white line).

vector a/2 {1 1 0), BEq. (4) can be rewritten into the following
form:

— 2 —
|b\:a§:2|r_’x /|sin% (5)

where b is the Burgers vector of the complete screw dislocation
and a the lattice parameter. According to Eq. (4), 7 has the
meaning of the distance between the screw dislocations in the
dislocation wall; |7 /7 | stands for the projection of the distance
between dislocations into the imaging plane of TEM. The
disorientation of crystallites due to the screw d1slocat10ns is
approximately 0.75° as calculated using Eq. (5) for |7
22 nm, which was the visible distance between the d1slocat10ns in
the sample Crg 9,Alg N (see Fig. 9), and for a=0.4145 nm (see
Fig. 3). This disorientation of crystallites is of the same order of
magnitude like the disorientation of crystallites obtained from the
XRD line broadening, which was 0.54° (see Fig. 6).

4. Summary and discussion

Nanocrystalline clusters were observed in all Cr; - ,ALLN and
Cr_, ,ALSi,N coatings under study. The crystallite size
decreased with increasing aluminium and silicon contents
from ~ 11 nm to ~4 nm. The decrease of the size of crystallites
was accompanied by an increase of their mutual disorientation
from 0.5° to several degrees. In the coatings without silicon
(Cr_,AlLN), generally larger crystallites with a smaller mutual
disorientation were observed than in the coatings containing
silicon (Cr -, ALSi,N). A rapid decrease of the crystallite size
was observed in the sample Crg46Alg 54N, in which wurtzitic
AIN was found together with fcc (Cr, Al) N. In the coatings with
silicon, the decrease of the crystallite size with increasing
aluminium and silicon contents was faster that in the Cr—Al-N
coatings. However, no rapid change of the crystallite size was
observed in the sample Cry 40Alg 52Sig 0gN, in which fcc-(Cr, Al)
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N and wurtzitic AIN were observed concurrently. On the
contrary, the mutual disorientation of crystallites increased rap-
idly with increasing aluminium and silicon contents in alu-
minium- and silicon-rich samples starting with the last “single-
phase” Sample CI'()_52A10_43Si0_()5N. In the sample Cr0'40A10.52
Sig 0gN, the disorientation of crystallites exceeded the maximum
disorientation, for which the phenomenon of the partial
coherence of crystallites still can be observed. Thus, the
disorientation of crystallites could not be calculated from the
XRD line broadening; it could only be estimated to be larger than
1.4°. A similar effect was observed in the Ti—Al-Si—N coatings
[31], where the lost of the crystallographic coherence of crystal-
lites was explained by the development of amorphous SizNy
between individual crystallites, which obstructed transfer of the
preferred orientation between neighbouring crystallites.

The results of microstructure analysis indicated a substantial
difference in the development of nanocrystallites in the Cr—Al—
N and Cr—Al-Si—-N coatings containing a single phase or
several phases. Development of nanocrystallites in coatings
containing more phases resulted from segregation of aluminium
and silicon from the host structure of the fcc Cr; ., ALSi,N
Segregated aluminium builds nanocrystalline wurtzitic AIN,
which splits fcc nanocrystallites without disturbing their partial
coherence. A very strong local preferred orientation of fcc
nanocrystallites with the size between 4 and 11 nm in clusters
having the size between 36 and 56 nm, which is a requirement
for the partial coherence of the nanocrystallites, supports the
hypothesis that the nanocrystallites originate from the clusters in
a decomposition process probably during the deposition process.
Analogous microstructure models were discussed in numerous
works, e.g. in Refs. [6,14,15,20,29-31,34,36,59—-62].

The development of nanocrystallites in single-phase coatings
can be illustrated on the sample Crg9,Alg ogN. In this sample,
XRD detected partially coherent nanocrystallites with the size of
approximately 11 nm and with the average mutual disorientation
of 0.54°. These nanocrystallites built clusters having the size of
(36+£10) nm as obtained from XRD line broadening and
confirmed by HRTEM. Using TEM, dislocations walls were
found in this sample that consisted of screw dislocations with the
Burgers vector a/2 (1 1 0), which had a distance larger than
22 nm. Assuming the above disorientation of crystallites (0.54°),
the above Burgers vector of the screw dislocations (a/2 {1 1 07)
and the vectors 7and / being perpendicular to each other, Eq.
(5) yielded the distance between dislocations of 36 nm, which
matches well with the mean size of the clusters in thls particular
sample. The last assumption that the vectors 7 and 7 are
perpendicular to each other means that the distance between
dislocations is the real distance, no projection. It seems that each
cluster contains typically a single screw dislocation. An issue for
discussion is still the meaning of the individual partially coher-
ent nanocrystallites, which build the nano-sized clusters. Ac-
cording to the experimental results, the partially coherent
nanocrystallites are dislocation-free parts of the clusters that
are mutually disoriented by the screw dislocations. As shown for
instance in Refs. [53—55], XRD can only see the relatively
undistorted core of the clusters, not the neighbourhood of dis-
locations or dislocation walls having an extremely high density

of microstructural defects. Therefore, the width of the regions
that are strongly affected by the strain field of dislocations could
be estimated from the difference between the cluster size and the
sum of the crystallite sizes within individual clusters. For screw
dislocations that are ideally located in the middle of the clusters,
the total size of nanocrystallites per cluster would be equal to the
double crystallite size. For the sample Crg 9,Alg ogN, the double
crystallite size is equal to 22 nm, the size of the clusters 36 nm,
thus the width of the regions that are strongly affected by the
strain field of such dislocations is nearly 15 nm.

5. Conclusions

Microstructure analysis on Cr—Al-N and Cr—Al-Si—N coat-
ings deposited using cathodic arc evaporation revealed informa-
tion on their phase composition, stress-free lattice parameters, size
of partially coherent nanocrystallites, their mutual disorientation
in nano-sized clusters and the size of these clusters in dependence
on the overall chemical composition of the coatings. In the Cr—
Al-N system, a single fcc phase was stable between CrN and
Cry.54Alg 46N. Segregation of aluminium from the host structure
of'the fcc Cry - ,ALN, which was accompanied by development of
the hexagonal AIN, was observed at higher aluminium contents
than Crj s4Alg46N. In the Cr—Al-Si—N system, the single fcc
phase was stable between CrN and Cry 5,Alg 43Si0.0sN. At higher
aluminium and silicon contents, aluminium and silicon escaped
from Cr;, ,ALSi,N. Consequently, hexagonal AIN and an
amorphous phase were found. In the single-phase region, the
stress-free lattice parameters were described by the function a=
[0.41486(2)—0.00827(1)-x+0.034(1) - y] nm, where x and y are
the stoichiometric ratios of Al and Si in Cr;_, ,ALSi,N
Additional microstructural parameters were determined from
the combination of XRD line broadening and TEM/HRTEM: the
size of defect-free nanocrystallites, the mutual disorientation of
partially coherent nanocrystallites, the size of clusters that are
composed from partially coherent nanocrystallites, and the kind
and distances of microstructural defects that split the clusters into
the nanocrystallites.
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