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predicted mechanical properties
of Cr1�xAIxN thin films, at high temperatures,
incorporating in situ synchrotron radiation X-ray
diffraction and computational modelling†

Ehsan Mohammadpour,a Zhong-Tao Jiang, *a Mohmmednoor Altarawneh, b

Nicholas Mondinos,a M. Mahbubur Rahman,a H. N. Lim,c N. M. Huang, d

Zonghan Xie,e Zhi-feng Zhouf and Bogdan Z. Dlugogorskib

Cr1�xAlxN coatings, synthesised by an unbalanced magnetic sputtering system, showed improved

microstructure and mechanical properties for �14–21% Al content. In situ SR-XRD analysis indicated

various crystalline phases in the coatings that included: CrN, AlN, a-Cr with small amounts of AlO2 and

Al2O3 over the 25–700 �C range. Al doping improves resistance to crystal growth, stress release and

oxidation resistance of the coatings. Al doping also enhances the coating hardness (H) from 29 to 42

GPa, elastic modulus (E) from 378 to 438 GPa and increased the resistance to deformation. First-

principles and quasi-harmonic approximation (QHA) studies on bulk CrN and AlN were incorporated to

predict the thermo-elastic properties of Cr1�xAlxN thin film coatings in the temperature range of 0–

1500 �C. The simulated results at T ¼ 1500 �C give a predicted hardness of H ¼ �41.5 GPa for a �21% Al

doped Cr1�xAlxN coating.
1. Introduction

3-d transition metal nitrides, such as CrN and TiN, combine
attractive physico-chemical, electronic, optical, magnetic,
mechanical and thermal properties.1 These composite mate-
rials have shown a wide range of technical applications in
various key industrial areas. For example, due to their extreme
hardness, high melting point and superior chemical stabilities,
nitride-based ceramic coatings have been used for high-speed
machining,2 cold forming, moulding dies,3 sliding parts and
rocket nozzles.4 It is noted that CrN has signicant superiority
over TiN in wear, corrosion resistance,5 and anti-oxidative
properties at temperatures up to 700 �C.6
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Vacuum sputtering technique is an outstanding method for
synthesising high quality CrN ceramic thin lm coatings with
superior structural, mechanical and tribological properties.3,4

These studies have been extended to ternary combinations of
CrN with doping of other elements, e.g., Al,7 Si,8,9 Ti,10 V,11 Nb12

or Cu.13 The doping elements mainly distribute in the amor-
phous layers which surrounds the columnar structured nano-
crystalline (nc-) CrN grains. These amorphous layers can
effectively enhance many mechanical properties of such thin
lm coatings. In particular, Al has shown great potential in
improving the hardness14 as well as corrosion and oxidation
resistances.15,16 This Cr–Al–N framework is of particular interest
as they can form aluminium oxides on the top surface layers
which suppress the diffusion of oxygen into the coating lm.
Analysis indicated the thin lm coatings have enhanced
chemical stability, good mechanical properties, good tribolog-
ical properties, high temperature stability (up to 1000 �C) and
exhibit excellent oxidation resistance.3,11,17

Characterisation at room temperature indicated that Al
signicantly affected the preferred grain orientation of the thin
lms.18 TEM and XPS studies indicated that amorphous AlN
existed at the columnar CrN grain boundaries. The incorpora-
tion of Al introduced compressive residual stress to the coating
material lattice. Moreover, the mechanical properties such as
hardness, elastic strain and plastic deformation resistance of
the coatings showed signicant improvement over non doped
CrN coating. These clearly indicated the crucial role of Al in
This journal is © The Royal Society of Chemistry 2017
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producing a combination of superior hardness and excellent
damage resistance in nc-CrN frameworks.18

In the present work, in situ synchrotron radiation powder
diffraction (SR-XRD) beamline was employed to quantitatively
investigate the changes in phase composition and microstruc-
ture of Cr1�xAlxN thin lm coatings as a function of Al content at
different measurement temperatures in an atmospheric envi-
ronment. Rietveld analysis of high resolution SR-XRD data and
nanoindentationmeasurements will provide quantitative results,
hence making a connection between microstate phases and
mechanical properties of the coating. Density Functional Theory
(DFT) calculations and Quasi-Harmonic Approximation (QHA)
are employed to estimate the cell-volume, thermal expansion and
hardness of Cr1�xAlxN system at temperatures up to 1500 �C.
2. Experimental
2.1 Thin lm coatings preparation

Cr1�xAlxN coatings with a total lm thickness of 2 mm were
deposited on M2 high speed steel substrates at 550 �C using
a closed eld unbalanced magnetron sputtering system (Teer
Coatings Ltd, UK) with a four-target conguration. The coating
process were described in detail by Li et al.18 and Wo et al.19
2.2 In situ SR-XRD characterizations

In situ SR-XRD experiments were performed on the Powder
Diffraction beamline at the Australian Synchrotron with
monochromatic X-rays, l ¼ 0.827 Å, veried by standard refer-
ence material (LaB6 660b) as supplied by the USA National
Institute of Standards and Technology (NIST). The incidence
angles of the X-ray beam (u) were in range of 4.1 to 5.9�. The
diffraction data were collected by a Mythen microstrip detector
over the range of 10� # 2q # 89� in at-plate asymmetric
reection geometry. The coated substrates were mounted on
a Pt heating stage in an Anton Paar HTK-2000 high temperature
furnace and aligned to the centre of rotation on the diffrac-
tometer. The heating rate was 10 �C min�1 from ambient
temperature up to 700 �C in air atmosphere.20 The temperature
difference between the sample surface and Anton Parr furnace
was calibrated manually before the in situ experiments carried
out. Diffraction patterns were obtained at three temperatures
(25, 200 and 500 �C) below and two temperatures (600 and 700
�C) above the deposition temperature of 550 �C due to time
constrains at the synchrotron facilities. Each data acquisition at
designated temperature was 120 s.

The diffraction patterns were analysed with the TOPAS v5
academic soware21 using the Rietveld method.22 The atomic
positions for the structural models, based on the main identi-
ed phases of the coating, were extracted from Crystallography
Open Database.23 Modelled peak shapes were used to determine
the volume-weighted mean crystallite sizes (Lvol) and micro-
strain (e0). An accurate description of the peak shapes, in all of
the diffraction patterns, was obtained by applying correctional
functions for a at plate in xed incident beam geometry.24–26

The initial parameters for the renement, as well as phase
determination, were obtained from the JCPDS cards.
This journal is © The Royal Society of Chemistry 2017
2.3 Nanoindentation measurements

Young's modulus and hardness of the coatings were measured,
at room temperature (�25 �C), by a calibrated Ultra-Micro
Indentation System, UMIS-2000 equipped with a Berkovich
indenter. A maximum load of 20 mN was applied in 10 incre-
ments. The loading rate used was 2.5 mN s�1 and represented
the static response of the materials. The area function of the
indenter tip was calibrated using a standard fused silica spec-
imen. Load control method with a maximum loading of 5 mN
was employed for calibration. The peak loading is based on the
considerations that the maximum displacement during inden-
tation should be no more than 10% of the coating thickness.
For better resolutions, the number of test points were 20 for
loading and 20 for unloading.
2.4 DFT computational simulations

All structural optimizations and calculations were performed
with the generalized gradient approximations (GGA) using the
PW91 functional27 as implemented in the VASP package.28

Energy cut-off for plane waves included in the expansion of wave
functions was 500 eV. Pseudo-atomic calculations were per-
formed for Cr: 3d54s1, Al 3s23p1 and N 2s22p3. k-Point sampling
for reciprocal space integration was optimised and adopted a 21
� 21 � 21 Gamma scheme for cubic structures. CrN in contrast
to other early transition metal (Ti, Sc, V, .) nitrides, needed
additional effort due to the local magnetic moments of the Cr
atoms in CrN structure. The calculations for bulk CrN was
carried out for both paramagnetic (CrN-m) and non-magnetic
(CrN-nm) structures.

The thermodynamic properties of cubic phases were
explored using the quasi-harmonic Debye–Slater model as
implemented in Gibbs2 code.29 In all temperature dependent
property calculations, the Vinet's equation of state was adopted
to t the energy–volume curves.30 To calculate the elastic
constants and determine the second derivatives, we used
a nite differences method as implemented in VASP package
(IBRION ¼ 6).
3. Results and discussion
3.1 Structural analysis via in situ synchrotron radiation XRD
technique

The surface elemental composition and chemical bonding
state, obtained from previous XPS analysis and full discussion
of the coatings by Li et al.18 indicated the existence of CrN,
Cr2O3, AlN and Al2O3 phases in the coating surface region, are
summarised in Table 1.

The JCPDS cards used for phase identication in the SR-XRD
spectra: 00-076-2494 (CrN), 00-025-1495 (AlN), 00-901-4565
(AlO2), 00-900-9676 (Al2O3), 00-035-0803 (Cr2N), 00-901-3484 (a-
Fe) and 00-041-1351 (Fe3W3C). The atomic positions for Fe3W3C
were taken from.31 The in situ full patterns of all samples, for all
temperatures, are included in the ESI section (Fig. S1–S4†). For
clarity the spectra for each temperature are combined in one
plot for each sample.
RSC Adv., 2017, 7, 22094–22104 | 22095
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Table 1 Elemental composition of the Cr1�xAlxN coatings determined
by XPS

Coating notation

Element (at%)

Cr Al N O

C1 33.4 0 34.9 31.7
C2-14% Al 27.5 14.2 31.8 26.6
C3-17% Al 16.6 17.2 29.4 36.8
C4-21% Al 19.1 21.4 30.4 29.0
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The Rietveld renement of the diffraction spectra resulted in
R-weighted pattern (Rwp) values in the range of 15–20. The largest
errors in the renement models are mainly due to the incom-
plete crystallographic data for the substrate. An example of
a typical tted spectrum is indicated by Fig. 1, which shows the
Rietveld renement for the C1 sample at 700 �C with Rwp ¼ 15.
The allowed hkl values for each phase are indicated by the small
vertical bars. The difference between experimental andmodelled
results is indicated by the difference plot above the hkl bars.

Basically all 20 spectra shown in Fig. S1–S4 of the ESI†
section were analysed by Rietveld analysis with similar plots as
Fig. 1 producing data used for further analysis as indicated in
Fig. 2–6. The phases of the C1 sample at different temperatures
was similar to the sample (denoted as CrN-M2ST) recorded in
Mohammadpour et al.20

SR-XRD diffraction patterns at �25 �C of as-deposited
Cr1�xAlxN coatings are depicted in Fig. 2. For clarity the 2q
range in Fig. 2 is from 18� to 35� 2q consisting of the main peaks
for each individual phase.

The compositions of the main phase in as-deposited CrAlN
thin lm coatings were determined to be CrN and AlN phases.
Fig. 1 Experimental SR-XRD and Rietveld refinement profile of C1 coatin
small vertical bars.

22096 | RSC Adv., 2017, 7, 22094–22104
Thin lm coating C1 showed strong intensity in (200), (220)
directions at �22.8� and �32.4� 2q, respectively for the CrN
phase. In the Al doped samples the dominant orientations of the
CrN phase are in the (200) and (111) planes. These diffraction
peaks became broader and of lower intensity as the Al content
increased (C3-17% Al and C4-21% Al) indicating a combination
of small grain size and high concentration of possible amor-
phous nature. The peaks at 20.2�, 23.4� and 33.3� 2q in the C4-
21% Al sample are identied as diffractions from c-AlN (111),
(200) and (220) planes, with some overlap with substrate (a-Fe)
diffraction peaks. The conrmation of the AlN phase in SR-XRD
pattern agrees with the NEXAFS results by Mahbubur et al.32 and
XPS analysis by Li et al.18 from similar coatings. All samples in as-
deposited condition (�25�) had Al2O3 and Cr2O3 phases detected
by XPS but SR-XRD did not show any noticeable peaks related to
those oxides. This could be due to (i) most of oxygen accumulate
in the top surface layers of thin lms, and (ii) possible amor-
phous state of the oxide phases. However, at temperatures
>500 �C minor amounts of Al2O3 and metastable AlO2 were
observed from the diffraction patterns (Fig. 3).

Fig. 3 indicates the main phases of these coatings at 700 �C.
Diffraction spectra of CrAlN coatings at 700 �C show a-Cr, AlO2

and Al2O3 phases. Peaks at 22.60�, 26.16� and 37.33� 2q can be
determined as a-Cr (111), (200) and (220), respectively. Agouram
et al.33 concluded that the phase content of CrNx-based coatings
is strongly inuenced by deposition processes. The presence of
a-Cr in CrNx coatings can reduce the hardness; however, it may
improve the coating toughness or as a metallic source which
diffuse outward and contribute in the formation of surface
oxidation layers. Although hexagonal-structured Cr2N (h-Cr2N)
exhibits higher hardness than cubic CrN, it is more susceptible
to oxidation which can deteriorate the thermal stability of the
g at 700 �C. The allowed hkl values for each phase are indicated by the

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SR-XRD diffraction patterns at �25 �C of as-deposited Cr1�xAlxN coatings with various Al contents. The dashed vertical lines indicate
substrate peaks.

Fig. 3 SR-XRD diffraction patterns at 700 �C of Cr1�xAlxN coatings with various Al contents. The dashed vertical lines indicate substrate peaks.
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C1 thin lm with considerable h-Cr2N content especially at high
temperatures.20 It seems Al doping successfully prevents the
formation of h-Cr2N in the CrAlN coatings even at lowest Al
percentage (C2-14% Al) in the temperature range of study. Our
observations did not conrm any possible existence of Cr2O3

crystalline phases in the column structure of coatings; that may
indicate (i) small amorphous structures distributing in grain
boundary regions, and (ii) either amorphous or crystalline
This journal is © The Royal Society of Chemistry 2017
phase structure in the very top surface layers of thin lms where
normal XRD cannot fully determine the phases (Grazing inci-
dence SR-XRD would be able to provide more precise surface
crystalline information). The shis of diffraction peaks from
substrate, especially for Fe (111) at 23.8� is probably due to the
thermal expansion of the unit cells at elevated temperatures.
Peaks related to CrN and AlN phases exhibited some sharpening
with increasing temperature.
RSC Adv., 2017, 7, 22094–22104 | 22097

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra00342k


Fig. 5 Effect of temperature on the CrN phase in the Cr1�xAlxN
coatings, from Rietveld analysis: (a) crystallite size (b) microstrain.
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From the Rietveld rened SR-XRD data, the lattice constants
of the CrN and c-AlN phases in the Cr1�xAlxN coatings were
calculated and plotted as a function of temperature in Fig. 4. The
lattice constant of CrN decreases continuously from 4.21 Å to
4.17 Å for C1 and to 4.19 Å for the Al doped samples. The overall
changes of the lattice constant for the CrN phase are slightly
smaller in the samples with Al doping than without doping.
Overall, the lattice parameter values agree with the experimental
values from other sources, such as Barshilia et al.34 (4.09 to 4.16
Å) and Elangovan et al.35 (4.15 to 4.17 Å). Lattice constants of c-
AlN (in sample C4-21% Al) increased steadily from approxi-
mately 4.09 Å at room temperature to 4.1 Å at 700 �C indicating
unit cell expansion by 0.5%. The lattice constant of a-Cr phase,
in all samples at 700 �C, were 3.65 Å � 10%.

The crystallite size and microstrain as a function of
temperature, from Rietveld analysis, for the CrN phase are
shown in Fig. 5. The Effect of adding Al onto the microstructure
of the as-deposited coatings is more pronounced in C3-17% Al
and C4-21% Al coatings exhibiting about 30% smaller crystallite
sizes compared to Al free and C2-14% Al samples. The crystallite
sizes in all samples gradually increased in the temperature
range 25 to 600 �C and then abruptly increased from 600 to
700 �C. C1 and C2-14% Al show the highest crystallite size
growth by �100% and �67%, respectively. The higher Al
content in C3-17% Al and C4-21% Al effectively prevented the
crystallite growth of CrN during heating below 700 �C. Above,
600 �C the CrN crystallite size in C4-21% Al increases by �34%.
Themost stable crystallite size for CrN is exhibited by C3-17% Al
with an 8% crystallite growth. The crystallite sizes of the a-Cr
phase are 1832 (C2-14% Al), 1780 (C3-17% Al) and 828 (C4-21%
Al) nm in the 700 �C Cr1�xAlxN samples.

Our observations showed that microstrain in C1 sample
decreased by �67% during heating which is almost �1.7� of
the microstrain release in samples with Al contents. The
residual stress in these types of coatings could be due to two
mechanisms (1) thermal stress and/or (2) accumulation of
defects (dislocations, vacancies, etc.) in the coating layer.
Thermal stress is a resultant of the difference in the coefficient
Fig. 4 CrN and c-AlN lattice constants, from Rietveld analysis, in
Cr1�xAlxN coatings as a function of the in situ experiment temperature.

22098 | RSC Adv., 2017, 7, 22094–22104
of thermal expansion (CTE) value for coating and substrate. The
decline of internal stress in the coatings could be a result of
absorption and annihilation of defects during annealing. It
allows the defects to diffuse through the lattice and to be
absorbed at grain boundaries and dislocation cores. This seems
to be more pronounced in the binary CrN coating case. The
presence of amorphous content in Cr1�xAlxN coatings at grain
boundaries hinders stress release in the coatings which resist
against coating soening.

The stress in the coating structure, from the changes in
d space for CrN (220), is shown in Fig. 6. Similar plots for the
(111), (200) and (311) planes of CrN phase are included in
Fig. S5–S7 of the ESI section.† The stress (s) in the coating were
calculated based on eqn (1) using the elastic properties of CrN
(elastic modulus, E ¼ 300 GPa and Poisson ratio, n ¼ 0.28).36

s ¼ E

ð1� nÞ �
d � d0

d0
(1)

where d and d0 are from the experimental diffraction patterns
and JCPDS card of CrN, respectively. Renement data show that
there is considerable amount of residual stress in the as-
deposited coating structure. Stress values in Al free coating
decreases progressively as temperature increases from 25 to
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Effect of temperature on the residual stress, from eqn (1), for
CrN (200) orientation in Cr1�xAlxN coating.
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700 �C by �56%. The stress release in samples containing Al is
slower as Al content increases and reduced to only �11% in C4-
21% Al coating. Based on observations in Fig. 5(b) and 6, there
is a direct correlation between residual strain, stress and Al at%
in the coating composition.
3.2 Experimental mechanical properties of CrAlN coatings

Nano-indentation tests, for Cr1�xAlxN coatings at as-deposited
conditions and aer the completion of the in situ SR-XRD
experiment (heated samples), were undertaken at room
temperature. The hardness (H) and elastic modulus (E) for these
coatings are set out in Table 2 and Fig. S8 and S9 of the ESI
section.† Analysis of Table 2 and the plots clearly indicate that
there is no difference in H and E, within the experimental
errors, between the as-deposited and heated sample. The
resistance to deformation is indicated by H3/E2 and plotted in
Fig. S10 of the ESI section.† The coatings with smaller crystallite
size/higher microstrain present greater hardness (C3-17% Al
and C4-21% Al samples) in as deposited condition. Improve-
ment in coating hardness conrms the microstructure rening
effect of Al dopants.

These ndings are consistent with the quantitative SR-XRD
measurements of crystallite size and micro strains in the Al
doped coatings that exhibited very little hardness drop aer
heating. The calculated ratio of H3/E2 improved signicantly in
samples containing Al compared to the reference sample (C1).
Table 2 Nanoindentation, at 25 �C, of Cr1�xAlxN coatings: as-
deposited and heated samples

Sample

As-deposited Heated

H (GPa) E (GPa) H (GPa) E (GPa)

C1 29 � 2 378 � 21 28 � 2 376 � 22
C2-14% Al 35 � 3 401 � 27 35 � 3 396 � 25
C3-17% Al 39 � 3 421 � 38 39 � 3 421 � 30
C4-21% Al 42 � 3 438 � 32 42 � 3 436 � 32

This journal is © The Royal Society of Chemistry 2017
However, there is no change in resistance to deformation
between as deposited and heated conditions of the samples.
The combination of microstructure and nanoindentation
studies indicate that the hardness of the as-deposited nano-
crystalline coatings can be controlled by several parameters
such as phase composition, crystallographic directions, crys-
tallite size and residual stress/microstrain.37
3.3 Density functional theory modelling

3.3.1 Structural optimization. The energy and lattice
constant of bulk CrN-nm, CrN-m and c-AlN were optimized to
nd the most stable ground state. Fig. 7 shows changes in
energy of the unit cell (DE ¼ E � E0) versus primitive unit cell
volumes for each structure used for predictions of thermody-
namic properties.

Table 3 lists experimental lattice parameter values from SR-
XRD data and DFT calculations from present work and available
literature. The calculated lattice parameter for CrN-m (spin-
polarised) is closer to SR-XRD results. The magnetic moment
for each Cr atoms in CrM-m structure converged to 2.044 mB

which is within range of 1.9 to 2.28 mB from calculations of
Filippetti et al.38

The QHA method (Debye model) was used to predict the
thermal expansion of the studied bulk structures as a function
of temperatures. Fig. 8(a) and (b) are plots of the experimental
and theoretical lattice parameters, with respect to temperature,
for bulk CrN and c-AlN phases in the temperature range 0–
1500 �C, respectively. Fig. 8(a) also includes lattice constant
calculated from the experimental thermal expansion coeffi-
cient, a(T), of Zhou et al.46 with a0¼ 4.14 Å (standard CrN phase)
at room temperature. Fig. 8(a) clearly shows the CrN-mmodel is
highly compatible to the experimentally obtained data. The CrN
lattice constant at room temperature for all samples differ from
the simulation values within �1.6%. Interestingly these
converge to the simulated results with increasing temperature
resulting in a �0.4% difference at 700 �C. The most signicant
drop in lattice constant values of CrN occurs to C1 sample
which is very close to QHA model at 700 �C.
Fig. 7 The change in energy of primitive unit cells for bulk CrN-nm,
CrN-m and c-AlN as a function of cell volume.
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Table 3 Lattice constant from experimental SR-XRD and DFT
calculations

Phase

Lattice constant, a (Å)

Experimental Calculated

CrN-nm 4.17–4.20
4.12 (ref. 39) 4.05
4.18 (ref. 40) 4.051 (ref. 42)
4.145 (ref. 41)

CrN-m — 4.12
4.173 (ref. 43 and 44)

c-AlN 4.07 4.068
4.06 (ref. 45)

Fig. 8 Theoretical and experimental lattice constants: (a) CrN and (b)
c-AlN phases.
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Quasi-binary systems like Cr1�xAlxN coatings with a mixture
of NaCl-structured CrN/AlN phases can form (Cr,Al)N solid
solutions up to x ¼ 0.75.47 Phase segregation during deposition
results in a mixture of fcc-structured Cr-rich (Cr,Al)N and
AlN28,48 which will increase the coating hardness due to activa-
tion of solid-solution hardening mechanism. Theoretical49 and
experimental47,50 studies show that substitution of Cr atoms (r¼
1.4 Å) with Al atoms (r ¼ 1.25 Å) can progressively decrease
lattice constant of CrN phase as Al content increases. However,
smaller Al atoms can incorporate into interstitial positions in
22100 | RSC Adv., 2017, 7, 22094–22104
CrN structure which can expand the lattice constant as observed
for CrSiN coating.19,51

The c-AlN lattice parameter in C4-21% Al are in good
agreement with experimental data from Tkadletz et al.52 as
indicated in Fig. 8(b). The experimental results are within
��0.3%, of the simulated QHA results up to 700 �C.

Overall the differences between the simulated and experi-
mental results is due to the use of pure homogeneous bulk
material in the Debye (QHA) model calculations, and the solid
solution of different nitride phases of the thin lm coatings.

3.3.2 Prediction of elastic constants. Three independent
elastic constants are needed to describe the behaviour of cubic-
structured materials to stress and can be used to describe the
nature of the bonds between atoms in the crystals. These
constants (C11, C12 and C44) were calculated for CrN-nm, CrN-m
and c-AlN at zero K and zero pressure and listed in Table 4. The
mechanical stability of these phases can be ascertained by using
the following criterion for cubic systems:53

C11 + 2C12 > 0, C11 � C12 > 0, C44 > 0, C11 > 0, C11 > B > C12

(2)

All of these conditions were satised by the CrN and c-AlN
phases indicating the mechanical stability of these structures.
The overview of available literature as shown in Table 4 indicates
that the reported calculated values for elastic constants and
modulus are widely scattered and depend on the choice of k-
points, cut-off energies, functional (s) and simulation packages.
As an example, Yan et al.42 and Brik et al.54 used the CASTEP
module of Materials Studio package with different settings of k
points grids and cut off energies for CrN-nm analysis. With 8� 8
� 8 (400 eV) and 10� 10� 10 (320 eV) k points grids the authors
calculated C11 values of 526 and 546 GPa, respectively.

ESI section Tables S2 and S3† show the inuence of k-points
grids selection on the elastic constants of CrN-m and CrN-nm
for the present project. To calculate the elastic constants for
CrN-m and CrN-nm, k-point grids of 21 � 21 � 21 and 31 � 31
� 31 were chosen for the simulations. The results of these
analyses are tabulated in Table 4. The calculated elastic
constants for CrN-nm in present study are comparable (�2%)
with calculations of Zhou46 who used similar approach via VASP
package and projector-augmented wave (PAW) method. The
values of C11 and C12 for c-AlN underestimate by �9% the
calculations of Wang et al.45 carried out by VASP package and
PAW method.

The positive difference between C11 and C44 (C11 � C44 ¼ 582
for CrN-nm), known as Cauchy pressure, indicates the metallic
bonding nature of Cr-N structure55 which is comparable to
much smaller difference for AlN (C11 � C44 ¼ 83). Cauchy
pressure is also a sign of the ductility of materials, since it
indicates the angular character of atomic bonding in metals. A
positive Cauchy pressure reveals ductility of crystal, while
a brittle material exhibits a negative value.56 Bulk modulus (B),
shear modulus (G) and Young's modulus (E) for each phase
were estimated by applying Voigt–Reuss equations57 and
compared with available literature.
This journal is © The Royal Society of Chemistry 2017
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Table 4 Calculated elastic constants (Cij), bulk modulus (B), Young's modulus (E), Poisson ratio (n) of CrN (non-magnetic and spin-polarized) and
c-AlN phases. Calculated and experimental data from literature are denoted by c and e, respectively

Phase C11 C12 C44 B (GPa) G (GPa) E (GPa) n

CrN-nm 588.0 215.1 5.9 340 44 126 0.43
526c,42 226c,42 5c,42 326c,42 35c,42 101c,42 0.43c,42

502c,54 214c,54 4.1c,54 310c,54 58c,58 163c,58 0.41c,58

580c,46 210c,46 8c,46 327c,58 100–250e,36

546c,58 184c,58 20c,58 340c,59

CrN-m 352 88.7 61.0 176.4 93.9 239.0 0.27
369c,42 125c,42 114c,42 192c,42 111c,25 279c,42 0.25c,42

348c,46 117c,46 74c,46

c-AlN 387 149 305 254.3 209 303 0.2788
423c,45 167c,45 306c,45 251c,45

221e,60

Table 5 DFT calculated hardness, at T¼ 25 �C, of bulk CrN, AlN based
on dij. Current project and literature experimental data included for
comparison

Phase dij ei ej fe HDFT HEXPT

CrN-nm 2.028 3.125 4.904 0.0490 24.1 28
19–28.6
(ref. 36)
24–25
(ref. 62)

CrN-m 2.071 22.4 —
c-AlN 2.034 2.793 4.545 0.056 21.1 —
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The calculated results, at 0 K, from Table 4 are spread out but
have similar magnitudes including the 2 experimental values at
�25 �C. The k-point grids that optimised the calculation of the
elastic constants and unit cell volumes will be used in the DFT
and QHA simulations.

QHA method for CrN and c-AlN are used to predict the
hardness of two binary compounds (CrN and c-AlN) in a wide
temperature range (25–1500 �C). The method for calculating
the hardness of materials is based on atomic potentials
and bond strength developed by Šimůnek and Vacká̌r61 for
single crystals and then extended to binary compounds. The
hardness of a crystal can be calculated by introducing its bond
strength (Sij):

Sij ¼
ffiffiffiffiffiffiffi
eiej

p
dijnij

(3)

where ei and ej are atomic potentials of i and j atoms, respec-
tively, and are dened as the valence electron number divided
by the radius of the atom; dij is the distance of the nearest atom j
to atom i and nij is the number of bonds between atom i and its
neighbouring atoms j.

For binary compounds, the difference between atomic
potentials is:

fe ¼
"
ei � ej

ei þ ej

#2

(4)

The hardness of such a system with volume (V) is dened as:

H ¼
�
C

V

� ffiffiffiffiffiffiffi
eiej

p
dijnij

e�sfe (5)

where C and s are constants (C ¼ 1450 and s ¼ 2.8).61 The DFT
results (at T ¼ 25 �C) for c-CrN and c-AlN are listed in Table 5.
The difference between the calculated value and the experi-
mental value for the CrN phase in C1 sample is �15%. This
difference can be explained by considering the columnar
orientation of the coating which is completely different from an
ideal single crystal.

Temperature dependent variations in unit cell volume for
each structure were obtained from QHA modelling up to
1500 �C (Fig. 8). Subsequently the bond length, dij, as a function
This journal is © The Royal Society of Chemistry 2017
of temperature was deduced from the cell volumes and by use of
eqn (5) the hardness values for CrN (CrN-nm and CrN-m) and c-
AlN phases. The results of hardness over a wide range of
temperatures are shown in Fig. 9. Also plotted in Fig. 9 are the
high temperature (25–500 �C) in situ nanoindentation data for
commercially available Al0.7Cr0.3N coatings studied by Fox-
Rabinovich et al.63 and Beake et al.64 Room temperature nano-
indentation results for the current projects' Cr1�xAlxN coatings
are also incorporated in Fig. 9.

Based on predicted material behaviours, hardness values for
both phases reduced constantly at elevated temperatures.
However, there are considerable differences in the reduction
slopes depending on the phase type. Hardness values for CrN-
nm structure showed the highest resistance to temperature
while AlN was more susceptible to temperature. Experimental
hardness in Table 2 of Cr1�xAlxN samples showed that nano-
composites of CrN in amorphous AlN matrix can effectively
improve the resistance to grain boundary sliding65 which makes
these samples harder than C1 sample. In addition, the deposi-
tion process and doping signicantly distorts the lattice of CrN/
AlN mixture, as is evident in microstrain and residual stress
plots, which can also contribute to improve the deformation
resistance of doped samples. According to Šimůnek and Vacká̌r61

the hardness of multicomponent compound systems is expected
to be a geometrical sum of the values of hardness of all binary
systems in the solid (given by their eqn (6)). Interestingly for the
current multicomponent system (at 25 �C), consisting of CrN
and AlN phases, H ¼ H1 + H2 ¼ 22.5 + 21 ¼ 43.5 GPa (H1 for
RSC Adv., 2017, 7, 22094–22104 | 22101
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Fig. 9 Simulated hardness values as a function of temperature for bulk
CrN-m, CrN-nm and c-AlN. Nanoindentation hardness data, at high
temperature for Al0.7Cr0.3N thin film coatings and room temperature
for current Cr1�xAlxN coatings.
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CrN-m and H2 for AlN) compares remarkably well with the
experimental value of 42 GPa for the C4 sample. Here the values
correspond to a numerical sum of eqn (5) as opposed to
a geometric sum. To show this point more clearly, the simulated
data for CrN-m and AlN are added and the plot included in
Fig. 9.

The experimental results of Fox-Rabinovich et al.,63 are in
some agreement with the simulated CrN-m, CrN-nm and AlN
results for temperatures up to �150 �C while they deviate
signicantly for higher temperatures up to�500 �C, whilst Beake
et al.64 results are in agreement over the same temperature range.
It should be noted that the materials in Beake's investigation has
a high percentage Al content (�70%) whilst our materials have
a maximum of �21% Al content (C4). The hardness of experi-
mental result from C4 and computational modelling from the
summation of the CrN-m and AlN components are very similar at
room temperature, see Fig. 9. If this is a real relationship, then
themagnetic properties of the Cr are important for the formation
of stable and hard Cr1�xAlxN coatings.

Based on the results from both experiments and computa-
tional calculation, the temperature dependent hardness of the
synthesized CrN/AlN thin lm nanocomposites can be pre-
dicted in the temperature range from 25 �C to 1500 �C, refer to
Fig. 9. Furthermore a numeric sum for the hardness of the 2
components, at T ¼ 1500 �C give a predicted hardness H � 41.5
GPa. Only real experimental measurements at the 200–1500 �C
range will show if the hardness of the CrN/AlN multicomponent
thin lm has the predicted direct sum values.

4. Conclusions

Synthesised Cr1�xAlxN coatings, with a maximum Al content of
�21%, by unbalanced magnetic sputtering system showed
improved microstructure and mechanical properties compared
to undoped CrN coating. Analysis of in situ synchrotron X-ray
diffraction at temperatures range of 200–700 �C established:
(i) remarkable resistance to crystal growth and stress release up
22102 | RSC Adv., 2017, 7, 22094–22104
to 700 �C for coatings with Al doping greater than �14%. (ii) Al-
dopants improve oxidation resistance of the coatings by pre-
venting the formation of Cr2N at high temperatures.

Nano indentation results at �25 �C show: (i) Al doping
improved the coating hardness (H) and elastic modulus (E) from
29 to 42 GPa and 378 to 438 GPa respectively, and (ii) resistance
to deformation increased as the Al content increased.

First-principles and quasi-harmonic approximations (QHA)
studies for bulk magnetic and non-magnetic CrN (CrN-m and
CrN-nm) and AlN over the temperature range of 0–1500 �C were
undertaken to calculate elastic constants (Cij) and hardness (H).
Comparison of DFT-QHA models and the nanoindentation
results indicate that hardness of Cr1�xAlxN coating with �21%
Al content may be the sum of values from CrN-m and AlN phase.
Our computational modelling predicts that the hardness (H) of
Cr1�xAlxN coating with the Al content of �21% can reach to
about 41.5 GPa at T ¼ 1500 �C.
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