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Influence of Al Contents on the Microstructure,
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CrAIN (0 < x < 0.1) coatings were deposited on SA304 substrate by a reactive magnetron sputtering. The
microstructure and composition of the as-deposited coatings were systematically characterized by field
emission scanning electron microscopy/EDS and atomic force microscopy, and the phase formation by x-ray
diffraction (XRD). The hardness of the coatings was investigated using nanoindentation, while wear
properties were investigated using pin-on-disk tribometer. XRD study reveals that the deposited CrAIN
coatings crystallized in the cubic B1 NaCl structure. The minimum and maximum hardness of the coatings
are found to be 15.28 and 18.81 GPa, respectively. The COF and wear rate are found to be 0.48 and
2.25 x 10~5 mm>/N - m, which is lower than the CrN coatings deposited and characterized under the same

environment (0.63 and 2.25 X 10~° mm*/Nm).
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1. Introduction

Transition metal nitrides such as TiN, CrN, and HfN, with
the NaCl (B1)-type lattice structure possess excellent tribolog-
ical and chemical properties, which enable their use as wear
resistant, corrosion resistant, and diffusion barrier coatings. The
effect of additions of Al, Si, and Va on the mechanical and
tribological properties of CrN coatings using cathodic arc ion
plating (Ref 1, 2), cathodic arc evaporation (Ref 3), and DC/RF
magnetron sputtering (Ref 4-8) has been reported in the
literature. A significant increase in hardness value up to 30 GPa
(Ref 4) to 35 GPa (Ref 9) or even higher values to 40 GPa
(Ref 10) has been achieved for the CrAIN coatings when
compared to CrN coatings. The coatings also exhibited higher
thermal stability than pure CrN coatings.

Sun et al. (Ref 11) investigated CrAIN coatings deposited on
different substrate materials such as Si (100), commercial
aluminum alloy, AA6061, and M42 high speed steel (HSS).
They found that the substrate material influences phase evolution
in a reactively co-sputtered CrAIN films with Al contents
favorable for B1 phase formation. Finally, they conclude that the
B4 Wurtzite phase showed low hardness and poor ductility,
which are not desirable for many industrial applications.
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A clustering of Al atoms in the B1 CrN (200) planes seems to
occur, which leads to the large contraction of interplanar spacing
for the films deposited on the HSS substrate. The coatings
became more compact and denser, and the microhardness and
fracture toughness of the coatings increased correspondingly
with increasing substrate bias voltage (Ref 12). Cr;_,ALN
coatings deposited on Si and stainless steel substrates using RF
magnetron sputtering with different atomic concentrations of
aluminum (0.51 < x < 0.69) showed the evolution of (111),
(200), and (102) crystallographic orientations associated to the
cubic Cr;_,ALN and w-AIN phases, respectively (Ref 13). The
insertion of Al or AIN in the Bl-type nitride coatings beyond
solubility limits leads to phase transition from B1 to B4. Also, the
solubility limit of AIN in B1 CrN has been calculated theoret-
ically and found to be 77% as reported in the literature (Ref 14).

An incorporation of Al in to CrN coatings enhanced the
tribological, oxidation, and mechanical properties as reported in
the literature (Ref 2, 15-17) due to the formation of complex
aluminum and chromium oxides, which prevents oxygen
diffusion to the bulk (Ref 9, 18-21). It has been reported that
PVD CrN coatings are deposited onto turning and milling tools
for machining titanium and it alloys, where TiN coating is not
suitable due to its strong adhesion (Ref 2, 15-17). With
sufficient aluminum content (Cr; AL N, x > 0.2) coating was
found to be more oxidation resistant than CrN films (Ref 15).
Wauhrer and Yeung (Ref 22) have made a comparative study of
magnetron co-sputtered (Ti,A)N and (Cr,Al)N coatings and
reported that both the coatings followed similar development
pattern (growth mechanism). The (Cr,AI)N coatings showed
high deposition rate and hardness with increasing nitrogen
pressure, suggesting its potential for many industrial applica-
tions in their work. The wear resistance of the Cr; _, Al N was
dependent on Al and N concentrations in the films (Ref 23).
The nanostructured CrAIN coating exhibited less material
transfer and thus better adhesive wear protection than the TiN
coating under both laboratory pin-on-disc tribo tests and
industrial trial conditions (Ref 24).
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A detailed investigation on the influence of microstructural
characteristics of reactive magnetron sputtered CrAIN coatings
on their mechanical properties, mainly hardness and modulus is
limited in the literature. The transformation from Bl to B4
phase (Wurtzite structure) occurs in CrAIN coating, when the
Al content is within the 51 to 69% (Ref 13) and it show
comparatively lower hardness and modulus (Ref 11, 25) than
the CrN coatings (B1 structure). The Al-rich coatings are more
prone to oxidation than Cr-rich coatings and Cr/Al ratio of 0.9
offers the best resistant to oxidation (Ref 26), while in contrast,
B4 phase has good oxidation resistance at high temperature
(Ref27). Owing to these facts, Al content in CrAIN coating has
been fixed below 10 at.% in this study. The influence of Al
content, <10% (within a solubility limit in B1 structure), on
microstructural and mechanical properties of CrAIN coatings
deposited by DC-reactive magnetron sputtering has been
investigated in this study. The CrAIN coatings were character-
ized using the techniques such as XRD, FE-SEM/EDS, and
AFM. The hardness was measured by microhardness tester
while wear rate and coefficient of friction of the coatings were
measured using pin-on-disc tribo tester in this study.

2. Experimental Procedure

CrAIN coatings were deposited on SA 304 steel (92 HRD) of
15 x 15 mm and 0.9 mm thick with a surface finish of 0.01 um
Ra using DC/RF magnetron sputtering (Model: DCSS-12,
Manufactured by Excel Industries, Mumbai, India). Chromium
target (cathode power fixed at 200 W) and aluminum targets
(cathode power varied from 50 to 110 W) in a mixed Ar/N,
atmosphere were used for the deposition of coatings. The Ar/N,
flow ratio was maintained constant at 1:1, while the argon and
the nitrogen flows set to value 10 sccm. The thickness of as-
deposited coatings varied from 4.0 to 4.5 um. The samples
were ground, polished to an average surface roughness of
<0.01 pm, and then cleaned with acetone in an ultrasonic
container for 15 min. The samples were mounted on the
rotational substrate holder cum heater and rotated in forward
and reverse manner. The rotation angle were set (25°) in such a
way that it covers maximum plasma region. Prior to deposition,
the targets were sputter cleaned in Ar gas (1.33 Pa) for 10 min.
The deposition parameters are summarized in Table 1.

The coating thickness was measured using its cross-
sectional scanning electron micrographs. The microstructural
and topographical analyses were made by field emission
scanning electron microscopy (FESEM, Model: 200F, FEI
Quanta) and atomic force microscopy (AFM, NTMDT). The

Table 1 Deposition condition for CrAIN coatings

Parameters Value

Size of Cr and Al target 2” (50.8 mm)

Substrate and substrate size SA 304, 15 x 15 x 0.9 mm
Substrate temperature 573 K

Gas environment and gas flow Ar + N,, 10 sccm

Working pressure 10 mTorr
Base pressure 4.0 x 107° Torr
Power

Cr target 200 W fixed

Al target 50, 65, 80, 95, 110 W
Target to substrate distance 50 mm
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composition of coatings was determined by the energy-
dispersive x-ray (EDS) technique. The coatings were also
analyzed by x-ray diffraction (XRD, Model: D8 Advance,
Brucker), to determine the phase composition and orientation
using a Ni-filtered CuKo x-ray source. The hardness of
deposited CrAIN coatings was measured using microhardness
tester (Miniload II, Leitz, Germany). The wear testing of
coatings was performed with a pin-on-disc tribometer (Make:
Magnum, Bangalore, India). The wear properties were obtained
with the help of worn-out surface of pin and disc, wear debris
and friction force produced during tribo test. The stainless steel
(SA 304) pin was coated with CrAIN coatings and prepared
with square configuration (7.5 to 7.5 mm), while EN 32 (65
HRC) material was used as a counter material. The normal load
was kept constant, 10 N, with the relative sliding speed of
0.5 m/s during the test, which was carried out at room
atmosphere in dry condition. The test was carried out for
2000 m sliding distance for all samples. The friction force
between the deposited coatings and the counter material was
measured, and divided by the normal load to calculate the
friction coefficient. The observation of worn surface of coated
pin was performed by a field emission scanning electron
microscope (FESEM) and optical microscope (Model: Stemi
2000-C, Zeiss) with high-resolution Camera (SONY-Cybershot
4.1 mega pixels Model: DSC-585).

To calculate the wear volume of the coated pin after testing,
the profile of worn surface were measured at different locations
using a profilometer and the average cross-sectional areas (4) of
the worn tracks were determined. The wear rates () were
obtained by following relationship (Ref 28):

ndA

W=—r

TN (Eq 1)

where d is diameter of wear track, L is total sliding distance,
and N is load applied.

3. Result and Discussion

3.1 Effect of Al Gontent on Phase Composition of CrAIN
Coating on SA304 Substrate Material

The XRD patterns of the Cr;_,AlN coating deposited on
SA304 substrates with various values of Al content is shown in
Fig. 1. It is shown that the coatings are highly textured with
domination peak of CrN(111) with position being shifted to
higher 20 angle, with increasing Al content in the coating
deposited on SA304. The peak shift in 20 peaks in Cr; ,ALN
coating may be due to substitution of Cr atoms by smaller Al
atoms in CrN lattice (Ref 5, 29). The peak shifting to higher
diffraction angle indicates a reduction in d spacing and lattice
constant and vice versa, as shown in Table 2. Also, the
reduction in lattice constant may indicate the possibility of
formation of hexagonal, h-AIN (004) reflection as reported by
Ding et al. (Ref 30). The actual solubility limit of Al in the
coatings depends on the deposition conditions and the solubil-
ity of AIN in cubic CrN is as high as 77 mol%, the saturated
CrAIN phase is thermodynamically metastable (Ref 31-33).
The one diffraction peak corresponding to Bl CrAIN was
detected from coated SA 304 substrate. There is no appreciable
peak separation found within the range of applied power to the
Al target as reported by the Li et al. (Ref 7). Also, there is no
peak between 45° to 75° diffraction angle. Only one highly
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textured peak corresponding to CrN(111) position with weak
CrN(200) orientation is observed from the XRD results instead
of two high intensity peaks corresponding to CrN(111) and
CrN(220) orientations reported in the literature (Ref 11). It may
be because of the higher nitrogen content during deposition and
higher thickness of coating, which favors (111) plane due to the
influence of strain energy (Ref 34-36). The lattice constant is
calculated from CrAIN(111) peaks for coating deposited on
SA304 substrate. The lattice constant a and lattice microstrain €
were calculated using Eq 2 and 3 (Ref 37-39).

1 P2+ P

5= % (Eq 2)
where d is the interplanar distance obtained from the position
of the (111) peak using the Bragg condition, and

a— Qo

e=——x100

ao

(Eq 3)

where a is the lattice constant in the strained condition and
ao is the unstrained lattice constant (4.140 A). The lattice
constants were found to be decreasing with increasing Al
content as shown in Table 2.

It has been reported in the literature (Ref 40) that the
microstress increases with the deposition rate and hence coating
thickness, because of the distortion of crystal lattice of the
coating due to the comparatively high kinetic energy of the
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Fig. 1 X-ray diffraction profiles of the as-deposited coating pre-
pared with different Al contents by magnetron sputtering on SA304
substrates

incident ions. The CrAIN coatings were deposited at the same
temperature (573 K), and therefore thermal stresses of all the
coatings were presumed to be the same in this study. The grain
size and deposition rate of CrAIN coating as a function of Al
content is shown in Fig. 2. It was found that with the
incorporation of Al atoms in to the CrN coatings, the full
width at half maximum (FWHM) of the CrN (111) diffraction
peak is increased, and hence there is a reduction in grain size in
the CrAIN coating. The FWHM and the microstrain as a
function of Al content in CrAIN coating is shown in Fig. 3.
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Fig. 2 Grain size and coating thickness as a function of Al content
in the CrAIN coating

0.22 - SA304 I
0.21 - POy
0.20 4 0.8
0.19 4 L 0.7
< 018 [ 0.6 g
§ 017 1e— - 0.5 g
i 0.16 4 b %
0.15 4
0.14 1 - 0.3
0.13 4 0.2
0.12 y y y . T 0.1
2 3 4 5 6 7 8

Value of x in Cr,__AIN (in %)

Fig. 3 FWHM and microstrain as a function of Al content in
CrAIN coating

Table 2 Calculated FWHM, d spacing, lattice constant, and lattice microstrain as a function of Al content of CrAIN coating

deposited on SA304 substrates

Lattice constant a Microstrain

Sample FWHM d spacing for (111) orientation € = (a — ay)lay
CrAl(2.54 at.%)N 0.1308 24117 4.1771 0.8961
CrAl(2.86 at.%)N 0.1869 2.4083 4.1712 0.7536
CrAl(3.35 at.%)N 0.2056 2.3977 4.1529 0.3115
CrAl(4.92 at.%)N 0.1495 2.3951 4.1484 0.2028
CrAl(7.15 at.%)N 0.1308 2.3950 4.1482 0.1980
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The CrAl(3.35 at.%)N coating shows a minimum grain size
due to its comparatively higher deposition rate (75 nm/min).
Due to this, the FWHM of CrAl (3.35 at.%)N, should be higher
because of lower grain size. The lattice microstrain of the
CrAlN is reducing with Al content and at CrAl(3.35 at.%)N, a
lower microstrain value is observed despite its comparatively
higher deposition rate. It is evident from the Fig. 3 and 4 that
the microstrain of CrAl(3.35 at.%)N is reducing with coating
thickness. The reduction in lattice microstrain is due to the
formation of c-AIN (Ref 7). The high residual stress is
responsible for phase separation of c-AIN from CrAIN. The
relaxation of the lattice microstrain might occur during the
phase separation. Two-dimensional surface topography of
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Fig. 4 FWHM and coating thickness as a function of Al content in
CrAlN coating
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CrAIN coatings deposited at different Al contents were
characterized using AFM and the morphology of the films
was obtained using FE-SEM (Fig. 5). The coating becomes
more compact and denser as seen in these micrographs. The
overall roughness of the coating deposited on SA304 substrate
is summarized in Table 3. The surface roughness is reducing
with increasing Al content. The reduction in surface roughness
and high density of the coating may be due to increasing,
applied voltage to Al target, which may increase mobility of the
atoms and results in higher nucleation density (Ref 41) during
the formation of denser coating. The high mobility of the
adatoms can move in to inter-granular voids and diffuse in the
films. Higher nucleation density helps to produce denser
coating and atoms with high mobility diffuse in to the intern
granular voids (Ref 42, 43). The measured microhardness is
found to be increasing with increase in Al content as shown
in Fig. 6.

Table 3 Grain size, surface roughness, and hardness
of CrAIN coating at different Al contents deposited
on SA304 substrate

Roughness,
nm Deposition
Grain size rate, Hardness,
Samples (XRD, nm) RMS Av nm/min GPa
CIN 70 21 18 67 13.93
CrAl(2.54 at.%)N 63 10.34 8.28 70 15.28
CrAl(2.86 at.%)N 44 9.71 17.76 72 15.94
CrAl(3.35 at.%)N 40 10.09 7.99 75 16.95
CrAl(4.92 at.%)N 56 831 6.68 78 17.56
CrAl(7.15 at.%)N 63 9.08 7.17 70 18.81

L e 7 15.at% Al

- &

nm
nm
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Fig. 5 FESEM and AFM images of CrAIN coating deposited on SA304 as a function of Al content
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3.2 Wear Properties

When coated pin slides against steel disc (with surface
roughness below 100 nm), the behavior of the material was
highly influenced by the differences in hardness between the
coated pin and the disc. As can be seen in Fig. 7, the EN 32
steel (65 HRC) was severely worn by coatings with high
hardness, i.e., the CrN and the CrAIN coated pin. The wear test
parameters are given in Table 4. During the pin-on-disc test of
CrN coating, (Fig. 8) initially, the friction force was found to be
around 4 to 5 N up to 5 minutes. Similarly, in the CrAIN
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Fig. 6 Microhardness of CrAIN coatings as a function of Al
content
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Fig. 7 Wear track produced on counter material (EN32) after
CrAlIN-coated pin slide over specific time period (test condition:
10 N, 0.5 m/s, 2000 m sliding distance, 30 °C, 32%Rh)

Table 4 Pin-on-disk wear test parameters

Coating CrN and CrAIN coating

Stainless steel SA304
EN32 (65 HRC)

Substrate/pin material
Counter material (disk)

Normal load applied 10 N
Sliding speed 0.5 m/s
Environment
Room temperature 28+1 °C
Humidity 32 £5%Rh

2006—Volume 21(9) September 2012

coating, the friction force was observed to be around 2.0 to 3.0
in initial time. Subsequently, it is increased with sliding
distance, which is purely attributed to the lower surface
roughness of pin as well as disc and a counterpart, below 10
and 100 nm, respectively. It may be due to the perfect surface
asperity contact of sample. After 2 to 3 minutes, friction force is
increased suddenly to a range of 5 to 8 N (for CrN) and 4 to
6.5 N (for CrAIN) in the next 5 to 7 min following the
generation, breaking and agglomeration of wear particles
between pin and disc. Finally, it reaches to a steady state
condition and becomes stable around 6.5 and 4.5 N for CrN
and CrAlN, respectively, when the friction was governed by the
viscous shearing of the coating (Ref 44). The calculated
Hertzian contact pressure, minimum and maximum was 1.1 and
1.66 GPa, respectively, for the contact area of CrN and CrAIN
coating.

Figure 8 shows that with lower % of Al content (2.53 at.%),
within a around 2.5 to 3 min, the friction forces increases to
higher level and with time it is slowly increased to 7.9 N
friction force at 66 min sliding distance. Similarly, the CrAIN
coating with 2.86 at.% Al content, the friction force versus
sliding distance curve follows a same trend as in the case of
2.53 at.% Al content. However, the friction force is drastically
increased at 58 min from 4.8 N to the value 7.0 N. Such an
immediate change may be either the delamination of films from
the substrate or a fragmentation might have occurred between
two sliding parts, pin and disc, and at the same instance,
substrate is touching the disc causing higher friction force. It
can be deduced from the above observation that wear rate is
reducing with increase in Al content and it may enhance the
tribological properties due to the reduction in mean coefficient
of friction to 5.7 from 5.9 N. The intermediate value of Al
content (3.35 at.%) in the CrAIN coating further improves the
tribological properties, friction force and wear rate, found to be
4.8 N and 1.0 mm>/N -m, respectively. Further increment of Al
at.% to 4.92 and 7.15, the friction force is found to be 5.7 and
5.1 respectively, with more consistency observed in the case of
highest Al at.% (7.15 at.%) throughout the testing time. In the
case of CrAIN-coating, the average friction coefficient is varied
from 0.48 to 0.59. The reported coefficient of friction (COF)
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Fig. 8 The friction force produced during CrN- and CrAlN-coated
pin slides against its counterpart of EN32 steel (test condition: 10 N,
0.5 m/s, 28+ 1 °C, 32 +5%Rh)
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and wear rate are summarized in Table 5. The SEM analysis of
the worn out CrAIN-coated pin did not show any transfer of Cr
or Al element on the counter material, disk, which indicates
better adhesion of coating with the substrate. The results are
quite similar to Wang et al. (Ref 24). In addition to the optical
photograph, the EDS analyses were performed on the worn
coated pin. The EDS result shows mainly Cr, Al, Fe, O, and N
elements and hence we presume that the oxides having dark
brown in color of Cr, Al, and Fe might have formed (Fig. 9).
There is a transfer of material from the counter material, which
shows a lower hardness than coating. The counter material
(EN32) has worn out strongly than CrN and CrAIN coated pin.
The worn particles from counter material, mainly Fe element,
oxidize during the tests, which is found as wear debris, get
transferred and stick on the surface of the coated pin as shown
in Fig. 9. However, the coating material, mainly CrN and
CrAIN are not found on counter material, which is confirmed
by EDS.

Table 5 Influence of nitrogen content and Al content

on coefficient of friction and wear loss of CrN and CrAIN
coatings deposited in same condition studied using
pin-on-disk method

Al at.% in  COF (with counter Wear loss K" X 1075

Samples the coating material used steel) (mm*/N-m)
CrN 0 0.63 3.5
CrAIN 2.53 0.59 25
CrAIN 2.86 0.57 1.5
CrAIN 3.35 0.48 1.0
CrAIN 4.92 0.57 2.0
CrAIN 7.15 0.51 1.0

Wear debris, in general, are composed of the particles
spalling from the pin, a stationary part considered as an upper
part, and the disc, a dynamically active part having specific
sliding velocity considered as a lower specimens during the
wear process. In order to understand the correlation between
wear debris and wear rate of the specimens, the constituents of
the debris should be determined first. The mean particle size is
naturally related to operating conditions. In this study, the load
applied to wear tests was always constant at 10 N. The
micrographs of wear debris reveal that the mean particle size
produced at different chemical compositions cannot be used as
the standard of evaluating specimen’s wear rate as it shows same
behavior in CrN and CrAIN coating. The elements of the wear
debris generated at the sliding speed of 0.5 m/s are mostly
composed of iron and ironic oxides as well as a small amount of
hard coating, i.e., CrN particles. As the coated specimens
become hard by adding the different elements, i.e., addition of
Al and Si in CrN coating, the wear loss of the upper specimen,
different coated pins, is no longer the dominant one. However,
wear loss of the lower specimen is actually contributed the
major part of the debris quantity. During wear test, the
transferred materials from the counter material can be com-
pacted and mechanically mixed with the coating material, and
the mixture of debris formed a thin layer and stick to the coated
surface which contribute to the reduction in wear (Ref 45). Due
to the localized high temperature caused by friction during dry
sliding, the surface layer also reacted with oxygen in the ambient
room atmosphere forming oxides. This tribo-oxidation plays an
important role in controlling friction between the sliding pin and
disc surface, therefore affecting the wear behavior of the
coatings. It is evident from the wear rates shown in Table 5 that
the formation of transfer layer in the coating sample with
increase in Al content has contributed to the reduced wear rate.

Worn Pin

7.5mm

Fig. 9 Optical image of worn out surface of CrN- and CrAIN-coated pin after pin-on-disk test. Arrow indicates the sliding direction (test con-

dition: 10 N, 0.5 m/s, 30+ 1 °C, 32 £ 5%Rh)
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4. Conclusion

CrAIN coatings with different Al contents were deposited on
SA304 substrates prepared by a magnetron sputtering technique.
The coatings are highly textured with a dominating peak of
CrN(111), with its position shifted to higher 26 angle with
increasing Al content deposited on SA304. There is no
appreciable peak separation found within the range of applied
power to the Al target. The grain size is reduced initially up to
4.92 at.% Al content and then grain size increases with further
increase in Al content to 7.15%. The surface roughness is
comparatively low, between 6 and 10 nm in all the coatings with
varying Al content. The low surface roughness and high density
of the coating may be due to increasing applied voltage to Al
target, which increases mobility of the atoms and results in
higher nucleation density leading to denser coating. The
measured microhardness found to be increased with increase in
Al content. The minimum and maximum hardness measured
were 15.28 and 18.81 GPa, respectively, which is higher than
CrN coatings (13.93 GPa) deposited under similar conditions.
The wear resistance of all the CrAIN coatings is better than that
of pure CrN coating deposited under similar conditions, and the
wear resistance is improved gradually with the increase of
aluminum incorporation. Wear rate is reduced with increase in Al
content and it may enhance the tribological properties as its mean
coefficient of friction is reduced to 4.8 in the case of CrAIN
coating, while in CrN coating the COF was found to be 0.644.
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