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We investigated the tribological properties of CrAlN and TiN coatings produced by electron beam plasma-
assisted physical vapor deposition by nano- and micro-scale wear tests. For comparison, we also conducted
nano-indentation, nano-scanning wear tests, and pin-on-disk tribotests on uncoated M2 steel. The results
indicate that, after nano-scale sliding tests against diamond indenter and pin-on-disk tests against ceramic
alumina counterface pins, the CrAlN coating presents superior abrasive wear resistance compared to the
TiN-coated and uncoated M2 steel samples. Against aluminum counterface, aluminum is more prone to
attach on the CrAlN coating surface compared to TiN coating, but no apparent adhesive wear was ob-
served, which has occurred on the TiN coating.
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1. Introduction

Hard coatings, from conventional TiN to a wide range of
single- and multilayer coatings, such as TiCN, TiAlN, CrN, and
some carbon-based coatings play an important role as surface-
protective coatings for improving the lifetime and performance
of cutting tools, forming dies, and some bio-components (Ref
1–8). An emerging Cr-Al-N coating (Ref 9–12) has been
reported to have higher hardness, higher hardness-to-elastic
modulus (H/E) ratio, exceptionally high wear resistance, and
thermal stability at high temperature. Therefore, it has been
considered as an advanced protective coating for cutting tools
or dies. Recent work has also investigated the optical and
electrical properties of CrAlN coating, and the results indicated
that it can be used as a novel candidate material for high-
temperature solar selective absorber coatings (Ref 13).

The pressure to reduce fuel consumption through vehicle
design has been the driving force behind the development of
light-weight metals and advanced high-strength steels (AHSS).
Aluminum alloys, which are typically light-weight materials,
have been widely employed in vehicle components and can
significantly reduce their weight. On the other hand, the
processing of some AHSS, such as multiphase steels, improved
formability and higher strength, which allow for greater part
complexity, leading to fewer individual parts, more manufac-
turing flexibility, and therefore weight and cost savings
(Ref 14). However, to produce quality parts and to reduce

repairing/maintenance time and costs of die or tools, new
materials or tool coatings are needed in cutting tools and dies in
order to withstand new application conditions, such as high
cutting force, and compatibility with ductile counterface
materials during the machining and cold-forming of light-
weight metals and AHSS. The deposition and characterization
of Cr-Al-N coatings have been reported in previous work (Ref
9–12). However, research on their tribological properties under
various conditions such as minute load and ductile counterface
materials is still desirable and needed.

In this paper, we tested the wear resistance performance of a
CrAlN coating. For the purpose of comparison, the TiN-coated
and uncoated samples were also tested under the same test
conditions. In addition to micro-scale wear tests, such as pin-
on-disk tests, nano-indentation and nano-scanning wear tests
were also employed to evaluate the mechanical and tribological
properties of the three samples.

2. Experimental Details

2.1 Coating Preparation

TiN and CrAlN coatings produced by the supplier (Tecvac
Ltd., UK) were deposited on mirror-polished (Ra< 0.1 lm)
and hardened M2 steel (HRC = 62-63) coupons (2.59
2.5 cm2). An electron beam plasma-assisted physical vapor
deposition (EBPAPVD) method was adopted, which usually
offers dense coatings with a good surface finish, uniform
microstructure, controlled composition, tailored microstructure,
and low contamination. The CrAlN coating was deposited
using a twin EBPAPVD system (Tecvac IP35L), and the TiN
coating was deposited using a single PAPVD system (Tecvac
IP70L). During the deposition processes, bulk temperature of
the substrates was monitored using a thermocouple; the
deposition temperature did not exceed 500 �C.

2.2 Coating Structure Characterization

The crystalline structures of coatings were analyzed by x-ray
diffraction (XRD). The thickness and surface roughness of
coatings were measured by the cross-sectional morphology
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observation method using a scanning electron microscope
(SEM) and a stylus surface roughness tester, respectively.

2.3 Laboratory Tests in Nano- and Micro-scales

A Hysitron Ub1 nano-mechanical test system was used to
measure nanohardness and reduced elastic modulus (Er) of the
coated and uncoated samples at a normal load of 1000 lN. This
Hysitron instrument with atomic force microscopy (AFM)
functions has a two-dimensional computer-controlled piezo
transducer that can perform tip sliding and scanning and
simultaneously apply and monitor normal and lateral forces on
the tip. The tip used is a three-sided pyramid Berkovich
diamond tip with a radius of the tip curvature of �100 nm. The
same tip was also used for AFM imaging. The nano-wear
resistance of the tested samples was determined by scanning
nano-wear tests at a normal load of 200 lN, and the wear
scanning area was 1.59 1.5 lm2. The tip scanning velocity
was set at 9 lm/s. Twenty passes of scanning were carried out
on each sample. After the wear scanning, AFM functions were
utilized to image the worn surfaces and determine their surface
profiles. The wear rate was expressed by average wear depth
per scanning pass. A nano-scratch mode was also used to
determine the friction behavior during the sliding wear process
with a constant normal load of 200 lN and a sliding speed of
0.25 lm/s.

To evaluate tribological properties in micro-scale, pin-on-
disk (POD) tribotests were performed on the TiN- and CrAlN-
coated and uncoated M2 coupons under dry sliding with a 5 N
normal load, 0.1 m/s sliding speed, and 10,000 revolutions
sliding distance (i.e., 150 m). The counterface pins were
AA6061 aluminum and alumina balls with a diameter of
5.5 mm (Salem Specialty Ball Company). The wear track and
worn counterface balls were observed using scanning electron
microscopy (SEM) with energy-dispersive x-ray (EDX)
analysis. A Wyko surface profilometer was used to obtain 3D
images and cross-sectional profiles of the wear tracks produced.
The wear loss was determined by measuring the areas of cross-
sections of wear tracks, from which the wear rate k can be
calculated and determined by the expression:

k ¼ A� L

N � l
ðEq 1Þ

where A and L are the cross-sectional area and circumference
of wear track, respectively. N is the load and l is the sliding
distance.

3. Results and Discussion

3.1 Coating Structure

Figure 1(a) and (b) are the XRD patterns and SEM
photographs of cross-sectional structure of CrAlN and TiN
coatings. The XRD test results indicate that the TiN and CrAlN
coatings show phase structure of cubic TiN and CrN phase,
respectively, and no hexagonal AlN phase is detected in the
CrAlN coating suggesting that Al is dissolved in solid solution
of CrN in the CrAlN coating. The two coatings have the same
thicknesses of about 2.0 lm (Fig. 1b). The surface roughness
of coatings is less than 0.1 lm. Our previous results indicated
that the average atom ratios of Ti/N and Cr/Al/N in the TiN and
CrAlN coatings are 50:50 and 35:15:50, respectively (Ref 15).

3.2 Nano-indentation and Nano-wear

Figure 2(a) shows the load-displacement curves during the
nano-indentation, and Fig. 2(b) presents the average hardness
(H) and elastic modulus (Er) determined using nano-indentation
by the Oliver-Pharr method (Ref 16). Test results are also
summarized in Table 1. The CrAlN coating exhibited the
highest hardness, about 31.5 GPa, which is about 4 times
higher than that of the uncoated M2 steel (8.6 GPa). TiN had a
hardness of 25.2 GPa. While the elastic modulus of the
uncoated M2 steel was 210 GPa, CrAlN and TiN coatings
had similar elastic modulus values �260 GPa. It was found that
the CrAlN coating has the highest H/Er value which often
indicates that the coating would have a better wear resistance
than the others (Ref 17).

Figure 3 shows 3D images of nano-wear scars. A large
amount of deformation and pile-up phenomena can be observed
on M2 worn surface (Fig. 3a). Figure 3(b, c) shows the uniform
material removal in the wear scars of TiN and CrAlN coatings,
respectively, of which the coating materials were worn away
without large deformation. The nano-wear rates in unit of depth
per pass were also listed in Table 1. The wear rates of uncoated
M2 steel, TiN, and CrAlN are 0.93, 0.31, and 0.045 nm/pass,
respectively. These results indicated that CrAlN coating could
improve the wear resistance of M2 steel substrate by about
20 times, and it had an anti-wear performance of about 3 times
better than the TiN coating.

The coefficient of friction (C.O.F) during nano-scratch tests
was recorded and is shown in Fig. 4(a). The average values

Fig. 1 (a) XRD patterns (the peaks marked with ‘‘x’’ are from M2
steel substrate) and (b) SEM micrographs of cross-sections of TiN
and CrAlN coatings
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were included in Table 1. Figure 4(b) is the magnified C.O.F
curve during 1 lm sliding distance to present details of wear
behaviors. Figure 4(c) is the surface profiles before nano-
scratches. The C.O.F curves of all specimens exhibited a
wavelike behavior. The C.O.F of M2 steel (Fig. 4a) increased
to 0.34 in a fluctuated pattern. CrAlN coating exhibited a lower
average friction coefficient (0.12) than TiN (0.15).

From the C.O.F curve (Fig. 4a) and wear scar image
(Fig. 3a) of M2 steel, it can be inferred that nano-scale plowing
has occurred under the constant normal load of 200 lN. The
friction coefficient fluctuated with sliding distance (shown in
Fig. 4a), which is possibly due to complicated deformation,
debris formation, adhesion, and rupture. During the nano-scale
wear tests on the coated samples, the diamond tip abraded the
hard coatings. Thus, the two coatings have similar C.O.Fs due
to the similar wear mechanisms during the nano-wear tests.
Comparing the C.O.F graphs (Fig. 4b) and corresponding
surface profiles (Fig. 4c) of TiN and CrAlN, it was noticed that
the change trend of C.O.F agrees with the morphology of the
surface profiles which is associated with the size of the
asperities on the coating surface. This phenomenon can be

explained by the �ratchet� mechanism proposed by Bhushan and
co-workers (Ref 18, 19). If an angle h relative to the horizontal
plane is formed when a small tip slides over an asperity, the
measured instantaneous coefficient of friction l1 in the
ascending part is described by

l1 ¼ l0 þ tan h ðEq 2Þ

Similarly, the measured instantaneous coefficient of friction
l2 on the descending part of the asperity is expressed by

Fig. 3 3D images of nano-wear scars on (a) M2 steel and (b) TiN
and (c) CrAlN coatings after 20 scanning wear passes

Fig. 2 (a) Load-displacement curves (b) hardness (H), reduced
elastic modula (Er), and H/Er

Table 1 Mechanical and tribological properties
of samples tested by a nano-mechanical test system

M2 TiN CrAlN

H, GPa 8.6± 0.3 25.2± 0.5 31.5± 0.4
Er, GPa 209.8± 20 256.2± 20.0 257.5± 30.0
H/Er 0.041 0.098 0.116
Average C.O.F (nano-scratch) 0.28-0.34 0.15 0.12
Wear rate (nm/pass) 0.93 0.31 0.045
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l2 ¼ l0 � tan h ðEq 3Þ

where l0 is the constant value of the coefficient of friction
for small h. Thus, the measured friction is high at the leading
edge of asperities and low at the trailing edge. The C.O.F
evolution would result from friction changing correspondence
to surface profiles of the hard coatings.

3.3 Micro-wear Properties

The abrasive wear resistance of coatings was evaluated by
the sliding tests against hard alumina pins/balls. Figure 5 shows
the wear behavior for the M2 steel and the coatings using
alumina pins as the counterface. The achieved average C.O.F
values were listed in Table 2. The CrAlN coating has lower
C.O.F (about 0.55) than the TiN coating (�0.8), and the M2 has
a C.O.F of about 0.8. Figure 6(a, c, e) shows the SEM
micrographs of wear tracks against alumina counterface balls,
and their corresponding magnified images are shown in
Figure 6(b, d, f), respectively. On the wear tracks of M2 steel
(Figure 6a, b) and TiN coating (Figure 6c, d), severe abrasive
wear can be observed. In addition, a number of white spots can

be observed at the local areas on the wear track of TiN coating
(Fig. 6d). The EDX analysis showed that the white areas
contain the elements W, Mo, Ti, V, and Cr, similar to the
composition of M2 substrate, indicating that the TiN coating
had been locally penetrated at the center area of the wear track.
Some golden color TiN particles were also found on the
alumina ball from the SEM observation (shown in the inset of
Fig. 6c). For CrAlN coating, no obvious wear but only
polishing and one non-continuous scratching scar were ob-
served in the wear track (Fig. 6e, f), and little wear occurred on
the counterface ceramic ball. A large amount of plastic
deformation and two-body abrasive wear occurred where hard
ceramic ball grinded the M2 steel surface and the ceramic ball

Table 2 Tribological properties tested by pin-on-disk
sliding wear tests

M2 TiN CrAlN

C.O.F (pin-on-disk)
vs. Al pin 0.64 0.54 0.67
vs. Al2O3 pin 0.81 0.80 0.55

Wear rate, lm3/N m
vs. Al2O3 pin 5.02 3.40 Negligible

Al ball wear loss (lm3) 2.329 105 2.589 106 5.049 106

Fig. 4 (a) Coefficient of friction (C.O.F) during the nano-scratch,
(b) magnified graphs during 1 lm sliding distance, and (c) surface
profile before wear tests by AFM

Fig. 5 Coefficient of friction (C.O.F) during pin-on-disk sliding
tests on (a) uncoated M2 steel and coatings of (b) TiN and (c)
CrAlN vs. alumina pins
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was not worn. While, for the TiN coating, the ceramic ball
abraded the TiN coating and some wear debris served as ‘‘third
body,’’ and therefore more severe abrasive wear occurred on
the TiN coating surface which causes the higher C.O.F of TiN
coating than the CrAlN coating. The similar values of TiN and
uncoated M2 steel could coincide.

The wear rates of the three samples against alumina balls are
listed in Table 2. From the results, it can be found that the wear
resistance of TiN is 1.5 times higher than that of uncoated M2
steel, and wear loss on CrAlN coating is negligible. The order
of wear resistance during pin-on-disk tests against alumina pins
is consistent with that in nano-wear tests.

Figure 7 shows the C.O.F of M2 steel and TiN and CrAlN
coatings when sliding against aluminum pins. The obtained
average C.O.Fs are listed in Table 2. During a running-in
process, C.O.Fs of M2 steel and CrAlN coating increased
gradually, and then the C.O.Fs stabilized at an average value of

0.64 and 0.67, respectively, while TiN exhibited the lowest
C.O.F of 0.54 among the three samples. Figure 8(a, b, c) shows
the SEM micrographs of wear tracks on the M2 steel and TiN
and CrAlN coatings after sliding tests against aluminum
counterface balls. Figure 8(d, e, f) shows the 3D images of
wear tracks and corresponding 2D profiles of cross-sectional
wear tracks. The wear track on the uncoated M2 steel
(Figure 8a, d) exhibited severe adhesive and abrasive wear.
The M2 material was sheared away by the effect of adhesion
junctions. Meanwhile, the wear debris serves as the third body
between counterfaces and then leads to the abrasive wear. For
TiN (Fig. 8b, e) and CrAlN (Fig. 8c, f) coatings, large amounts
of material transferring from the aluminum balls to the wear
tracks can be observed. The transferred aluminum material
covered the surface of wear tracks. On the TiN coating, some
coating chipping can be observed which implied that some
adhesive wear had occurred on the coating surface. For the

Fig. 6 SEM micrographs of the wear tracks after pin-on-disk tests against alumina pin balls on (a) uncoated M2 steel, (c) TiN with inset show-
ing the alumina counterface pin, (e) CrAlN, and (b, d, f) are the corresponding high-magnification micrographs
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CrAlN coating, more significant material transferring but no
coating chipping can be observed in the wear tracks. At the
steady stage of the sliding, the aluminum materials attached on
the samples� surface and formed transferred layers. Under such
circumstance, the real contact surfaces are transferred alu-
minum layer and the worn aluminum balls. Thus, the uncoated
M2 sample has a similar C.O.F value as the CrAlN coating. The
reason of lower C.O.F of TiN coating could be due to less
material transferring on TiN coating and lower junction
strength between aluminum and the TiN compared to the
CrAlN coating.

Similar wear resistance results have been reported in a
previous work (Ref 15), where the TiN and CrAlN coatings have
been applied on punches in an industrial stamping die. The
CrAlN-coated punch has a longer lifetime than TiN-coated and
uncoated punches when stamping the hot-dip zinc high-strength
steel sheets. The SEM images of the counterface aluminum balls
(photographs did not present here) show that all the balls were
worn and little material attached on their surfaces, but some
abrasivewear can still be observed on the surfaces of all balls. The
calculated wear loss of the aluminum balls against different

counterfaces is shown in Table 2. The wear loss against the three
samples is in the order CrAlN>TiN>M2 steel. The above
results indicate that CrAlN coating has higher affinity to Al
counterface material compared to TiN coating and M2 steel. The
XRDpattern ofCrAlN shows thatAl is dissolved in solid solution
of CrN rather than forming AlN, and the Al in the crystalline
could form Al-Al bond with the Al counterface which accounts
for the increase of the affinity between CrAlN and aluminum. No
obvious adhesive wear occurred, which is due to the high wear
resistance of CrAlN coating. However, large amounts of Al
sticking could lead to built-up edge on the cutting tool which has
negative effects on the cutting quality.

The comparative results showed that the nano-scaled wear
tests against a diamond indenter and micro-scaled wear tests
against alumina ceramic counterface balls presented a similar
trend in ranking of wear resistance. Thus, nano-wear tests can
be used to predict the wear resistance of hard coatings under
micro-scale wear test when abrasive wear mechanism is the
predominated wear mechanism for both scale tests. However,
when complicated plastic deformation, adhesion, and tribo-
chemical reaction occurred during the micro-scaled sliding tests
against aluminum balls, the wear mechanism of micro-scaled
wear test is different from that of nano-scaled one. Under the
aforementioned conditions, it is not suitable to use nano-scaled
results to evaluate the coating�s wear resistance under the
micro-scale wear test.

4. Conclusions

In nano-scale tests, CrAlN coating exhibited higher hardness
(H) and H/E ratio as well as lower friction coefficient compared
with TiN coating and uncoated hardened M2 steel. The wear
resistance of the CrAlN coating was 20 times higher than that
of M2 steel and about 3 times higher than that of the TiN
coating.

When sliding against ceramic alumina balls during micro-
scale pin-on-disk tests, the wear mechanism is dominantly
abrasive wear. The CrAlN coating presents the best wear
resistance, lowest C.O.F, and negligible wear loss after sliding
tests, whereas TiN coating was penetrated due to the severe
abrasive wear. The trend of wear resistance among the three
samples is consistent with that in nano-scale test.

When sliding against aluminum pins, more materials are
transferred from aluminum balls to coating CrAlN, compared
with uncoated and TiN-coated M2 steel, but coating wear did
not occur in the CrAlN coating during the pin-on-disk sliding
tests. The laboratory nano- and micro-scale tests showed that
the CrAlN coating had higher wear resistance than the TiN
coating and uncoated M2 steel.

Fig. 7 Coefficient of friction (C.O.F) during pin-on-disk sliding
tests on (a) uncoated M2 steel and coatings of (b) TiN and (c)
CrAlN vs. aluminum pins
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