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Abstract
Nanostructured Cr-Zr-N thin film with different Zr content (0 to 48.8 at.%) was

deposited, using an RF magnetron-sputtering technique. The structural evolution

and morphological changes were performed. The tribological performances were

evaluated, using a ball-on-disk type Oscillating tribometer. The tests were carried

out under normal loads of 2, 4 and 6 N, respectively, with an alumina ball

(Al2O3) as a counter face. The results showed that the crystallite size of the Cr-

Zr-N system was reduced to 10.8 nm at 31.8 at.% Zr content. Morphological

studies of the films showed that the roughness continuously decreased with

increasing Zr content, exhibiting a value of 11.2 nm at 31.8 at.% Zr. The wear

rate tends to decrease with the increasing of Zr content to reach a lowest value of

1.95 9 10-2 lm3.N.lm-1 at 31.8 at.% Zr. The wear rate and friction coefficient

were lower in the samples with 31.8 at.% Zr content. The improved friction and

wear resistance were attributed to the grain refinement strengthening mechanism

at 31.8 at.% of Zr.
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1 | INTRODUCTION

Super hard coatings have been applied to increase the life-
time and to improve the efficiency of machining tools for
drilling, cutting, and molding.1,2 For this, physical vapor
deposition (PVD) method is mostly applied. They have
been reported to increase the abrasive wear resistance 3-6

and to increase the economical benefits of coated materi-
als.3,7 First generation of PVD includes the deposition of
ZrN, TiN, and CrN films; while more recent film deposi-
tion as such Cr-Zr-N receives increasing interests in various
applications.4,5,8

In last two decades, the application of transition metal
nitrides to protect cutting tools 9,10 has become a common
practice in the manufacturing industry.11 Transition metal
nitride coatings exhibit unique properties 1,12 and they are
frequently used in tribological applications.4 The improved

properties like magnetic, catalytic, chemical, mechanical
and tribological make them attractive for biomedical and
industrial applications.13 Their performance is related to
high young modulus, hardness and thermal stability, good
wear resistance, as well as excellent corrosion and high-
temperature oxidation resistance.8,9,14,15

Moreover, nitrides are hard and thermally stable.14,16

Conventional binary system such as CrN and ZrN is often
used to increase the lifetime 1,17 and to enhance the perfor-
mance of cutting and forming tools.11,18 CrN is one of the
most important transition metal nitrides and it is valued as
a protective and an anti-wear coating.11,19 However, CrN is
not suitable for particular applications such as high speed
machining and applications operating in high temperature
conditions due to the limitations of its binary system pro-
prieties.20Various ternary coatings Cr- X- N, (X = Zr,
Mo, V, W and Al) are now receiving a big attention due to
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their excellent properties,11,21,22 most prominent studies
included the addition of Ti,23 Al 24 and Zr.21 Their proper-
ties such as high oxidation resistance and very low surface
roughness as compared to the Cr-N system have been
reported.20

The addition of Zr to CrN 20,23-27 as surface strengthen-
ing material is appealing due to their good wear and tribol-
ogy performances; high hardness; high oxidation
resistance; good adhesion; as well as low friction and low
thermal conductivity.

A number of studies have addressed the tribological
behavior of ternary Cr-Zr-N coatings.28,29 However, those
studies were limited to hardness, friction, and wear behav-
ior of the coatings. Therefore, the objective of the present
study is to investigate the correlation between the structural
parameters (crystallographic orientation, lattice constant,
grain size), mechanical properties (hardness, elastic modu-
lus, and fracture toughness), and tribological behavior of
Cr-Zr-N coatings as a function of Zr content.

2 | EXPERIMENTAL DETAILS

2.1 | Coating process

Cr-Zr-N films were deposited at a total working pressure
(Ar + N2) of 0.5 Pa, using radio frequency (RF) mag-
netron-sputtering system (NORDIKO type 3500,
13.56 MHz, 1.25 kW) with a base pressure of
3 9 10�5 Pa. Two separate target AISI 316L SS discs of
diameter 6 cm each were used with a substrate to target
distance of 70 mm and an angle of 45°(Cr) and �45° (Zr)
from the normal. The films were deposited at 220°C for
80 minutes. The substrates were ground and polished to
obtain a surface roughness (Ra) of 0.04 lm and ultrasoni-
cally cleaned for 6 minutes (each successively in trichlor-
oethylene, methanol and acetone). Before the deposition,
the substrates were etched under Ar+ ions bombardment
for 6 minutes at �700 V (350 W), 0.1 Pa, and cleaned
under an Ar+ discharge for 6 more minutes, at�500 V
(250W) 0.5 Pa resulting in a 200 nm thin layer which
serves as a sublayer for the deposition. The Cr-Zr-N depo-
sition was conducted under varying Cr and Zr bias voltage
(target power) from 0 V to �900 V (0 to 650 W) with N2/
Ar ratio of 0.25.

2.2 | Physical and chemical characterization

The structural proprieties, lattice parameters, and crystallite
size of coating samples were determined, using the h/2h X-
ray diffractometer (D500: SIEMENS, Munich, Germany)
with Bragg–Brentano geometry, using Co Ka radiation
(kCo = 0.178 nm). Film thickness, surface morphology, and
fracture cross sections were examined, using a scanning

electron microscope (SEM, JEOL JSM-5900LV). A Veeco-
Wyko NT1100 Optical Profilometer, in PSI and VSI modes
was used to evaluate the Film thickness by measuring the
difference between the heights of the thin film surface and
the substrate surface obtained by substrate masking during
deposition or scratching/etching of thin film. The film
thickness was also confirmed by measuring the film thick-
ness of a cross section made through the film substrate
using an SEM. The coating surface roughness was exam-
ined using an atomic force microscope (AFM 100. APE
research). Film composition was determined by EDS, WDS
detectors (EDS, WDS Oxford INCRA x-act) and X-ray
photoelectron spectroscopy (XPS, Riber SIA 100); operated
in fixed analyzer transmission mode, using AlKa1,2,

1486.7 eV excitation. The linearity of the energy scale was
calibrated by the Al anode method and recorded in 0.5-eV
steps for all sample. To ensure clean surfaces, samples
were etched using the Ar ion gun at an accelerating voltage
of 1 kV at a primary energy of 5 keV for 3 minutes. The
main chamber was pumped with a Gamma Vacuum TiTan
300 TV differential ion pump (240 L/s) and titanium subli-
mation pump (1000 L/s), which brings the system to a
lower pressure of 4 9 10�8 Pa, which increased to approx-
imately 4 9 10�8 Pa during ion bombardment at a pass
energy of 160 eV, room temperature, acceleration voltage
of 5 keV, and an incidence angle relative to the surface
normal equal to 60°. The beam size is <1 lm in diameter
and the ion flow is about 5 9 1016 ions.cm�2.s�1. The
spectra were calibrated by the C1s line with a binding
energy of 284.5 eV. The XPS chemical composition was
estimated from the area under the peaks of the core level:
N1s, Cr2p, O1s and Zr3d.

2.3 | Hardness and young’s modulus

Hardness and Young’s modulus were evaluated from the
load-penetration depth curves obtained from nano-indenta-
tion tester (MTS XP nano-indenter). A continuous stiffness
measurement (CSM) mode and an oscillating tip (frequency
of 45 Hz and amplitude of 3 nm) were used. A diamond
Berkovich indenter with tip radius of 200 nm and maxi-
mum load of 12 mN under load control of 0.05 mN/s nom-
inal rate was used. For the diamond indenter, common
values of 1150 GPa and 0.08 for Young’s modulus, Ei and
Poisson’s ratio, vi were used, respectively. The results were
acquired from the average of five indentations.

2.4 | Adhesion strength and residual stresses

The film adhesion was evaluated by means of scratch-tests
(Scratch Tester Millennium 200), which were carried out,
using a Rockwell diamond indenter (diameter, radius, and
conical angle of 0.2 mm, 200 lm and 120°, respectively).



The stripping speed and length were 8 mm/min and 8 mm,
respectively. The scratch test min and max applied load
were 5 and 60 N, respectively. Following the scratch tests,
scanning electron microscope (SEM, JEOL JSM-5900LV)
and EDS, WDS detectors (EDS, WDS Oxford INCA x-act)
were used to evaluate and analyze the scratches.

The residual stress of the coating was evaluated, using
the Newton ring method. The Newton rings were measured
with an optical microscope equipped with a Michelson
interferometer that allows determining the radius of curva-
ture of the substrate R. The internal stress r was estimated,
using Stoney’s equation as given in the following equation:

r ¼ ðE:h2Þ=6ð1� vÞRd (1)

where, E and m are elastic modulus and Poisson ratio of
the substrate, h and d are thickness of the substrate and the
coating, respectively. The appearance of film surface and
cross section was examined by field emission type scan-
ning electron microscope (SEM)..30

2.5 | Tribological characterization

Friction and wear tests were carried out using a conven-
tional ball-on-disk type Oscillating tribometer (TRIBOtes-
ter), with 5 mm stroke length, under dry condition. The
tests were carried out under applied loads of 2, 4, and 6 N,
and a constant sliding speed of 2 mm.s�1, with an alumina
ball (Al2O3:Young’s modulus = 340 GPa, HV0.05 = 2800,
and density = 3.95 g/cm3) as a counter face. The friction
coefficient was determined after a sliding distance of 20 m.
Before each test, the specimens and the balls were cleaned
and rinsed with acetone in ultrasonic bath. After the tribo-
logical tests, the worn surfaces were analyzed by an optical
and scanning electron microscope (SEM). Alumina balls
and samples were weighed before and after each test. How-
ever, no significant difference in the weight was observed.
Therefore, the following wear rate equation was applied to
estimate the wear rate31:

W ¼ V=F � L (2)

where V is the wear volume (lm3), F is the normal load
(N) and L is the sliding distance (lm). The wear volume
was determined directly by laser profilometry. It was sub-
sequently confirmed by the integration of the worn track
profile obtained by laser and mechanical profilometry as
follows:

V ¼ ph2½R� ðh=3Þ� þ ½R2a� lðR=2Þ cosðaÞ� (3)

h ¼ Rð1� cos aÞ (4)

a ¼ arcsin ðl=2RÞ (5)

where l is the wear width (lm), R is the ball radius (lm), h
is the trace depth (lm);

3 | RESULTS AND DISCUSSION

3.1 | Effect of Zr content on Cr-Zr-N
morphology

The structural evolution of the Cr-Zr-N coatings with vary-
ing Zr content, were analyzed (Figure 1). The presence of
CrN phase was observed through the presence of (111),
(200), (311), and (220) peaks which correspond to the face
center cubic (FCC) structure.9,27,28,32 The XRD analysis
(Figure 1a), shows oriented cubic CrN phase at 2h angles
of 43.49° and 51.67° which correspond to (200) and (111)
planes respectively; and hexagonal Cr2N phase at 2h angle
of 50.27° which corresponds to (111) plane.32

The addition of 0 to 2.6 at.% Zr slightly reduced the N/
(Cr+Zr) ratios (from 0.96 to 0.94) then increased to reach a
high value of 0.97 at 31.8 at.% Zr content. At 7.1 at.% Zr
content (Figure 1b), the XRD spectra showed a strong
(111) peak of the hexagonal Cr2N phase at 49.70° along
with a small peak of CrN (111) at 43.28°. The lattice con-
stant of the coating (0.418 nm) is slightly greater than that
of the CrN film (0.417 nm) and the bulk CrN phase
(JCPDS 001 65). Random orientations were detected,

FIGURE 1 XRD patterns of Cr-Zr-N films at different
concentrations of Zr: a) 0, b) 7.1, c) 26.6, d) 31.8, e) 38.6 and f) 48.8
at.% Zr [Color figure can be viewed at wileyonlinelibrary.com]



between 26.6 and 38.6 at.% of Zr content. The Cr-Zr-N
system exhibited (200) and (111) orientation of ZrN and
CrN, respectively, with (111) signal of Cr2N, and (200) of
Zr2N (Figure 1c-e).

In addition, the position of the (111) CrN X-ray diffrac-
tion peak continuously shifted toward the lower (2h)
diffraction angles with increasing Zr content suggestively
due to the excess of N atoms in the crystal lattice which
changed the lattice constants; the presence of compressive
stresses; the dense structure; or the ion bombardment
energy during the deposition process.20,30,32 On the other
hand, the (111) CrN peak intensity considerably reduced
with increasing Zr content.

In case of Zr-N; the coating was composed of a mixture
of Zr2N and ZrN phases with an atomic ratio (N/Zr) of
0.97. The XRD spectrum showed that the films were com-
posed of well-crystallized ZrN (200) phase which corre-
sponds to a high intensity peak at 45° (JCPDS 002 0956)
and to low intensity peaks of (111) ZrN at (38.9°), (111),
(200) and (121) Zr2N peaks at 43.86, 49.05 and 56.25°,
respectively, (JCPDS 046 1204).33 Moreover, minor ZrNO
(444) and (751) diffraction peaks were also observed at
39.95° and 48.21° (JCPDS (00-018-1450), respectively.
The stoichiometry of Cr-Zr-N films was not entirely
attained due to the residual oxygen (about 2 ˗ 3.8 at.%)
located in the film from the vacuum chamber and from the
residual oxygen in the sputtering gas.32

3.2 | Effect of Zr content on crystallite size
and lattices parameters

The lattice parameter < a > of Cr-Zr-N system (Figure 2)
increased with increasing Zr content from 0.417 nm at 0
at.% to 0.422 nm at 31.8 at.% Zr, corresponding to a cell
volume expansion of around 3.3 at.%. The increase can be
explained by the shift of diffraction patterns at small 2h. A
significant increase in the lattice parameters was observed
with the Zr addition of 31.8 at.% reaching a high value of
0.448 nm. The increase of the lattice parameters can be
attributed to the following: (i) Formation of the compound;
(ii) the introduction to first order constraints which act on a
macroscopic scale by modifying the cell parameters of the
materials.34 The crystallite size decreased with increasing
of Zr content and it reached the lowest value of 14.5 nm at
31.8 at.% of Zr content, it then increased rapidly at 48.8
at.% Zr content reaching the highest value of 20 nm.

At 0 at.% Zr, the lattice parameter of 0.417 nm and the
crystallite size of 18.5 nm were calculated from (200) and
(111) diffraction peaks. The positive deviation of 2h plane
position and lattice parameter indicates a compressive
residual stress (rCrN = �1.98 GPa, Figure 2).30

In case of CrZrN, the lattice parameters (Figure 2)
increased steadily (0.452 nm) as the content of Zr

increased. This can be attributed to the fact that, increasing
Zr/Cr ratio will cause more Zr ions to occupy the sites of
the Cr ions leading to the formation of a new solid solu-
tion.20 The crystallite size, as determined from the XRD
peaks, varied from 14.21 to 18.55 nm without any signifi-
cant correlation with the increase of Zr/Cr ratio.

At 48.8 at.% Zr; a lattice parameter of 0.451 nm which
was calculated by ZrN (111) plane was greater than that
calculated for bulk ZrN phase (JCPDS 002 0956). This dif-
ference can be attributed to several different effects, includ-
ing the selective entrapment of interstitial nitrogen atoms
and the growth of lattice defects during deposition.32

3.3 | Effect of Zr content on XPS analysis

Figure 3 shows the XPS spectra of CrZrN coating. In case
of CrN film; the Cr (2p1/2, 2p3/2) peaks are composed of
spin–orbit doublets, with a separation of 9.6 eV; corre-
sponding to binding energies of 574.52 eV and 583.79 eV,
respectively (Figure 3a). The N1s spectrum shows a single
wide peak at 397.6 eV (Figure 3b). This value indicates
the CrN formations.35,36

For the Cr-Zr-N films; N1s peaks show the same ten-
dency for the three coatings with the binding energies of
397.16–397.24 eV (Figure 3b-d). However, at 7.1 at.% of
Zr content, CrZrN showed a lower intensity compared to
the intermediates and higher content of Zr (26.6, 31.8 and
48.8 at.% Zr), which is an indication of a changed growth
mode. For Cr2p, XPS measurements revealed a progressive
negative shift from (574.75, 584.15 eV) for 7.1 at.% and
31.8 at.% Zr down to (574.15, 584.48 eV) for 38.6 at.% Zr
(Figure 3b). These results suggest the formation of Cr-Zr-N
solid solution.33,36-38

FIGURE 2 Average crystallite size and lattice parameters of Cr-
Zr-N systems versus Zr content [Color figure can be viewed at
wileyonlinelibrary.com]



FIGURE 3 a) Cr2p, b) N1s, c) Zrd and d) O1s Spectrum of Cr-Zr- N systems versus Zr content A) 0, B) 7.1, C) 26.6, D) 31.8, E) 38.6 and F)
48.8 at.% at 2 N [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Chemical composition of Cr-Zr-N systems versus Zr content

Films

N(at.%) Cr (at. %) O (at. %) Zr (at. %) N/(Cr + Zr)

EDS XPS EDS XPS EDS XPS EDS XPS EDS XPS

Pur CrN (0 at.% Zr) 47.8 47.8 50.0 48.9 2.2 3.3 - - 0.96 0.97

CrZrN (7,1 at.% Zr) 47.4 47.8 39.6 43.2 2.0 2.0 7.2 7 0.94 0.95

CrZrN (26.6 at.% Zr) 47.3 47.8 18.3 22 3.6 3.6 26.8 26.6 0.94 0.98

CrZrN (31,8 at.% Zr) 47.3 47.8 19.1 18.6 2.0 2.0 31.6 31.6 0.97 0.95

CrZrN (38,6 at.% Zr) 46.7 47.6 10.9 10.5 3.1 3.8 38.6 38.6 0.94 0.96

Pure ZrN (48.8at.% Zr) 47.4 47.8 - - 3.8 2.2 48.8 50 0.97 0.96



The peaks shifted from (180.22, 182.62 eV) at 31.8
at.% of Zr to (180.03, 182.43 eV) at 48.8 at.% of Zr con-
tent, respectively, corresponding to the Zr-N band.23,39,40 It
was observed at 7.1 at.% Zr content that Zr3d, and N1s

peaks were found to be located at (179.3 eV, 182.62 eV)
and 397.3 eV, respectively. The peaks corresponding to
these binding energies can be attributed to Zr-N bonding.
(Figure 3d).

The atomic concentrations of Cr, Zr, N, and O on Si
(100) substrates were determined by EDS and XPS analysis
presented similar values. The results are listed in Table 1.
From the EDS results, Cr-Zr-N films are made of stoichio-
metric metastable phases (CrN, ZrN). But the atomic com-
position derived from peak areas shows that (N/Cr+ Zr)
ratio is always lower than 1. In order to understand this
result, the stoichiometry of the films has been measured,
using XPS. The combination of these techniques gives the
stoichiometry of the films which varies from CrN to Cr2N
when the Zr percentage increases from 7.1 to 38.6 at.%. A
correlation between the bulk stoichiometry of the films and

FIGURE 4 Roughness analysis, Ra (nm), surface morphologies
and thickness evolution (lm) of Cr-Zr-N systems versus at.% Zr
[Color figure can be viewed at wileyonlinelibrary.com]

(A) (B)

(C) (D)

(E) (F)

FIGURE 5 SEM morphology and
cross section of Cr-Zr-N films versus Zr
content: (A) 0, (B) 7.1, (C) 26.6, (D) 31.8,
(E) 38.6 and (F) 48.8 at.% Zr



the Cr2p, Zr3d, and N1s XPS peaks shapes and positions
has been observed. We can also conclude that, the CrN
component of the N1s peak is correlated to a Cr-N stoi-
chiometry. The ZrN component is correlated to a Zr-N stoi-
chiometry mixture. Otherwise, the Cr-Zr-N compounds are
not yet well defined by the existence of (Cr-N, Zr-N) mix-
ture.

3.4 | Effect of Zr content on roughness
analysis

The roughness analysis and the fracture cross section of
Cr-Zr-N coating is presented in Figures 4 and 5. The SEM
images demonstrate that the Cr-Zr-N multilayer coatings
were produced periodically. The relative dark layers
correspond to the Cr layers and the gray-white are the CrN
layers.

The resulting roughnesses of Cr-Zr-N coatings as a
function of Zr content are displayed in Figure 4. The thick-
ness of bilayer periods is 1.26, 1.48, 1.56, 2.05, 1.74 and
1.28 lm as a function of Zr content (0, 7.1, 26.6, 31.8,
38.6, and 48.8 at.%), respectively (Figure 4). The CrN
coating shows a dense columnar structure with a roughness
of 21.5 nm maybe due to a compressive stress state of the
coating.40 Additionally, this coating displays a small grain
size without microdroplets or craters in the surface mor-
phology as a result of the mutual interference of the inter-
mediate CrN and Cr2N phases.23 The thickness of CrN
coating was 1.26 lm, which belongs to the structure of
zone II.23,40 With an increase of Zr content from 7.1 to

31.8 at.%, the Cr-Zr-N coating showed a smooth and
columnar growth, with a RMS roughness value decreasing
from 15.5 to 11.2 nm (Figure 5B,C), which is related to
the multicomponent coatings.41,42 As the Zr content
increases to 48.8 at.%, a mixture of round and faceted
grains were found without defects (Figure 5D), indicating
the existence of a random structure with the appearance of
(111) Cr2N and (002) Zr2N peaks. However, a significant
increase of roughness (21.5 nm) could be related to the
film thickness; the new structure composite formation; and
the competitive growth between Cr2N and CrN.43 The ZrN
coating also showed a dense columnar structure with small
grain size (Figure 5E). The ZrN coating exhibited low
thickness (1.28 lm) and higher roughness (25 nm). This
structure is compatible with zone II.41,44

3.5 | Effect of Zr content on Hardness and
Young Modulus

The evolution of hardness (H), Young’s modulus (E), and
residual stress (r) of Cr-Zr-N films with the addition of Zr
was studied (Figure 6).The highest values were obtained at
31.8 at.% Zr (H = 30 GPa and E = 320 GPa) and the low-
est values were obtained for pure ZrN and CrN (20 GPa
and E = 289 GPa and H = 19.55 GPa and E = 287.91
GPa, respectively). At 38.6 at.% Zr content, the Cr-Zr-N
system exhibits a slightly higher hardness value of H = 26
GPa and E = 300 GPa. It is noteworthy to point out that
the average crystallite size reduction, the presence of
hexagonal Cr2N and Zr2N phases (Figure 1) and also the
compressive residual stresses rCrN = –1.98 GPa, rZrN = –
1.96 GPa could improve coating hardness and Young’s
modulus by grain refinement strengthening mecha-
nism..16,18,23,30,45,46

The mechanical properties improvement of Cr-Zr-N
coating cannot be easily explained because they are the
result of complex influences of the chemical and physical
properties, the growth mode, the film morphology, and the
stress state.

The mechanical properties of Cr-Zr-N were improved
suggestively due to the solid solution hardening which
inhibits the mobility of the dislocations by the distortion of
CrN lattice parameter with Zr insertion in the film.20 Or
else, it can be caused by the formation of a nanocomposite
structure.23,47 In the present study, the grain size reduction
(Hall-Petch hardening effect) can be considered as a major
factor that leads to the film densification.

The crystallite orientation of Cr-Zr-N films changed
from (111) CrN preferred peak to random orientation
((111) & (002) Cr2N, (111) & (200) ZrN and (111) Zr2N)
(Figure 1), which may have contributed to the hardness by
creating a large number of grain interfaces. These interfaces
could stop the dislocations sliding along the CrN planes.48

FIGURE 6 Hardness (H), Young’s modulus (E) and residual
stress (r) for Cr-Zr-N films versus Zr content [Color figure can be
viewed at wileyonlinelibrary.com]



On the other hand, the presence of a strong mixture of Cr–
N, Zr–N phases and the presence of hexagonal Cr2N phase
may also contribute to the increase of hardness of Cr-Zr-N
coatings.49,50 According to XPS analysis, the peak shifts in
Cr2p binding energy suggest that the bonding character
changed from the Cr-N to the Cr-Cr bonds due to the
charge transfer from nitrogen to Cr atoms as a function of
Zr content. This shows that Zr containing films exhibit a
higher covalence level than pure CrN, which could account
for the hardness increase.18,51

The residual stress followed the same pattern as that of
hardness,52 which showed a small increase from –1.86 GPa
to –2.1 GPa at 7.1 and 31.8 at.% Zr, respectively (Fig-
ure 6). This pattern is suggestively caused by the incorpo-
ration of Zr atoms into the interstitial nitrogen sites.
Alternatively, it may also have been caused by the incident
of energetic particles which affected the surfaces during the
film deposition.53

3.6 | Scratch test analysis

Figure 7 shows the SEM image and the elemental scanning
of the Cr-Zr-N scratch test against Rockwell indenter as a
function of Zr content. At 0 at.% Zr content, a good adhe-
sion, wear resistance, and little damage of CrN film were
observed. The cohesive and adhesive failure critical loads
are in the range of Lc1 � 10.41 and Lc2 � 25.32 N,
respectively. These lower values can be attributed to the
presence of high residual stress (Figure 6) and soft AISI
316L SS substrate. At 7.1 at.% Zr content, critical load
(Lc2 � 34.86 N), smooth and adhesive wear without any
sign of debris abrasion was observed (Figure 7B). Its wear
rate was negligible compared to CrN coatings due to its
high hardness values and low roughness.20,35

However, at 31.8 at.% of Zr (Figure 7D), an adhesive
critical high load (Lc2 � 54.20 N) and delamination frac-
ture mechanism of coating was observed at the edges of

(A)

(B)

(C)

(D)

(E)

(F)

FIGURE 7 Scratch tracks micrographs
versus Zr contents for: (A) 0, (B) 7.1, (C)
26.6, (D) 31.8, (E) 38.6 and (F) 48.8 at.%.
Zr [Color figure can be viewed at
wileyonlinelibrary.com]



the scratch tracks. As can be seen in Figure 7E, the addi-
tion of 38.6 at.% Zr deteriorated the film adhesion due to
the decrease in mechanical properties. As a result, the
adhesive action is significantly lower (Lc2 � 49.33 N) than
that of 31.8 at.% Zr. Moreover, at 48.8 at.% Zr content, a
significant decrease of the Lc1 was observed (Lc1� 9.8 N).
The ZrN film revealed a lower adhesive critical load (Lc2

� 23.34 N). Nevertheless, a brittle failure mode was
observed, this one manifested by the formation of lateral

cracks and chipping at the edges and the middle of the
scratch tracks (Figure 7E).

3.7 | Effect of Zr content on friction
coefficient

The coefficient of friction values is reported as an average
value over the complete time history (After 20 m). As illus-
trated in Figure 8, the coefficient of friction (COF) decreases
rapidly from 0.55 to 0.128 throughout the small content of
Zr (0-26.6 at.%), and subsequently decreases rapidly to reach
the lowest value of 0.112 at 31.8 at.% Zr, and it slightly
increases to reach a high value of 0.552 at 48.8 at.% of Zr
content. However, the friction coefficient was higher for the
applied load of 6 N for all tested samples. This behavior is
suggestively caused by the structure in the coatings estab-
lishing a flat wear track surface by ploughing away the
asperities and roughness irregularities (Figure 4).

The average friction coefficient values at 2 N was in the
range of (0.112-0.135), while it varied between (0.250 and
0.352) at 4 N, and (0.470-0.552) at 6 N with varying Zr con-
tent from 0 to 48.8 at.% Zr, respectively. It was observed that
the friction coefficient increases with increasing of normal
load due to an increase in the true contact area.54

3.8 | Effect of Zr content on volume and
wear rate

The wear scars, sizes, and depths of each groove were
measured using a mechanical and 3D optical profilometer.

FIGURE 8 Evolution of mean friction coefficient of Cr-Zr-N
systems versus Zr content [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 9 Evolution of: (A) Wear volume (x 105 lm3), (B) Wear rate (910�1 lm3.N�1.lm�1) of Cr-Zr-N systems versus Zr content
[Color figure can be viewed at wileyonlinelibrary.com]



A number of depth measurements were taken along the
groove lengths. Wear rates were obtained from the scars
profile, using optical microscope measurements.

Figure 9 illustrates the increase of wear rate with an
increase in load when the concentration of Zr was fixed.
When the load was fixed, the wear rate tends to decrease
with increasing Zr content to reach a lowest value of
1.95 9 10�2 lm3.N.lm�1 at 31.8 at.% Zr. When the load
equals or less than 4 N, the wear rate varied within the
range of 1.95 9 10�2 to 1.08 9 10�1 lm3.N.lm�1;
whereas at 4N, the wear rate varied within the range of
2.18 9 10�1 to 2.94 9 10�1 lm3.N�1.lm�1, indicating
that the wear was intensified. The volume and wear rate
was higher at 0 and 48.8 at.% and lower at 31.8 at.% Zr
content.

It was observed, that the load and Zr content play a sig-
nificant role on the Cr-Zr-N wear rates. One order of mag-
nitude between the highest and the lowest wear was
calculated, confirming friction behavior and wear resistance
of Cr-Zr-N coating systems do not only depend on the
applied load, but also depend on their concentration of Zr.
At 31.8 at.% Zr, the Cr-Zr-N system tested at 2 N

exhibited lower friction, low wear rates, and better wear
resistance (Figure 9). These maybe attributed to the better
mechanical properties, higher hardness values, lower crys-
tallite, and grain size.55,56

3.9 | SEM observations, wear debris, and
subsurface structure

The wear scars morphology of CrZrN systems as a func-
tion of Zr content under applied loads of 2, 4, and 6 N,
after 20 meters of dry sliding was analyzed, using scanning
electron microscopy (Figures 10-13). At higher loads, a
significant build up of the material on the wear track
periphery and a fine particle size was observed. At 0 and
48.8 at.% Zr, an increase in the load caused wider grooves,
this indicates that the abrasive wear was the dominant wear
mechanism.

Figure 10A-F shows SEM micrographs of Cr-Zr-N coat-
ing worn surfaces as a function of Zr content after wear test-
ing under a normal load of 2 N. At 0 at.% Zr, the wear
tracks consisted of deeply torn grooves (Figure 10A). More-
over, a scar distinguished by a failure mechanism was

(A) (B) (C)

(D) (E) (F)

FIGURE 10 SEM images of worm surface of Cr-Zr-N system versus Zr content: (A) 0, (B) 7.1, (C) 26.6, (D) 31.8, (E) 38.6 and (F) 48.8
at.% at 2 N [Color figure can be viewed at wileyonlinelibrary.com]



observed. The observed wear mechanism was similar in all
tested samples. It was initiated by a high layer detachment in
the small particles form, which was an important factor to
accelerate the gradual wear phenomena.These particles cre-
ated the systems instability between the surfaces resulting in
an increase of the temperature in the contact area, weakening
the coating. In most cases, the tests were carried out until the
total detachment of the coating. Nonhomogeneous wear was
observed in alumina ball, forming irregular areas, which
may have been caused by the movement of abrasive parti-
cles from the center to the sides of wear track. This phe-
nomenon was observed mainly for samples tested at 6 N.

The lowest wear rate was exhibited by Cr-Zr-N coatings
with 31.8 at.% Zr content as shown in Figures 8 and 9.
The low coefficient of friction (0.112-0.42), as seen in Fig-
ure 9, is the most important factor that leads to low wear
rates. The wear scars show a coating detachment (Fig-
ure 10C-E). However, there was no significant difference
on wear morphology of Cr-Zr-N systems with three con-
centration of Zr (26.6, 31.8 and 38.6 at.%). In most cases,
31.8.at.% Zr gave a better wear performance than the other
two concentrations of Zr (26.6 and 38.6 at.%) when 2 to

6 N load was applied. Moreover, the worn surfaces were
sheltered by a smooth transfer film of compressed wear
debris. However, significant marks were not observed on
the surface in case of 26.6 at.% Zr as seen in Figure 10C
and few marks are seen in the case of 31.8 at.% Zr as
shown in Figure 10D. Some tests lasted up to 2000 cycles
without any change in the areas of wear.

In the case of pure ZrN (48.8 at.% Zr), it was difficult
to identify the failure and friction mechanism. The wear
did not follow a traditional pattern as in the case of pure
CrN (0 at.%) system. Uniform wear was not observed and
it was difficult to detect visually the detachment of the
coating. The worn surface morphology of the pure ZrN
(48.8 at.% Zr), as shown in Figure 10F, displayed parallel
grooves running along the sliding direction which are cov-
ered by black wear debris. The ZrN coating acts as a repel-
lant to the mechanisms of failure of traditional sliding
wear, resulting in small areas of wear of the coating that
are isolated and irregularly shaped (Figure 10F). Noise and
vibration were not apparent. The wear rates on the ball
were greater than CrN film, suggesting high wear resis-
tance of the ZrN thin film.57 This coating, acted efficiently

(A) (B) (C)

(D) (E) (F)

FIGURE 11 SEM images of worm surface of Cr-Zr-N system versus Zr content: (A) 0, (B) 7.1, (C) 26.6, (D) 31.8, (E) 38.6 and (F) 48.8
at.% at 4 N



in this type of wear, showing negligible wear on the sur-
face. This explains the frequent use of this coating in dif-
ferent applications, including cutting tools, guides, dies,
biomedical applications, etc.58

Figures 11 and 12 show SEM micrographs of Cr-Zr-N
coating worn surfaces with different concentrations of Zr
after wear testing at 4 and 6 N normal load. For these sam-
ples, a relatively smooth wear track was observed. A

(A) (B) (C)

(D) (E) (F)

FIGURE 12 SEM images of worm surface of Cr-Zr-N system versus Zr content: (A) 0, (B) 7.1, (C) 26.6, (D) 31.8, (E) 38.6 and (F) 48.8
at.% at 6 N

(A) (B) (C)

FIGURE 13 Morphology of wear debris collected after wear tests. (A) CrN, (B) Cr-ZrN and (C) ZrN



significant surface damage with deformed and smeared
appearance was observed. There were small cracks on the
worn surface indicating a delicate fracture. The wear track
was distorted and showed a brushing off of debris on the
worn surface.

With an increase in the applied load, a significant build
up of the wear debris on the inner and the outer periphery
(Figures 11-12) of the wear track was observed. In most of
the cases, the weight loss caused by adhesive wear and
lamination defect was observed. Along the wear track (Fig-
ures 10 and 12), both abrasive and adhesive wear mecha-
nism were presented. At a lower and higher concentration
of Zr (0, 7.1 and 48.8 at.%), abrasion was the major wear
mechanism while at medium concentration (26.6, 31.8 and
38.6 at.% Zr) adhesion was the main wear mechanism.

The Cr-Zr-N coating microstructure can also influence
the properties of materials and indirectly affect the tribolog-
ical properties. The grain size and porosity of a coatings
system directly influences the material properties such as
thermal shock resistance and bending strength.59 The rela-
tionship between hardness and CrZrN coatings grain size
followed a Hall-Petch-type equation,60 which involved an
increasing hardness with decreasing grain size.52,61 The
CrZrN coating systems with the smallest grain size showed
the lowest wear rate, as expected. Hence, the improvement
in the wear performance of the CrZrN coating system with
31.8 at.% Zr can be attributed to its lower crystallite and
grain size.

3.10 | Wear debris morphology

Figure 13 shows the morphology of wear debris of CrZrN
coating system at 0, 31.8 and 48.8 at.% Zr content. The
wear debris of pure CrN (0 at.% Zr) showed larger chip-
like metallic and fine wear particles. Similar features were
observed in the wear debris of pure ZrN coating (48 at.%
Zr) but the particle size was finer and the chips were smal-
ler. Some larger agglomerates of debris that were flaked
off from the transfer layer could also be observed, Fig-
ure 13C. The mechanism of wear appeared to be a mixture
of adhesion and oxidation (Figure 12). Wear debris parti-
cles were suggestively generated by metal transfer, delami-
nation mechanism, or by ploughing the asperities of the
counter face.

As the wear debris particles were repeatedly fragmented
and oxidized, the fine particles generated became adherent
to the wear surfaces and get agglomerated in some regions,
particularly in the grooves.21 The debris generated during
oxidative wear may have an effect on the wear process in
two different ways: (i) the oxide particles may get locked
between the sliding surfaces and (ii) these particles get
compacted on the sliding surface to form a protective trans-
fer layer (Figures 10-12). Both of the friction coefficient

and the wear rates decreased with increasing Zr content
(Figures 8 and 9), suggestively due to lower hardness value
of 0 and 48.8 at.% Zr content.

It is suggested that the beneficial role of wear debris in
promoting wear resistance through formation of transfer
layer is more prominent than its contribution to increase
volume loss through three body wear 62 as only a few
scratch marks were observed on the surface of the speci-
mens. The presence of transfer layer was observed on the
surface of all the coatings. It appeared to be more compact
on the surface containing a higher amount of Zr. Hence,
they showed a lower wear rate and friction in comparison
to pure CrN and ZrN.

4 | CONCLUSIONS

The structural evolution and morphological changes of the
nanostructured Cr-Zr-N thin film, using an RF magnetron-
sputtering technique were studied. Different concentrations
of Zr (0, 7.1, 26.6, 31.8, 38.6, and 48.8 at.%) were applied.
The following conclusions can be drawn:

1. The deposited Cr-Zr-N coatings showed a columnar
compact structure with a mixture of fcc (CrN, ZrN)
and hcp (Cr2N, Zr2N) phases with Cr2N (111) prefer-
ential orientation.

2. The Cr-Zr-N crystallite size decreased and the lattice
parameter increased as zirconium content increased
from 0 to 31 at.% with an improved roughness due to
the crystallite size.

3. The highest values of hardness and Young’s modulus
were obtained for 31.8 at.% Zr content and the lowest
values were obtained in the case of pure CrN and ZrN
coatings, due to the formation of strengthening (Cr-N,
Zr-N) mixture, preferred crystallite orientation and
grain refinement.

4. The scratch test showed that the Cr-Zr-N adhesion was
significantly improved in the case of 31.8 at.% Zr.

5. Addition of 31.8 at.% Zr resulted in a significant
improvement in relative density, hardness, and wear
resistance due to a reduction in the particle size.

6. At constant applied normal loads, the wear rates
decreased with increasing Zr content reaching the low-
est value at 31.8 at.% Zr, which was attributed to the
improved mechanical properties of the coating.

7. At the same Zr content, an increase in the applied nor-
mal load increased the wear track resulting in higher
wear rates.

8. The friction coefficient increased with the increase of
the normal load, but decreased significantly with
higher Zr content for all tested samples reaching the
lowest value at 31,8 at.% of Zr.



9. At 31.8 at.% Zr content, the CrZrN system showed the
lowest wear rate, while at 0 and 48.8 at.% it reached
the highest wear rate. The applied load, crystallite, and
grain size played an important role in controlling the
wear rate. The higher wear resistance at 31.8 at.% Zr
content corresponded to good mechanical and
microstructural properties.

10. The predominant wear mechanisms were found to be
abrasion, adhesion, and delamination for nanostruc-
tured CrZrN system.
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