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Duplex coatings consisting of nitrided HSS steel substrates and (Zr,Al)CN layers were produced. Plasma nitriding of the 
steel was carried out for 3 h in an atmosphere of N2 (30%) and H2 (70%) gases, at 480°C. The (Zr,Al)CN coatings were 
deposited by cathodic arc technique on the nitrided steel surfaces. For the nitrided layer, a thickness and surface 
microhardness of about 60 µm and 1580HV0.02, respectively, were measured. The (Zr,Al)CN coatings, with a highly over 
stoichiometric composition ((C+N)/(Zr+Al) ~ 2) and single solid solution nanostructure, had hardness of ~ 36 GPa and a 
thickness of ~ 4.8 µm. The duplex coatings produced were found to exhibit superior friction and wear performance when 
compared to plasma nitrided substrates. 
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1. Introduction 
 
Hard coatings are widely applied on the surface of 

cutting and forming tools to increase their wear and 
corrosion resistance. Duplex treatment is one of the most 
applied methods to improve adhesion between different 
steel substrates and the hard coatings in order to increase 
service life of the coated parts and tools used in industrial 
applications. It consists of two independent steps: plasma 
nitriding followed by the deposition of thin films.  

Titanium and zirconium nitride coatings, prepared by 
PVD or CVD techniques, are two of the most widely 
accepted coatings in industrial applications [1-3]. Despite 
their good wear resistance, TiN and ZrN coatings do not 
provide sufficient corrosion and oxidation resistance. For 
further improving the performance of TiN or ZrN 
coatings, Al was introduced in order to enhance their 
oxidation resistance and hardness. However, the 
incorporation of Al led to a higher friction coefficient and 
a lower toughness in the coating system [4,5]. Therefore, 
adding C to the TiAlN or ZrAlN coating is considered to 
be a promising approach for those applications where an 
improved wear resistance is necessary [6,7]. Despite all 
the data gathered with regard to the properties of TiAlCN 
[6-8], little is known about the ZrAlCN coatings. The 
tribological properties of duplex-coated steels have been 
investigated extensively in the literature. However, wear 
mechanism and its dependence on nitriding conditions and 
the choice of the best hard duplex coating system are still 
unsolved problems so far.  

The aim of this work is to investigate the 
characteristics of (Zr,Al)CN hard coatings deposited by 

duplex technology on high-speed steel (HSS) substrates. 
Both the nitriding treatment and the film deposition were 
performed in a cathodic arc deposition unit. The nitrided 
layers were characterized for microhardness depth 
profiles, while the deposited films were analyzed in terms 
of elemental and phase composition, chemical binding 
state, texture, and hardness. To appreciate the benefits of 
the duplex technology as compared to simple plasma 
nitriding or untreated samples, friction and wear resistance 
of the untreated, nitrided substrates and of the films 
deposited on nitrided HSS samples were comparatively 
investigated.  

 
 
2. Experimental details 
 
The duplex process was conducted in a cathodic arc 

unit equipped with two cathodes made of Zr and Al [9]. 
AISI M2 high speed steel (HSS) plates (30x30x10 mm) 
were used as substrates. The HSS steel in the as-received 
condition has a hot deformed structure with a hardness of 
9.3 GPa. Its chemical composition given is in Table 1. The 
samples were polished to a surface roughness of 14 nm 
(Ra) and chemically cleaned for 10 minutes in an 
ultrasonic bath with isopropyl alcohol. The base pressure 
in the deposition chamber was typically about 6x10-4 Pa. 
Prior to the nitriding, the specimens were sputter cleaned 
for 15 min in a gaseous mixture of N2 and H2 (10 Pa, 960 
V, 250 oC) on a rotating substrate support.  
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Table 1. Chemical compositions (wt.%) of AISI M2 high speed steel (HSS). 
 

C W Mo Cr V Cu Mn Ni Si P S Fe 
0.85 6.40 5.00 4.10 1.90 0.12 0.25 0.30 0.30 0.03 0.03 balance 
 

The parameters of the nitriding process were as 
follows: reactive atmosphere – a mixture of N2 (30%) and 
H2 (70%) gases, total gas pressure – 7x102 Pa, voltage 
applied on the samples –  360 V,  nitriding temperature –  
4800 C, nitriding duration – 3 h.  

After nitriding, the samples were sputtered by Ar+ ion 
bombardment (1 keV) for 30 min, in order to eliminate the 
possible surface contamination with absorbed gases after 
plasma nitriding, since this process takes place at a much 
higher pressure (7x102 Pa) as compared to the one used for 
the film deposition (~6x10-2 Pa). Subsequently, the 
(Zr,Al)CN films were deposited by activating the two 
cathodes.  

Preliminary experiments were conducted to select the 
optimum conditions to deposit films with the highest 
hardness. These conditions were as follows. Reactive 
atmosphere: mixture of N2 and CH4 gases; N2 and CH4 
flow rates = 70 and 30 sccm, respectively; currents at Zr 
and Al cathodes = 60 and 90 A, respectively; substrate 
bias voltage = -100 V; deposition duration = 60 min. 
Under these conditions, (Zr,Al)CN coatings of 4.8 µm 
were produced. 

X-ray photoelectron spectroscopy (XPS) and energy 
dispersive X-ray analysis (EDS) were used to investigate 
the elemental compositions of the films. XPS investigation 
was performed on a VG ESCA          3 MKII spectrometer, 
using AlKα radiation. The sample preparation and the 
spectra processing were similar to those described in Ref. 
[10]. EDS analysis were carried out on a scanning electron 
microscope (XL-30 – ESEM TMP), equipped with energy 
dispersive X-ray spectroscopy. Phase composition, texture 
and crystallite size of deposited films were determined by 
X-ray diffraction analysis (Rigaku MiniFlex II, with Cu 
Kα radiation). To estimate the crystallite size d and the 
microstrain ε of the coatings, the Williamson–Hall method 
has been employed [11, 12], in which the broadening (β) 
of a Lorentzian shaped XRD peak can be expressed as the 
direct sum of the instrumental broadening (βi), crystallite 
size related broadening (βCS), and microstrain ε related 
broadening (βε ):  

 
ߚ ൌ ௜ߚ ൅ ஼ௌߚ ൅  ఌߚ

where: 
 

஼ௌߚ ൌ
଴.ଽఒ

ௗ·௖௢௦ఏ
 

 
and 

ఌߚ ൌ ߝ4 ·  ߠ݊ܽݐ
 
where λ is the wavelength of the used X-rays (0.15405 
nm), d is the crystallite size, and θ is the Bragg's angle. 
From a plot of (β−βi)cos θ/λ vs. sin θ/ λ, one can evaluate 
the contribution of microstrain and crystallite size to the 
XRD line broadening. The intercept of the plot with the 
ordinate (with values expressed in radians) represents the 

reciprocal of the average crystallite size, and, from the 
slope of the line, ε is obtained, which is related to the 
microstrains present in the film. 

The thickness of nitrided layers was determined by 
microscope examination of the cross section through the 
nitrided layer. The roughness of the studied samples and 
the thickness of the coatings were evaluated with a Dektak 
150 surface profiler. The hardness of the coatings and the 
hardness profile of the nitrided region were measured with 
a FM-700 Digital Microhardness Tester (0.05 N load for 
the coatings, and 0.2 N load for the nitrided layers). 
Scratch tests were carried out to estimate the adhesion 
strength of the coatings. The testing conditions were: 
indenter – 0.2 mm radius diamond tip, load – continuous 
increase from 0 to 100 N, scratching speed – 10 mm/min, 
scratching distance – 10 mm. The critical load Lc, defined 
as the load where film flaking starts, was determined by 
optical microscope examination of the scratch tracks. 

For the tribological evaluation of the untreated HSS, 
nitrided HSS (denoted as HSS-1) and duplex coatings, a 
pin-on-disc Tribometer (CSM Instruments) with a sapphire 
ball counterpart of 6 mm diameter was used. The 
experiments were carried out without lubrication for 35 
min, corresponding to a sliding distance of 400 m, using a 
normal load of 3 N and a linear speed of 0.2 m/s. The 
tribological experiments were performed under laboratory 
conditions of 22°C and 40% relative humidity. The wear 
tracks of the coatings were quantified using a stylus 
profilometer (Dektak 150).       

 
 
3. Results and discussion 
 
3.1 Characterization of nitrided layers 
 
Fig 1 shows the structure of the cross section of the 

nitrided layer. After nital-etching (2%), the nitrided part of 
the substrate appears as a dark zone in the optical 
micrograph. From the micrograph, a nitriding depth of 
approximately 58 µm was estimated. The uniformity of the 
thickness of nitrided layer was confirmed.  It can also be 
seen that martensitic structure, with secondary precipitates 
of metallic nitrides and carbides, are formed in the nitride 
layer.     

Microhardness was measured along with depth on the 
cross-section of nitrided layer, in Fig. 2 being presented 
the microhardness profiles. The nitriding treatment 
determined an increase of the microhardness from 
932 HV0.2 for the untreated HSS substrate to 1580 HV0.2 
on surface of the nitrided layer. This significant increase in 
hardness is probably due to formation of precipitates of 
metallic nitrides, including the specific γ’-Fe4N (hard) and 
ε-Fe2,3N (wear resistant) phases, as also reported by Pessin 
[13], and multicomponent (W,Mo,V)-N.  In order to 
support this hypothesis, the EDS line profiles of Fe, W, 
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Mo, and V in the nitrided layer are presented in Figure 3. 
In the dark gray spots, one can observe a substantial 
increase in atomic concentrations of W, Mo and V, 
indicating the formation of their nitrides. In the light gray 
spots, Fe concentration is dominant. A SEM micrograph of 
the sample cross section is also shown.  
 

 
 

Fig.1. Optical micrograph of a nitrided layer; the cross-
section was polished and subsequently etched in nital 

(2%) 
 

 
 

Fig. 2. Microhardness profiles of nitrided sample 
 
 

3.2 Characterization of duplex (Zr,Al)CN coatings 
       Elemental composition and chemical bonding 
 
Using XPS, the elemental composition and the 

chemical binding state on the film surface, sputtered with 
5 keV Ar ions for 10 min., were determined. The XPS 
spectra of the metals in the (Zr,Al)CN films are shown in 
Fig. 4. The peak assignments, according to the data in the 
literature [14], were as follows. The Zr 2p3/2 peaks at 180.3 
and 181.5 eV were attributed to Zr-C-N and Zr-C-N-O 
bonding, respectively; the Al 2p3/2 peaks at 73.7 and 76.7 
eV to Al-C-N and Al-O, respectively. These results 
indicate the formation of an oxide rich region at the 
topmost layer, as a result of the surface oxidation in free 
atmosphere. The presence of oxygen on film surface is a 
typical effect in deposition of nitrides or carbonitrides of 

transition metals [15, 16], since these metals have a high 
affinity to oxygen. 

 

 
 

Fig. 3. EDS line profiles of Fe, W, Mo and V  
in the nitrided layer. 

0 20 40 60 80 100
800

900

1000

1100

1200

1300

1400

1500

1600

1700

H
V

0.
05

d (µm)

100 80 60 40 20 0

In
te

ns
ity

 (a
rb

.u
ni

ts
)

 Fe

100 80 60 40 20 0

 W

In
te

ns
ity

 (a
rb

.u
ni

ts
)

100 80 60 40 20 0

In
te

ns
ity

 (a
rb

.u
ni

ts
)

 Mo

100 80 60 40 20 0

In
te

ns
ity

 (a
rb

.u
ni

ts
)

 V

100 80 60 40 20 0

Fe-N

Depth (µm)

Fe-N

(W,Mo,V)-N



 

 

 

 

c
d
a
s
o

d
t
w
r
i
u
w

c
t

Fig.

Fig. 5. ED

 
Fig. 5 sh

coatings. The 
derived from 
at.%, Al –11.6
should be no
overstoichiom

 
3.3 X-ray
 
Fig. 6 sh

duplex (Zr,Al)
the formation 
with a (111) p
reported for 
ntense energe

under the dep
was dominant 

As a roug
crystallite size
the Williamso

188188

8282

A
rb

itr
ar

y 
un

its
A

rb
itr

ar
y 

un
its

In
te

ns
ity

 (a
.u

.) 
Eval

.4. XPS Zr 2p a
 (Zr,Al)C

DS spectrum of t

hows the ED
elemental co
quantitative E

6  at.%, C –36
oted that the 

metric: (C+N)/(

y structural a

hows the XR
)CN coating. 
of a carboni

preferred orien
the films de
etic ion bom
position cond
as compared 

gh approxima
e d and micro
on-Hall metho

184

B C

D

184

B C

D

79 76

B

79 76

B

Binding

En

luation of duple

and Al 2p spectr
CN coatings. 

 
the (Zr,Al)CN d

S spectrum o
ompositions o
EDS analysis
6.9  at.% and

(Zr,Al)CN c
(Zr+Al) ratio 

analysis 

RD diffractio
The (Zr,Al)C

itride single f
ntation. This t
eposited by t

mbardment [17
ditions for wh

to the surface
ation, the valu
o-strain ε were
d. The d valu

180 176

A
C

A,B
C,D

180 176

A
C

A,B
C,D

73 70

A

73 70

A

g Energy (eV)

nergy (eV) 

ex (Zr,Al)CN co

ra of the 

duplex coating.

of the (Zr,Al
of the coating
s, are: Zr –  
d N – 30.4 at.%
coating is hi
~ 2.   

on pattern of
CN peaks reve
fcc solid solu
exture, comm
this method 
7], was predi
hich strain en
e energy [18]. 
ues of the ave
e calculated u

ue obtained fo

172

B: Zr-C-N
D: Zr-C-N-O

172

B: Zr-C-N
D: Zr-C-N-O

67 64

A: Al-C-N
B: Al-O

67 64

A: Al-C-N
B: Al-O

oatings with im
 

 

l)CN 
gs, as 

21.1 
%. It 
ighly 

f the 
ealed 
ution, 
monly 

with 
icted 

nergy 
 

erage 
using 
or the 

(Zr,
in th

 

criti
of th
com
tribo
also

GPa
(21 
carb
TiM
seve
latti
mec
bom
plas
The
with
mor

Ra 
then
show
prof
7(a)
in su

was

(Zr,
rate
tribo
frict
data
 

mproved tribolog

Al)CN coatin
he films was o

 

Fig.6. X-ray 
deposite

3.4 Mechani
 
Hardness (H

ical load (Lc),
he duplex (Zr

mparison pur
ological prop

o presented.  
The high ha

a) as compare
– 26 GPa

bonitride coa
MoCN [20]), 
eral factors su
ice deformatio
chanism [3,
mbardment of 
sma density g
e role played b
hout a comp
rphology of th

As a result o
increased fro

n increased to
ws the 3D 
filer. Compar
)) and after ni
urface roughn
A good adh

s found, the cr
The results 

Al)CN coatin
 K and fric
ometer test (T
tion coefficie
a for HSS and 

gical performan

ng was of abou
of about 0.015

 
diffraction patt
ed on the 480°C

 

ical and tribo

H), roughness 
 friction coeff

r,Al)CN coatin
rposes, valu
erties of untr

ardness of th
d to common
a), also rep
ating systems
may be due 
uch as defect 
on [22, 23], 

24] and 
f the substrate
generated by 
by each facto
plex study o
he films. 
f the surface t
m 14 nm (H

o 450 nm ( (Z
images obtai

rison of surfac
itriding (Fig. 
ness after nitri
hesion of the 
ritical load val
of the dry s

ngs were summ
ction coeffici
Table 2) and 
ent vs. sliding

HSS-1 sampl

nce                    

ut 43.9 nm. T
556.  

tern of the (Zr,A
C nitrided subst

ological chara

(Ra), scratch
fficient (µ) and
ng are listed i
ues of me
reated and nit

he (Zr,Al)CN
ly used TiN o

ported for o
s (e.g. TiAlZ
to the combi
hardening m

solid solution
enhancement 
e [25], due to

the addition
r is difficult t
of the micro

treatment, sur
HSS) to 70 nm
Zr,Al)CN on H
ined by usin
ce morpholog
7(b)) illustrat
ding. 
duplex (Zr,A

lues being of a
sliding tests 
marized in ter
ient µ at th
also as the v

g distance. Fo
les are also gi

                    64

The strain valu

Al)CN film 
trate. 

acteristics 

h-test adhesio
d wear rate (K
in Table 2. Fo

echanical an
trided steel ar

N coating (~3
or ZrN coating
other comple
ZrCN [19] o
ining effect o
echanism [21

n strengthenin
of the io

o an increase
al Al cathod
to be evaluate
ostructure an

rface roughnes
m (HSS-1) an
HSS-1). Fig. 

ng the surfac
gy before (Fig
tes the increas

Al)CN coating
about 56 N.  
on the duple

rms of the wea
he end of th
variation of th
or comparison
ven. 

49 

ue 

 

on 
K) 
or 
nd 
re 

36 
gs 
ex 
or 
of 
], 

ng 
on 
ed 
e. 
ed 
nd 

ss 
nd 

7 
ce 
g. 
se 

gs 

ex 
ar 
he 
he 
n, 



650                                                C. Cotrut, A. Vladescu, V. Braic, M. Braic, M. Balaceanu, F. Miculescu 

 

 

 
 

Table 2. Hardness (H), roughness (Ra), scratch-test adhesion critical load (Lc), friction coefficient 
 (µ) and wear rate (K) of the samples. 

 

Coating type H 
(GPa) 

Lc 
(N) 

Ra 
(nm) 

µ 
 

K 
(x10-6mm3/Nm) 

HSS 
HSS-1 

(Zr,Al)CN/HSS-1 

9.3 
15.8 
35.9 

- 
- 

56 

14 
70 
450 

0.93 
0.82 
0.55 

7.4 
6.8 

0.53 

 
After a sliding distance of 75 m, the friction 

coefficient values of the tested samples reached already a 
plateau corresponding to a value of ~ 0.5 for the duplex 
treated sample (Zr,Al)CN/HSS-1, while the other samples 
exhibited significantly higher friction coefficients                         
(µ = 0.82 for HSS-1 and µ = 0.93 for HSS), as presented in 
Fig. 8. 

Fig. 8 shows 3-D images and the profiles of wear 
tracks at the end of friction tests. Unlike untreated HSS, 
for the nitrided and duplex coated samples some 
transferred material is visible at both sides of the wear 
tracks. From the wear track profile, the wear rate K was 
calculated. It was found (Table 2) that the wear rate of the 
(Zr,Al)CN/HSS-1 sample was lower than those of HSS or 
HSS-1 specimens. Due to high hardness of the duplex 
coating, its plastic deformation is lower than those of the 
reference samples under the same loading level. 
Consequently, the contact area between the ball and the 
sample is lower in the case of the duplex coating, resulting 
in a reduced wear rate. The fact that the most wear-
resistant sample was the duplex (Zr,Al)CN coating, also 
exhibing the highest microhardness, implies that the wear 
follows the abrasive wear mechanism [26], [27]. 
 

 
 

Fig.8. Friction coefficient µ for HSS, HSS-1 and (Zr,Al) 
CN/HSS-1 as a function of sliding distance. 

 

 

 
 

Fig. 7. 3D surface profilometry of (a): untreated steel  
(HSS); (b) nitrided steel (HSS-1) samples. 

 
 

4. Conclusions 
 
A novel type of duplex coatings, namely (Zr,Al)CN, 

were produced by the cathodic arc method on plasma 
nitrided HSS substrates. The nitrided specimens were 
prepared in a mixture of N2 (70%) and H2 (30%) gases for 
3 h at 4800C nitriding temperature. 

The EDS and XPS analyses showed that the coatings 
were highly over-stoichiometric, (C+N)/(Zr+Al) ratio was 
calculated to be of 2. X-ray diffraction patterns revealed 
the formation a crystalline nanostructure consisting of a 
carbonitride fcc solid solution ((111) texture).    

For the (Zr,Al)CN film deposited on nitrided HSS 
steel substrate, a high hardness of about ~36 GPa was 
measured. Tribological tests, carried out under dry 
conditions, revealed that both friction coefficient and wear 
resistance of the duplex coatings were superior to those of 
the untreated or nitrided specimens.  

The experimental results demonstrated that the 
(Zr,Al)CN duplex coatings, investigated in this work, 
could be promising candidates for protective coatings to be 
used in various tribological applications.  
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Fig.8. Three 3-D images of the wear tracks, obtained with a Dektak 150 surface profiler, for: (a) untreated HSS steel; (b) 

nitrided steel (HSS-1); (c) (Zr,Al)CN coating deposited on nitrided steel (HSS-1), after the sliding test of 400 m. 
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