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The microstructure of CrN/AlN films, prepared by reactive magnetron sputtering under various conditions,
was analyzed and related to the wear behavior of the films. One set of films was prepared by conventional
reactive magnetron sputtering, a second set adding an extra amount of reactive gas to the initial Ar + N2

mixture and a third set adding an extra source of nitrogen near the substrate during sputtering. The
samples were analyzed by scanning electron microscopy + energy dispersive microanalysis, high resolution
scanning electron microscopy, atomic force microscopy, and x-ray diffraction. The results of the micro-
structural analysis revealed a clear difference in the morphology growth of the films when extra nitrogen
was used compared to the conventionally prepared films. Formation of CrN was significantly faster than
that of AlN. The most effective method to produce AlN was to introduce extra nitrogen. Pin-on-disk wear
experiments were carried out in ambient air, to investigate the tribological behavior of the CrN/AlN system
against a steel ball under dry conditions for various loads and a constant sliding speed. The results revealed
that tribological properties of the layers improved unlike those of the untreated H13 steel. The friction
behavior is closely related to the structure of the deposited films. The thicker CrN layer contributed to the
higher load capacity of the coated steel when compared to the unmodified steel. However, wear life for the
coating system was very short, denoted by the fairly poor adhesion of the film system to the steel substrate.
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1. Introduction

The tribological performance of hard multilayers is amply
recognized (Ref 1, 2), in which the role of nitrides has been
proven to be quite remarkable. In particular, single and
multilayer films involving CrN have become the subject of
many studies (Ref 3-10) and their excellent properties for
specific types of applications have also been well established.
On the other hand, AlN thin films have been widely
investigated for electronic, acoustic, and optical applications
(Ref 11-15), but their potential as tribological films has not
been fully explored despite the remarkable mechanical prop-
erties of bulk AlN: Young¢s modulus of 330 GPa and Knoop
hardness of 10.8 GPa (Ref 16).

It is known that in order to take full advantage of these
remarkable properties in coatings, not only does the structure of
the nitrides have to be carefully tailored, but also the nitride
layers should be combined with other materials to create a

multilayer architecture that ensures the performance and
integrity of the coating (Ref 1, 2). One of the most effective
methods to generate this type of architecture is reactive
magnetron sputtering. This method, not only allows the
production of thin films with properties close to those obtained
in the bulk, but also provides flexibility in terms of manipu-
lating the processing conditions to change the structure of the
films. Although studies on the tribological performance of
systems that include the CrN/AlN layers have been put forth
over the last few years (Ref 17-19), further research on the
impact of the processing conditions is necessary. Since the
coating-substrate interface, grain morphology, grain density,
and the level of residual stresses depend on the deposition
conditions, there is a need to explore the effect of different
reactive atmospheres on the structure and tribological perfor-
mance of the coatings.

In the present study, multilayered Cr/CrN/AlN coatings have
been deposited by reactive magnetron sputtering on the surface
of a H13 steel substrate, a material that is often used for
tribological applications. The effect of the method of feeding
the reactive gas during sputtering on the coating microstructure
and its tribological performance were also investigated.

2. Experimental Procedure

2.1 Deposition Experiments

The multilayers were deposited by reactive magnetron
sputtering in the chamber shown schematically in Fig. 1. The
deposition system is composed of three planar nonbalanced
magnetrons arranged in a vertical position each with a pure Al
or pure Cr targets (50.8 mm in diameter). The substrate to
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target distance for Cr sputtering was an average of 31 mm±
1 mm and for Al sputtering 29 mm± 1.5 mm. The substrates
were disks of 25.4 mm in diameter and 10 mm high cut from
a H13 steel bar. Prior to the deposition experiments, the
substrates were sanded with SiC papers, polished with 6 lm
diamond paste to produce a mirror finish, and cleaned in an
ultrasonic bath of ethanol for 3 min. The discharge was
sustained by an Advance Energy DC power supply. Three
different reactive atmospheres were explored in the present
study: an Ar + N2 mixture (experiment I), Ar + N2 + extra N2

injection between the target and the substrate as shown in

Fig. 1 (Experiment B), and Ar + N2 + direct N2 injection near
the substrate (Experiment B3). A summary of the deposition
conditions for the three experiments is presented in Table 1.

Figure 2 describes a typical deposition sequence for the
experiments. First, a Cr adhesion layer was sputtered with an
Ar plasma, then the Ar + N2 gas mixture was introduced during
sputtering of the Cr target (when the extra N2 injection was
used, it was done during this step). Sputtering of the Al target
followed, which was performed either with extra N2, without
extra N2 or with direct N2 insertion as with the Cr sputtering.
For Al sputtering, voltage control was used while power control
mode was selected for Cr sputtering.

Equipment for microstructural characterization of the depos-
ited films included: a JEOL microscope model JSM6360LV
used for scanning electron microscopy + energy dispersive
microanalysis (SEM + EDS), a Bruker D8 (AXS) for x-ray
Diffractometry (XRD), and an Autoprobe AP-100 for the
atomic force microscopy (AFM).

Fig. 1 Schematics of the experimental setup. Vacuum system (1-4). Valve to regulate conductance (5). Heating lamp (6). Flow controllers and
mixed gases systems (7-11). Extra N2 gas between target and substrate (12). Nonbalanced magnetrons and supply energy system (13 and 14).
Sample holder (15). Chamber unit entrance (16). Langmuir probe and control (17 and 18). Pressure gauges (19 and 20). The OES (21)

Table 1 Relevant parameters for the deposition
experiments

Experiment

I B B3

Layers CrN and AlN CrN and AlN CrN and AlN
Target Cr and Al Cr and Al Cr and Al
Power for Cr target,

W
50 50 50

Deposition time
on Cr target, min

60 60 60

Extra gas of N2

on Cr target
Yes Yes No

Direct gas of N2

on Cr target
No No Yes

Voltage for Al target,
V

450 450 250

Deposition time
on Al target, min

30 30 30

Extra gas of N2

on Al target
No Yes No

Direct gas of N2

on Al target
No No Yes

 1 Pa
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Fig. 2 Schematic description used to produce the CrN and AlN
layers
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2.2 Tribology Tests

2.2.1 Experimental Procedure. Dry wear resistance tests
were performed. Tribological experiments were carried out
using a real time pin-on-disk test machine from CSM
instruments�, which continuously records friction coefficients
as a function of time (see Fig. 3). A tribometry software
package was used along with the tribometer for setting it up and
handling the data. The experimental procedure was performed
according to ASTM G99-95a (Ref 20). For the tribological
tests, a 6-mm diameter AISI 52100 (100Cr6) steel ball rigidly
held to the load arm was used as the pin static partner and the
CrN/AlN bi-layer deposited on the H13 steel-base was
employed as the disk. The following experimental parameters
were kept constant for all tests: sliding velocity = 0.02 m s�1;
temperature 20± 3 �C; sliding distances 30-38 m, and the
relative humidity 50± 5%, and a contact load of 1 N was
vertically applied on the films.

3. Results and Discussion

3.1 Microstructural Characterization

Figure 4 shows the morphology of the films in cross-
sectional and top SEM views of the three samples, while Fig. 5
depicts both a high resolution scanning electron microscopy
(HRSEM) (a) and an AFM image (b) of sample B3. The cross-
sectional views show that all the films developed a columnar
structure and also display the thicknesses of the various films.
The bottom layer, produced during reactive sputtering of the Cr
target was always much thicker (around 10 times thicker) than
that obtained during reactive sputtering of Al in all of the cases,
more than that expected of twice the deposition time of Cr
versus Al. There appears to be an effect of the processing
conditions on the morphology of the films. The top micro-
graphs, which correspond to the Al containing film, displayed
nodular morphology, where individual nodules are likely to
correspond to the top of the columns. The size of the top
nodules which corresponds to the surface roughness decreased
while the density of the columnar structure increased in each
experiment (I fi B fi B3). This effect can be further analyzed
in Fig. 5(b) which presents an AFM image of sample B3. Here,
the top of the columns is better defined and their diameters can
be measured on the order of tens of nanometers with a fairly
homogeneous size distribution. A finer surface roughness may
have a beneficial effect on the tribological behavior of the films.

The nature of the deposited layers was investigated by XRD
and the results are shown in Fig. 6. According to the XRD
results, formation of CrN was observed in all cases; however,
production of AlN seems to have been more difficult, since its
presence is only clear in sample B. Furthermore, it seems that
adding extra nitrogen near the substrate (sample B3) was not asFig. 3 Schematic diagram of the pin-on-disk wear test machine

Fig. 4 SEM images: Experiment I (Reference sample), Experiment B (extra N2 added during Cr and Al sputtering), and Experiment B3 (direct
N2 added during Cr and Al sputtering)
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effective as increasing the amount of nitrogen in the gas
mixture (sample B) for the formation of AlN or the film on this
sample was too thin to produce an appreciable XRD signal. In
any case, it is clear that in the present conditions, production of
CrN occurred much more readily than that of AlN. Since it is
clear that the poisoning of the Al target did not occur, the Al
sputtered atoms were able to reach the substrate surface, as
evidenced by the presence of the pure Al peaks in the XRD
results, and that AlN was only clearly observed in sample B; it
is likely that the higher concentration of N species in this
experiment favored the formation of aluminum nitride while in
the base sample, the residence time of the N atoms was too
short to complete the seemingly slower reaction for the
formation of AlN, and in the case of sample B3, the position

of the N2 flow near the substrate may have resulted in less
ionization of the N2. Thus, further work is required to
determine the optimum arrangement for the case of direct N2

injection to optimize the production of AlN.

3.2 Tribology Results

The objective of the second part of this work was to analyze
the surface states of the coated samples in terms of the friction
coefficient evolution during dry sliding. The friction tests
conducted on the surface of sample B were analyzed and
compared to those of an uncoated H13 steel-base sample.
The measurements of the coefficient of friction for both
samples as a function of sliding distance/laps with a 1 N load

Fig. 5 (a) HRSEM and (b) AFM topography images of sample B3

Fig. 6 X-ray diffraction patterns for samples I, B, and B3
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and 14 mm wear track diameter are shown in Fig. 7(a-b). Both
curves show the typical running-in period characterized by an
initial transient state followed by a friction coefficient increase
and a final gradual-steady state. The initial transient state,
approximately 2 m sliding distance, corresponds to the contact
of the highest asperities of the disk and steel ball surfaces. In
this first stage of sliding, the frictional force is largely a result of
ploughing of the surface by those asperities. Usually, that initial
surface is easily polished until elements of bare surface appear,
resulting in a slow increase in the static friction coefficient due
to the increased adhesion. After 2 m sliding distance, two fast
increments of the friction coefficient for sample B (treated
sample of Fig. 7a) were observed. Each jump in the friction
coefficient reflects the wearing out of a layer of the deposited
film. A greater detail of the running-in period for sample B is
depicted in Fig. 8 where it can be seen that the surface layer of
AlN exhibited an approximate wear life of 2.5 m sliding

distance (�85 laps), illustrated by the dimension with the
circled number one and a friction coefficient of 0.6. The CrN
layer, in turn, exhibited an approximate wear life of 1.2 m

Fig. 7 The variations in coefficient of friction (l) with the slide
distance when hardened-steel pin slid on the surface of (a) CrN/AlN
films and (b) H13 steel substrate

Fig. 8 Sample B showing the worn outs and wear life for each
deposited film. This is a magnified view of the running-in period
from Fig. 7(a)

Fig. 9 Wear trace of treated sample B. The arrows show the initial
location of the failures for each layer
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sliding distance (�40 laps) as shown by the dimension with the
circled number two. As expected, this second layer exhibited an
increase in the friction coefficient up to 0.8. The wear pattern
on sample B as well as the initial worn out locations for each
layer is shown in Fig. 9.

As presented in Fig. 8, the friction behavior is closely
related to the structure of the deposited films. The first jump
corresponds to the wear out of the AlN layer. Here, the
coefficient of friction rises as the number of wear particles
rapidly increase, mainly because of the ploughing. At this
stage, smooth and rough debris coming from obvious worn
grooves-spallation and transferred substances from the ball are
present, as can be seen in Fig. 10(a-b). The deformation of
asperities continues from the running-in period and the
adhesive wear mechanism increases due to larger clean
interfacial areas. As mentioned earlier, at a friction coefficient
of approximately 0.6, the AlN layer has worn out, i.e. the slider
gradually removed the asperities, which graphically is repre-
sented by the fall of the friction coefficient (from 4.6 to 5 m
sliding distance in Fig. 8) until the first contact between the
steel ball and the CrN layer takes place. At this point, the
highest asperities make contact and are cut down and crushed
by friction contacting stress to form some hard abrasive fine

scrapes that adhere to the ball and are pressed into it, resulting
in a very fast increase of the friction coefficient. In the course of
sliding, the asperities are not only ascribed to the layers but to
the transferred little fine particles from the steel ball. This
means that the slider is worn and therefore, the contact area is
larger so the degree of adhesiveness increases, resulting in
higher friction coefficient values and inherently the prompt
failure of the layer. The observed load carrying capacity and
deformation resistance can be attributed to the thicker layers of
CrN than AlN. However, the shorter wear life of the CrN layer
may arise from lack of adhesion to the substrate as well as the
propagation and extension of cracks as seen in Fig. 11 (Ref 21).
In addition, this may also be associated with the development
of tensile stresses during deposition.

4. Conclusions

The rate of CrN formation during reactive magnetron
sputtering was much faster and easier than that of AlN.
Furthermore, the addition of extra nitrogen during reactive
magnetron sputtering was more effective for nitride formation
than addition between the target and the substrate or directly on
the substrate. Tribological properties strongly depended on the
composition and thickness of the layers. The CrN layer slightly
increased the load-bearing capacity compared to the untreated
H13 steel. It is, however, necessary to research the adhesion
aspects related to the sputtering processes in order to increase
the wear life of this bilayer system.
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