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Abstract

Multilayers between ceramic materials and metallic materials can combine the high hardness and wear resistance of the ceramic layers
with the toughness and mechanical strength of the metallic layers. This work is aimed at the production and characterisation of tungsten
nitride/titanium (or nickel) multilayers. The coatings, deposited by magnetron sputtering, are characterised with respect to their structure,
morphology and hardness. The adhesion to the substrate is evaluated by a scratch-test technique, as it constitutes a fundamental pre-
requisite.

The choice of titanium and nickel as interlayering materials was made in order to study the role of materials with elevated plasticity, but
with different reactivities. Titanium tends to react chemically with other materials, namely, ferrous oxides and nitrides. Nickel has low
chemical reactivity but has the same crystallographic structure as the W,N phase. All of the multilayer coatings produced have a total
thickness of 4 um. The hardness of the multilayers, deposited with different ceramic/metal thickness ratios, decreases with the thickness of
the ductile metallic layers. When the metal thickness is too high it causes the spalling of the coatings. The optimal medium critical load
(65 N) is obtained with a ceramic/metal ratio equal to four. Even though the type of bond is different, the adhesion of the multilayers is not
influenced by the substitution of titanium with nickel. The deposition process yields well-adhered and sufficiently hard multilayer coatings
when compared with the ceramic single layers. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

If the different layers are selected adequately, multilayer
coatings can provide a way to enhance the performance of
the system substrate/coating. Multilayer coatings have a
wide range of applications being used as X-ray mirrors,
monochromators, corrosion and erosion protections and
diffusion barriers [1-5]. More recently, multilayer coatings
have been used for mechanical application, namely to
improve the wear resistance of coated components
[3,6,7]. It seems that the wear resistance results from a
specific favourable combination of hardness and toughness,
which is difficult to obtain with a single coating [8]. The low
toughness of hard ceramic coatings could be improved by
bonding them with a ductile layer. Based on this principle
the toughness of alumina coatings was increased by the
incorporation of thin ductile nickel layers [8]. The introduc-
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tion of the metal films aims at: (i) enhancement of the plastic
deformation of the coating; (ii) stress relaxation; (iii) reduc-
tion of porosity; and (iv) crack deflection.

However, particularly when dealing with multilayer coat-
ings, the adhesion is very important because it is necessary
to promote not only the bonding to the substrate but also that
between all of the layers involved.

The objective of the present work is to study the effect of
ductile metal interlayers on the adhesion and mechanical
performance of hard ceramic coatings.

The ceramic material adopted was tungsten nitride, type
W, N, which has an fcc structure, and the ductile metals were
titanium (hcp) or nickel (fcc). This choice was made in order
to enhance the influence of the chemical reactivity and
structure on the adhesion and mechanical properties of
the coated samples. Titanium has a high chemical reactivity
in opposition to nickel, which has the same structure as
W,N.

In the case of multilayer coatings, parameters such as the
number of layers, the period thickness and the relationship
between the thickness of the two deposited materials can
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play an important role. It is interesting also to study the type
of interfaces: direct transition, graded transition; and ion
etching. Graded transition avoids discontinuities, whilst
intermediate etching could improve adhesion by pre-acti-
vating the preceding layer.

2. Experimental
2.1. Deposition technique

Tungsten nitride, titanium and nickel films, as well as
multilayer coatings, were deposited by d.c. magnetron sput-
tering from W (150 mmx 150 mmx5 mm), Ti (150 mm
x 150 mmx6 mm) and Ni (150 mmx 150 mmx1 mm) tar-
gets with power targets of 1, 2.5, and 1 kW, respectively.
Sputtering was performed in pure argon at 3x10~' Pa for
the titanium and nickel metallic films. To obtain the tungsten
nitride ceramic coatings, the depositions occurred in an
argon/nitrogen mixture at a total pressure of 4x10~' Pa
and with a No/Ar partial pressure ratio of 1.5/1. The coatings
were deposited on M2 (AISI) high-speed steel that had been
treated and polished down to diamond paste. Before deposi-
tion, the sputtering chamber was evacuated by a turbo-
molecular pump down to a final pressure of 10~*Pa.
Afterwards, the substrate surfaces were heated and ion
cleaned by an ion gun. During the deposition, the substrates
were at a negative bias of 70 V. To deposit the ceramic/metal
multilayers it was necessary to introduce a second cathode
into the deposition chamber. The second cathode had an
independent power source. The transition between the two
different materials of the multilayers was made by connect-
ing and disconnecting the power sources associated with
each cathode. The time during which each power source was
maintained connected was selected in order to obtain the
desired ceramic/metal thickness ratio and a total thickness of
4 nm. Coatings with nitrogen graded transitions at the metal/
ceramic and ceramic/metal interfaces were obtained by
increasing and decreasing the nitrogen gradually during
1 min. This procedure is possible once the nitrogen is the
reactive gas used to produce the ceramic layers, and its flow
is easily controlled.

2.2. Characterisation techniques

Film properties were measured using the following equip-
ment: (i) a perthometer C5D roughness tester for the deter-
mination of film thickness; (ii) a Cameca SX50 electron
probe microanalysis (EPMA) apparatus to obtain the che-
mical composition of the coatings and X-ray maps with the
distribution of different elements; (iii) a Philips PW 3040/00
X-pert diffractometer with Co K,, radiation for the evalua-
tion of film structure; (iv) a Jeol T330 scanning electron
microscope (SEM) to examine the morphology of the films
observed in cross-section after fracture of the coated sam-
ples; (v) a Fisherscope H100 ultra-microhardness tester

equipped with a Vickers indentor for the determination of
the hardness; and (vi) a CSem-revetest scratch-tester
equipped with a diamond indentor to evaluate the adhesion
to the substrate by determining the critical adhesive load.

3. Results and discussion
3.1. Tungsten nitride single coatings

First of all it was necessary to select the N,/Ar ratio to be
utilised during the tungsten nitride sputtering depositions. It
was known that the nitrogen content of the tungsten nitride
coatings only increases until a critical N,/Ar ratio is attained
[9]. This is the reason why the three N,/Ar relations pre-
sented in Table 1 were selected and the chemical composi-
tion and thickness of the coatings evaluated. The nitrogen
content is directly proportional to the N,/Ar ratio. The
higher nitrogen content obtained is similar to that found
by Castanho [9], so it was chosen as the higher ratio for all of
the future single ceramic and multilayer coatings. The
chemical composition results show the presence of residual
carbon (approx. 3 at%) for all coatings. This carbon could
have two origins: contamination of the tungsten target
during its manufacturing (which was previously confirmed
by EPMA) and/or contamination of the deposition chamber.

The ceramic coatings were also analysed by X-ray dif-
fraction (Fig. 1). The structure identification indicated, as
expected, the presence of the W,N fcc phase [10]. Due to
nitrogen excess it is more correct to indicate this as a
W,N, ., phase, as proposed by Affolter et al. [11]. The
nitrogen excess should be responsible for the deviations
observed in the interplanar distances, because by occupying
the interstitials the nitrogen promotes lattice distortions.

Table 1
Tungsten nitride single coatings
N,/Ar ratio W (% at) N (% at) C (% at) Thickness
(um)
1/1 515 45.1 34 2.2
1.2/1 50.5 46.4 3.1 2.0
1.5/1 47.8 49.6 2.6 1.8
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Fig. 1. X-ray diffraction results of tungsten nitride coatings.
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Table 2

Hardness and critical load of tungsten nitride coatings

Thickness (um) Hardness (GPa) Lc2 (N)
1.1 22.3 36.0+1.2
1.8 25.0 47.5£3.6
22 23.1 44.543.5
4.0 24.4 54.842.9

During the hardness tests substrate integration occurred,
which had to be eliminated. To test the method adopted to
eliminate the substrate influence on the determination of the
hardness [12,13], coatings with different thickness were
analysed. The hardness values and also the critical adhesive
loads, Lc2, are presented in Table 2. The almost constant
hardness values confirm the validity of the method used.

The tungsten nitride coatings failed by buckling (Fig. 2),
which is a brittle film typical behaviour [14]. The critical
adhesive load tended to increase with thickness, as shown in
Table 2, which does not necessarily reveal better adhesion.
The stresses that cause the failure of the coatings are
transmitted through the coating across the interface, the
attaining of this interface becoming more difficult as the
coating thickness increases [15]. It should be noted that
the adhesive failures occurred at the coating/substrate inter-
face.

3.2. Multilayer coatings

Multilayer coatings were deposited in order to study the
influence of the ceramic/metal thickness ratio (WN/M),
graded transition and ion etching (Table 3), on the hardness
and adhesion. The cross-sectional SEM images allow the
identification of the different layers (Fig. 3), the dark zones
corresponding to titanium or nickel whilst the bright zones
correspond to tungsten nitride. According to Thornton’s
model, the morphology of the ceramic layers is type T.
The metal layers are featureless.

The hardness of the multilayers was evaluated using an
ultra-microhardness tester. As a consequence of interlayer-

Fig. 2. Indentation channel of a tungsten nitride coating.

Table 3

Multilayer coatings

Test M WN/M Graded Ion etching
transition

1 Ti 2 No No

2 Ti, Ni 4 No No

3 Ti 4 Yes No

4 Ti 4 No Yes

5 Ti, Ni 8 No No

6 Ti 8 Yes No

7 Ti 8 No Yes

Table 4

Hardness of multilayer coatings

Multilayer Hardness (GPa)
WN/Ti=8 19.1
WN/Ti=4 18.9
WN/Ti=2 14.0
WN/Ni=8 17.8
WN/Ni=4 16.9

ing soft metals inside a hard ceramic coating, the hardness
decreases with the increase of the thickness of these layers
(Table 4).

For a thickness ratio of 2, the hardness decrease is more
pronounced, whilst for ratios of 4 and 8 the hardness value is
almost equal. Multilayers with nickel as the intermediate
material are softer than those with titanium, agreeing with
the lower hardness value of nickel films.

The loading/unloading curves of: a multilayer coating
with a thickness ratio of 4; a tungsten nitride 1.8 pm thick
coating; and a tungsten nitride 4.0 um thick coating are
represented in Fig. 4. From this figure it is possible to
conclude that the hardness behaviour of the multilayer is
similar to that of a single tungsten nitride coating, since
multilayer (total thickness 4 pum) and thicker ceramic coat-
ings have identical loading/unloading curves.

Concerning the adhesion, there are different types of
adhesive failures amongst the multilayer coatings, and even
the same test can exhibit different behaviour when the
coated samples are evaluated by the scratch-test (Fig. 5).
There are also different interpretations of the scratch-test
results. The present work followed a European pre-standard
that is being reviewed [16]. Nevertheless, the most frequent
adhesive failure is chipping characterised by coating
removal on the channel sides. Spalling, only observed for
a WN/Ti ratio equal to 2, is characterised by the removal of
the coating from inside of the indentation channel.

It is difficult to detect by optical microscopy if the
substrate is exposed after indentation, but in Fig. 5(a) it
seems that the substrate is visible on some of the removed
zones. The SEM image of the end part of the indentation is
clearer (Fig. 6). At the centre it is possible to see a removed
zone (hole) and the different layers on its walls. The X-ray
map of the iron along the indentation channel obtained with
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Fig. 3. Multilayer coatings SEM images: (a) WN/M=8; (b) WN/M=4; (c) WN/M=2.
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Fig. 4. Loading/unloading curves. (Series 1: multilayer coating (4 pm,
WN/Ti=4); Series 2: tungsten nitride coating (1.8 pm); Series 3: tungsten
nitride coating (4.0 um)).

the EPMA apparatus shows clearly the exposure of the steel
substrate on the end of the scratch.

The adhesion of the coatings is related to the critical
adhesive loads identified for the different tests that were
made. Fig. 7 represents the critical medium loads and the
associated standard deviation as a function of the test. Each
test represents a combination of the three factors under
study: thickness ratio; graded transition; and ion etching.

Comparing these results with those obtained with the
single ceramic coatings, an increase of 10 N can be seen
for the second test (WN/Ti=4). TiN/Ti multilayers have a
maximum Lc2 for an intermediate thickness of the Ti
interlayers because it was sufficiently high to promote
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Fig. 5. Adhesive failures in multilayer coatings: (a) WN/Ti=4, chipping (200 X); (b) WN/Ti=2, spalling (200 X); (¢) WN/Ni=8, chipping (100 X); (d) WN/

Ni=8, small eruptions (100 X).
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Fig. 6. End part of the indentation channel of a multilayer coating with
WN/Ti=8.

energy absorption and not too high to lead to ductile failure
in the titanium layers [17]. The thicker metal layers of the
first test were responsible for the spalling of the samples that
took place at low loads. The standard deviation related to the
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Fig. 7. Adhesive critical medium load and standard deviation. (Series 1:
WN/Ti multilayers; Series 2: WN/Ni multilayers).

first test was too high and this was the reason why this test is
not represented in Fig. 7. Considering the adhesion and
hardness results, it can be concluded that the multilayer
coatings with a ceramic/metal ratio equal to 2 have a great
quantity of soft material compromising their behaviour and
making them inadequate for mechanical applications. This
phenomenon was also verified with AI/AIN multilayers for
tribological and corrosion protection, i.e. the thickness of the
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soft Al layers was too large to provide a good support for the
AIN layers [18].

Introducing graded transitions and ion etching of the
interfaces does not improve the adhesion and, foremost,
as a result of a more complex experimental procedure, the
standard deviation increases.

The results obtained with titanium and nickel did not
reveal significant differences and, as was foreseen due to the
high chemical reactivity of titanium, no improvement of
adhesion was detected on the multilayers with titanium.
Perhaps if a titanium alloy were used instead of pure
titanium the adhesion would be better by forming TiO with
the oxygen from the substrate surface. TiO is a metallic
ceramic, thus promoting stronger bonding with metals, but
this oxide is formed only for certain titanium activities [19],
otherwise non-metallic Ti oxides are formed. Another way
to improve the adhesion could be by increasing the amount
of oxygen at the interface, proving the reactivity of the
titanium.

4. Conclusions

Ceramic coatings, W,N,, were produced by reactive
sputtering, having a 24 GPa hardness and an adhesive
critical load of 55 N. These characteristics make the
W;,N, ., appropriate for the coating of structural and
mechanical parts. However, as with other hard coatings,
these are fragile and easily propagate cracks, making them,
in practice, inadequate. This could be overcome once it has
been demonstrated that it is possible to introduce Ti and Ni
ductile layers useful in the deflection of cracks that may be
generated during the performance of the coated components.
In fact, the hardness of the multilayer system is only slightly
lower than that of the ceramic coatings. Further, the adhe-
sion to the substrate is improved and a 65 N critical adhesive
load was obtained for a tungsten nitride/titanium multilayer
with a thickness ratio of 4 and of the same thickness as the

ceramic coating mentioned above. Nevertheless, the intro-
duction of metallic layers in the ceramic coatings resulting
in a multilayer system is only beneficial if the ceramic/metal
thickness ratio is not lower than 4.

In conclusion, the structure and reactivity of metal inter-
layers do not seem to decrease the mechanical performance
of multilayer coatings when compared to that of single
ceramic coatings and they could be useful in crack deflec-
tion.
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