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ARTICLE INFO ABSTRACT

Keywords: Frictional forces arising during machining operations of cutting tools generate high temperatures at the tool-
Nanolaminates workpiece interface, promoting tool-wear phenomena. Surface roughness is acknowledged to contribute
Roughness

significantly to friction generation, and its control is therefore of paramount importance. Structural confinement
of growth defects in multilayer coating architectures with individual layers thickness in the nanometric regime
can help reduce surface roughness development. Here, a set of nanolaminate coatings consisting in an alternated
repetition of cubic chromium nitride (CrN) and cubic tungsten nitride (c-WN) layers is fabricated via unbalanced
DC magnetron Sputtering. The individual layers thickness range is between 100 and 10 nm. The reduction of
surface roughness as a function of individual layers thickness is demonstrated by semi-contact Atomic Force
Microscopy (AFM). Scherrer analysis performed on X-Ray Diffraction (XRD) crystallographic signals shows that
the reduction in surface roughness is correlated to a reduction in crystallite size, modulated by the nanolaminate
architecture. Conformity and uniformity of multilayer coatings is observed via FIB-SEM cross-section micro-
graphs. The relative contribution of CrN and c-WN layers to the overall roughness development is investigated
through a SEM cross-section micrograph-based analysis. The microstructural and topographical features of
nanostructured CrN/c-WN multilayer coatings are correlated to the observations from the cross-section analysis
and discussed in terms of the energy transfer to the growing surface during each deposition step.

Hard coatings
Chromium nitride
Tungsten nitride

1. Introduction with 2-5 pm of physical vapour deposited (PVD) coatings, consisting of

hard and refractory Transition Metal Nitrides (TMNs) such as Titanium

1.1. Tools roughness and friction

Industrial cutting tools such as blades or drill bits are made of High-
Speed Steels (HSS) or hard metals, i.e., cermets of tungsten carbide
micro-grains embedded in a cobalt or nickel-rich metallic matrix [1].
They are employed in many manufacturing industries, such as auto-
motive, aerospace and wood industries. The lifetime of such tools is
limited by the harsh machining conditions, such as high temperatures
and abrasive and corrosive wear phenomena, leading to a progressive
deterioration of the cutting edge. Eventually, this results in lower sur-
face finishing, increased power consumption, need of parts replacement
and ultimately to lower productivity and increased manufacturing costs
[1-4]. To extend their service life, cutting tools are usually protected

Nitride (TiN) and Chromium Nitride (CrN) [5-7]. Although the perfor-
mance benefits arising from the integration of hard nitride coatings on
cutting tools is well consolidated [8], the impact of their low thermal
conductivity [9-11] is still open to discussion. Coatings with low ther-
mal conductivity can hardly disperse the frictional heat generated at the
tool-workpiece interface towards the tool’s body. It has been suggested
that this property can be exploited to use coatings as thermal barriers,
protecting the underlying tool material from the high interfacial tem-
peratures generated during machining [9]. Nonetheless, this assumes
the coating’s ability to withstand the harsh environment produced by
the simultaneous occurrence of high temperature, oxidizing atmosphere
and mechanical forces without being substantially altered. As a matter
of fact, the generation and retention of high cutting temperatures deeply
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affects the chemical and structural properties of the coatings, ultimately
softening and oxidizing the coating material [12-16]. This progressively
impairs the mechanical performances of the coatings and compromises
the integrity and surface finishing of the workpiece [17,18]. Therefore,
heating of the coating surface should be limited as much as possible.
Also, the use of lubricants and fluid coolants is starting to be limited,
owning to the growing attention to the burden of cooling fluids on the
manufacturing economy and on their environmental and health impact
[19-22]. Surface roughness plays an important role in friction at the
tool-workpiece interface. As a matter of fact, frictional heat arises during
machining from the dissipation of shear forces between the two sliding
surfaces, which interlock through their surface asperities [23-25].
Roughness in thin films is known to build up with increasing coating
thickness [25-27]. Preliminary mechanical treatments or unproper
cleaning can leave pre-existing asperities on the substrate. These hinder
a conformal coating deposition with the formation of porosities, valleys
and ridges whose extent increases with deposition time. Also, different
thermal or crystallographic properties between the coating and the
substrate material can lead to the establishment of internal stresses in
the coating. Eventually, part of the coating material can delaminate or
fail, resulting in the creation of voids and ridges on the exposed surface.
Accordingly, strategies to diminish the coatings’ roughness must be
adopted. The integration of multilayer coatings can represent an effec-
tive solution to limit the development of surface asperities.

1.2. Nanostructured multilayer coatings

During the last decades, the scientific and industrial interest towards
the development of nanostructured multilayer coatings, i.e., nano-
laminates, has remarkably grown [3,6,28]. Individual materials lack the
complex array of properties required to provide effective protection
towards wear sources. The fundamental benefit of using multilayer
coatings lies specifically in the possibility to disentangle opposing ma-
terials properties, such as hardness and toughness, among the constit-
uent materials [7]. Synergistic effects arise when the thickness of the
constituent layers falls in the nanometric regime [21], including
enhanced microhardness [29-31], adhesion strength [32,33] and
corrosion resistance [34,35] and slower wear rates [28,35,36]. Chro-
mium Nitride is acknowledged as the reference coating material where
high temperature oxidation and corrosion are the main sources of wear
[17,37-39]. Nonetheless, the mechanical properties of CrN are some-
what lower than other coating materials, with typical microhardness
values around 20 GPa for DC-sputtered CrN coatings [29,32,40-43]. For
this reason, CrN is often coupled with other nitrides, such as TiN
[29,36,44-471, VN [31], MoN [48,49], ZrN [35,43,50,51], NbN [52],
AIN [53], and WN [54-57], forming nanolaminate systems with
improved mechanical and tribological properties. Among other binary
nitrides, tungsten nitride (WN) is known to possess some interesting
properties for tribological applications. Monolithic coatings of cubic WN
[23,58,59] and nanolaminate systems including cubic WN as one of the
constituent materials [60-62] show hardness values typically exceeding
30 GPa and good tribological properties. Besides, when heated in air
tungsten nitride forms lubricious oxides characterized by low friction
coefficient and abrasive wear rate in dry conditions [63,64]. Despite
their low intrinsic hardness [64,65], the formation of such lubricious
oxides could be beneficial in the perspective of creating self-lubricant
coatings, without the need of external coolant lubricants [24,66,67].
This lubricious behaviour coupled with the opposing antioxidation
property of CrN and with the high mechanical properties of cubic WN
could yield a composite material with a promising combination of
characteristics for tribological applications. Although a few reports on
the correlations between surface roughness and wear properties of CrN/
WN nanolaminate systems have been previously published, the infor-
mation about this system is somewhat limited. Firstly, in these studies
only coatings with thin bilayer thickness between 30 and 10 nm are
considered [54,55]. From a practical and mechanistic point of view, it is
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interesting to understand which is the threshold at which the nano-
structuring benefits arise, and which are the mechanisms behind.
More importantly, surface roughness is usually studied only as a final
material’s property, and it is primarily correlated to the presence and
concentration of growth defects [26], with little to no discussion on the
contributions of the individual deposition steps to the final roughness
level [68]. In the attempt to fill this gap, in this study we have correlated
the structural and topographical properties of nanostructured multilayer
coatings deposited via DC Magnetron Sputtering and consisting of an
alternate sequence of cubic CrN and cubic WN layers, with nominal
individual layer thickness varying in the range between 10 and 100 nm.
We have also determined the relative contributions of the constituent
materials to the final coating’s roughness through a cross-section anal-
ysis of the nanolaminate coatings. This approach can provide deeper
insights in the growth processes and a better control on final coatings
properties.

2. Materials and methods
2.1. Samples preparation

Si (100) substrates were cleaned in a two-step process by an ultra-
sound bath in ethanol (96% pure) for 5 min and RCA-1 solution (H20:
H505: NH4OH at a 3:1:1 ratio in volume) for 10 min at 80 °C, rinsed in
deionized water and blow-dried with a nitrogen gun. After the wet-
cleaning procedure, substrates were placed in the deposition chamber
and pre-treated by Argon - Oxygen plasma cleaning (Ar:02 ratio of 4:1,
working pressure 4*10~> mbar, RF power of 100 W). Monolithic and
nanolayered coatings were deposited via balanced DC Magnetron
Sputtering in reactive mode. Substrate to target distance was 8 cm. A
negative substrate bias of -40 V was applied to the substrates by means
of an external DC generator and substrates were heated to 200 °C, to
ensure a good film adhesion and low porosity. An interlayer of 75 + 9
nm of metallic Cr was deposited in each process prior than the multi-
layer coatings to improve the adhesion to the Si substrates. The depo-
sition of nitride coatings was accomplished by a DC Reactive Sputtering
procedure using 6-in. target of metallic Cr (99.995%) and W (99.95%) in
a nitrogen and argon reactive gas mixture. CrN layers were deposited at
a Ny scem fraction of 66% with a Cr target power density of 2.7 W cm ™2,
while WN layers were obtained by introducing a gas mixture consisting
of a Ny scem fraction of 35% with a target power density of 1.6 W cm ™2,
In both cases, the working pressure was regulated to 3.0 + 0.1 * 1073
mbar. In such conditions, deposition rates were 0.74 nm/s and 0.72 nm/
s for CrN and WN layers respectively, as measured in separate calibra-
tion experiments via FIB cross-section imaging on single layers test
coatings. In all the samples, the first nitride layer being deposited was
CrN and the total coating thickness was controlled to 1.2 + 0.1 ym to
exclude any relevant thickness dependence on coatings roughness.

2.2. XRD characterization

X-Ray diffraction data were collected using a powder-diffractometer
Bruker-AXS Siemens D5005 (Bruker, Billerica, Massachusetts, USA)
mounting a monochromatized Cu radiation source and a 2-mm
convergence slid. XRD theta-2theta scans were run in a conventional
Bragg-Brentano arrangement, with 26 values ranging between 20 and 50
degrees at steps of 0.05 degrees and an acquisition time of 10 s per point.
Scherrer analysis was used for the determination of the crystallite’s
apparent size in nanolaminates. Any additional contributions to the
width of the diffraction peaks besides the crystallite size, such as
instrumental effects and micro-strain [69], were not considered. More
details are included in Section 3 of the Supplementary Information file.

2.3. AFM characterization

AFM measurements were run in semi-contact mode on an Asylum
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Research MFP3D AFM probe (Oxford Instruments, Abingdon, England)
using diamond-like carbon (DLC) non-contact NSGO1 tips with a nom-
inal tip-curvature radius of 2 nm (NT-MDT®, NT-MDT LLC, Moscow -
Zelenograd, Russia). For each sample, five 5-um-square surface areas
were imaged, from which average and standard deviation data were
calculated through Gwydion™ software.

2.4. SEM-FIB cross-section imaging

FIB cross-sections on multilayer samples were fabricated using FIB-
SEM Helios Nanolab 650 (Thermo Fisher Scientific, The Netherlands),
equipped with X-Max 50 SDD EDX detector (Oxford, UK). First, as-
deposited samples were covered with a protective 700-nm thick plat-
inum layer via e-beam evaporation by introducing a metalorganic pre-
cursor. Subsequently, fine cross-sections were cut by progressively
reducing the ion-beam current of the FIB from 2.5 nA to 0.4 nA at 30 kV.
Eventually, clean cross-sections were imaged via low kV SEM approach
(2 kV at 13 pA) at a tilt angle of 38° in respect to the samples surface
normal. Cross sections images were analyzed via a home-made script in
MATLAB® (The MathWorks, Massachusetts, USA). Details on the pro-
cedure can be found in the Supplementary Information to this paper, in
Section 2. Briefly, taking advantage of the different Z-contrast between
W-rich layers and Cr-rich layers, the differential variation profile of pixel
values across each image vertical line was used to identify the location of
each interface. The procedure was repeated to identify all the interfacial
profiles across the whole cross-section images. The standard deviation
Std of each interface profile was then calculated. This value represents
the deviation of each profile from perfect linearity; hence, it is correlated
to the roughness of the interface upon which the curve was determined.
Finally, the relative variation ry/5 of interfacial roughness-related Std
values for two subsequent interfaces (i.e., belonging to a different order,
namely CrN-on-WN or WN-on-CrN) was calculated as
Std| — Stdy!

~2-*100
Std,

rp =

Subscripts 1 and 2 refer respectively to the topmost and underlying
interfaces in each pair and i is the interface position index. The ry o
values were calculated for all the interface pairs from the coating’s
surface towards the Cr interlayer. Then, the whole set of r /5 values was
separated into distinct CrN-on-WN and WN-on-CrN series, with the ry 2
values constituting each series defined as rl/ZC'N/ WN and rl/ZWN/ CrN
respectively. The corresponding mean values <ry,»"™"N> and <ry,
oWN/CN, were then calculated for each cross-section image by aver-
aging the r1,,™"N and ry,"VCN series separately. At least three
cross-sections per multilayer architecture were processed according to
the procedure descripted above, each providing one <ry,,™"N>and
one <rj /2WN/ CrN-, values. These were eventually used to calculate the
architecture-average values <R1/gcrN/ WNsand <R; /ZWN/ CrN. for each
coating architecture.

3. Results
3.1. XRD characterization

Depending on deposition parameters such as reactive gas mixture
composition, substrate bias and substrate temperature, tungsten and
chromium nitrides can be deposited in cubic phases, hexagonal phases
or a mixture of the two [58,70]. By comparing the diffraction data, the
averages of which are reported in Fig. 1, with the Powder Diffraction
File (PDF) database, both CrN and WN are found to be deposited in their
cubic phases, with a dominating (200) orientation. Concerning CrN,
(111) and (200) peaks occur respectively at 20 values of 37.4 and 43.6
degrees, whilst for cubic WN, the same peaks occur at 37.1 and 42.8
degrees respectively. The peak occurring at 26 value of 33.35 is attrib-
uted to the 1st order forbidden Si (200) reflection coming from the
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CrN / c-WN Multilayer XRD Pattern Vs Layer Thickness
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Fig. 1. Normalized XRD plots of monolithic and nanolaminate (NL) coatings.
Peak indices reported next to the corresponding peak positions are referred to
the peak position of the monolithic coatings.

substrate [71]. For completion, we mention that broader and less intense
peaks were also observed at angular positions of around 63 and 75 de-
grees, attributed respectively to the (220) and (311) reflections of the
nitride cubic phases of CrN and WN [70] (data not shown). A more
thorough dissertation on the phase identification of CrN and c-WN is
given in Section 1 in the Supplementary Information. Briefly, by
comparing the diffraction data with an Energy Dispersive X-Ray (EDX)
chemical analysis, we stated that CrN coatings consist of a stoichio-
metric cubic CrN phase, while c-WN consist of a non-stoichiometric
cubic phase with a nitrogen atomic fraction of 45.2% at., just in the
middle between the predicted values for the pure cubic f-W2N and c-
W3Ny phases, respectively 33.3% at. and 57.2% at. In nanolaminate
systems the cubic phases are retained while peak maximum positions
and intensities vary in respect to the monolithic references and among
the different multilayer architectures. The apparent crystallite sizes are
calculated by performing Scherrer analysis on the nanolaminates (200)
peak signals. First, nanolaminate (200) signals are deconvoluted into
their CrN (200) and WN (200) components, using Voigt curves to fit the
experimental profiles. Then, the full width at half maximum (FWHM)
value and peak maximum position 6 of each component’s peak were
used in the Scherrer Eq. [72]:

A

thl = Kki,{
FWHM;M cosHhk,

Where D is the crystallite size, A is the x-ray wavelength (0.15414 nm
for Cu Ka radiation), hkl are the Miller indices of the analyzed peak (h =
2, k =1 =0 in the present case), and K is the Scherrer shape-factor co-
efficient, set equal to 0.9 by convention, detailed crystallites shape in-
formation being missing [72,73].

The results of the Scherrer analysis are summarized in Fig. 2 for all
the coating systems investigated. All coating systems are found to be
nanocrystalline and crystallite size decreases by downscaling the indi-
vidual layers thickness, with a similar trend for CrN and c-WN
crystallites.

3.2. AFM characterization

The extent of surface roughness has been analyzed via semi-contact
atomic force microscopy. In Fig. 3, selected bidimensional 5-um square
AFM topographies of monolithic ¢-CrN and c-WN as well as of
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Fig. 2. Crystallite sizes of monolithic and nanolaminate (NL) CrN/c-WN coat-
ings calculated by applying the Scherrer equation on fitted CrN and c-WN
(200) peaks.

nanolaminate (NL) samples with 100 nm/layer and 10 nm/layer ar-
chitecture are shown. All the surfaces are homogeneous with roughness
values in the nanometer regime. As shown in Fig. 4, Monolithic CrN
expressed the highest roughness value among all coatings, while
monolithic c-WN coatings comparatively showed a noticeably low
roughness. The surface roughness of multilayer coatings is shown to
decrease with decreasing individual layers thickness. This is in good
agreement with the general assumption that the lower the deposition
time for each constituent layer, i.e., its thickness, the lower the building
up of structural defects such as porosities and piling up of coating
material.
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3.3. FIB-SEM cross-section analysis

Surface roughness in thin films is primarily due to the formation of
structural and topographical defects during the deposition process
[25,26]. By replacing a continuous deposition with a stepwise deposi-
tion of alternating materials, the growth of such defects is reduced
thanks to materials discontinuity and limited by the individual layers
thickness. A representative FIB-cut Cross-Section SEM image of a CrN/c-
WN multilayer coating with an individual layer thickness of 25 nm is
illustrated in Fig. 5. A representative set of samples spanning the whole
range of individual layer thickness treated in this study is illustrated in
the Supplementary Information file, section 1.1.2. In all cases, the
coatings are conformal and no major defects such as microparticles or

Surface Roughness for CrN / W,N Nanolaminates (NL)
Vs Constituents Layers Thickness

Surface RMS (nm)
-

Si(100) c-CrNMono c-WN Mono NL 100 nm/L NL50nm/L NL20nm/L NL 10 nm/L

Coating Architecture

Fig. 4. RMS values of surface roughness for monolithic and multilayer coat-
ings. The surface roughness of bare Si (100) substrate is reported for comple-
tion. Error bars represent standard deviations of measured RMS values.

0

Fig. 3. 2D AFM topographies of monolithic (A) CrN and (B) c-WN, Multilayer CrN/WN with individual layer thickness of 100 nm (C) and 10 nm (D) respectively.

Colour-bars represent the maximum peak-to-trough distance.
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v P e B TR W i S ="

Fig. 5. FIB-SEM cross section image of a nominal 25 nm/I sample. Interlayer
profiles are highlighted, with red and green lines for c-WN and CrN upper
interface respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

cavities are visible. The interlayer roughness builds up with subsequent
deposition steps (see Section 1.1.3 in the Supplementary Information).
Despite this general trend, further insights can be achieved by analysing
the relative contribution of the two constituent layers to the overall
roughness development. The comprehensive results of such analysis are
reported in Fig. 6 for each nanolaminate architecture. Here, the
architecture-average <R /ZC’N/ WN> and <R; /ZWN/ CrN- values, defined in
Section 2.4, are reported. The two materials behave differently.
Apparently, while WN layers contribute positively to the overall
roughness in all nanolaminate systems, the effect of CrN layers seems to
be more complex, as discussed in the following section. For both series,
the corresponding effect is larger when relatively thick layers are
deposited and decreases with the individual layers thickness.

4. Discussion

Nanolaminate coatings based on alternating CrN and c-WN showed a
decreasing surface roughness with progressively thinner constituent
layers (Fig. 4). This could be explained by considering a reduction of
deposition topological defects such as porosities, asperities, and parti-
cles inclusions. Nonetheless, FIB-cut SEM cross section images show that
all the nanolaminates are conformal (see Fig. 5 and Fig. 2.2 included in
the Section 2 of the Supplementary Information), and AFM topographies
show homogenous surfaces with just a few particles inclusions (Fig. 3).

60 T
.CrN-on-WN series
50
IWN-on-CrN series
40
30
A
o 20~ 1
-
v 10
0 -
-10 - q
-20 - 4

L I L
100 nm/layer 50 nm/layer 25 nm/layer 10 nm/layer

Coating Architecture

Fig. 6. Comparison of the architecture-averaged <R;,»“™"N>and <R;,,""
CN>values, as defined in Section 2.4, for all the coatings architectures
considered, with the corresponding standard deviations.
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Hence, the origin of surface roughness is hardly due to particles in-
clusions or non-conformal deposition. It is then possible to assume that
the surface asperities visible in the SEM cross-sections could originate
from growth processes of misoriented crystals during coating deposi-
tion. The XRD data reported in Fig. 1 and the results of the Scherrer
analysis in Fig. 2 show that all the coatings are polycrystalline with grain
sizes on the order of 20 to 7 nm for architectures with progressively
thinner constituent layers. These values are of the same order of
magnitude of the roughness values found in the AFM analysis. The
stepwise alternated deposition of two different materials allows to
periodically block the crystal growth processes, yielding a finer grain-
size. With a finer grain size, the volume fraction of amorphous inter-
face region increases accordingly. This can contribute to the achieve-
ment of a lower roughness for as-deposited coatings. Indeed, the
increased volume of amorphous material imposes fewer directional
growth constraints than in coarser-grained structures. Consequently,
asperities due to misoriented grains are effectively reduced. Therefore,
the distance between two consecutive interfaces constitutes an upper
bound for crystallites volume and this size-confinement effect is then
probably responsible for the reduced surface roughness in nanolaminate
coatings. Interestingly, we found that the situation is more complex, as
the two constituent layers contribute differently. In all the investigated
systems, the average contribution of c-WN layers to the roughness
development, represented by the <R /ZWN/ CrN value, is positive. This
means that each new c-WN layer adds asperities to the growing film. On
the contrary, except for the coating system with the thinner constituent
layers, the contribution of CrN, represented by the <R; /gcrN/ WN- value,
is negative. This suggests each new CrN layer apparently reabsorbs some
of the pre-existing asperities. As shown in Fig. 6, the magnitude of the
two materials’ contribution evolves differently as a function of the in-
dividual layers thickness. The magnitude of <Rj,"V/¢V>decreases
monotonically with the individual layers thickness, and such behaviour
can be rationalized by considering a size-confinement effect [55]; on the
contrary, the evolution of <Rj,»™"N>shows a different trend,
requiring a more insightful description. Despite the AFM analysis
showed that monolithic CrN develops a higher roughness than mono-
lithic c-WN (Fig. 4), it contributes less to the overall roughness devel-
opment in nanolaminate systems. This behaviour can be explained by
considering the energy transfer contributions to the growing surface
during WN and CrN deposition steps [74-80]. In sputtering processes
with a negatively biased substrate, the energy delivered to the growing
surface is largely constituted by the kinetic energy of impinging positive
ions accelerated through the substrate sheath [78] and the flux of re-
flected neutrals [78,80] and only marginally on the input target power
[76]. The sputtering yield depends on the relative atomic weight of
target atoms and gas ions [75,78,80]. Hence, due to the larger target-
to-argon atomic weight ratio, the sputtering yield of tungsten in argon
plasma is less than that of chromium. This results in the ejection of fewer
metallic ions and atoms but with higher kinetic energy in the case of
Tungsten sputtering than with Chromium sputtering [75]. Also. the
larger target-to-mass ratio enhances the backscattering efficiency of
neutralized Argon atoms at the target surface towards the growing film
[75]. Besides, the higher Ar fraction (65% vs 33%) and the lower target
power densities (2.7 vs 1.6 W*cm™2) used during the deposition of WN
layers further increase the density of backscattered Ar atoms [77,81].
Therefore, more energetic particles and more neutralized Ar atoms
impinge on the growing surface during the deposition of WN layers.
Both these contributions can explain the levelling of the underlying CrN
layers during WN deposition steps as well as the absence of the same
effect when depositing CrN on the previous WN layers. These two effects
are somewhat counter balanced by the higher tendency of CrN to form
rough surfaces, as AFM analysis showed in Fig. 3. Hence, it can be
assumed that when the individual layer thickness is still relatively high,
as in the case of samples with 100 nm/l architecture, the surface-
levelling effect described earlier is opposed by the intrinsic roughness
development behaviour. When the individual layer thickness is brought
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down to 50 nm/1 and thinner, the second contribution is constrained,
allowing a more pronounced roughness reduction effect. As the con-
stituent layers thickness is further reduced to 25 nm per layer, the two
opposing trends of CrN and c-WN are still retained, but with a much
lower magnitude. Eventually, as the individual layer thickness is
restricted to 10 nm per layer, both contributions substantially approach
zero owning to the very thin constituent layers. As a matter of facts, a
slight trend inversion seems to occur. This fact might be explained by
considering the relative nature of the roughness variations. In fact, by
reducing the thickness of the individual layers, the positive roughness
variation carried by c-WN layers is almost annihilated, and the relative
negative contribution carried by CrN might then look reversed.

5. Conclusions

In this work the development of roughness in nanolaminate coatings
consisting of alternated CrN and cubic WN layers deposited via reactive
magnetron sputtering has been studied in respect to structural, topo-
graphical and design considerations. Nanostructured multilayer coat-
ings are found to be nanocrystalline and to retain the crystallographic
features of the individual materials. Nanostructured multilayer coatings
show a reduced surface roughness than monolithic CrN, the difference
being enhanced with reducing the constituent layers thickness. The
contributions of the two constituent materials to the roughness build up
is investigated and discussed for all the multilayer systems considered.
We found that the two materials behave in opposing manner, with c-WN
upper interfaces positively contributing to the overall roughness
development and CrN upper interfaces partly recovering the surface
irregularities of the underlying interface. The validity of this layer-by-
layer characterization route can be of use not only in tribological coat-
ings but in any deposition route of multilayer materials where surface
roughness control is important, for instance for barrier coatings and
reflective mirrors. Further studies are then required to verify this
anisotropic behaviour for other multilayer systems, to clearly establish
relations between materials intrinsic characteristics and deposition
design routes.
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