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HIGHLIGHTS

GRAPHICAL ABSTRACT

Experimentally determined multi-axial
residual stress distributions across a
scratched Cr-CrN bilayer film reveal
deformation mechanisms.

The ductile Cr sublayer provides tough-
ening through plastic deformation
while the hard/brittle CrN toplayer
absorbs severe stresses, functioning
synergistically.

Small-angle X-ray scattering and X-ray
peak width analyses elucidate micro-
structural changes unaccounted for by
finite element modelling.
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In order to interpret the mechanical response of thin films subjected to scratch tests, it is necessary to elucidate
local stress distributions and microstructural changes accompanying deformation across the scratch track area.
Here, 50 nm synchrotron cross-sectional X-ray nanodiffraction and electron microscopy are used to characterize
nanoscale multiaxial residual stress gradients and irreversible microstructural-morphological changes across a
brittle-ductile film consisting of 1.2 and 2 pm thick CrN and Cr sublayers. The experimental results reveal a com-
plex alternation of the original columnar grain microstructure and a formation of pronounced lateral and depth
stress gradients, which are complemented by a finite element model. After scratching, steep gradients of in-
plane, out-of-plane and shear stress distributions were revealed, ranging from —6 to 1.5 and — 1.5 to 1.5 GPa
in CrN and Cr, respectively, which are furthermore correlated with microstructural changes and residual curva-
tures. The scratch test results in intergranular grain sliding and the formation of nanoscopic intragranular defects
within CrN, while Cr sublayer's thickness reduction and pile-up formation are accompanied by a bending of co-
lumnar crystallites and localized plastic deformation. In summary, the quantitative stress data elucidate the sta-

bilizing role of the Cr sublayer, which suppresses the bilayer's catastrophic fracture during scratch tests.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Scratch testing was developed to investigate the adhesion behaviour
of hard ceramic thin films on various types of substrates and is nowa-
days widely used in research and technology [1,2]. Subsequent works
indicated that a great variety of intrinsic (sample) and extrinsic
(method-related) parameters, such as film and substrate mechanical
properties, surface roughness, indenter radius (typically 200 pum), ap-
plied loads (up to 100 N) and scratching velocity can critically alter
the observed scratch behaviour, shifting the failure mode from a
film-substrate interface adhesion-dependent regime to a mode where
deformation/cohesive strength of the film itself is decisive [3,4]. Bull
et al. distinguished between adhesion and deformation/cohesive
strength-related film failures using scanning electron microscopy
(SEM) analysis and established classification rules for these two types
of regimes [5,6]. Especially in the case of well-adhering films, rather
the cohesive strength of the film and its ability to deform plastically is
of higher relevance for its resistance against scratching [4,7,8]. Further
miniaturization of instruments led to the development of the
nanoscratch test, where applied loads are in the range of 1-500 mN,
using indenter tip radii of 1-20 pm, yielding the possibility to test
films by scratching without interference from the substrate [7,9-11]
or even to quantify adhesion [12]. Similar to nanoindentation with a
spherical indenter, also in the case of scratch testing, bending of the
hard nanoceramic thin film into the plastically deformable substrate
may, however, predetermine the indenter's imprinting and/or sliding
behaviour [13-16]. In terms of scratch testing, the nanoscratch method
has become an important tool for the characterization of nanoscale
wear and friction behaviour during single asperity contact [7].

For thin films, special interest was devoted to the experimental
scratch analysis of brittle-ductile multilayers. Fontalvo et al. [14]
analysed the crack behaviour of CrN-Cr bilayered thin films with an
overall thickness of 3 pm, where the incremental increase of ductile Cr
interlayers thickness led to a reduction of wear by an order of magni-
tude, despite the fact that the remaining thickness of the hard CrN
toplayer was decremented accordingly. As indicated also by an ex-situ
analysis of indentation data from the brittle-ductile CrN-Cr model sys-
tem in Refs. [17, 18], the introduction of thin Cr interlayers has a signif-
icant influence on the crack propagation behaviour and on the overall
mechanical stability of CrN-Cr multilayers. Ductile Cr interlayers and
CrN-Cr interfaces operate as crack blunting and deflection barriers, in-
crease the multilayer's resistance against catastrophic fragmentation
and serve as a stabilizing component, preventing also rupture and de-
lamination of the film from the substrate [16,18-20].

Significant attention has been devoted to the analysis of stress-strain
distributions across scratched materials, both experimentally and using
theoretical approaches at different length scales. Recent studies of
Brinckmann et al. on coarse-grained bulk austenitic steel revealed that
the complex multi-axial stress distribution introduced during
scratching results in the activation of multiple slip systems within the
near-surface crystallites, depending on their crystallographic orienta-
tion [21,22]. Pioneering experimental work on the evaluation of stress
distributions across scratched surfaces has been reported by Khan
et al. [23], who investigated scratches in Al alloys by synchrotron X-
ray microdiffraction with a spatial resolution of ~50 pm, after scratching
using two different types of tools. Consequently, two different types of
residual stress distributions were induced, as a result of “ploughing”
and “cutting” modes, where the former is more similar to scratching
and resulted in residual stress concentrations of ~80% higher compared
to the latter [23]. Currently, however, the state-of-the-art experimental
studies [24] on the scratch behaviour of nanocrystalline thin films suffer
from poor spatial resolution, which does not allow for the determina-
tion of complex multiaxial stress-strain concentrations at the sub-
micrometre scale.

Finite element modelling (FEM) has been the primary approach of
assessing local stress and strain distributions during and after scratch

tests on thin films [25-27]. Holmberg et al. [26] analysed stress distribu-
tions within a TiN film on high-speed-steel (HSS) during scratching
with a conventional Rockwell indenter under a load of 20 N using
displacement-controlled FEM. They reported principal stress magni-
tudes up to 3 GPa besides the scratch path and up to —1.75 GPa directly
under the indenter tip. The main drawback of state-of-the-art FEM stud-
ies is, however, the missing possibility to experimentally verify the
modelled stress-strain distributions at the nanoscale.

Since 2012, cross-sectional X-ray nanodiffraction (CSnanoXRD) has
been continuously developed and proven to be successful in determin-
ing cross-sectional phase, microstructure and stress-strain gradients
with a spatial resolution down to <30 nm [28]. Furthermore,
CSnanoXRD is not only capable to resolve the aforementioned gradients,
cf. for example [29-32], but ex-situ and in-situ studies on thin films sub-
jected to nanoindentation [17,33,34] revealed great potential for the
quantification of nanoscale multiaxial stress-strain distributions.

In this work, two dimensional (2D) residual stress distributions and
microstructural changes are experimentally characterized at cross-
sections of a bilayered brittle-ductile nanocrystalline CrN-Cr film on
steel substrate by CSnanoXRD and electron microscopy techniques.
The observed correlations between the nanoscale multiaxial stress dis-
tributions and the microstructural changes at scratch track cross-
sections allow for elucidating elasto-plastic deformation mechanisms
separately for the brittle and the ductile columnar-grained sublayers,
which are further complemented by FEM numerical simulation.

2. Experimental
2.1. CrN/Cr thin film synthesis

For this study, a bilayer film consisting of a 1.2 um thick CrN toplayer
and a 2 pm thick Cr sublayer was deposited on an electrolytically
polished planar HSS plate with lateral dimensions of 20 x 20 mm and
a thickness of 2 mm. The film was deposited in a static mode by unbal-
anced reactive direct current magnetron sputtering using a powder-
metallurgically produced Cr target at 350 °C and a total pressure of
1 Pa. Prior to the deposition process, the chamber was evacuated to
10~ Pa, the substrate was then heated to 350 °C and Ar plasma etched
for 10 min. At first, the Cr sublayer was deposited in a pure Ar atmo-
sphere and an applied substrate bias voltage of —40 V, whereas the
CrN toplayer was grown in an Ar + N, atmosphere at a N, partial pres-
sure of 0.25 Pa and a substrate bias voltage of —80 V.

2.2. Scratch testing

Scratch tracks investigated in this work were produced at constant
loads in order to generate relatively homogenous stress fields along
the tracks. Therefore, a set of five scratch tests was performed on the
surface of the planar CrN/Cr/HSS sample in a Fischer-Cripps Laboratories
UMIS nanoindenter equipped with a sphero-conical diamond indenter
with a tip radius of 5 pm using constant indenter loads of 100-500
mN, in steps of 100 mN and mutual distance of ~2 mm. The length of
the scratches was set to 1 mm, while the indenter tip progressed with
100 pmy/s. Surface morphologies of the scratches were then evaluated
using SEM. Afterwards, the two scratches produced using indenter
loads of and further denoted as 200 mN scratch track and 400 mN scratch
track, which showed either no significant cracking or multiple cracking
of the top CrN toplayer, respectively, were selected for further
CSnanoXRD analysis.

2.3. Sample preparation

The scratched CrN/Cr/HSS sample was cut perpendicularly to the
scratch tracks and then polished to a thickness of ~20 um mechanically
and using a focused ion beam (FIB) workstation in order to produce a
cross-sectional synchrotron lamella (Fig. 1). According to Stefenelli



M. Meindlhumer et al. / Materials and Design 195 (2020) 109023 3

et al. [35], changes in the residual stresses due to preparation can be
neglected, when maintaining a lamella thickness at least 5 times larger
than the film thickness. FIB machining was performed in a ZEISS LEO
1540 CrossBeam Workstation using Ga™ ions with a current of 100
pA. After the CSnanoXRD experiment, a ~500 nm thick tungsten protec-
tion layer was deposited onto the surface of the two scratch tracks (200
and 400 mN) using the gas injection system of the FIB workstation to
protect the scratch track surface from the Gat ion-damage. Afterwards
the cross-sections were polished applying decreasing ion currents of 50
and 20 pA in order to reveal cross-sectional morphological features such
as cracks, grain reorientation and plastic deformation within the two
scratch track areas. Additionally, a FEI Helios NanoLab 660 FIB micro-
scope was used for fabrication of electron-transparent specimens of
the scratch track areas. Positions for lift-outs of lamellae were carefully
chosen in order to contain the scratch imprints. In order to prepare the
lamellae, the FIB was operated at stepwise reduced accelerating volt-
ages from 30 to 2 KV and currents from 20 nA to 50 pA, respectively.
The bright field (BF) scanning transmission electron microscope
(STEM) micrographs were taken using a JEOL 2200FS operated at an ac-
celerating voltage of 200 kV using a spot size of approx. 0.7 nm. Trans-
mission Kikuchi Diffraction (TKD) was performed in the SEM on a
Bruker QUANTAX EBSD analysis system suited for TKD on TEM samples
using an accelerating voltage of 30 kV.

2.4. CSnanoXRD analysis

CSnanoXRD experiments were performed at the ID13 beamline of
The European Synchrotron (ESRF) in Grenoble, France [28]. A pair of
multi-layer Laue lenses (MLLs) [36] working with vertical and horizon-
tal focal sizes of 50 and 35 nm (along z and y directions in Fig. 1) and a
focal depth of ~20 um were used to focus the X-ray beam with a photon
energy of 12.7 keV [28]. Prior to the CSnanoXRD experiment, the inter-
face between the CrN toplayer and Cr sublayer was aligned parallel to
the incident X-ray beam direction at two cross-sectional sample y posi-
tions (corresponding to the respective 200 and 400 mN scratch track
areas) by performing a set of vertical absorption line-scans along the

Fig. 1. A schematic description of the CSnanoXRD experiment. A thin lamella with
dimensions of ~0.02 x 5 x 2 mm> was scanned in an X-ray beam with dimensions of
~50 x 35 nm? along y and z axes using steps of 50 nm. 32,421 and 26,361 2D diffraction
patterns were recorded on an Eiger X 4 M CCD detector from (16 x 5) and (13 x 5) um?
large scratch tracks' cross-sections, prepared at loads of 200 and 400 mN, respectively.

z axis at various sample ¢ orientations (Fig. 1) using a passivated, im-
planted, planar silicon diode detector to measure transmitted X-ray in-
tensities [17,28]. The two optimal sample orientations were determined
by maximizing the absorption contrast between the CrN toplayer and
the Cr-sublayer. Subsequently, 2D absorption scans (presented in
Suppl. Fig. 1) were performed to locate the scratch track areas and to de-
termine the centres of the CSnanoXRD mesh scans.

The two mesh scan areas of (16 x 5) um2 and (13 x 5) um?2 at the po-
sitions of the 200 and 400 mN scratches, respectively, were scanned by
moving the sample stepwise along the y and z axis direction using
50 nm steps. The 2D diffraction signal was recorded by a Dectris Eiger
X 4 M detector at each measurement position using an acquisition
time of 50 ms. Altogether, 32,421 and 26,361 2D diffraction patterns
were recorded at the two respective scratch track areas. Additionally,
line scans with a resolution of 20 nm were performed at presumed
points of interest throughout the sample and were used for detailed tex-
ture analysis. The exact detector geometry with respect to the sample
was calibrated using a NIST corundum powder. The sample-to-
detector distance was evaluated as 129.81 mm. Evaluation of 2D diffrac-
tion patterns containing CrN 111 and 200 or CrN 110 Debye-Scherrer
(DS) rings (Fig. 1) was performed using the pyFAI software package
[37,38]. The unstressed lattice constant of a§™ = 0.416691 nm was de-
termined from CrN 111 and 200 DS rings collected at the surface of an
undeformed CrN film region, considering the stress-free out-of-plane
film orientation [39]. For the evaluation of strain from Cr 110 DS rings,
a lattice constant of a§" = 0.28839 nm was adopted from literature
[40], because no stress-free orientation could be determined due to
the absence of a free Cr sublayer surface. The evaluation of in-plane
033(y,z), out-of-plane 033(y,z) and shear 033(y,z) stress distributions
in both phases (m) was performed using the approach from
Ref. [33] (cf. also Supplementary Material). X-ray elastic constants

Sf- MK of SN = —923 % 107GPa",  1ST™!T = 4.446x
107%GPa~", S{™2% - —299 x 107*GPa~!,  1S5™% —2575x
1073GPa~", %= —749x107*GPa”!,  1SSMM10—4.441x

1073GPa™! for CrN and Cr hkl reflections were adopted from literature
[41,42).

2.5. Simulation

A three-dimensional (3D) FE model was set up by applying the finite
element software package Abaqus [43], in order to model and interpret
the localized deformation phenomena, which led to the experimentally
observed multiaxial stress distributions within a 1 pm thick CrN
toplayer followed by the 2 um thick Cr interlayer and 17 um of HSS sub-
strate. The width, height and length of the model region were set to 30,
20 and 76 pm, respectively. A half-symmetry condition was applied at
the boundary plane containing the scratch path and the normal dis-
placement, as well as the displacements at all other boundary planes ex-
cept the sample surface were restricted during modelling of the scratch
test. In a subsequent relaxation step representing the state during stress
measurement, only the rigid body modes of the sample were restricted
and the symmetry assumption remained. The interaction between in-
denter and specimen was defined by means of a penalty-contact with fi-
nite sliding formulation and a Coulomb friction coefficient of 0.2. A total
number of 92,075 3D hexaeder elements with linear shape functions
(C3D8) were used to discretise the sample. The element size was varied
from ~100 nm in the contact region to ~4 um in outer regions. The in-
denter tip was modelled by 3470 discrete rigid body elements as a quar-
ter sphere with a radius of 5 um. Isotropic elasto-plastic behaviour was
defined for all materials within the simulation. The Young's modulus of
CrN was assumed as 490 GPa and the Poisson's ration as 0.21. The flow
stress was set to increase piecewise linearly from initially 10 to 20 GPa
at 1% and to 25 GPa at 5% plastic strain, initial yield was taken from
[44]. For Cr, the Young's modulus was assumed as 300 GPa and the
Poisson's ration as 0.3. The yield limit of Cr was assumed to be 2 GPa
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with multi-linear hardening to 5 GPa and 5.5 GPa at 10% and 100% plas-
tic deformation, respectively [40,45]. The Young's modulus for HSS was
defined as 210 GPa, with an initial flow stress of 2.5 GPa and a flow
stress of 3.5 GPa at 5% plastic strain. The Poisson's ration was set to
0.3. The high hydrostatic compression under the indenter tip allowed
severe plastic deformation of the involved materials before damage ini-
tiation. Therefore, the flow curves are defined up to high plastic strains.
An initially equibiaxial residual stress state was defined in the simula-
tion, according to the evaluation of the CSnanoXRD experiment, with
—3 GPa for CrN and — 1 GPa for Cr. Variations of the film thickness
and an interface peak of residual stress in CrN were neglected in the
simulation (experimental data are shown in Suppl. Fig. 2). The simula-
tion consisted of 5 consecutive steps: (i) application of residual stress
according to the evaluation of the CSnanoXRD experiment, (ii) applica-
tion of the indenting/scratching force, (iii) 10 pm of sliding, (iv) with-
drawal of the indenter and (v) relaxation due to cutting of the sample
lamella. In the case of the 400 mN scratch, the crack formation during
scratching was considered, for the sake of simplicity, as a pre-existing
single crack with a length and a width of 1 and 15 um in z and x direc-
tions, respectively, located 3 um from the centre of the scratch path
(for details cf. Suppl. Fig. 3). It should be noted, that the length of the
crack is similar to the thickness of the CrN toplayer.

3. Results and discussion
3.1. Cross-sectional scratch track area morphologies

A detailed SEM analysis of the scratch cross-sections is presented in
Figs. 3 and 5a,c. In general, the CrN-Cr bilayer possessed a typical colum-
nar grain microstructure with V-shaped grains in both sublayers
(Figs. 3a-c, 5a), and due to heteroepitaxial growth of CrN on Cr, a nucle-
ation layer within the CrN toplayer was not formed (c.f. Figs. 3a-c,5¢), in
good agreement with literature [19,40].

In the groove of the 200 mN scratch track (Figs. 2a, 5a), a slight com-
pression of the Cr sublayer in the central area and very small symmetri-
cal pile ups are visible, as indicated by the horizontal dotted line in
Fig. 5a, whereas the thickness of the CrN toplayer appears to remain un-
changed. Additionally, under the residual imprint region, there are no
surface debris or cross-sectional cracks visible (Fig. 2a). Furthermore,
Fig. 5a indicates additionally a change in the columnar grain microstruc-
ture, namely a bending and/or rotation of the columnar grains within
both sublayers. The bending/bulging of Cr grains is observed also within
complementary BF-STEM and TDK micrographs in Figs. 3a and 4a,
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Fig. 2. SEM micrographs collected at an angle of 45 deg. with respect to the surface of the
scratched CrN-Cr bilayer film on a HSS substrate. The scratch prepared using a load of 200
mN (a) left a residual imprint approx. 3 um wide and 300 nm deep. The scratch prepared
with a load of 400 mN (b) left a residual imprint approx. 5 um wide and 800 nm deep, as
measured from the top of the pile-up at the edge to the imprint centre.

respectively. Additionally, it should be noted that the number of grains
within the investigated volume was too small to identify texture quali-
tatively, which will be discussed later in Sec. 3.4. In agreement with Ref.
[14], pile-up formation and bulging is restricted to the Cr sublayer,
whereas in the CrN layer only grain rotation takes place. An entirely dif-
ferent picture would be seen in a single-crystalline brittle material, like
SiC, which has no ability of grain rotation or (bulk) plastic deformation,
resulting in stress relaxation due to cracking outside the highly de-
formed zone, as reported in Ref. [46]. Here, the TEM analysis also re-
vealed microscopic intergranular cracks starting from the film surface
(Fig. 3b) and from the CrN-Cr interface (Fig. 3c) at the edge and in the
centre of the scratch track, respectively. However, the cracks stop within
the CrN toplayer (Fig. 3b,c). The associated relaxation of tensile stress
will further be discussed in detail in Sec. 3.5.1. The groove of the 400
mN scratch track shows an imprint depth of ~800 nm measured from
the edge of the pile-up to the centre of the groove (Figs. 2b, 5c). The
presence of microscopic surface debris on the imprint surface in
Fig. 2b indicates a fragmentation of the CrN toplayer and material
chipping, which is confirmed also by the cross-sectional intergranular
cracks in Fig. 5¢. Additionally, (i) the thickness of the Cr sublayer in
the centre of the residual imprint is reduced from 2 to ~1.7 um, whereas
the thickness of CrN toplayer remains again unchanged (Figs. 2b,4,5¢),
(ii) pile-ups are formed in the Cr layer at the edges of the scratch groove
(Figs. 2b,5¢) and (iii) a rotation and/or a bending of the columnar grains
in both materials can be observed in Figs. 3d, 4b and 5c, in agreement
with the results from Refs. [15, 16, 18].

Moreover, BF-STEM and TKD micrographs shown in Figs. 3d,e and 4b
confirm transgranular gliding of the columnar Cr grains approximately
250 nm beneath the CrN-Cr interface. This gliding is associated with
the shearing of the columnar grains and the formation of a so-called dis-
location trace line, which was also found in Cu during sliding contact at
cryogenic temperatures [47-49]. Also, the bulging of Cr grains is more
pronounced compared to those within the 200 mN scratch track
(Fig. 3a). A pronounced bulging of the columnar grains is also found in
CrN, as can be seen in Figs. 3e and 4b, which differs from the 200 mN
scratch case, where only grain rotation was found in the CrN toplayer
(Figs. 3a and 4a). Remarkably, the intergranular cracks formed during
the scratch process penetrated through the entire CrN toplayer and
stopped at the CrN-Cr interface (cf. Fig. 3d,e), in agreement with Ref.
[18]. The cross-sectional intergranular crack formation in the brittle
CrN toplayer is a consequence of the larger curvature caused by the
deeper imprint (cf. Fig. 2) resulting in grain boundary sliding (Fig. 3e).
The latter is promoted by the relatively small cohesive energy of the
grain boundaries in nanoceramic CrN, as discussed elsewhere [45].

In general, it was observed that columnar grains of the CrN toplayer
were oriented normal to the surface of the sliding indenter (towards it)
after the scratch test (cf. Fig. 5). Contrary to this, the columnar grains of a
monolithic TiN film from Ref. [33] indented with a sharp tip were
reoriented parallel to the imprinting indenter facets (away from the im-
print surface). While the former is attributed to plastic deformation of
the underlying Cr sublayer, which allowed the CrN toplayer to adjust
to the sliding indenter, the latter is interpreted mainly by a cleavage-
like separation of the grains during the penetration of the layer by
the indenter.

3.2. Small-angle X-ray scattering microscopy

Generally, diffuse X-ray scattering at relatively small diffraction an-
gles (around the beam stop in Fig. 1) can be attributed to electron den-
sity variation originating from the presence of nanoscopic structural
heterogeneities within the X-ray gauge volume. These may include
nanoscale alternation of phases, presence of grain boundaries, inter-
faces, cracks, roughness of surfaces and interfaces, precipitates and
pores with sizes of ~ A/, where A represents the X-ray wavelength
and 6 is the Bragg angle [30,50]. In the present case, the scattered signal
on the 2D detector at the diffraction angles of ~0.1 to ~1 deg. in Fig. 1 was
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Fig. 3. BF STEM micrograph of the 200 mN scratch cross-section (a). The dashed regions marked in (a) are magnified in (b) and (c) and show cracks propagating along the columnar grain
boundaries from the surface and from the CrN-Cr interface into the brittle CrN toplayer, respectively. STEM micrograph of the 400 mN scratch cross-section (d). The dashed region marked
in (d) is magnified in (e) and shows the presence of a cross-sectional intergranular crack within the CrN toplayer, which stops at the CrN-Cr interface. The arrows in (d) indicate the
positions of glide planes passing through columnar ductile Cr crystallites, as visible also in Fig, 4b.

integrated radially and azimuthally in order to obtain a qualitative infor-
mation on the occurrence of micro- and nanoscopic morphological and
microstructural features within the X-ray beam gauge volume of
(x x y x z) = (20,000 x 35 x 50) nm°. Fig. 6 shows small-angle X-ray
scattering microscopy (SAXSM) micrographs compiled from the
CSnanoXRD data collected from the two scratch cross-sections (Fig. 2).

In the SAXSM micrograph from the 200 mN scratch track (Fig. 6a),
the surface and the film-substrate interface can be clearly resolved
due to their higher scattering contrast (Fig. 6a). Furthermore, the differ-
ence in the electron density between CrN and Cr and probably also in a
higher concentration of structural defects within brittle nanoceramic
CrN makes it possible to resolve the two sublayers. The latter is sup-
ported by findings from Ref. [40], as well as the as-deposited in-plane
stress magnitudes 035(y,z) presented in Suppl. Fig. 2 and discussed
later in Sec. 3.5. A U-like distribution of significantly scattering intensity
is however observed symmetrically within the near-surface CrN
toplayer mainly (i) at distances of ~500 nm to ~3 pm from the imprint
centre and (ii) close to the CrN-Cr interface in the imprint centre with
a symmetrical lateral extent of ~3 um (Fig. 6a). The increased SAXS

intensity indicates an increased presence of micro- and nanoscopic
morphological-microstructural changes or defects within the toplayer,
which correlate well with particular 035(y,z) concentrations discussed
in detail in Sec. 3.5. At this stage, it can be supposed that the increased
SAXS intensity is caused by a mutual sliding of V-shaped grains and for-
mation of nanoscopic intergranular cracks like in Fig. 3a-c.

In the SAXSM micrograph from the 400 mN scratch track (Fig. 6b),
both sublayers, the surface and the substrate can be again clearly distin-
guished. Within the scratch track area, a significant rise in the SAXS in-
tensity from the CrN toplayer indicates again higher densities of
through-thickness intergranular cracks (cf. also Figs. 3d,e) and of
nanoscopic intragranular defects formed as a result of CrN toplayer frag-
mentation (cf. Fig. 5¢), as indirectly confirmed by the texture data in
Fig. 5d, in agreement with the results from Wiecinsky et al. [16,18].

A comparison of the two SAXSM micrographs in Fig. 6 indicates also
different degrees of the compression and pile-up formation of the par-
ticular Cr sublayers, both more pronounced in the 400 mN sample
(Fig. 6b). Remarkably, SAXSM micrographs documents that the thick-
ness of the CrN toplayers remains practically unchanged, irrespective
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Cr, CrN

[111]

Fig. 4. TKD maps acquired from the respective TEM lamellae with the 200 mN (a) and 400
mN (b) scratches show orientations of columnar CrN and Cr crystallites with respect to the
out-of-plane [001] film orientation. The arrows in (b) indicate scratch-induced changes in
the crystallites’ orientation caused by plastic deformation of the ductile Cr. The respective
glide planes are visible also in Fig. 3d.

of the applied load magnitude. Furthermore, it should be noted, that the
plastic deformation of the Cr sublayers (cf. Figs. 3-5) did not obviously
lead to changes in SAXS intensities in Fig. 6, since deformation-
induced dislocation movement does not affect the electron density in
the investigated volume significantly.

3.3. 2D FWHM analysis

2D diffraction patterns collected in the CSnanoXRD experiments
were integrated cake-like using azimuthal integration range of A6=
10 deg. over the whole DS rings' azimuthal range of 6 = 0-360 deg. in
order to obtain 36 I(6,5;y,z) dependencies. Afterwards CrN 111 and
Cr 110 reflections were fitted using Gauss function and 36 FWHM
(63 y, z) were evaluated for every measurement position (y, z) as well
as detector azimuthal position 6; and then arithmetically averaged as

36
FWHM(y, z):;—6§ FWHM(é;,y,z). Generally, the FWHM evaluated
i=

from DS rings is sensitive to the size of coherently diffracting domains,
as well as to the presence of structural defects like dislocations, vacan-
cies and other types of micro- and nanoscopic crystal lattice distortions,
which can be denoted as microstrains of 2" and 3" order. Thus, by com-
paring the FWHM distributions from regions affected by scratch tests
with regions of intrinsic defect density (formed during the deposition
process, cf. Refs. [40, 51]), qualitative conclusions can be drawn on
changes in size of coherently diffracting domains and/or microstrains
as a result of the scratch process. In contrast to the SAXSM results
from Fig. 6, FWHM data reflect only scratching-induced structural
changes within the crystallites and are therefore insensitive to the pres-
ence of intergranular cracks and pores in the X-ray gauge volume.

Figs. 7 shows respective FWHM(y, z) of CtN 111 and Cr 110 reflec-
tions evaluated from the CSnanoXRD data. For the 200 mN scratch
track, a relatively homogenous FWHM increase can be observed in
CrN toplayer within in the imprint centre with a symmetrical lateral
extent of ~2 um. In the Cr sublayer, the FWHM increase is localized at
distances of ~4 pm from the imprint centre. For the 400 mN scratch
track, a significantly larger and homogenous increase in FWHM can be
again observed within the CrN toplayer, whereas partially localized
FWHM increase in Cr interlayer was detected at the positions of ~5 pm
from the imprint centre as well as Cr-CrN interface.

The cross-sectional and lateral occurrence of the increased FWHM
values in CrN and Cr sublayers (Fig. 7) correlate well with the changes
of out-of-plane residual stress concentrations 033(y,z) from Figs. 8b
and 9b. In the CrN toplayers, the FWHM increase correlates with the
build up a high compressive stresses 053N(y,z), up to —2 GPa in the
400 mN scratch track (Figs. 7b and 9b). In the Cr sublayer, the FWHM in-
crease correlates with the build up a high tensile stresses 53 (y,z) up to
~2 GPa (Figs. 7, 8b and 9b). Therefore, the FWHM increase in the CrN
toplayers (Fig. 7) can be interpreted by (i) the compaction of the CrN
toplayer due to the normal force induced by the sliding indenter,
resulting in large out-of-plane compressive stress (cf. Sec. 3.5), (ii) the
nanoscopic intragranular fracturing of CrN crystallites mainly due to
the friction force oriented along the x-direction, (iii) gradients of 1%
order strains within the gauge volume and (iv) the irreversible defor-
mation of the CrN grains, as documented by bulged form of the CrN
grains in Fig. 3e. Especially the gradual FWHM increase towards the sur-
face in the CrN toplayer of the 400 mN scratch track in Fig. 7b supports
the concept of the near-surface fracturing induced by the friction mech-
anism. In the case of Cr interlayers, the symmetric and localized FWHM
increases (Fig. 7) can be correlated with the bulging of Cr crystallites
and their plastic deformation during the imprint formation. Note that
in Fig. 7b, the FWHM increase in the Cr spans the whole width of the
measured sample region.

The findings from Fig. 7 are complementary to the SAXSM-data from
the CrN topalyers presented in Fig. 6. Whereas the localized SAXS inten-
sity increase in both scratch imprints (Fig. 6) can be correlated with the
intergranular cracks and pores formation in CrN mainly due to the
changes in 053" (y,z) magnitudes, the FWHM increase across the CrN
sublayers documents an increase in the crystal defect density. This is
mainly due to the imprint formation, which is accompanied by the
CrN grain boundary sliding [caused by the normal force of the indenter
(Figs. 8b and 9b), which also results in compressive 053N(y,z) in the
same region|. Furthermore there is also transgranular cracking (proba-
bly due to the friction force), which induces the reduction of the size
of coherently diffracting domains and consequently the FWHM increase
(cf. Fig. 3e).

3.4. Qualitative texture analysis

Qualitative texture analysis was carried out in order to study cross-
sectional changes to the Cr and CrN crystallites' orientations due to
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Fig. 6. Small angle X-ray scattering microscopy (SAXSM) micrographs evaluated from 32,421 and 26,361 2D diffraction patterns collected from the 200 mN (a) and 400 mN (b) scratches,
respectively. Their high scattering contrast allows resolving the interfaces and sublayers within the Cr/CrN/HSS sample. The scratch performed with 400 mN induced a significant Cr
interlayer thickness reduction and also the formation of symmetrical pile-ups (b). The U-like regions with increased SAXS intensities within the CrN toplayer were attributed to the
formation of micro- and nanoscopic intergranular cracks, as documented in Fig. 3, and also to a reorientation of CrN crystallites, as documented by the texture data in Figs. 5b,d. In
addition, the shape of these high-intensity regions correlates well with the decreased in-plane stress magnitude in Figs. 8a and 9a.
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Fig. 7. FWHM micrographs evaluated from 32,421 and 26,361 2D diffraction patterns collected from the 200 mN (a) and 400 mN (b) scratches, respectively. The CrN 111 FWHM increase is
caused by nanoscopic intragranular fracturing of CrN crystallites due to the large out-of-plane compressive stress imposed by the indenter during the scratching. The symmetric and
localized Cr 110 FWHM increases can be correlated with a bending of Cr crystallites and their plastic deformation. The cross-sectional occurrence of the increased FWHMs in both
materials correlate well with the changes of out-of-plane residual stresses 0%3(y,z) from Figs. 8b and 9b.

Fig. 5. SEM micrographs (a) and (c) from FIB-fabricated cross-sections of the 200 and 400 mN scratch tracks, respectively, reveal the columnar grained microstructure and tilting/ bending
of the needle-like crystallites up to ~15 and ~ 25 deg. with respect to the film surface normal direction. In the CrN toplayer, dark regions indicate the presence of cracks, which are seen to
propagate in (c), across the whole toplayer at the locations of the pile-ups. Respective DS ring azimuthal intensity plots I(5,z) in (b) and (d) were evaluated from CSnanoXRD data collected
along the dashed lines L1-L5 in (a) and (c), respectively. CrN 200 I(5,z) plots from predominantly (100} fibre textured crystallites show smearing of vertical intensity lines and indicate thus
incrementing fragmentation the brittle CrN towards the imprint centres, as supported also by SAXSM data in Fig. 6. Cr 110 (8,z) plots indicate a (110) fibre texture, whereas the oscillatory
vertical intensity lines document the tilting of the Cr columnar crystallites caused by the plastic deformation present in this layer.
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Fig. 8. Experimental in-plane 035(y,z) (a), out-of-plane 03(y,z) (b), and shear 035(y,z) (c) stress distributions evaluated from the cross-section of the 200 mN scratch track area. Note that

CrN
022

scratching. For this purpose, azimuthal intensity distributions of CrN
200 and Cr 110 DS rings were evaluated from CSnanoXRD data collected
along the dashed vertical lines indicated in Figs. 5a and c. Due to the
small CSnanoXRD probe size, the diffraction statistics were rather lim-
ited, but still allowed to evaluate texture changes qualitatively. The log-
arithmic plots in Figs. 5b and d show azimuthal DS rings diffraction
intensities from a selected azimuthal 6 angle range of +-30 deg., with re-
spect to the 6 = 0 deg. diffraction vector orientation, which corresponds
approximately to the film normal direction (cf. Fig. 1, Fig. 5b,d). The dis-
tinct vertical intensity lines in Figs. 5b,d represent diffraction intensities
from fibre-textured crystallites with approximately identical orienta-
tions with respect to the sample normal. Therefore, the azimuthal posi-
tions of the lines can be used to determine the relative orientation of
crystallites with respect to the sample surface normal.

The straight vertical intensity lines within plots L1 and L2 of Figs. 5b
and plot L1 of Fig. 5d indicate the presence of crystallites with orienta-
tions unaffected by scratching, where CrN 200 DS ring azimuthal maxi-
mum was observed at 0 deg. down to a depth of ~1.2 um, which allows
us to identify a (100) fibre texture. In the deeper regions of the bilayer
film, at depths of ~1.2-3.2 um, the presence of a (110) fibre texture
can be deduced in Cr (Fig. 5b,d), in good agreement with Refs. [19, 20,
40]. The plots L3 and L4 with curved intensity lines in Fig. 5b indicate
a bending of crystallites within both sublayers, in agreement with the
SEM micrograph in Fig. 5a. The plot L5 from the scratch track centre
with straight but much broadened intensity lines indicates a fibre tex-
ture blunting and weakening of preferred crystallite orientation in
both sublayers within the 200 mN scratch track cross-section

(y,2) is displayed with a different stress scale. The data were evaluated from 32,421 2D diffraction patterns.

(Fig. 5b). Similar, also the plots L2-L5 in Fig. 5d from the 400 mN scratch
track cross-section show intensity lines shifted up to an angle of
~25 deg. counter-clockwise and a steadily increased broadening of the
lines towards the scratch track centre, consistent with Ref. [52], indicat-
ing a heavy deformation of the grain microstructure, especially in CrN.

There is, however, a striking difference between the DS azimuthal
distributions obtained from the CrN brittle and Cr ductile sublayers in
Figs. 5b and d. A predominant smearing of the intensity lines collected
from the deformed CrN toplayers indicates fracturing of the
nanoceramic nitride beneath the scratch track, which results in a large
orientation spread and fibre texture blunting. The CrN toplayer fractur-
ing correlates well with the increased SAXS and FWHM intensities in
Figs. 6 and 7 and also with decreased in-plane 033(y,z) and increased
out-of-plane 033(y,z) stress magnitudes, respectively, presented in
Sec. 3.5. In the case of Cr sublayers, however, predominantly oscillatory
cross-sectional profiles of the intensity lines and less pronounced
smearing (Fig. 5b,d) suggest that the irreversible deformation of the
metallic ductile Cr sublayers was accommodated by bending/bulging
and plastic deformation of the columnar grains, in agreement with the
electron microscopy data from Figs. 3 and 4 and partly also with the
FWHM data from Fig. 7.

3.5. Stress analysis across scratch track cross-sections
Ex-situ analysis of residual stress distributions was carried out using

the methodology described by Ref. [33] and depicted in the Supplemen-
tary Material. At first, residual stress gradients 055(z) and o55™(z) across
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Fig. 9. Experimental in-plane 035(y,z) (a), out-of-plane 033(y,z) (b), and shear 033(y,z) (c) stress distributions evaluated from the cross-section of the 400 mN scratch track area. Note that
053N(y,z) is displayed with a different stress scale. The data were evaluated from 26,361 2D diffraction patterns.

the Cr and CrN sublayers were determined using Eq. 4 from a
CSnanoXRD line scan collected far off the scratch tracks, where the ma-
terial was unaffected by the scratch experiment. As indicated in
Suppl. Fig. 2, the stress magnitude in the Cr interlayer is nearly constant
at ~-1 GPa, whereas the compressive stresses in CrN increases from
—3 GPa at the CrN-Cr interface to —4 GPa at the surface. The compres-
sive stresses in Cr and CrN in the as-deposited film can be attributed to
ion-bombardment during film growth and additional thermal stress
formed during cooling down from the deposition temperature, as ex-
tensively discussed in Refs. [40, 51].

3.5.1. Cross-sectional 2D stress distributions for the 200 mN scratch

Cross-sectional residual stress distributions consisting of in-plane
033(y,z), out-of-plane 033(y,z) and shear stress 033(y,z) magnitudes
across the 200 mN scratch track area are presented in Fig. 8. The results
document complex lateral and depth gradients of the stresses, which
are a result of the intrinsic stress state developed in the film during de-
position (Suppl. Fig. 2) and the scratch-induced residual deformation of
the bilayer (Fig. 8). The latter includes (i) a bending of the CrN toplayer
under the indenter tip, similar to the bending of a clamped cantilever,
accompanied by a thickness reduction of the Cr sublayer due to plastic
flow (Fig. 2) and (ii) a subsequent partial film curvature relaxation
after the indenter tip had translated to further positions on the
specimen's surface [26,53,54].

This bending-like deformation of the CrN toplayer results (i) in the
formation of in-plane tensile stresses at the virtual clamping positions
outside the deformed zone and compressive in-plane stresses in the
centre of the deformed zone in the CrN near-surface region and (ii) in
the formation of alike stress distributions of opposite signs at the CrN-
Cr interface. When the fracture stress of CrN is locally exceeded within
the tensile stressed zones, nanoscopic cracks are formed within the
CrN toplayer (Fig. 3b,c), which results in a relaxation of stresses and
subsequently in the formation of compressive stresses during elastic re-
bound after the indenter tip has moved away.

Within the CrN toplayer, this results in the observed decrease of the
relatively high compressive stresses of ~ —4 GPa (in the as-deposited
state) to ~ —1 GPa within (i) the near-surface region at distances of
~500 nm to ~4 um from the imprint centre and (ii) at the CrN-Cr inter-
face directly under the imprint centre with a symmetric lateral extent of
~3 um (Fig. 8a). Furthermore, the preservation of the compressive stress
at the surface of the imprint centre and the accumulation of even higher
compressive stresses up to —6 GPa at the CrN-Cr interface at distances
of 2 um to 5 pm left and right of the imprint centre can also be related
to this bending-like deformation (Fig. 8a). Additionally, the compressive
stress increase found at distances of 5-7 um from the centre at the sam-
ple surface (outside the virtual clamping positions) is related to the
aforementioned elastic rebound after passing of the scratching indenter.
The occurrence and the U-shape of the CrN sublayer regions, where the
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relaxed 053V (y,z) compressive stresses are present in Fig. 8a, correlate

well with the SAXSM data from Fig. 6a and confirm the assumption
that the relaxation was accompanied by intergranular grain boundary
sliding and intergranular cracking in CrN (Fig. 3a-c), which stops within
the CrN toplayer (cf. Secs. 3.1 and 3.2).

Within the Cr sublayer, the in-plane stress distribution o053 (y,z) ex-
hibits relatively high compressive stresses with a magnitude of
~ —1.8 GPa directly at the imprint centre (Fig. 8a). These originate
from the process of (i) the sublayer compression and plastic deforma-
tion during loading and (ii) subsequent sublayer curvature relaxation
resulting in elastic contraction in the Cr imprint centre, after the in-
denter tip had moved to further sample position, in agreement with
Refs. [26, 53, 54]. Additionally, there are symmetric tensile stress regions
053 (y,z) with up to 800 MPa magnitude located directly next to regions
with the highest compressive stress magnitude in CrN (Fig. 8a). These
tensile stress concentrations in the Cr sublayer can be attributed to the
bending of the CrN toplayer during the scratch experiment leading to
an elongation of the Cr sublayer, whose further relaxation after
scratching was however hindered by the deformed CrN toplayer. The
corresponding stress fields 053 (y,z) are similar to those resulting from
foreign object damage, as reported for a hard steel sphere impacting
onaTialloy in Refs. [55, 56], indicating similar deformation mechanisms
as during high-rate loading of a ductile material. Furthermore, the re-
duction and increase of in-plane compressive stress 035(y,z) in CrN
and Cr, respectively, directly under the scratch track groove, is in partic-
ular agreement to findings from Khan et al. [23], where scratching of an
Al-alloy also led to formation of tensile and compressive stresses in
surface-near and sub-surface regions, respectively, directly under the
scratch track groove.

For the 0$3N(y,z) distributions in Fig. 8b, minor compressive stresses
in the range of ~ —500 MPa were revealed around the residual imprint
centre over the CrN toplayer thickness with a lateral extent of ~4 pm.
These are a consequence of the deformation-induced compaction of
the toplayer by the sliding indenter and the remaining residual defor-
mation. The central region is symmetrically surrounded by tensile
stressed areas with a magnitude of ~800 MPa. These tensile stresses re-
vealed besides the scratch track, starting 2 pm away from the centre at
the CrN-Cr interface and extending over 4 pm at the Cr-HSS interface,
can be attributed to the curvature relaxation after the further move-
ment of the indenter. The same 033 (y,z) stress behaviour is observed
in the Cr sublayer, where the tensile stress reaches a maximum of
~1.8 GPa (Fig. 8b). Generally, the out-of-plane stresses must represent
continuity across the CrN-Cr interface, which is not the case within
the contact zone of the sliding indenter. This discontinuity is most prob-
ably related to a a§™ decrease within the process zone, as a conse-
quence of compaction of the (partly) fragmented CrN crystallites (cf.
Figs. 3a-c, 6a and 7a), which expresses as a virtual out-of-plane com-
pressive stress.

Compressive out-of-plane stresses directly under the indenter tip
are well accounted for during in-situ CSnanoXRD experiments on thin
films [33,34], however, they were not found during prior synchrotron
X-ray experiments carried out on scratched Al-Alloys [23], which can
be attributed to much higher stress relief through plastic deformation
of the Al-alloys during scratching.

The development of the shear stress 0353 (y,z) is also dominated by
the bending-like deformation and is antisymmetric with respect to
the y-axis (Fig. 8c). The shear stresses are (in this case) a y-axis
coordinate-dependent representation of the change of the principal
stress orientation, which means positive shear stress in the positive y-
axis half represents coordinate-dependent positive (counter-clockwise)
rotation of the principal stress tensor, whereas negative shear stress in
the negative y-axis half of the stress field represents the opposite, i.e.
clockwise rotation (Fig. 8c). Concerning the CrN toplayer, the shear
stress distribution reflects the mainly bending-like deformation,
whereas in the Cr the distribution of shear stress represents the more
complex stress state of o3 (y,z) from Fig. 8a.

3.5.2. Cross-sectional 2D stress distributions for the 400 mN scratch

After scratching the thin film with 400 mN load, the scratch groove
exhibits significantly larger curvature compared to that of the 200 mN
scratch (Figs. 2, 5a,c, 6). The scratch test resulted in bending of the
CrN toplayer, compaction of the Cr interlayer and in the formation of
symmetric pile-ups (Figs. 2b, 5¢, 6b). Consequently, the 035(y,z), 035
(3,z) and 033(y,z) distributions shown in Fig. 9 exhibit relatively high
stress concentrations and reflect crack formation within the sublayers.

Fig. 9a indicates that the bending-like of the CrN toplayer resulted in
the relaxation of compressive in-plane stress os3(y,z) mainly beneath
the scratch track groove, as described in detail in Section 3.5.1. This re-
laxation can be attributed to the formation of cracks, as visible in
Fig. 3d and 5c and due to the deformation-induced localized tensile
stress build-up, the magnitude of which exceeded the fracture strength
of brittle CrN. An additional contribution is given by the friction-induced
tension of the film along the x-direction, which also results in tensile
stress build-up and cracking [26,54,57]. Next to the scratch groove,
however, high compressive in-plane stresses 053N(y,z) in CrN up to
—6 GPa are revealed. These are a consequence of the symmetric pile-
up formation, the CrN toplayer elongation and its subsequent elastic
contraction, which was however hindered by the underlying Cr. The
nearly complete relaxation of the compressive stresses 053\ (y,z) within
the U-shaped groove (Fig. 9a) correlates well with SAXSM (Sec. 3.2),
FWHM (Sec. 3.3) and texture (Sec. 3.4) data and supports the suggested
assumption of intergranular cracking (Fig. 3e) and intragranular frag-
mentation of the brittle CrN (Secs. 3.3 and 3.4).

The in-plane stress distribution 053 (y,z) in the Cr-sublayer (Fig. 9a)
is qualitatively similar to that developed after scratching at the load of
200 mN (Fig. 8a), with a comparatively higher lateral extent of the com-
pressively stressed areas and a remarkable compressive-to-tensile
stress gradient across the sublayer. As already discussed above, the
compressive stresses 03 (y,z) within the Cr-sublayer next to the HSS in-
terface originate from the elastic contraction of the elongated sublayer
after the scratch experiment. Since this elastic contraction was hindered
by the CrN toplayer next to the CrN-Cr interface, tensile stresses were
formed in the upper regions of the Cr sublayer (Fig. 9a). The higher
stresses in the 400 mN sample are similar to impact test in Refs. [55,
56], where a higher lateral extent of the stress fields and more pro-
nounced pile-up formation due to foreign object damage was found
when using a higher impact speed. Again, the reduction and increase
of in-plane compressive stress 033(y,z) in CrN and in Cr, respectively, di-
rectly under the residual imprint of the indenter, is in agreement to
findings from Khan et al. [23], cf. Sec. 3.5.1.

The out-of-plane stress distribution 053N (y,z) in Fig. 9b shows high
compressive stress magnitudes up to —2 GPa within the scratch groove,
which can be correlated with irreversible microstructural changes
within the CrN sublayer (cf. Sec. 3.1.-3.4) and the pronounced surface
curvature, which hindered surface relaxation after scratching. Besides
the scratch track only minor tensile stresses were revealed in Fig. 9b.
In the Cr-sublayer, qualitatively the same stress distribution 053 (y,z)
is visible as for the scratch carried out with 200 mN load, with a higher
lateral extent of the stress-free zone in the centre of the scratch track
groove. Again, the discontinuity of 033(y,z) across the CrN-Cr interface
found within the contact zone of the sliding indenter could be related
to unstressed lattice parameter changes, as explained in Section 3.5.1
and documented by Figs. 3e, 6b and 7b.

Relatively modest shear stress distributions 033(y,z) (Fig. 9c) re-
vealed in both layers beneath the scratch track (y-positions from —3
to 3 um) document the uniaxial compaction of the CrN grains after
cracking along the columnar grain boundaries and the dominance of
in-plane stresses after the plastic deformation in the Cr sublayer. Be-
sides the scratch track, there is a relaxation-induced local rotation of
the principal stress axes, which is indicated by the accumulation of
interface-near shear stresses with a magnitude up to —1.5 GPa at y-
positions from —6 to —4 pm and with a magnitude up to 1.5 GPa at y-
positions from 4 to 6 pm (Fig. 9c).
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Fig. 10. FEM calculated in-plane 0%5(y,z) (a), out-of-plane 0%5(y,z) (b), and shear 0%5(y,z) (c) stress distributions evaluated for the cross-section in the centre of the 200 mN scratch track.

Note that 053(y,z) is displayed with a different stress scale.

3.6. Finite element model

In order to describe the deformation processes during the scratch
experiments and to interpret the experimental stress distributions of"
(3,z) in CrN and Cr, a 3D FE model was implemented. The calculated
stress distributions for the scratch tracks performed with 200 and 400
mN load are displayed in Figs. 10 and 11.

3.6.1. Modelled stress distributions for the 200 mN scratch track

The calculated stress distributions oj'(y,z) across the 200 mN
scratch track area are displayed in Fig. 10. High tensile stress concentra-
tions 053N (y,z) are found symmetrically in the CrN toplayer at lateral
distances of 2 to 4 yum at the surface, as well as in the centre of the groove
at the Cr/CrN interface with a lateral extent of 2 pm (Fig. 10a). Addition-
ally, high compressive stress 053" (y,z) with a magnitude of —6 GPa is
found at the respectively opposing sides of the CrN layer (Fig. 10a). Ad-
ditionally, at distances larger than 5 um from the imprint centre, com-
pressive stresses 053" (y,z) can be found in the CrN toplayer.

While the magnitude of compressive stress 53N(y,z) found in the
experiment is particularly well reflected by the model (cf. Figs. 8a), ten-
sile stress magnitudes found in the model are exaggerated compared to
the experimental data. This is a consequence of stress-relief due to
nanoscopic crack formation in the tensile stressed zones formed during
the experiment (cf. Figs. 3a-c, 5a, 6a) and possible grain boundary slid-
ing in the centre of the scratch track, which are both unaccounted for by

the model. In the Cr sublayer, in-plane stress 053 (y,z) magnitudes

below —2 GPa were found in the imprint centre by the 3D FE model,
which were symmetrically surrounded by regions of tensile stress (y
outside 4 um), in a good agreement with the experimental data.

The symmetric out-of-plane tensile stress concentrations o53V(y,z)
and o4 (y,z) in Fig. 10b outside the scratch track agree particularly
well with the experimental results shown in Fig. 8b. A highly compres-
sively stressed zone at distances of ~2 to 3 um from the centre followed
by a tensile stressed zone beneath the scratch track is however not val-
idated by the experiment (Fig. 8b), which again is a consequence of the
above-mentioned discrepancies between model and experiment
(Fig. 3a,b). The out-of-plane stresses introduced through the scratch
process have to be self-compensating, consequently, the stress-relief
found in the experiment due to nanoscopic cracking leads also to a re-
duction of compressive stresses in the surrounding areas. The shear
stress distribution 053N(y,z) obtained by the FE model is antisymmetric
along the y-axis and reflects the bending-like deformation of the
scratched area (Fig. 10c). The shear stress 053 (y,z) calculated for the
Cr sublayer reflects the complex deformation beneath the scratch
track groove and, similar to compressive in-plane stresses, fits very
well to the experimental findings.

3.6.2. Modelled stress distributions for the 400 mN scratch track

In order to model the stress distributions of"(y,z) across the 400 mN
scratch track area, cracks were introduced symmetrically at the edges of
the groove (Fig. 11). Adding these two symmetric cracks accomplishes
the aim to model the experimental stress distributions as accurately as
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Fig. 11. FEM calculated in-plane 035(y,z) (a), out-of-plane 033(y,z) (b), and shear 035(y,z) (c) stress distributions evaluated for the cross-section in the centre of the 200 mN scratch track.

Note that o§3N(y,z) is displayed with a different stress scale.

possible, while still maintaining the necessary computational time at a
reasonable level. The observed relatively large differences between the
experimental and modelled stress distributions of"(y,z) (cf. Figs. 9 and
11), however, can be explained by the formation of crack patterns and
CrN fragmentation, as revealed by electron microscopy in Figs. 3e and
5¢, as well as in the SAXS micrograph in Fig. 6b.

The calculated in-plane stress distributions 035(y,z) for the CrN and
Cr layers are shown in Fig. 11a. In the CrN toplayer, the stress distribu-
tions can be divided into two parts. First, within the residual imprint
(y inside 43 um), high tensile stress concentrations were revealed by
the FE analysis, while besides the groove compressive stress was
found. Comparing with the experimental data, the compressive stresses
outside the scratch track groove are reproduced by the FE model (cf.
Figs. 9a and 11a), but the modelled high tensile stresses within the re-
sidual imprint are not seen in the experimental results. This mismatch
between the experimental and calculated data (Figs. 9a and 11a) can
be interpreted by the above-mentioned computational restrictions
and the massive microstructural changes in the CrN layer (cf. Figs. 3c-

e, 4b, 5¢), which resulted in o52N(y,z) stress relaxation within the
scratch track area. In the Cr sublayer, high compressive stresses 053
(y,z) are found within the deformed zone, which is surrounded by ten-
sile stressed regions, both in the experimental and the modelled data
(Figs. 9a and 11a), as a consequence of the compression due to the slid-
ing indenter and the pile-up formation, respectively. Concerning the
out-of-plane stress 033(y,z) (Fig. 11b) and shear stress 033(y,z)
(Fig. 11c¢) distributions, the calculated stresses in the Cr sublayer agree
well with the experiment (Fig. 9b and c), whereas in the CrN toplayer
the abovementioned difficulties regarding the FE model have to be
considered.

In summary, Figs. 2-8 and 10 document the nanoscopic mechanical
and microstructural response of a CrN-Cr bilayer thin film to scratch
testing at two different loads. The elastic-plastic 3D-FE model allowed
to assess the stress distributions in a satisfactory way, especially in the
case of the 200 mN scratch (Fig. 10). In the case of 400 mN scratch, how-
ever, it was more challenging to properly model (Fig. 11) the multiaxial
stress distributions from Fig. 9, because of the complex microstructural



14 M. Meindlhumer et al. / Materials and Design 195 (2020) 109023

changes especially in the CrN toplayer, like the high density of
microcracks (Figs. 3e and 6b), which altered the mechanical response
of the bilayer significantly.

4. Discussion of brittle-ductile CrN-Cr bilayer deformation

Mechanical failure of thin films during scratching experiments is in-
fluenced by a variety extrinsic and intrinsic factors [3-6,58]. In the case
of nanocrystalline hard films, the particular microstructural and interfa-
cial defects effectively responsible for failure are usually unknown.
Similarly, complex stress concentrations around and behind the
moving indenter tip, accompanying elastic and plastic deformation,
chipping, cracking and delamination have remained unexplored exper-
imentally [24].

Generally, the stress distributions accompanying failure are a super-
position of elastic-plastic indentation stresses, frictional stresses and the
residual internal stresses present in the film after the deposition
[24,26,53,54]. The present work introduces a thorough ex-situ analysis
of the residual stress gradients formed after the deposition (Suppl.
Fig. 2) and multiaxial residual stress fields developed after the scratch
experiment (Figs. 8,10). The experimental data and the FEM calculated
stresses (Figs. 8-11) provide an accurate picture of the stress build-up
after the two scratch tests, before the onset of critical failure, and also
allow us to deduce the stress states under the indenter during the
experiments.

According to prior investigation of the mechanical behaviour of CrN-
Cr multilayer systems subjected to indentation, CrN can bear very high
stress magnitudes up to —10 GPa in compression [17,34]. However, in
tension, free-standing FIB-fabricated cantilever beams of magnetron
sputtered CrN showed overall brittle fracture upon a (tensile) stress mag-
nitude of ~5.8 GPa [45]. Consequently, it is reasonable to assume that high
tensile and compressive stresses with CrN toplayers will be accommo-
dated by the formation of inter- and intra-granular cracks within the
nanoceramics, respectively. In the case of magnetron sputtered Cr thin
films, compressive and tensile stress magnitudes are limited to ~3 GPa
due to the onset of plastic deformation at higher stress levels [17,45].

Following, Figs. 8a and 9a document that complementary compres-
sive and tensile in-plane stress build-ups are formed in the regions bor-
dering the CrN-Cr interface, as a result of curvature relaxation after the
scratching indenter tip had passed. This implicates that during the in-
denter loading, tensile stresses were formed at both sides of the CrN-Cr
interface as a product of the large curvature (bending-like), whose forma-
tion, however, did not result in catastrophic failure of the bilayer. Impor-
tantly, the nanoscale stress distributions are correlated with
morphological and microstructural changes within the brittle and ductile
sublayers (Fig. 2-5). Therefore, it is possible to associate the above-
implicated tensile in-plane stress formation in the brittle CrN toplayer
with the formation of nanoscopic intergranular cracks (Fig. 3e) and
intragranular defects (Figs. 6 and 7) as well as with the development of
bilayer curvature. Similarly, the thickness reduction and pile-up forma-
tion within the ductile Cr (Fig. 2) is accompanied by a variety of micro-
structural changes like columnar grain bending and localized plastic
deformation (Figs. 3-7).

Even though the STEM and SEM micrographs in Figs. 3e and 5¢ doc-
ument the presence of cross-sectional cracks within the CrN toplayer,
the underlying ductile Cr sublayer serves as an effective crack barrier.
In other words, even though the fracture strength of CrN was exceeded
in multiple places during the scratch test (Figs. 3,5), intergranular frac-
ture along CrN columnar grains was arrested at the ductile Cr sublayer.

Similar to our previous study on the indentation behaviour of multi-
layered CrN/Cr films [17], also in the present case the ductile sublayers
serve as an important stabilizing component to the bilayer's mechanical
integrity during and after scratching. Their ability for thickness reduc-
tion, massive plastic deformation, crystallite bending and formation of
pile-ups protects the brittle-ductile bilayer from critical failure at loads
that would disintegrate a comparable monolithic CrN layer.

5. Conclusions

Cross-sectional X-ray nanodiffraction was used to assess multiaxial
stress distributions and microstructural changes within a scratch-tested
bilayer thin film at a resolution of 50 nm. The experimental results,
encompassing also small-angle X-ray scattering micrographs that docu-
ment nanoscopic microstructural changes, were correlated with electron
microscopy analyses and a 3D finite element model. The quantitative re-
sults uncover the multiaxial residual stress build-up, which was clearly
correlated to the nanoscopic deformation mechanisms within the brittle
CrN and ductile Cr layers. While scratch testing results in intergranular
grain sliding and intragranular grain fragmentation within the CrN
nanoceramic toplayer, without any thickness reduction, the thickness re-
duction/extension of the ductile Cr interlayer is accompanied by
transgranular plastic deformation with unidirectional gliding, formation
of piles-up, as well as crystallite bending and rotation. The results confirm
the beneficial influence of compressive residual stresses and the concept
of ductile interlayers to stabilize the brittle components of thin films, es-
pecially by revealing the actual stress levels present at different loads in
the respective individual layers. Several shortfalls of existing numerical
analyses could thus be identified, in particular the failure to address the
intergranular crack formation that originates from high tensile stresses
in the brittle layer. In short, even though significant damage could be de-
tected in the upper brittle CrN layer at higher scratch loads, the lower
ductile Cr layer was able to absorb large amounts of deformation and con-
tinued to provide good adhesion, thus maintaining the functionality of
the overall structure as a wear-resistant film.
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