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• Multi-axial residual stress distributions
across a notched CrN-Cr clamped
micro-cantilever were determined ex-
perimentally.

• Residual stresses in Cr introduce an ef-
fective stress intensity of −5.9 ±
0.4 MPa m½, forming a plastic zone
around the notch.

• Upon crack growth through Cr to the
adjacent CrN-Cr interface, the crack is
arrested there and its stress fields
disappears.
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In order to understand the fracture resistance of nanocrystalline thin films, it is necessary to assess
nanoscopic multiaxial stress fields accompanying crack growth during irreversible deformation. Here,
a clamped cantilever with dimensions of 200 × 23.7 × 40 μm3 was machined by focused ion beam mill-
ing from a thin film composed of four alternating CrN and Cr layers. The cantilever was loaded to 460
mN in two steps and multiaxial strain distributions were determined by in situ cross-sectional X-ray
nanodiffraction. Characterization in as-deposited state revealed the depth variation of fibre texture
and residual stress across the layers. The in situ experiment indicated a strong influence of the residual
stresses on the cross-sectional stress fields evolution and crack arrest capability at the CrN-Cr interface.
In detail, an effective negative stress intensity of −5.9 ± 0.4 MPa m½ arose as a consequence of the re-
sidual stress state. Crack growth in the notched Cr layer occurred at a critical stress intensity of 2.8 ±
0.5 MPa m½. The results were complemented by two-dimensional numerical simulation to gain further
insight into the elastic-plastic deformation evolution. The quantitative experimental and modelling
t (M. Meindlhumer).
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results elucidate the stepwise nature of fracture advancement across the alternating brittle and ductile
layers and their interfaces.

© 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/).
1. Introduction

Mechanical integrity of thin films is determined not only by their ex-
traordinary ultimate compressive and tensile strength, but also to a
great extent by their ability to resist catastrophic failure due to instable
crack propagation frompre-existingdefects of various origins [1–3]. The
discipline of linear elastic fracture mechanics (LEFM) was developed to
quantify the ability of brittle materials to resist crack propagation [4,5].
Its underlying thermodynamic principle is to link the strain energy re-
lease rate due to crack growth with the energy required for the forma-
tion of new fracture surfaces. The elasticity solutions for the
displacement, strain, and stress fields around the crack tip obtained
within this framework contain singularities that violate the assumption
of finite material deformability and strength. LEFM deals with this cen-
tral contradiction by excluding from consideration the so-called process
zone (PZ), where material decohesion occurs. Instead, attention is fo-
cused on the relevant parameters outside the PZ which are assumed
to fully determine the conditions for crack propagation. Key parameters
in this consideration are the stress intensity factors (SIF) KI, KII and KIII

that define the severity of the equivalent conceptual elastic crack tip sin-
gularity. Hence, the annular zone surrounding the PZ is sometimes re-
ferred to as the K-zone. The sum of squared SIFs with elastic moduli as
coefficients allows the strain energy release rate to be evaluated. LEFM
is valid for brittle or semi-ductile materials, where plastic deformation
is restricted to the relatively small plastic zone surrounding the process
zone, itself embedded within the K-zone. It is important to note that
even in these (semi-)brittle cases the stress singularity in front of a
crack tip leads to plastic deformation and the formationof a plastic zone.

In mainly ductile materials the crack propagation is significantly af-
fected by dislocation emission and plastic deformation, so that the size
of the PZ is not small compared to the sample dimensions. Under
these conditions of significant ductility, elastic-plastic fracture mechan-
ics (EPFM) needs to be applied instead of LEFM. Hutchinson, Rice and
Rosengren demonstrated in their model [6,7] that at stresses exceeding
the yield strength of the elastic-plastic material, hardening controls the
stress increase in front of the crack tip. The stress distributionwithin the
plastic and process zones remains of high scientific interest, since the
strains and stresses control the plastic deformation andmaterial separa-
tion that ultimately leads to catastrophic failure. The experimental as-
sessment of the strains/stresses within the confined volume of the
plastic zone is of vital importance to understand the mechanisms of
crack growth and failure.

According to the available literature, stress distributions in front of
the crack tip have been investigated with neutron or synchrotron X-
ray diffraction using gauge volumes of ~2 mm [8,9] and down to
~25 μm [10–15], respectively. Some of the reported experimental
work has focused on (i) the influence of residual stresses on crack
growth in compact tension (CT) samples fabricated from Al alloys, but
most works were dedicated to resolving (ii) the influence of overload
events on fatigue crack growth in standard sample geometries. In the
former case, tensile residual stress in front of the crack tip led to a signif-
icant acceleration of (stable) crack growth during unidirectional loading
of the sample [8,9]. However, standard fracture mechanics samples are
not suitable for thin film testing due to their restricted thickness. In the
field of micromechanical testing several cantilever-based geometries
have therefore been proposed and developed [16,17]. In state-of-the-
art experimental setup configurations, cantilevers can be tested in situ
inside a scanning electron microscope (SEM) that allows following sta-
ble crack growth at the sample surface, and evaluating the fracture
2

toughness of the material on the basis of load–deflection and crack
length-dependent stiffness data [17]. Digital Image Correlation (DIC) is
usually amethod of choice tomap strain distributions at the sample sur-
face. However, stress distributionswithin thematerial remain inaccessi-
ble to this technique without the use of additional assumptions (elastic
relationship between strains and stresses), or further destructive testing
steps [18]. Recent developments of the FIB-DIC technique have demon-
strated its capability of mapping residual stresses atmicron scale lateral
resolution and better than 25 nm in the depth direction [19–21].

In prior studies CrN-Cr multilayer thin films have attracted signifi-
cant interest because of their ability to withstand a broad range of me-
chanical loads without catastrophic failure, such as abrasive [24,25],
indentation [26] and fracture mechanical loads [3,27]. As indicated by
these studies, the introduction of Cr interlayers with varying thickness
has a significant influence on the crack propagation behaviour and on
the mechanical stability of CrN-Cr multilayer thin films. The ductile Cr
interlayers and the CrN-Cr interfaces serve as crack deflection barriers
and thus increase the resistance against catastrophic failure [3,24–27].
However, the stress acting at the crack tip and the influence of residual
stress on crack propagation still remain unclear.

On the other hand, cross-sectional X-ray nanodiffraction
(CSnanoXRD), described in detail in Refs. [21–23]) coupled with nano-
indentation allows for in situ characterization of laterally and depth-
dependent stress distributions generated in thin filmswith a spatial res-
olution down to 200 × 200 nm2, giving new insights into the deforma-
tion behaviour of exemplary nanoceramicmonophasic TiN [22] and CrN
[23], as well as the stress relief caused by cracking. These experiments
revealed the key effect of abrupt changes of compressive residual stress
parallel to the interfaces between individual layers of similar materials
on the formation and growth of cracks. The nucleation of cracks in the
top sublayer containing low residual stress is followed by crack re-
orientation, extensive crack deflection and crack arrest phenomena ob-
served at the interfaces of monophase sublayers [20] of different resid-
ual stresses.

The present study utilized in situ CSnanoXRD for the first time to in-
vestigate both the residual and loading-induced stresses during step-
wise deformation of a CrN-Cr nano-multilayer clamped cantilever. The
evolution of a plastic zone originating from a pre-milled notch and
crack growth during mechanical loading were monitored, quantified,
and correlated with established theoretical approaches. In situ experi-
ments revealed the crack arrest effect of the interfaces between brittle
CrN and ductile Cr layers, as well as crack tip blunting that could be
seen at the highest applied load. The results were correlated with 2D
numerical simulations using the eigenstrain-finite element method.

2. Experiment and methods

2.1. Thin film synthesis

For this study, a multi-layered CrN-Cr film consisting of four layers,
each ~5 to 5.5 μm thick, was deposited on an electrolytically polished
plate made of high speed steel (HSS) with lateral dimensions of
20×20mm2 and a thickness of ~5mm. Thefilmwas deposited byunbal-
anced magnetron sputtering using a powder-metallurgically produced
Cr target. Prior to the deposition process, the chamber was evacuated
to 10−4 Pa, the substrate was then heated to 350 °C and plasma etched
for 10min. The depositionwas also performed at 350 °C and a total pres-
sure of 1 Pawas applied. The Cr layers were deposited in a pure Ar atmo-
sphere and an applied bias voltage of −40 V, whereas the CrN layers

http://creativecommons.org/licenses/by-nc-nd/4.0/
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were grown in an Ar+N2 atmosphere applying a bias voltage of−80 V.
The N2 partial pressure was adjusted to 0.25 Pa using a capacitive gauge.
The resulting overall thickness of the film was ~21.7 μm.

2.2. FIB-preparation and investigation of the cantilever

At first, a cross-sectional lamella for the CSnanoXRD experiment
with a thickness of ~200 μm in beam direction was prepared from the
thin film sample by mechanical polishing. In the next step, a Tescan
FERA3 FIB using Xe+ ions at an acceleration voltage of 30 kV and a cur-
rent of 300 nAwas used to further cut the lamella down to a remaining
thickness of 45 μm in a region with a length of 200 μm and to remove
the substrate under themultilayer in this region. Prior to the cutting op-
erations, a Si-mask was lifted-out using a micromanipulator, whichwas
placed above the actual sample as a sacrificial protection to protect the
sample surface from the high Xe+-ions currents. In order to cut the final
geometryL× t×Bof theclampedcantilever to200μm×23.7μm×40μm,
FIB machining was employed in a ZEISS Auriga CrossBeamWorkstation
by using Ga+ ions with a current of 13.6 nA. Finally, the notch was cut
from the side on the bottom of the cantilever with a current of 500
pA. The cantilever was imaged prior to the experiment at an accelera-
tion voltage of 5 kV and an aperture width of 60 μm using the SEM in-
lens detector of the workstation. For post mortem imaging after the in
situ CSnanoXRD experiment, a ~ 500 nm thick tungsten protection
layer was deposited on the surface of the clamped cantilever using the
gas injection system of the FIB workstation to protect the clamped can-
tilever surface from the Ga+ ion-damage. Afterwards, the cross-section
was fine ion-polished at continuously reduced ion current from 5 nA to
500 pA and imaged with the secondary electron detector using a Ga+-
ion current of 10 pA in order to reveal cross-sectional morphological
features such as cracks, grain orientation variations and/or plastic defor-
mation of the clamped cantilever resulting from the bending
experiment.

2.3. CSnanoXRD experiment

The CSnanoXRD experiments was performed at beamline ID13 of
the European Synchrotron (ESRF) in Grenoble, France [24] using the in-
denter setup developed for in situ indentation experiments and de-
scribed in [23]. The nano-focussing lens (NFL) [25] setup was used to
focus the X-ray beam with a photon energy of 14.9 keV to a spot of
Fig. 1. (a) Schematic sketch of the in situ CSnanoXRD setup. A clamped cantilever cut from the s
length, width and thickness of the clamped cantilever, respectively, was scanned with an X-ra
CSnanoXRD experiment 30,351 2D diffraction patterns were recorded on an Eiger X 4 M CC
clamped cantilever. A detailed description of the in situ CSnanoXRD indentation setup is give
situ synchrotron experiment. The arrows indicate the load of 150 mN. 2D diffraction patterns
(0 mN), (ii) at 150 mN, (iii) at 460 mN and (iv) after unloading (0 mN).

3

150 nm in diameter and a focal depth of ~50 μm [24]. Prior to the
CSnanoXRD experiment, at first the interfaces between the CrN and Cr
layers were aligned parallel to the incident X-ray beam direction at
two sample z positions by performing a set of absorption line-scans
along the z-axis at various sample orientations around the y-axis
(Fig. 1a) using a point X-ray detector [24,26]. The optimal sample orien-
tationwas determined bymaximizing theX-ray absorption contrast be-
tween the CrN- and the Cr-layers. Subsequently, two-dimensional (2D)
absorption scans (presented in Suppl. Fig. 1) were performed to locate
the centre of the clamped cantilever and to determine the centres of
the CSnanoXRD mesh scans. The clamped cantilever was incrementally
loaded to 150 and 460 mN (cf. Fig. 1b), and four areas of 40 × 30 μm
were characterized in detail by mesh scanning the sample along the y-
and z- direction in 200 nm steps (i) before applying the load, (ii) at
150 mN load, (iii) at 460 mN load and (iv) after unloading. In total,
30,351 2D diffractograms were recorded for each step. The 2D diffrac-
tion signal was recorded by a Dectris Eiger X 4 M detector at each mea-
surement position using an acquisition time of 50 ms. The exact
detector geometry with respect to the sample was calibrated using a
NIST LaB6 powder, yielding a sample-to-detector distance of
152.60 mm. The evaluation of the 2D patterns containing CrN 111 and
200 or Cr 110 Debye-Scherrer rings (Fig. 1) was performed using the
pyFAI software package [27,28].

2.4. CSnanoXRD data analysis

Qualitative texture analysis was carried out by a radial (θ) integra-
tion of the CrN 200 and Cr 110 Debye-Scherrer rings providing azi-
muthal intensity distributions Im,hkl(δ, z) and the data were plotted as
a function of the azimuthal angle δ, which is the angle between the
film normal and the projection of the diffraction vector onto the detec-
tor (Fig. 1). The diffuse scattering at relatively small diffraction angles,
i.e. small-angle X-ray scattering (SAXS), around the beam stop (Fig. 1)
originates primarily from electron density variations, such as alterna-
tion of materials, presence of grain boundaries, interfaces, cracks, pre-
cipitates and pores with sizes of ~λ/θ, where λ represents the X-ray
wavelength and θ is a half of the Bragg angle [29,30]. In the present
case, the signal scattered onto the 2D detector at the diffraction angles
of ~0.05 to ~0.5 degrees was integrated radially (θ) and azimuthally
(δ) in order to obtain a qualitative information primarily on the occur-
rence of the growing crack within the clamped cantilever.
ample lamella with dimensions of L× t× B=200 × 23.7 × 40 μm3, where L, B and t are the
y beam of ~150 nm in diameter along y and z axes in steps of 200 nm. During the in situ
D detector from 40 × 30 μm2 large areas at each of the 4 load steps in the centre of the
n in Ref. [23]. (b) Load-deflection curve of the clamped cantilever recorded during the in
for structural and stress analysis were recorded during the experiment (i) before loading
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In order to evaluate the stress tensor distributions σij
m(y,z) with

i, j = x, y, z, an integration of the diffraction patterns was per-
formed over the azimuthal angle δ in Δδ segments of 10 deg.
Thus, 36 radial intensity distributions I(θ,Δδ) were obtained for
each exposure. The positions of CrN 111 and 200 and Cr 110 dif-
fraction peaks θm, hkl(Δδg), g = [1, 36] and, subsequently, the
orientation-dependent lattice parameter dδθ

m, hkl(y, z), were deter-
mined by fitting the X-ray diffraction patterns using a Pseudo-
Voigt function in each cake g. The orientation-dependent lattice
strain εδθm, hkl(y, z) for each phase m and corresponding Debye-
Scherrer ring hkl was determined as follows

εm,hkl
δθ y, zð Þ ¼ dm,hkl

δθ y, zð Þ−dm,hkl
0

dm,hkl
0

ð1Þ

where θ is the diffraction angle, δ the azimuthal orientation on the
detector (cf. Fig. 1), dδθm, hkl(y,z) is the lattice parameter obtained at
the respective diffraction angle θ and azimuthal orientation δ and
d0
m, hkl = ao

m/(h2 + k2 + l2) is the stress-free lattice spacing for a
particular hkl reflection.

The unstressed lattice constant of CrN was determined from
diffraction data near the surface of an undeformed region of the
film, considering the stress-free out-of-plane orientation [31]
and found to be a0

CrN = 0.41607 nm. In the case of Cr, the stress-
free lattice parameter a0Cr = 0.28839 nm was adopted from litera-
ture [32]. Since the Cr layers are never at a free surface, they are
always exposed to inherent stress and hence no location with a
stress-free orientation exists for this phase.

The measured orientation-dependent lattice strain εδθm, hkl(y,z) is a
function of unknown dependent strain components εijm, hkl with i, j =
x, y, z defined in the sample coordinate system as follows

εm,hkl
δθ y, zð Þ ¼ sin 2θεm,hkl

xx y, zð Þ þ cos 2θ sin 2δεm,hkl
yy y, zð Þ

þ cos 2θ cos 2δεm,hkl
zz y, zð Þ− sin 2θ cos δεm,hkl

xz y, zð Þ
þ cos 2θ sin 2δεm,hkl

yz y, zð Þ− sin 2θ sin δεm,hkl
xy y, zð Þ ð2Þ

Using X-ray elastic constants S1m, hkl and 1
2 S

m,hkl
2 the strain compo-

nents εijm, hkl of Eq. 2 can be replaced by the components of the stress ten-
sor σij

m(y,z) defined in the sample coordinate system as follows

εm,hkl
δθ y, zð Þ ¼ Sm,hkl

1 σm
xx y, zð Þ þ σm

yy y, zð Þ þ σm
zz y, zð Þ

h i
þ 1
2
Sm,hkl
2

h
sin 2θσm

xx y, zð Þ þ cos 2θ sin 2δσm
yy y, zð Þ

þ cos 2θ cos 2δσm
zz y, zð Þ þ− sin 2θ cos δσm

xz y, zð Þ
þ cos 2θ sin 2δσm

yz y, zð Þ− sin2θ sin δσm
xy y, zð Þ

i
ð3Þ

X-ray elastic constants of S1
CrN, 111 = − 9.23 × 10−7MPa−1,

1
2 S

CrN,111
2 ¼ 4:446� 10−6MPa−1 , S1CrN, 200 = − 2.99 × 10−7MPa−1,

1 CrN,200 −6 −1 Cr, 110 −7 −1

2 S2 ¼ 2:575� 10 MPa , S1 = 7.49 × 10 MPa ,
1
2 S

Cr,110
2 ¼ 4:441� 10−6MPa−1 for CrN and Cr, respectively, were

adopted from literature [33,34]. Concerning the evaluation of the as-
deposited stress gradients within the thin film, the sin2ψ-method can
be adopted as follows

εm,hkl
δθ y, zð Þ ¼ 2 Sm,hkl

1 σm
yy y, zð Þ

þ 1
2
Sm,hkl
2 σm

yy y, zð Þ sin 2θþ sin 2δ cos 2θ
h i

ð4Þ

where the shear stresses along the planes parallel to the primary
X-ray beam where neglected for simplicity and the in-plane stress
state was estimated as equibiaxial σxx

m (y, z) ≅ σyy
m (y, z). Across the

loaded cross-section of the clamped cantilever, the stress state
was evaluated by least-squares fitting an overdetermined system
of 36 linear equations
4

εm,hkl
δθ y, zð Þ ¼ Sm,hkl

1 σm
xx y, zð Þ þ σm

yy y, zð Þ þ σm
zz y, zð Þ

h i
þ 1
2
Sm,hkl
2

h
cos 2θ sin 2δσm

yy y, zð Þ þ cos 2θ cos 2δσm
zz y, zð Þ

þ cos 2θ sin 2δσm
yz y, zð Þ

i
ð5Þ

based on the measured lattice strain εδθm, hkl(y,z) evaluated for each cake
g. It was assumed that the stress componentsσxj

m(y,z) with j= x, y, z did

not change significantly during the cantilever loading due to the partic-
ular experiment geometry and therefore σxx

m(y,z) values from the as-
deposited state were considered in Eq. 5. whereby σxy

m(y,z) and σxz
m

(y,z) values were neglected for simplicity.

2.5. 2D-simulation

In order to gain additional insight into stress and strain accommoda-
tion mechanisms within the CrN-Cr multilayer system before and dur-
ing loading, a finite element (FE) model was created using the
COMSOL Multiphysics® package. The cantilever dimensions were se-
lected according to the SEMmeasurements shown in Fig. 2. Thematerial
properties employed are summarised in Table 1.

For all loading steps, the stress distribution within individual layers
is a superposition of two main stress sources: (i) residual stress
originating from processing, i.e. incident particles and thermal mis-
match between coating and substrate σres (cf. Section 3.1.2) and (ii)
bending/indentation stresses σext arising from the external load
applied by the indenter tip (Find). The residual stress σres at each
point of the multilayer was modelled by prescribing the eigenstrain
tensors εE, Cr∗ and εE, CrN∗ within the Cr and CrN layers, respectively.
These tensors were obtained by iteratively solving the inverse prob-
lem of the eigenstrain reconstruction method (ERM) assuming that
both the ductile behaviour of Cr interlayers as well as the more rigid
behaviour of CrN layers contained either quadratic or constant
eigenstrain distribution with respect to the film thickness direction.
The eigenstrain component for Cr layers in horizontal direction ε11,
Cr

∗ was assumed to follow a quadratic function distribution. In con-
trast, the vertical component ε33, Cr∗ and the out-of-plane component
ε22, Cr∗ were modelled as constant. For the CrN layers, all eigenstrain
components were chosen to be constant. These assumptions and
resulting eigenstrain distributions were validated by comparing the
residual stress resulting from the FE modelling with the experimental
data from Fig. 3c. As a result, the following eigenstrain tensors were
used for the simulation:

ε∗E,Cr ¼
aε2∗11,Cr þ bε∗11,Cr þ c 0 0

0 ε∗22,Cr 0
0 0 ε∗33,Cr

0
B@

1
CA ð6Þ

ε∗E,CrN ¼
ε∗11,CrN 0 0
0 ε∗22,CrN 0
0 0 ε∗33,CrN

0
B@

1
CA ð7Þ

For the pre-loaded reference state, a small notch through the HSS
substrate was added to the model of the clamped cantilever, as shown
in Fig. 4. Finally, linear elastic material properties and symmetry along
the vertical centreline of the cantilever were assumed. Subsequently,
the indentation loads Find=150 and 460 mNwere applied at the centre
of the clamped cantilever, keeping the found eigenstrain distribution
unchanged to ensure that the residual stress was accounted for during
the simulation of the indentation. As the experimental SAXS map data
(cf. Fig. 4) clearly indicates the formation of a crack through the Cr
layer opposite of the indenter tip after the initial loading, the same
crack was considered in the FE model at 460 mN to account for this ef-
fect. The simulation results will be discussed in Section 3.3.



Fig. 2. (a) SEMmicrograph of the as-fabricated clamped cantilever at an inclination of 45 deg. and (b) its cross-section prepared after the in situ CSnanoXRD synchrotron experiment. SEM
cross-sectional micrographs showing in detail individual interfaces marked with the dashed rectangles in (b) from top to bottom between (c) CrN and Cr, (d) Cr and CrN, (e) CrN and Cr
and (f) Cr and HSS substrate. The arrows indicate the position of the notch.
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3. Results

3.1. Ex situ thin film analysis

3.1.1. Ex situ microstructural investigations
The as-fabricated clamped cantilever is shown in Fig. 2a at an incli-

nation of 45 deg. The length and width of the cantilever were ~ 200
and 40 μm, respectively. The cross-section of the clamped cantilever
prepared by FIB at the centre of the sample after the in situ CSnanoXRD
experiment revealed a dense, columnar-grained microstructure in all 4
layers of the film (Fig. 2b). The SEM inspection of the sample revealed a
remaining portion of the substrate with a thickness of ~2 μm (Fig. 2b),
which was not fully removed by FIB. The notch milled by FIB with a
total depth of ~2.7 μm thus resulted in a notch in the Cr sublayer with
a depth of ~700 nm. The total thickness of the cantilever was
~23.7 μm. The thickness of individual Cr and CrN layers ranged between
5.2 and 5.5 μm. Furthermore, a quasi-epitaxial relationship between CrN
and Crwas revealed by a constant channelling contrast of the individual
Cr and CrN grains across the CrN-Cr interface in the FIB-image (Figs. 2c–
e), alongwith the absence of fine-grained nucleation layers, as observed
also elsewhere [32]. No such structural relation was found for the Cr
sublayer grown on the HSS substrate (Fig. 2f). Although a relatively
coarse-grained microstructure of the CrN layers would be expected
throughout the multilayer [32], the CrN layers were rather fine-
grained with grain size in the range of 300 ± 30 and 830 ± 150 nm
Table 1
Material properties of Cr andCrN layers andHSS substrate employed for the FE simulation.

Material Young's modulus E [GPa] Poisson's ratioν

Cr [32] 279 0.21
CrN [35] 220 0.20
HSS 210 0.29
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parallel and perpendicular to the interfaces, respectively, which is re-
lated to the intense ion bombardment assisting the layer growth. This
is in contrast to the coarse-grained Cr layers grown at moderate bias
voltage (Fig. 2b) [32,36].
3.1.2. Ex situ CSnanoXRD analysis
Results of the CSnanoXRD analysis performed ex situ on an unde-

formed region of the sample are shown in Fig. 3. Fig. 3a shows averaged
diffraction data including Cr 110, CrN 111 and 200 reflections and
reflections emanating from the substrate. In addition, weak Cr2N reflec-
tions were detected in the transition zones in the vicinity of the CrN-Cr
interfaces (Fig. 3a). The sharp transition between the individual Cr and
CrN sample regions confirms the excellent sample alignment with re-
spect to the incident X-ray beam, also documented by Suppl. Fig. 1.

Diffraction data from the non-deformed region were furthermore
used for qualitative texture analysis. In the lower Cr sublayer, a 〈102〉
fibre texture was detected across the whole layer thickness, as evident
by the azimuthal maxima of the 110 Debye-Scherrer ring at azimuthal
angles of±15,±45 and± 75 deg. in Fig. 3b. The following CrN sublayer
is characterized by a 〈311〉fibre texture near the CrN-Cr interface, which
graduallychanges intoa 〈111〉fibre texture. This texture cross-over is ev-
ident by a change of the position of the azimuthal maxima of the 200
Debye-Scherrer ring from±25 and ± 72 deg. to ~ ± 55 deg. The pro-
nounced 〈110〉 texture of the top Cr layer completely differs to that of
the Cr layer grown on the substrate surface. While the growth of the Cr
layer on the HSS substrate is controlled only by fundamental growth
mechanisms associated with the minimization of the strain energy at
the initial growth stages and kinetic restrictions at greater layer thick-
nesses resulting in the 〈102〉 texture, the growth of the 110-oriented Cr
grains on the top of the CrN layer with 〈111〉 texture was stimulated by
the mutual epitaxial relationship between Cr and CrN grains. It can be
expressed as {111}CrN||{110}Cr. Epitaxial alignment of the top CrN
sublayeralongthe110-orientedCrgrainsresulted inasubsequentdevel-
opment of the 〈311〉 fibre texture of the topmost CrN layer. The gradual



Fig. 3. Phase plot displaying azimuthally averaged intensities of CrN 111 and 200, as well as Cr 110 Debye-Scherrer rings (a), the azimuthal intensity distributions of CrN 200 and Cr 110
Debye-Scherrer rings (b) and in-planedistribution of average residual stressσyy

m(z) in individual CrN and Cr layers (c). z=0 μmcorresponds to thefilm surface, z=22.5 μmcorresponds to
the film/substrate interface.
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texture cross-over from a rather weak 〈311〉 fibre texture into a strong
〈111〉 fibre texture was driven by the kinetic restrictions associated
with a high bias voltage assisting growth of the CrN layer. Moreover,
the alignment of 〈311〉CrN grains of the lower CrN layer on 〈102〉Cr grains
of the lower Cr layer is consistent with the epitaxial relationship {100}
CrN||{100}Cr, reflected by the intensity maxima at ±25.3 and ±
26.6 deg. off the out-of-plane axis, respectively, which is commonly ob-
served and extensively discussed in literature [32,37,38].

Fig. 3c shows the as-deposited stress state across the undeformed
film. Compressive stress in Cr layers ranges between −0.15
and ~ −1.60 GPa and between −2.45 and − 3.40 GPa in CrN layers.
Fig. 4. SAXSM micrographs of the clamped cantilever (a) in the as-fabricated state

6

The compressive stress state in all layers is a result of (i) a dominant
high-energy ion bombardment-assisted growth of the film and (ii)
compressive stress build-up associated with themismatch of the coeffi-
cients of thermal expansion between the layers and substrate
(αHSS > αCr > αCrN) and the subsequent development of compressive
thermal stress during cooling of the coated sample from the deposition
temperature down to room temperature. The variation of the compres-
sive stress between individual layers is given by different energetic
growth conditions (Cr layers were deposited at lower bias voltages
than the CrN layers), the variation of the stress state within individual
layers, however, has a different origin. It is predominantly given by
, (b) during loading at 150 mN, (c) at a 460 mN load and (d) after unloading.
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the variation of the crystallite size and associated defect density gradi-
ents within individual layers [32,38,39]. Much higher compressive
stress up to −1.6 GPa was thus observed in the nucleation layer of the
lower Cr sublayer (cf. Fig. 3c), which decreases to ~ − 0.5 GPa as the
Cr grains increase in size (cf. Fig. 2b). On the other hand, the stress
state in the top Cr layer varies to much a lower extent (from −0.7 to
−0.15 GPa), due to fairly constant Cr grain size throughout the layer,
promoted by the local epitaxial growth of Cr on the fine-grained CrN
sublayer [26]. In both CrN layers, residual stress gradually increases
over the film thickness, which is associated with multiple re-
nucleation events during growth, resulting in repeated reduction of
the grain size and increased contribution of the compressive intrinsic
stress to the overall stress state (Figs. 3c). Although the ion bombard-
ment conditions did not change between the two CrN layers, the stress
gradient in the top CrN sublayer is more pronounced compared to the
lower CrN layer. This can be attributed to microstructural effects, such
as crystallite realignment, deformation and splitting, originating form
incoming accelerated particles from the plasma discharge [2,15]. Resid-
ual stress gradients emerging from deposition of thin films (Fig. 3c)
have been investigated thoroughly in our earlier reports [32,39] and
are out of the scope of this work.

3.2. In situ experiment

3.2.1. Load-displacement data
Fig. 1b shows the load-displacement curve recorded during the in

situ CSnanoXRD experiment. During loading to ~450 mN, only a
linear-elastic response was observed, while plastic deformation is not
visible. The periodic load drops are related to the stepwise movement
of the piezo actuator that is used to load the sample. At loads higher
than 450 mN, the change in the slope of the curve indicates a change
in stiffness of the cantilever, which is attributed to formation and
Fig. 5. In-plane/horizontal stressesσyy
m(y,z) in the CrN and Cr layers of the clamped cantilever (a

unloading. The isostress-line in (a) and (d) at−2GPa shows thedifferent stress concentrations
load step were evaluated from 30,351 2D diffraction patterns. Note the different stress levels i
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growth of cracks (Fig. 1b). The unloading is fully elastic without indica-
tions of inelastic changes in the material.
3.2.2. Small-angle X-ray scattering microscopy
Fig. 4 presents small-angle X-ray scattering microscopy (SAXSMs)

micrographs compiled from the integrated intensities close to the direct
beam, collected at 4 selected load steps (cf. Section 2.3) during the in situ
experiment (before loading, at 150 and 460mN and after unloading). In
theas-fabricatedstate, the individualCrandCrN layers canbeclearlydis-
tinguished due to their different scattering intensity (Fig. 4a). Further-
more, the CrN-Cr interfaces, the remaining part of the substrate with a
thickness of ~2–4.5 μm and the notch, penetrating ~700 nm into the
first Cr layer, are clearly visible. At a load of 150mN, bending of the can-
tilever was initiated by the indenter, as indicated by translation of the
CrN-Cr interfaces from their original positions (Fig. 4b). An excellent lat-
eral alignment of the indenter and notch indicates symmetrical loading
conditions, with a lateral misalignment between indenter tip and notch
of only f≈ 0.8 μm, which allows for a precise data interpretation. This
alignment is critical for the experiment, because the ratio between
modeII stress intensityKII (in-planeshearmode)andmodeI stress inten-
sity KI (crack-opening mode) is proportional to the misalignment be-

tween the indenter tip and notch over the length of the beam f
L and

inversely proportional to the aspect ratio of the cantilever L
t [40,41].

Consequently, during evaluation of stresses and stress intensities ap-
plied to the clamped cantilever, KII can be neglected [40]. The SAXS mi-
crograph recorded at the maximum load of 460 mN (Fig. 4c) reveals
the formation of a crack at the tip of the notch, which is responsible
for the change of the slope of the load-displacement curve in Fig. 1b.
After the release of the indenter tip, the interfaces realigned, leaving
only slight residual curvature in the region located directly underneath
the contact area with the indenter tip (Fig. 4d).
) in the as-fabricated state, (b) during loading at 150mN, (c) at a 460mN load and (d) after
in front of the initial notchbefore and after loading, respectively. Thedata at each individual
n the colour code for CrN and Cr.



Fig. 6. In-plane/axial stressmagnitudes σyy
m(z) far off the notch (y= − 20 μm) for (a) CrN

and Cr inside the clamped cantilever at selected loads during the in situ experiment,
(b) in-plane/axial stress magnitudes σyy far off the notch (y = − 20 μm) for CrN and Cr
of the clamped cantilever calculated using the ERM, and (c) the difference between the
stress at the selected loads and the residual stress in as-fabricated state Δσyy

m = σyy,

i − σyy, as−cut for the experiment and simulation. The dashed vertical lines show the
interfaces between Cr and CrN. z = 0 μm corresponds to the indented film surface, z =
22.5 μm corresponds to the film/substrate interface and the position of the notch.

Fig. 7. In-plane/axial stress σyy
Cr(y,z) developed in front of the notch tip in the Cr/HSS

sublayer. Experimental data corresponding to the Cr layer at coordinates (a) zr =
[0.2,4.6] μm (b) and yr = [−20,20] μm in the as-fabricated state and at a load of 150
mN. For comparison, power-law-fits for the HRR-dominated plastically deformed zone
in front of the notch (red) and the stress-intensity-factor-dominated elastically stressed
zone (blue) are also given. The dotted lines at zr = 0.8 μm and yr = ± 1.5 μm in
(a) and (b), respectively, indicate the border between elastic and plastic zone. 2D colour
plots presented in Fig. 5 are shown here in detail for the area around the notch tip (c) in
the as-fabricated state of the cantilever and (d) at a load of 150 mN. The dotted line in
(c) and (d) at zr = 0.4 μm represent the positions, where the data for (b) were obtained.
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3.2.3. Experimental stress results
The stresses evaluated from the in situ experiment according to

Section 2.4 are presented here, in the context of linear-elastic (LEFM)
and elastic-plastic (EPFM) fracture mechanics.

3.2.3.1. Experimental in-plane stresses. The in-plane stress distributions
σyy
m (y,z) at different stages of the in situ experiment on the CrN-Cr

clamped cantilever are presented over the entire measurement area in
Fig. 5 and in the form of a vertical section at position y = − 20 μm in
Fig. 6. The stress state in the as-fabricated cantilever far away from the
8

notch (y outside ±15 μm, Figs. 5a, 6a) is almost identical to that deter-
mined in the film in its as-deposited state (Fig. 3c). Slightly increased
compressive stress (add.−500MPa) in the upper three layers is mainly
related to compressive stress introduced by milling the notch and sub-
strate removal (not quantified here).
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According to LEFM, the stress σyy that develops in front of a crack tip
introduced in an ideal linear-elastic material is given by the equation

σyy ¼ K Iffiffiffiffiffiffiffiffi
2πr

p cos
φ
2

1þ sin
φ
2

sin
3φ
2

� �
ð8Þ

where KI is the effective stress intensity and r andφ are cylindrical coor-
dinateswith the origin located at the crack tip [42]. In the cases ofφ=0
deg., the equation can be simplified to

σelastic
yy zrð Þ ¼ K Iffiffiffiffiffiffiffiffiffiffi

2πzr
p ð9Þ

and at the centre of the plastic zone,

σelastic
yy yr , zr ¼ 0:4 μm,φ ¼ arctan

yr
0:4 μm

� �

¼ K Iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2π yr2 þ 0:4μmð Þ2
� �r cos

φ
2

1þ sin
φ
2

sin
3φ
2

� �
ð10Þ

where zr and yr are in a relative orthogonal coordinate system with
the same origin as r and φ. σyy in the directions parallel and perpendic-
ular to the crack is shown in Fig. 7a and b, respectively. Since the resid-
ual stress is compressive in all layers, the stress concentration around
the notch is also compressive. By applying the experimentally deter-
mined stress state to Eqs. 9 and 10, an effective stress intensity of KI,

eff~ − 5.9 ± 0.4 MPa m½ (cf. Fig. 7a) was calculated [42,43]. Although
the change of the stress state brought on by introducing the notch is no-
ticeable in all 4 layers (Fig. 5a), it is most pronounced within a radius of
~4.5–5 μm around the notch, as shown in Fig. 7b. This can be attributed
to the presence of the CrN-Cr interface, which possibly hinders the ex-
pansion of the elastic field originating at the crack tip.

Within a distance zr ≲ 800 nm and yr ≲ ± 1.4 μm from the crack tip,
the stress distributions derived from Eqs. 8, 9 and 10 are no longer cor-
responding to the experimental data (Fig. 7a, b). This is a consequence
of the stress state at the crack tip exceeding the elastic limit of the Cr
layer and resulting in the formation of a plastic zone around the crack
tip [42]. An in-plane stress of −2.6 GPa was measured at the intersec-
tion between elastic and plastic areas, which exceeds the yield stress
for nanocrystalline Cr of ~2 GPa [44,45] and can be related to the signif-
icant hydrostatic portion of the stress tensor (cf. Section 3.2.3.4). The
data within the plastic zone have thus to be treated considering the
crack-tip-singularity and its effect on a power-lawhardening of thema-
terial as described by Ramberg and Osgood [46], according to the equa-
tion derived byHutchinson [7] andRice andRosengren [6] (HRR) for the
stress state within the plastic zone originated at the crack tip.

σ rr r,φð Þ ¼ C1 n,φð Þr− 1
1þn,σφφ r,φð Þ ¼ C2 n,φð Þ r− 1

1þn ð11Þ

where r and φ are cylindrical coordinates as described above, C is an
orientation-dependent variable and n is the power law hardening coef-
ficient ranging from 1 to ∞, where n = 1 and n = ∞ represent a linear-
elastic material and an elastic-ideal plastic material, respectively [46].
Restricting Eq. 11 to our relative orthogonal coordinate system leads to

σplastic
yy zrð Þ≡σφφ r,φ ¼ 0�ð Þ ¼ C2 n,φ ¼ 0�ð Þzr− 1

1þn; and ð12Þ

σplastic
yy yrð Þ≡σ rr r,φð Þ ¼ C1 n,φ ¼ 90�ð Þ yr−

1
1þn: ð13Þ

The power law hardening coefficient for Cr in front of the crack tip
can be roughly estimated from the observed slope 0:15≈ 1

1þn in Fig. 7a,
b and subsequently yields n ≈ 5.7, which fits well to literature values
for Fe deformed by equal-channel angular pressing, for which n =
~4 − 9 was determined after considering saturation of the grain size
in the nanocrystalline regime [47].
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Under elastic loading, the stress state developing inside the cantile-
ver can be described as a sum of stress components originating from
(i) the bending of the cantilever beam at a given load, (ii) the stress in-
troduced by the contact with the indenter tip, (iii) the stress developed
at the tip of the notch during loading and (iv) the stress associatedwith
the film growth (residual stress), [8,43] and may thus be very high. In
order to better understand axial stress changes due to loading, the stress
relative to the residual stress in as-fabricated state at y = −20 μm is
displayed in Fig. 6c, together with the ideal-elastic loading calculated
using the ERM (dashed lines in Fig. 6c, cf. Section 3.3 and Figs. 6b, 10).
The experimentally assessed relative axial stress magnitudes at the
load of 150 mN in the 4 layers correspond very well to magnitudes the-
oretically calculated ERM (Fig. 6c). The noticeable deviation between
experiment and model in the top CrN layer is highly correlated to the
stress introduced by the indenter tip (Fig. 5b) and in agreement to
long-range stress profiles measured during indentation [22,23]. The
axial compressive stress in this layer reached values of ~ − 4.5 GPa al-
ready at a deflection force of 150 mN (Fig. 6a). The stress field was
rather symmetric and themaximum stresswas accumulated at an incli-
nation of 30 deg. to the surface normal (Fig. 5b). This stress distribution
is determined by the geometry of the indenter tip and the cantilever
[22,23]. On the other hand, the stress near the notch tip, exhibiting
values of ~ − 2.5 GPa in the as-fabricated state, was reduced to
~ − 1.6 GPa at 150 mN load (Fig. 7a, d). According to Eq. 9, this corre-
sponds to an effective stress intensity of ~− 3.0± 0.5MPam½. Further-
more, the size of the zone dominated by the elastic field of the crack tip
was reduced to ~3 μm, which is associated with the bending stress
counteracting the initial state. Corresponding to the findings above,
the size of the plastic zone and the slope of the stresses within did not
change after loading to 150 mN, supporting the conclusion that the
stress state accumulated through loading to 150 mN (Figs. 5b, 6c and
7)was elastically superimposed onto the initial stress state before bend-
ing (Figs. 5a, 6a, c and 7).

The onset of plastic deformation that is detectable by the change of
the slope of the load-displacement curve at a load of 450 mN (Fig. 1b)
was used to calculate fracture toughness of the lower Cr layer, in
which initiation and growth of a crack took place (Fig. 4c). By applying
linear-elastic fracture mechanics for the critical load, a value of 2.8 ±
0.5 MPa m½ was obtained, which is in a good agreement with
KIc ≈ 2.5 − 2.7 MPa m½ determined by bending of microcantilever
beams fabricated from Cr thin films having comparable microstructure
and residual stress state [3,45,48].

The axial stress state at a load of 460 mN is shown in Fig. 5c and
Fig. 6a.Magnitudes as high as−9GPawere revealed underneath the in-
denter tip directly in the contact area (Fig. 5c). Similar values for axial
stress have been reported also for other in situ and ex situ experiments
performed on comparable CrN films [23,26]. The stress field in the CrN
top-layer underneath the indenter developed at the load of 460 mN
(Fig. 5c) is similarly shaped to the stress field observed at 150 mN
(Fig. 5b), only the stress values are correspondingly higher. The in-
plane stress in the lower Cr interlayer almost fully relaxed due to prop-
agation of the crack through almost the entire Cr layer (Fig. 4c) and in-
duced extensive stress relief in a large volume including also a part of
the CrN layer close to the Cr-CrN interface. The relative stress accumu-
lated after loading to 460mN is shown in Fig. 6c together with the elas-
tic stress profile calculated from ERM. Significant differences from ideal
elastic loading are revealed by the experimental data, which can be at-
tributed to (i) a loss of stiffness due to crack growth and stress relaxa-
tion in the lower Cr sublayer, (ii) high stress concentrations up to
−9 GPa in the top CrN layer as a consequence of indentation and (iii)
plastic flow in the top Cr layer as a consequence of compressive stress
accumulated through both indentation and bending. Remarkably, di-
rectly at the surface of the top CrN layer at y = ± 20 μm, the increase
in compressive stressmagnitude is in very good agreement with the re-
sults from ERM (Fig. 6c), which leads us to conclude that the axial stress



Fig. 8. Out-of-plane/vertical stresses σzz
m(y,z) in the CrN and Cr layers of the clamped cantilever (a) in the as-fabricated state, (b) during loading at 150 mN, (c) at a 460 mN load and

(d) after unloading. The data at each individual load step were evaluated from 30,351 2D diffraction patterns.
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originated from the indentation are restricted to sub-surface regions
[23]. The change of the stress state in both Cr layers from compressive
to tensile (~700MPa in the upper and 200MPa in the lower Cr sublayer)
after unloading (Figs. 5d, 6a, c) is associated with the inelastic deforma-
tion of the cantilever. For the same reason, the axial stress in the top CrN
layer after unloading is more compressive compared to the stress state
in its as-fabricated state. Additional compressive residual stress in the
centre of the CrN layer is due to plastic deformation near the indenter
contact area and also further away in the top Cr sublayer (Fig. 5d). On
the contrary, no inelastic stress changes were observed in the lower
CrN layer (Fig. 5d), which is due to its position close to the neutral
fibre of the clamped cantilever. The compressive stress introduced by
milling the notch in the lower Cr layer, which was suppressed during
bending of the cantilever, re-emerged after loading and exhibits almost
the same value of ~ − 2.5 GPa (Fig. 5d). This is related to nearly ideal
crack closing and restoration of the material's integrity under
compressive load.

3.2.3.2. Experimental out-of-plane stresses. Concerning the out-of-plane
stresses σzz

m(y,z) in the as-fabricated state displayed in Fig. 8a, it is evi-
dent that the stress distribution is mainly governed by the notch. The
out-of-plane stress introduced by a crack tip is given by the equation

σelastic
zz r,φð Þ ¼ K Iffiffiffiffiffiffiffiffi

2πr
p cos

φ
2

1− sin
φ
2

sin 3
φ
2

� �
ð14Þ

which is only valid as long as r≪ a. In the present case, where r≈ a, the
solution for the crack tip singularity derived by Sneddon [49] has to be
used, which takes the non-singular part, i.e. far-field σyy, ∞, also into ac-
count. This equation can be simplified for the direction parallel to the
crack as

σelastic
zz r,φ ¼ 0�ð Þ≡σelastic

zz zrð Þ ¼ K Iffiffiffiffiffiffiffiffiffiffi
2πzr

p −σyy,∞ : ð15Þ
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In as-fabricated state, a maximum compressive stress of ~− 1.4 GPa
was found at a distance of ~1 μm from the crack tip (cf. Fig. 8a, Suppl.
Fig. 3a, b). By comparing this value to σyy(zr) shown in Fig. 7, it can be
seen that the stress profiles differ by approximately the amount of in-
plane residual stress far off the crack tip, which confirms the applicabil-
ity of Eq. 15. Comparable deviations of the experimental results from
Eq. 14 were found in [13], where the stress in front of the crack in
crack opening (y) and crack-growth (z) direction deviated by a factor
of ~2.5. Additionally, in contrast to the in-plane/axial stresses, the out-
of-plane stress in the cantilever has to fulfil the equilibrium condition
at the crack tip, i.e. at free surfaces, stressmagnitudes parallel to the sur-
face normal have to be 0,which leads to a reduction of the elastic out-of-
plane stress magnitudes within the plastic zone.

As a load of 150 mN is applied to the clamped cantilever, the stress
field originated from the notch is reduced as a consequence of the re-
duced applied stress intensity (Figs. 8b, 7a). Furthermore, the notch-
induced stress field is superimposed by the compression field beneath
the indenter tip (Fig. 8b), which resulted in two compressive maxima
of ~ − 0.75 GPa and ~ −1.25 GPa, induced by the notch and impinging
indenter tip, respectively. Corresponding to the in-plane stress magni-
tudes presented in Fig. 8a, the size of the elastic zone in front of the
crack tip is reduced to ~3 μm (Suppl. Fig. 3a, b). Additionally, at the sur-
face of the topmost CrN sublayer, tensile stress of ~0.25 GPa form as a
consequence of pile-up formation in the indenter imprint region,
which is in agreement with results by Zeilinger et al. [22] and Ecker
et al. [23].

At the maximum load of 460 mN, the stress field induced by the
notch mostly disappeared, whereas the out-of-plane compressive
indentation-induced stress reached a maximum in excess of −5 GPa
(Fig. 8c), which is associated with classical Hertzian contact mechanics
[22,23]. At this load, the out-of-plane compressive contact stress pene-
trated through all layers, and was separated laterally by the stress-free
cracked zone in the lowest Cr sublayer as a consequence of crack
growth. Furthermore, the tensile stressed zones aside the contact area



Fig. 9. Shear stressesσyz
m(y,z) in theCrN andCr layers of the clamped cantilever in (a) the as-fabricated state, (b) during loading at 150mN, (c) at a 460mN load and (d) after unloading. The

data at each individual load step were evaluated from 30,351 2D diffraction patterns.
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with the indenter in the topmost CrN layer reached magnitudes of
~1 GPa (Fig. 8c).

After unloading, residual out-of-plane compressive and tensile stress
remained around the indentation imprint and additionally, the notch-
induced stress field reappeared, which is related to plastic deformation
and crack tip blunting in the lower Cr sublayer, as already discussed
above (Fig. 8d).

3.2.3.3. Experimental shear stresses. The shear stress σyz
m(y,z) evolution

during the in situ experiment is shown in Fig. 9. In the as-fabricated
state, notch-induced shear stresses are dominant within all layers
(Fig. 9a), reaching a maximum of ±1 GPa symmetrically next to the
notch. Furthermore, the formation of shear stresses appears to be inde-
pendent of the elastic response of the individual layers and is not
interrupted by the interfaces (Fig. 9a). Shear stresses in the crack-tip-
area can be described by linear-elastic fracture mechanics as follows

σelastic
yz r,φð Þ ¼ K Iffiffiffiffiffiffiffiffi

2πr
p cos

φ
2
sin

φ
2
cos 3

φ
2

ð16Þ

From Eq. 16 and Fig. 9, it can be seen that the crack-tip shear stresses
are 0 along the zr axis. Perpendicular to the crack tip (along yr), Eq. 16
can be simplified to

σelastic
yz yrð Þ

��� ��� ¼ 1
4

K Iffiffiffiffiffiffiffiffiffiffi
π yrj jp

�����
����� ð17Þ

The shear stresses in as-fabricated state perpendicular to the crack
tip are shown in Suppl. Fig. 4a and b, from which follows that the ob-
served shear stresses corresponds to an effective stress intensity of KI,

eff~− 5.9±0.4MPam½,whereas inside the plastic zone, themagnitude
decreases.

After loading to 150 mN (Fig. 9b), an indenter-induced shear
stress field is introduced in the topmost CrN sublayer according to
11
Hertzian contact mechanics [22,23]. This shear stress field reaches
a magnitude of ~ ± 0.5 GPa symmetrically off-axis beneath the in-
denter and appears to be restricted to the topmost CrN sublayer, al-
though a superposition of the shear stress induced by the notch and
the shear stress induced by the indenter cannot be excluded.
Furthermore, the maximum magnitude of the shear field in front
of the crack tip is apparently reduced to ±0.5 GPa, while its exten-
sion is restricted to the lower Cr and CrN layers (Fig. 9b). In contrast,
the magnitude of the shear fields to the sides of the crack tip is
increased, having the same sign as the indenter-induced shear
stresses (cf. Suppl. Fig. 4a, c). Additionally, a shear stress τyz is
induced by the bending load acting as a shear force Q ¼ ∓ P

2, accord-
ing to

τyz ¼ ∓
6P
Bt

z
t
−

z
t

� �2� �
ð18Þ

where P is the applied load and t and b are the thickness and width of
the cantilever, respectively. Hence, a maximum additional shear stress
of ~110 MPa was introduced along the neutral fibre axis at a load of
150 mN, whereas this additional shear stress reached ~340 MPa at
460 mN. It is obvious that the shear-force induced shear stress
counteracted the shear stresses introduced by the notch and the in-
denter, leading to lower apparent shear stresses in the centre of the
clamped cantilever (Fig. 9b, c). This is especially visible at the transi-
tion from the lower Cr to the lower CrN sublayer at 150 mN load
(Fig. 9b), where the change from positive to negative shear stresses
is drawn closer to the symmetry axis, compared to the as-fabricated
state (Fig. 9a). After loading to 460 mN, the notch-induced shear
stresses disappeared as a consequence of crack growth, whereas the
shear stress induced by the indenter tip perpetrated in this case
through all layers, reaching maxima of about ±2 GPa, symmetrically
in the topmost CrN sublayer (Fig. 9c). After unloading, again a super-
position of indenter tip- and notch-related stress distributions were
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observed, indicating inelastic deformation in the topmost CrN sublayer
and crack tip blunting in the lowest CrN sublayer, respectively
(Fig. 9d).

3.2.3.4. Experimental equivalent von-Mises stresses and experimentally
found plastic zone. Equivalent von-Mises stresses were calculated from
the experimental data in the area surrounding the notch for plane stress
and plane strain state, respectively, using the following equations

σvM,plane stress ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σyy

2 þ σ zz
2−σyyσ zz þ 3σyz

2
q

ð19Þ

and

σvM,plane strain ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σyy

2 þ σ zz
2

� 	
ν2−ν þ 1
� 	þ σyyσ zz 2ν2−2ν−1

� 	þ 3σyz
2

q
ð20Þ

where ν is the Poisson ratio defined for Cr in Table 1. The von-
Mises stress state is shown for plane stress and plane strain condi-
tions in Suppl. Figs. 5 and 6, respectively. It can be seen from both
Suppl. Figs. that the experimentally determined von-Mises yield
stress ranges from 2.0 to 2.3 GPa. Additionally, perpendicular to
the crack tip, the plastic zone is apparently elongated to ~3.5 μm
and is larger compared to that shown in Fig. 7, where the size of
the plastic zone was determined to be 1.4 μm along the axial (yr)
direction. By replacing σyy, σzz and σyz in Eqs. 18 and 19 with their
counterparts from Eqs. 8, 14 and 15 under the assumption of a
linear-elastic/ideal plastic material, quadratic equations in 1ffiffiffiffi

rp
p were

constructed as follows
Fig. 10. In-plane/axial stressσyy
m(y,z)magnitudes calculated using the ERM for CrN and Cr inside

mN. The dashed line indicates the edge of the stress fields assessed by the experiment. Note th

12
0 ¼ 1ffiffiffiffiffi
rp

p
� �2 KI cos

φ
2ffiffiffiffiffiffi

2π
p

 !2

1þ 3 sin 2 φ
2

� �

þ 1ffiffiffiffiffi
rp

p KI cos
φ
2ffiffiffiffiffiffi

2π
p σyy,∞ 3 sin

φ
2
sin

3φ
2

−1
� �

þ σyy,∞
2−σ f

2 ð21Þ

for plane stress and

0 ¼ 1ffiffiffiffiffi
rp

p
� �2 KI cos

φ
2ffiffiffiffiffiffi

2π
p

 !2

1−2νð Þ2 þ 3 sin 2 φ
2

� �

þ 1ffiffiffiffiffi
rp

p KI cos
φ
2ffiffiffiffiffiffi

2π
p σyy,∞ 3 sin

φ
2
sin

3φ
2

− 1−2νð Þ2
� �

þ σyy,∞
2 1þ ν2−ν
� 	

−σ f
2 ð22Þ

for plane strain condition, respectively, where σyy, ∞ is the stress far off
the notch (assumed as constant) and σf is the flow stress of Cr. The so-
lutions for plane stress and plane strain conditions are shown in Suppl.
Figs. 5c and 6c for values of σyy, ∞=− 1.2 GPa and σf=2.15 GPa. While
the former was obtained from Fig. 3, the latter is a value from literature
[44]. The calculated plastic zone in Suppl. Figs. 5c and 6c shows that
(i) the size of the plastic zone is less dependent on plane stress and
plane strain condition and (ii) that the extension of the plastic zone is
significantly larger along the y-axis, contrary to the solutions presented
in Ref. [5]. Both results are a consequence of the comparatively higher
deviatoric component of the stress tensor in front of the crack tip,
caused mostly by the far-field induced reduction of σzz at distances of
r ≈ a.
the clamped cantilever in its (a) as-fabricated state, and at loads of (b) 150mN and (c) 460
e different stress values in the colour code for CrN and Cr.
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3.3. Simulated stress results

After solving the eigenstrain problem using FEM, the in-plane/axial
stress σyy

m(y,z) components were obtained (Figs. 6b and 10). A compar-
ison between Figs. 5 and 10 shows excellent agreement between the ex-
perimental and simulated experiment for the as-fabricated state (Find=
0 mN, Figs. 5a, 10a) and the first loading step (Find = 150 mN, Figs. 5b,
10b). Before loading, the stress distribution is governed by the residual
stress induced by the deposition process and the presence of the notch
that acts as a stress raiser both in the experiment (Fig. 5a) and in the
model (Fig. 10a). Additional contributions of compressive residual
stress were evaluated at the edges of clamping positions, which origi-
nate from the boundary conditions, but were not in the measurement
area of the experiment. The excellent agreement with experimental
data at the edge of the experimentally investigated volume can be
seen in Fig. 6, only minor differences were found between experiment
(Fig. 6a) andmodel (Fig. 6b). After applying the first loading step, stress
concentrations around corners are reduced and intensified at the top
surface and the bottom of the clamped cantilever, respectively
(Fig. 10b). Overall, the bending deformation results in additional stress
contributions, which are (i) in-plane tensile stress at the clamping posi-
tions and compressive in-plane stress in the centre in the top half of the
clamped cantilever and (ii) in similar stress distributions of opposite
signs formed at the lower half of the clamped cantilever. As a conse-
quence, the stress at the notch tip is significantly reduced, while the
stress magnitudes within the experimentally observed regions of the
Cr layers still vary between −1.5 GPa and − 0.4 GPa and the compres-
sive stresswithin theCrN layers varies between−4.5GPaand−2.5GPa.
The calculated stress magnitudes agree particularly well with experi-
mental in-plane stresses σyy

m(y,z) (cf. Fig. 5b, 6a,b and 10), which vali-
dates the correct assumption of elastic deformation during loading up
to 150 mN. This is furthermore evidenced by Fig. 6c, where the applied
stress, i.e. the relative in-plane stress Δσyy

m between the individual load
steps and the in-plane stress in as-deposited state is shown. There,
only minor differences between experiment and model were found
for 150 mN applied load.

While the experimentally determined stress distributions (Fig. 5)
well agreewith the calculated data (Fig. 10) for 150mN load, they differ
for the load of 460 mN. This is likely caused by a combination of two ef-
fects: (i) the onset of plastic deformation within both Cr and CrN was
not taken into account by the linear-elastic FEM model and (ii) the
crack growth through the bottom Cr layer led to a relief and consequent
re-distribution of the axial stress component. High stress concentrations
around the crack tip, as well as at the penetration point of indenter and
at the corner joining the cantilever with the rest of the multilayer be-
come apparent during the final loading step, ranging from5GPa tension
up to −10 GPa in compression in the model (Fig. 10c). These values
probably exceed the elastic limits of nanocrystalline Cr and CrN and it
is therefore not surprising to see lower stress values in the experimental
data (cf. Figs. 5c, 6 and 10c). In summary, the high accuracy of the FE
model confirms the experimental data in the elastic load range and fur-
ther highlights highly stressed regions at even higher loads, which
makes it very easy to identify, by considering the elastic limits of both
layer components and the substrate, inelastically deformed and poten-
tially damaged material regions, when comparing simulation and
experiment.

4. Discussion

4.1. In situ synchrotron setup and measurement considerations

In previous ex situ and in situ X-ray diffraction studies, focussed on
the determination of stresses in front of a crack tip during fatigue exper-
iments and overload fatigue events, beam sizes (gauge volumes) be-
tween 25 and 60 μm have been applied to compact tension samples
[11,13–15]. In these studies, normal stresses in the sample volume
13
and total strain at the surface in front of the crack tip have been investi-
gated using synchrotron X-ray diffraction and DIC, respectively, while
the actual crack tip has been tracked at the sample surface using optical
microscopy. In only one other study, residual strain and crack closure
have been measured ex situ after an overload event by a combination
of X-ray diffraction and X-ray tomography in the sample volume [10],
allowing for separation of plasticity-induced closure and residual stress
contributions to fatigue crack retardation following an overload [50]. In
contrast, the in situ CSnanoXRD setup at the nanofocus beamline (ID13,
ESRF) presented in [23] and utilized in this study allowed, for the first
time, to determine the stress distributions in the crack-tip area and
within the plastic zonewith nanoscale resolution for a thin filmmaterial
(cf. Figs. 5–9). Our work thus represents the first successful attempt to
map the full 2D stress tensor perpendicular to the incident X-ray
beam including also shear stresses (cf. Figs. 5–9) and simultaneously vi-
sualizing the crack and its growth within the investigated volume (cf.
Fig. 4). In a first step, validity of the fracture experiment is asserted by
the condition

a, t−að Þ,B≥2:5 K Ic

σY

� �2

ð23Þ

where the cantilever width B, the ligament size t-a and the notch depth
a have to be large compared to the process (plastic) zone, which is ful-
filled in the present case. Additionally, concerning the formation of a
plastic zone in front of the crack tip/notch, the influence of Ga+-ions
from FIB preparation of the sample can be neglected, since the ions pen-
etrate into a depth of only ~50 nm below the specimen surface, and in-
fluence only an insignificant fraction of the measured plastic zone
[51,52]. However, as seen in Eqs. 2 and 3, a drawback of the transmis-
sion geometry used in the CSnanoXRD setup is that for low-angle hkl-
Debye-Scherrer rings, there is only a very low sensitivity for the normal
stress parallel to the beam direction. The stresses retrieved from the ex-
perimental diffraction data can, however, be well compared to theoret-
ical considerations of the Griffith model [4] or the HRR stress field [6,7]
(cf. Eq. 11). Furthermore, the direct evaluation of KI using the stresses in
front of the crack tip is independent of geometry factors that are other-
wise necessary to evaluate the stress intensity and the fracture tough-
ness. The stress distribution perpendicular to the X-ray beam around
the crack tip in mode I loading is independent of the presence of plane
stress or plane strain conditions, i.e. only the stress component parallel
to the beam would differ. On the one hand, the inability to distinguish
between these two stress states means that the measurement is exact,
but on the other hand, thematerial properties, especially the plastic be-
haviour of ductile phases, have to be guessed to a certain degree (cf.
Section 3.2.2.4). In the following sections, the effects observed during
the in situ synchrotron experiment will be discussed with regards to
the experimental limitations.

4.2. Stress state around the crack tip in as-fabricated state

Since most studies interested in the residual stress in front of the
crack tip have encountered crack propagation during cyclic loading
after an overload event [11,13–15], a comparison to our findings can
be made especially regarding the stress fields found directly after
unloading from an overload event. The overload induces plastic defor-
mation, which relieves (tensile) stresses and in turn generates a com-
pressive residual stress field after unloading. This compressive residual
stress field can be assumed to be similar to a residual stress originating
from the physical vapour deposition (PVD) process used for the synthe-
sis of thin films. In fact, the σyy distribution found after unloading from
an overload event in Ref. [13] is similar to the one observed in Fig. 5.
However, the residual stresses introduced by an overload event are
highly localized and non-uniform compared to the laterally uniform re-
sidual stresses induced by the PVD process. Secondly, the stress distri-
bution is closely related to the LEFM and EPFM models [5], as shown
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in Section 3.2, despite the opposite sign of the stress distributions. Addi-
tionally, significant differences between the magnitudes of applied
stresses in crack-opening (y) and crack-growth (z) directions were
also found in [13,14,53], which is comparable to our findings in
Figs. 5a and 8a.

In as-fabricated state, the lower Cr sublayer is compressively
stressed up to −1.6 GPa as a consequence of the deposition process.
Therefore also the effective stress intensity KI,eff,0mN is negative. Further-
more, the magnitude of the stress intensity due to the residual stresses
in as-fabricated state Kres (=KI,eff,0mN) exceeds the fracture toughness of
CrKIC,Cr=2.5–2.7MPam1/2 [3,45] by a factor of 2, which is only possible
due to its negative sign. The opposite example can be seen in Ref. [8],
where a tensile residual stress present in the material before loading
leads to a localized (tensile) stress increase at the crack tip and subse-
quently significant acceleration of (stable) crack growth.

In our case, a pronounced plastic zone is formed in front of the crack
tip, which demonstrates the potential of a crack retardation by com-
pressive residual stress. Consequently, a natural defect, such as droplets,
formed within the thin film during processing, would have been
enclosed by a plastic zone immediately during thin film growth, due
to compressive residual stress as present here for the Cr layer. Further-
more, the evaluation of σyy in front of the crack tip shows that the ap-
proach of LEFM accompanied by small-scale yielding is appropriate,
since the stresses at zr > 0.8 μm are characterized by KI and at smaller
distances zr = 0.2 − 0.8 μm by the HRR solution [5]. The von-Mises
yield stress, presented in Suppl. Figs. 5 and 6 at the intersection between
elastic and plastic zone, is in good agreement with the results obtained
from micro-pillar compression of ultra-fine grained Cr [44]. Addition-
ally, the shift of the experimentally determined plastic zone in the pos-
itive z-direction (compared to the one calculated in Section 3.2.3.4) can
be related to the hardening parameter n, as shown in Ref. [5]. In general,
the stress state across the clamped cantilever complies very well with
theoretical considerations [5–7,49] and experimental results [13], and
is also supported, regarding the elastic response, by the 2D FE model
(Fig. 10).

4.3. Loading, crack growth, crack tip blunting and crack closing

The comparison of the experimental and calculated results validated
that LEFM can be applied to study deformation of the clamped cantile-
ver consisted of Cr and CrN layers. Based on that finding, the applied
stress intensity can be added linearly to the effective stress intensity
KI,eff,0mN, evaluated from the data in as-fabricated state, cf. Ref. [43]. Ad-
ditionally, according to LEFM, the applied stress intensity is proportional
to the applied stress, which is furthermore proportional to the applied
indenter load [5]. However, attributing the stresses to their origin dur-
ing and after loading is rather difficult due to the overlap of (i) crack
tip, (ii) indenter, (iii) bending and (iv) residual stress contributions to
the overall stress state (cf. Figs. 5–9). In the case of elastic loading,
these contributions to the overall measured stress state are accumu-
lated linearly [43], as can be seenwhen the clamped cantilever is loaded
to 150mN (Fig. 6). During loading to 150mN, an additional stress inten-
sity Kapp of 2.9 MPa m½ thus applied to the crack tip, which resulted in
an effective stress intensity of KI,eff,150mN = −3.0 MPa m½. As already
discussed above, the effective stress intensity in front of the crack tip
in Cr can be quantified to be negative at 0 and 150 mN load, while the
loading can be considered as purely elastic. The reasonability of apply-
ing LEFM (and small scale yielding) to analyse fracture behaviour of
magnetron sputtered Cr even on a microscale has been validated also
in previous studies [3,45].

Unfortunately, no 2D stress pattern was recorded at loads between
~300 and 400 mN, which could have resolved the influence of the
plastic zone formed in compression on the stresses in tension. How-
ever, the influence of the plastic zone formed in front of the crack
tip may be minor, since cracks in thin films are supposed to propagate
along grain boundaries of low cohesive energy, as seen for example
14
also in Ref. [48], where intergranular fracture of ultra-fine-grained Cr
has been observed during microbending tests. This is furthermore
supported by the fact that the fracture toughness calculated from
the load-displacement curve and the experimental stress data
(under the assumption of LEFM) is comparable to literature values
[3,45,48].

When the stress intensity overcomes the fracture toughness of the
Cr sublayer, unstable crack starts to grow, which is stopped at the adja-
cent Cr-CrN interface (Fig. 4c). It results in a loss of geometric
stiffness and hence in a rise of applied stresses (while keeping the
load constant). Presumably, the applied load then surpasses the elastic
limit of the top Cr layer and plastic deformation again reduces the mag-
nitudes of applied stress (Fig. 5c), while the CrN layers still remain
loaded elastically (except for the regions surrounding the indenter con-
tact area, Figs. 5c, 8c, 9c).

Additionally, no influence of the crack is visible in the lower CrN
layer, indicating that the crack tip has blunted while approaching the
still compressively stressed CrN, which is a major difference between
the experiment and the linear-elastic 2D FE model (cf. Figs. 5, 10). Dur-
ing further loading, the clamped cantilever would then behave like an
unnotched specimen with a discontinuous bottom layer. After
unloading, stress fields from the notch reappear (Fig. 5d), uninfluenced
by the presence of the crack, which also can be seen in the SAXSmicro-
graph (Fig. 4d). This indicates nearly ideal closing of the crack and res-
toration of the materials integrity under compressive load.

5. Conclusions

CSnanoXRD was utilized to investigate in situ the nanoscale stress
fields in a notched clamped cantilever with a lateral resolution of
200 nm× 200 nm. The experimentally determined stresses were corre-
lated with small-angle X-ray scattering and electron microscopy and
interpreted in light of a 2D elastic finite element model. The compres-
sive stress distribution originating from the deposition process influ-
enced the fracture behaviour significantly, resulting in the immediate
formation of a (compressive) plastic zone of considerable size in front
of the crack tip in Cr layer. During loading, fracture in the lower Cr
layer was retarded by a factor of 3, since the initial (unloaded) stress in-
tensity was double the negative critical value. This demonstrates the
beneficial influence of the compressive residual stress and the concept
of structural heterogeneity to mechanically stabilize thin films, as dem-
onstrated by the crack stopping ability of heterogeneous interfaces. In
summary, itwaspossible for thefirst time, to retrieve quantitative infor-
mation on the nanoscale stress state within the plastic zone during a
fracture experiment in nanocrystalline thin films and to manifest the
potential of the microstructural design in toughening of hard yet brittle
nanostructured materials.
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