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Supplementary Note 1: SEM analysis of pristine and indented thin films 

FIB-polished cross-sections of the pristine single-layer ZrN (further denoted as SL) and the 

multi-layered ZrN-ZrCu (further denoted as ML) thin films are presented in Fig. S1a and S1b, 

respectively. Here, the SL film exhibits typical columnar grain morphology with highly 

elongated grains reaching nearly throughout the entire film thickness (Fig. S1a), which may be 

an indication of underdense growth1. Additionally, this indication is fostered by the occurrence 

of pores at the grain boundaries, which is a typical feature of Mode I thin film growth1,2. 

Furthermore, also the ~500 nm thick ZrN layers of the ML film exhibit a columnar grain 

morphology, yet in this case the growth of the individual crystallites is interrupted by the 

amorphous ZrCu interlayers of ~20 nm thickness (Fig. S1b). The roughness of the interfaces 

increases with increasing film thickness, which is a consequence of the faceted growth of the 

ZrN crystallites. Additionally, some pores at columnar grain boundaries are also visible in 

Fig. S1b, yet in case of the ML film they are less prevalent compared to the SL film. 

 
Figure S1. FIB-polished cross-sections of pristine thin films. In (a) the pristine monolithic ZrN thin film 

is presented, while in (b) the multilayered ZrN-ZrCu film is shown. The scale bar in (b) is applicable to 

(a) and (b). 

After the in situ experiment, FIB-polished cross-sections of the deformed SL and ML thin film 

regions were prepared and low-resolution SEM images are presented in Fig. S2a and S2b, 

respectively. The FIB cross sections presented in Fig. S2 show vertical cracks in the Si substrate 

for both the SL and the ML thin film, in agreement with vertical high-intensity features found 

in the small-angle X-ray scattering microscopy (SAXSM) data presented in Figs. 4a and 5a for 

the SL and the ML thin film, respectively. The concerted presence of the cracks found in the 

FIB cross-sections with the high intensity line feature (Figs. 4a and 5a) supports the conclusion 

that crack formation and growth was observed directly in the SAXSM micrographs. 

Despite the obvious agreement of failure in the substrate, the differences between the thin film 

failure modes observed for the SL and the ML films are striking. As can be seen from Fig. S2, 
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crack growth in the SL film starts at the interface between thin film and substrate, which is 

clearly devastating for the structural stability of the entire system (Fig. S2a). On the contrary, 

fracture in the ML film is only observed in the topmost ZrN and crack growth is stopped at the 

first ZrN/ZrCu interface. 

 
Figure S2. FIB-polished cross-sections of the indented thin films. In (a) the indented region of the 

monolithic ZrN thin film is presented, while in (b) the residual deformation in the multilayered ZrN-

ZrCu film is shown. The scale bar in (b) is applicable to (a) and (b). 
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Supplementary Note 2: Micromechanical data obtained from the SL and 

ML thin films 
Micromechanical cantilever bending experiments (cf. Methods, Suppl. Note 9) were carried out 

on both the SL and the ML thin films. The resulting load-deflection curves of the experiments 

are presented in Fig. S3 and reveal a linear-elastic deformation, i.e. no signs of plastic 

deformation were observed. While the curves were used to evaluate the Young’s Modulus E 

and the fracture stress σF, the fracture toughness KIC was evaluated from the notched cantilevers. 

The resulting average σF and KIC values are presented in Fig. S3a and b, respectively, as well. 

In total, the thin films have similar micromechanical properties as detailed in Fig. 2a. 

 
Figure S3. Load-displacement data obtained from micromechanical cantilever tests performed on the 

SL and ML thin films. Load-deflection curves recorded during the micromechanical tests on unnotched 

and notched cantilevers are presented in (a) and (b), respectively.  

Ex situ fractography performed on the fracture surfaces of the tested cantilevers is presented in 

Fig. S4 and confirmed linear-elastic fracture along underdense column grain boundaries for 

both the SL and the ML thin films. Furthermore, in case of the multilayer film, it showed that 

the morphology is preserved across the ZrCu interlayer, i.e. the morphological appearance of 
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the grains does not differ below and above a ZrCu interlayer. This similar morphological 

appearance of the SL and ML thin films concurs with the similar micromechanical properties 

obtained by the fracture tests themselves (Fig. 2, Fig. S3). 

 
Figure S4. Fracture surfaces evaluated using SEM after the in situ micromechanical cantilever bending 

experiments. While representative fracture surfaces of unnotched and notched cantilevers of the SL thin 

film are shown in (a) and (b), respectively, fracture surfaces of unnotched and notched cantilevers of the 

ML thin film are shown in (c) and (d), respectively. The golden arrows in (c) and (d) indicate the ZrCu 

interlayers. The scale bar in (d) is applicable to all images. 

Furthermore, spherical nanoindentation was performed with a sphero-conical indenter of 5 µm 

radius, to improve the statistical analysis of the microstructural response of the SL and ML thin 

films. Six indents were carried each out on both films, which yielded similar microstructural 

and mechanical responses. The results obtained by spherical nanoindentation using a tip with a 

radius similar to the nanomechanical diamond probe can be also interpreted as a single-asperity 

contact3 and are presented in Fig. S5. First, the surface morphology of the indents performed 

on the SL and ML indents is presented in Fig. S5a and S5b, respectively, which is nearly 

identical for both thin films. Additionally, cross-sections were prepared from the indents on the 

SL and ML films by FIB milling and are presented in Fig. S5c and S5d, respectively. In the 

cross-sectional view, the difference in the mechanical response of the SL and ML films is 

highlighted by the different depth-dependent microstructural changes. In case of the SL film, 

the curvature imposed by the impinging indenter is nearly directly transferred to the substrate, 

which results in fracture of the Si substrate and subsequently a step at the interface (Fig. S5c). 

This behavior is similar to the microstructural response of the SL found after the indentation 

with the NDP (Fig. 2d, Fig. S2a). On the other hand, the ZrCu interlayer is apparently more 

flexible, and the curvature of the interlayers is gradually decreasing towards the substrate, 

effectively reducing the deformation imposed on the substrate (Fig. S5d). Finally, the stress-
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strain curves evaluated from the spherical nanoindentation are presented for the SL and ML 

films in Fig. S5e and S5f, respectively. Highly different stress-strain curves evaluated from the 

spherical indents, where yield stresses of 9.8±0.7 and 5.4±0.4 GPa were evaluated from the SL 

and ML films, respectively. While the composite yield stress of the ML film is significantly 

lower, after the onset of plastic deformation, a linear hardening is observed (Fig. S5f) and the 

observed stress at maximum indent depth is only slightly smaller compared to the SL film 

(Fig. S5e). 

 
Figure S5. Data obtained from spherical nanoindentation on the SL and ML thin films. In (a) and (b), 

post indent SEM micrographs taken from the indents surface on the SL and ML films are shown, while 

in (c) and (d) FIB milled cross-section of the indents on the SL and ML films are presented, respectively. 

Stress-strain curves obtained from the spherical nanoindentation are presented in (e) and (f) for the SL 

and ML films, respectively. The scale bar in (d) equals 1 µm and is applicable to all images. 
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Supplementary Note 3: Detailed CSnanoXRD analysis of the SL thin film 

Microstructure and residual stress of the SL thin film and the nanomechanical diamond probe 

before loading 

The experimental microstructure and stress data of the SL film before contact with the 

nanomechanical diamond probe (NDP) are presented in Fig. S6. In the phase plot shown in 

Fig. S6a, where the intensities are integrated azimuthally (Fig. 1), only peaks corresponding to 

the cubic B1 ZrN phase can be detected. The azimuthal intensity distributions of the ZrN 111 

Debye-Scherrer (DS) ring are presented in Fig. S6b and reveal a gradual change of the 

azimuthal intensity distribution along the 111 DS ring with increasing film thickness. At the 

beginning of the growth a competition between 200 and 111 oriented grains can be seen, visible 

as azimuthal maxima at ±55 as well as ±20 and ±90 deg, respectively. In later growth stages, 

only maxima corresponding to a 111 fiber texture are detected, but with an increasing 

symmetrical shift away from the ideal positions. This can be interpreted as a gradual 

transformation from 200 and 111 fiber textures towards a complex preferential orientation close 

to a 111 fibre texture, in agreement with literature4–6.  

Figure S6. CSnanoXRD data retrieved from the SL thin film before the experiment. In (a) and (b) the 

phase plot depicting the ZrN 111, 200 and 220 reflections and the azimuthal distribution of the diffracted 

intensities of the ZrN 111 reflections are presented, respectively. The dark vertical intersections in (b) 

are due to the gaps between the individual segments of the Eiger 4 M detector. The cross-sectional 

FWHM variation in the out-of-plane (oop) and in-plane (ip) orientations are shown in (c), while the 

residual stress evaluated from the ZrN 111 DS ring is presented in (d). 

The FWHM was evaluated along the films in-plane (y-direction in Fig. 1) and out-of-plane (z-

direction in Fig. 1) directions to get qualitative insight into the morphology of the SL ZrN thin 



Page 8 

film. The observed cross-sectional evolution is typical for thin films with a gradual development 

of microstructure4–8, which shows mutual increase and decrease of size of coherently diffracting 

domains and FWHM in the out-of-plane orientation (Fig. S6c). On the other hand, the FWHM 

in the in-plane orientation gradually increases, which is likely related to the gradual cross-

sectional change in texture and the associated changes in defect densities (compare Fig. S6b 

and S5c). Finally, the cross-sectional evolution of the in-plane residual stress is presented in 

Fig. S6d and shows a decreasing residual stress magnitude ranging from -2.87±0.09 GPa to -

1.99±0.10 GPa at the Si/ZrN interface up to a film thickness of 0.5 µm, respectively. With 

further increasing film thickness, the residual stress magnitude gradually increases and reaches 

a value of -2.80±0.12 GPa at the film’s surface, which is also attributed to the gradual cross-

sectional development of morphology and texture across the film thickness (Fig. S6). 

Microstructural changes in the thin films are investigated by small-angle X-ray scattering 

microscopy (SAXSM), which highlights the variation of electron density within the X-ray 

gauge volume, and allows to qualitatively identify the amount of pores, interfaces, cracks and 

different materials by the scattering contrast. In the SAXS micrographs of the SL thin film 

presented in Fig. S7a, a wedge-shaped structure of lower scattered intensity can be seen in the 

diamond indenter, while a uniform SAXS intensity is found outside the immediate tip region. 

This lower intensity represents the growth of micron-sized oriented diamond crystals and is 

directly related to the growth conditions of the CVD diamond layer (cf. Methods, Suppl. 

Note 10). Furthermore, a gradual decrease of the SAXS intensity can be seen in the ZrN layer 

(Fig. S7a), which can be interpreted as a decrease of grain boundaries and other defects in the 

thin film due to the competitive columnar grain growth4–8. 

In order to interpret the microstructural changes during indentation of the SL and ML thin films, 

the azimuthally averaged FWHM of the ZrN 111 and diamond 111 DS rings were collated in a 

2D contour plot, which is presented in Fig. S7b. As can be seen from Fig. S7b, the FWHM of 

the nanocrystalline (nc) diamond is lower directly at the indenter tip, with an opening angle of 

90 deg enclosing the area of decreased FWHM. This can be interpreted by the growth 

conditions of diamond during CVD, where the tip was facing the hot filaments of the deposition 

chamber during deposition (see also Suppl. Note 10). In the case of ZrN, the gradual increase 

of the FWHM concurs with the orientation-dependent analysis presented in Fig. S6, above and 

is a representation of the columnar thin film growth4–8. The average of the azimuthally averaged 

FWHM in the ZrN before the in situ experiment was 0.566±0.033 deg. Therefore, a boundary 

FWHM value of >0.65 deg should be valid to describe zones of highest deformation, since it is 

separated from the mean value by at least 2.5 times the standard deviation. 
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Before contact, the nc diamond forming the nanomechanical probe was essentially free of 

residual stress, as can be seen from the 2D contour plots of the σyy and σzz stress components 

presented in Fig. S7c and d, respectively. Residual stress of nc diamond deposited on Si with 

the exactly same deposition conditions was characterized by cross-sectional X-ray 

nanodiffraction and quantified as ~0.5 GPa9. Taking into account the thermal expansion 

coefficients of Si10 and nc diamond11, the thermal and intrinsic stress components were 

estimated as -0.1 to -0.35 GPa and +0.6-0.85 GPa, respectively. Taking into account the lower 

thermal expansion coefficient of single crystalline diamond12–15, a thermal stress component of 

~-0.9 GPa can be estimated for nc diamond deposited on sc diamond. Consequently, summing 

up the thermal and intrinsic stress components for the nc diamond grown on sc diamond, the 

experimentally observed absence of residual stress (Fig. S7c and d) is in agreement with the 

growth conditions present in the literature. In addition, the shear stress σyz showed a separation 

in positive and negative shear, which indicates that the principal stress tensor in the 

nanomechanical probe is oriented parallel to its surface normal. On the contrary, the SL thin 

film exhibits relatively large in-plane residual stress (Fig. S7c) with a distribution similar to the 

one outlined in Fig. S6d and an average value of -2.42±0.29 GPa. Furthermore, a slight gradient 

of the σzz stress component ranging from 0.66±0.09 GPa to 0±0.12 GPa at the Si/ZrN interface 

and the film surface, respectively. This is interpreted by the gradual development of d0, which 

was not corrected in the evaluation (cf. Methods) However, the σzz magnitudes are low 

compared to the applied stresses and do not impair the conclusions drawn from this work. The 

σyz magnitudes evaluated from the ZrN thin film are close to 0 (Fig. S7e), which further 

indicates the presence of exclusively in-plane oriented residual stress.  
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Figure S7. CSnanoXRD data obtained from the NDP and the SL film before loading. In (a) and (b) the 

SAXSM and the FWHM micrographs are shown, while in (c-e) the σyy, σyz and σzz, are presented, 

respectively. Finally, in (f) the σvon Mises calculated from the stress components is displayed. 

Finally, the von Mises stress σvon Mises magnitudes are presented in Fig. S7f, which are close to 

0 and centered around the residual stress values discussed above in the case of the nc diamond 

thin film and the SL ZrN thin film, respectively.  
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Microstructural changes and stress distributions of the SL thin film and the NDP in contact at 

0.2 N load 

The SAXS micrographs of the SL thin film in contact with the NDP at a load of 0.2 N is 

presented in Fig. S8a. Despite the NDP being in contact with the thin film, no changes of the 

SAXS intensities can be found in comparison to the state prior to loading (Fig. S7a).  

The azimuthally averaged FWHM of the ZrN 111 and diamond 111 DS rings are shown in 

Fig. S8b. There, a slight increase of the FWHM in the SL film can be seen in a roughly circular 

region under the contact, while no apparent changes can be seen in the nc diamond (Fig. S8b). 

Since the applied stresses discussed below are not high enough to induce plastic deformation (a 

hardness of 21 GPa (Fig. 2) equals a yield stress of 7 GPa considering a Tabor16,17 factor of 3), 

the increase of the FWHM can be related exclusively to gradients of stresses of 1st order in the 

X-ray gauge volume18,19 and thus already indicate the zones of highest deformation. 

 
Figure S8. CSnanoXRD data obtained from the interaction of the NDP with the SL film at a load of 

0.2 N. In (a) and (b) the SAXSM and the FWHM micrographs are shown, while in (c-e) the σyy, σyz and 

σzz, are presented, respectively. Finally, in (f) the σvon Mises calculated from the stress components is 

displayed. 

At 0.2 N load, compressive σyy distributions are introduced in the SL ZrN thin film and the 

NDP close to the contact (Fig. S8c), which rise σyy to -3.77±0.13 GPa and -0.48±0.28 GPa, 

respectively. In case of ZrN, compressive stress is introduced in addition to the residual stress 
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of ~-3 GPa already present before, thus approximately similar stress magnitudes are added for 

both the diamond and the ZrN. Furthermore, at higher distances to the contact, the applied stress 

shifts to a tensile maximum of 0.55±0.12 GPa in the diamond, while compressive stress is 

slightly reduced to -1.87±0.11 GPa in the ZrN (Fig. S8c). 

Concerning the normal stresses in z-direction, generally a compressive stress is introduced in 

both the SL and the NDP, with minima of -1.16±0.13 GPa and -1.25±0.28 GPa, respectively 

(Fig. S8d). At this load, a slight mismatch between the applied stress distributions in ZrN and 

the nc diamond can be found, which deviates from Hertz theory and suggests either non-perfect 

contact due to surface-asperities (Suppl. Note 10) or some plastic deformation very close to the 

contact not within the resolution of the X-ray experiment. The shear stresses introduced by the 

indentation are antisymmetric both in vertical and horizontal directions (Fig. S8e). In case of 

the NDP, the shear stress maxima and minima are slightly lower compared to the SL ZrN thin 

film, since they counteract the shear stress that are present due to the rotation of the principal 

stress tensor since before loading. 

Finally, the von Mises stress σvon Mises magnitudes are presented in Fig. S8f, which reach up to 

1.69±0.25 GPa and 3.95±0.18 GPa in the NDP and the SL ZrN, respectively. Please note that 

the σvon Mises distributions have a broadly elliptical shape in the nc diamond (Fig. S8f), while the 

in the SL ZrN the butterfly-like shape known from a previous experiment is present20. 
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Microstructural changes and stress distributions of the SL thin film and the NDP in contact at 

0.5 N load 

The SAXS micrographs of the SL thin film in contact with the NDP at a load of 0.5 N is 

presented in Fig. S9a. Despite the now apparent changes in the curvature of the indented SL 

thin film (Fig. S9a), no significant changes of the SAXS intensities can be found in comparison 

to the state prior to loading (Fig. S7a).  

The azimuthally averaged FWHM of the ZrN 111 and diamond 111 DS rings are shown in 

Fig. S9b. There, a significant increase of the FWHM in the SL ZrN film can be seen in an 

almost circular region under the contact with a maximum width of 1.85 µm and a depth of 

1.44 µm, where the FWHM is raised above a threshold of 0.65 deg. At this stage of loading, 

where the maximum σvon Mises is still below the yield stress of ~7 GPa, this region most likely 

indicates the regions with the highest gradients of stresses of 1st order within the gauge 

volume18,19. Additionally, also in the nc diamond an increase of the FWHM can be seen in the 

zone closest to the contact, further confirming the high lateral and cross-sectional gradients of 

stress in the nanomechanical contact. 

 
Figure S9. CSnanoXRD data obtained from the interaction of the NDP with the SL film at a load of 

0.5 N. In (a) and (b) the SAXSM and the FWHM micrographs are shown, while in (c-e) the σyy, σyz and 

σzz, are presented, respectively. Finally, in (f) the σvon Mises calculated from the stress components is 

displayed. 
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At 0.5 N load, the compressive σyy distributions introduced in the SL thin film and the diamond 

close to the contact (Fig. S9c) rise to -4.49±0.16 GPa and -1.53±0.57 GPa, respectively. Even 

at a load of 0.5 N, the 3 GPa stress level offset resulting from the residual stress in ZrN is still 

present, indicating exclusively elastic deformation. Furthermore, the resulting tensile stresses 

at higher distances from the contact increase, reaching 0.72±0.17 GPa in the NDP, while 

compressive stress is further reduced to -1.38±0.17 GPa in the ZrN (Fig. S9c). Furthermore, 

additional stress minima are found at the Si/ZrN interface in extension of the butterfly-like 

compressive stress fields, which reach magnitudes of -3.64 GPa. This stress concentration is 

not present at 0.2N load (Fig. S8c) and indicates some additional effect of the planar Si/ZrN 

interface. 

The normal stresses in z-direction also increase upon raising the load to 0.5 N, the compressive 

stress rises in both the SL and the nc diamond, with minima of -4.02±0.13 GPa and -

3.48±0.15 GPa, respectively (Fig. S9d). Also at this load, a slight mismatch of the applied stress 

distributions in the SL thin film and the NDP can be found, which deviates from Hertz theory 

and further suggests a non-perfect contact due to surface-asperities (Suppl. Note 10) or some 

plastic deformation very close to the contact not within the resolution of the X-ray experiment. 

The shear stresses introduced at 0.5 N are intensified compared to the first loading at 0.2 N 

(compare Fig. S9e and Fig. S9e). The antisymmetric nature both in vertical and horizontal 

directions is preserved at the higher load (Fig. S9e). Again, in case of the diamond, the shear 

stress maxima and minima are slightly lower compared to the SL ZrN thin film, for the same 

reason as before. 

Finally, the von Mises stress σvon Mises magnitudes at 0.5 N load are presented in Fig. S9f, which 

reach up to 4.18±0.37 GPa and 4.29±0.28 GPa in the NDP and the SL ZrN, respectively. The 

σvon Mises distributions now have a noticeable elliptical shape in the nc diamond (Fig. S9f), while 

the in the SL ZrN the butterfly-like shape is intensified. Additionally, also the σvon Mises is 

increased at the Si/ZrN interface in the extension of the butterfly-like shape to ~3.96 GPa. This 

stress concentration agrees with the increased σyy presented in in Fig. S9c. 
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Microstructural changes and stress distributions of the SL thin film and the NDP in contact at 

1.0 N load 

The SAXS micrographs of the SL ZrN thin film in contact with the nanomechanical probe at a 

load of 1.0 N is presented in Fig. S10a. In addition to an increased curvature of the indented SL 

thin film with increasing the load to 1.0 N (Fig. S10a), the SAXS intensity in the indented area 

is decreased, which indicates a significant compaction of the columnar grained microstructure 

in comparison to the state prior to loading (Fig. S7a) and the onset of plastic deformation. These 

findings are confirmed by the FWHM microscopy and stress analysis discussed below. 

 

Figure S10. CSnanoXRD data obtained from the interaction of the NDP with the SL film at a load of 

1.0 N. In (a) and (b) the SAXSM and the FWHM micrographs are shown, while in (c-e) the σyy, σyz and 

σzz, are presented, respectively. Finally, in (f) the σvon Mises calculated from the stress components is 

displayed. 

The azimuthally averaged FWHM of the ZrN 111 and diamond 111 DS rings at a load of 1.0 N 

are shown in Fig. S10b. There, a significant increase of the FWHM in the SL film can be seen 

in an almost circular region under the contact with a maximum width of 2.89 µm and a depth 

of 1.91 µm, where the FWHM is raised above a threshold of 0.65 deg. Inside this zone, the 

FWHM further increases towards the contact and reaches levels close to 0.9 deg, an increase of 

more than 50% compared to the unloaded state (Fig. S7c). Since the zone of highest FWHM 

has a comparable outline as the decreased SAXS signal, plastic deformation, intragranular 
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fracture and grain boundary sliding are highly likely in this zone18,19. Again, also in the NDP 

an increase of the FWHM can be seen in the zone closest to the contact, further confirming the 

high lateral and cross-sectional gradients of stress close to the contact. 

At 1.0 N load, the compressive σyy distributions directly beneath the contact (Fig. S10c) rise 

even further to -5.72±0.22 GPa and -4.47±1.24 GPa, respectively. Compared to the load of 

0.5 N, the difference of σyy levels decreased to 1.25 GPa. The inability of the SL to maintain 

the stress difference of 3 GPa originating from the deposition process confirms that plastic 

deformation has taken place close to the contact. Furthermore, the resulting tensile stresses at 

higher distances from the contact increase, which reach 1.02±0.17 GPa in the NDP, while 

compressive stress is further reduced to -0.90±0.13 GPa in the ZrN (Fig. S10c). Furthermore, 

the additional stress minima found at the Si/ZrN interface in the extension of the butterfly-like 

compressive stresses are increased, which reach magnitudes of up to -5.44 GPa.  

The normal stresses in z-direction also increase further upon raising the load to 1.0 N, the 

compressive stress rises in both the SL film and the NDP, with minima of -5.62±0.21 GPa and 

-5.34±1.03 GPa, respectively (Fig. S10d). At this load, the contact stresses are symmetric in the 

SL thin film and the NDP, indicating a well-established contact between the surfaces (and in 

turn, a decreased influence of any present surface asperities). Furthermore, σyy and σzz in the 

diamond close to the contact get closer in magnitude, in agreement with Hertzian theory21,22. 

The shear stresses introduced at 1.0 N are further intensified compared to the previous load 

steps (compare Figs. S8e, S9e and S10e). The antisymmetric nature both in vertical and 

horizontal directions is preserved at the higher load (Fig. S10e). Again, in case of the 

nanomechanical probe, the shear stress maxima and minima are slightly lower compared to the 

SL ZrN thin film, still for the same reasons as before. 

Finally, the von Mises stress σvon Mises magnitudes at 1.0 N load are presented in Fig. S10f, 

which reach up to 8.89±1.07 GPa and 6.10±0.33 GPa in the NDP and the SL ZrN, respectively. 

Still, the σvon Mises distributions have a roughly elliptical shape in the nc diamond (Fig. S10f), 

while the in the SL ZrN the butterfly-like shape is further intensified. Additionally, the σvon Mises 

shows three maxima at the Si/ZrN interface, two of which are located in the extension of the 

butterfly-like shape, while the third is located directly opposite the contact with a maximum 

σvon Mises of 7.93 GPa. This stress concentration is in agreement with the σyy extrema at the 

ZrN/Si interface presented in Fig. S10c.  
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Microstructural changes and residual stress changes of the SL thin film and the NDP after the 

experiment 

The SAXS micrographs of the SL thin film and the NDP after the experiment are presented in 

Fig. S11a. In addition to the residual curvature after the experiment (Fig. S11a), the SAXS 

intensity in the indented area has decreased, which indicates a significant compaction of the 

columnar-grained microstructure in comparison to the state prior to loading (Fig. S7a) and 

significant plastic deformation and compaction of the thin films’ microstructure. These findings 

are also confirmed by the FWHM microscopy and stress analysis discussed below. 

Furthermore, the step in the interface (Fig. S11a, cf. Fig. 3) that appeared after loading to 2.0 N 

and the increased intensity between this step and the crack in the Si substrate are still visible, 

confirming the cracking across the Si/ZrN interface visible at the highest load (Fig. 3) and in 

the ex situ SEM (Figs. S2 and Fig. 2). On the other hand, the NDP appears unchanged compared 

to the initial state prior to the experiment (compare Figs. S7a and Figs. S11a). 

 

Figure S11. CSnanoXRD data obtained after the interaction of the NDP with the SL film without load. 

In (a) and (b) the SAXSM and the FWHM micrographs are shown, while in (c-e) the σyy, σyz and σzz, are 

presented, respectively. Finally, in (f) the σvon Mises calculated from the stress components is displayed. 

The azimuthally averaged FWHM of the ZrN 111 and diamond 111 DS rings after the 

experiment are shown in Fig. S11b. There, a significant increase of the FWHM in the SL ZrN 
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film can be seen in the typical butterfly-like outline where the σyy stress distributions had been 

most intense during loading (Fig. S7c, S8c, S9c, Fig. 3a). Since the zone of highest FWHM also 

has a similar outline compared to the decreased SAXS signal, the high multiaxial compressive 

stress during loading has likely enabled plastic deformation, intragranular fracture and grain 

boundary sliding in this zone18,19. Again, the NDP appears unchanged by the indentation 

experiment, the average FWHM of the nc diamond 111 DS ring appears unchanged (Fig. S11b) 

compared to the initial state (Fig. S7b) prior to the experiment. 

The stress distributions presented in Fig. S11c-f show the changes in the SL ZrN thin film due 

to plastic deformation close to the contact and fracture close to the interfaces, as well as the 

elastic response of the surrounding material. Most notable, the σvon Mises is close to zero 

immediately adjacent to the contact region, which indicates a hydrostatic compressive stress 

state in this zone with no deviatoric contributions. Furthermore, the zones of increased von 

Mises stress close to the Si/ZrN interface remain, which indicates significant interface shear. 

Again, the stress distributions in the NDP remain unchanged by the experiment (compare 

Figs. S7c-f to Fig. S11c-f). 
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Supplementary Note 4: Detailed stress analysis for ML thin film 

Microstructure and residual stress of the ML thin film and the NDP before loading 

The experimental microstructure and stress data of the ML thin film before contact with the 

NDP are presented in Fig. S12. In the phase plot shown in Fig. S12a, where the intensities are 

integrated azimuthally over 360 deg (Fig. 1), exclusively peaks corresponding to the cubic B1 

ZrN phase23 can be detected. Additionally, a raised background can be seen at the positions of 

the amorphous (a-)ZrCu metallic glass interlayers. The azimuthal intensity distributions of the 

ZrN 111 Debye-Scherrer (DS) ring are presented in Fig. S12b and reveal a distinct change of 

the azimuthal orientation of the 111 DS ring between the 1st and 2nd ZrN sublayers. In the layer 

grown on Si, a 111 fibre texture is evidenced by azimuthal intensity maxima at ±90 deg. On the 

contrary, in the 2nd to 4th ZrN layer grown on the individual a-ZrCu interlayer, azimuthal 

intensity maxima are present at ±55 and ±125 deg, in agreement with a 200 fibre texture4,8. 

 
Figure S12. CSnanoXRD data retrieved from the ML thin film before the experiment. In (a) and (b) the 

phase plot depicting the ZrN 111, 200 and 220 reflections as well as an increased background at the 

positions of the a-ZrCu interlayers and the azimuthal distribution of the diffracted intensities of the ZrN 

111 reflections are presented, respectively. The dark vertical intersections in (b) are due to the gaps 

between the individual segments of the Eiger 4 M detector. The cross-sectional FWHM variation is 

shown in (c), while the residual stress evaluated from the ZrN 111 DS ring is presented in (d). 

The FWHM was evaluated along the in-plane (y-direction in Fig. 1) and out-of-plane (z-

direction in Fig. 1) directions to get qualitative insight into the morphology of the ML ZrN-

ZrCu thin film. The cross-sectional evolution is typical in the out-of-plane direction, since the 

out-of-plane FWHM is decreasing in every ZrN sublayer (Fig. S12c). On the other hand, the 

FWHM in the in-plane orientation gradually increases (Fig. S12c). However, this could be 
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related to the change of texture, since in this case a combination of 200 fibre texture and 

elongated grains is present, which limits the size of coherently diffracting domains (SCDD) 

along the ⟨111⟩ directions. Finally, the cross-sectional evolution of the in-plane residual stress 

is presented in Fig. S12d and shows a decreasing residual stress magnitude ranging 

from -2.99±0.219 GPa to -2.05±0.19 GPa at the Si/ZrN interface to the topmost ZrCu/ZrN 

interface. Above that, in the topmost ZrN sublayer, the residual stress magnitude gradually 

increases again and reaches a value of -2.50±0.20 GPa at the films surface. The gradual 

evolution of residual stress is in agreement with the FWHM and texture development of the 

film (Fig. S12). 

The SAXS micrographs of the ML thin film and the nanomechanical probe are presented in 

Fig. S13a. Of course, the diamond probe has a similar appearance in the SAXS micrograph in 

Fig. S13a compared to the one in Fig. S7a, since it was only deformed elastically during both 

experiments (cf. Fig. 6 and Suppl. Note 5). Furthermore, the ZrCu interlayers are visible by an 

increase of the SAXS signal (Fig. S13a), which corresponds well with the increase of variations 

of electron density in the amorphous layer24 and the renucleation of smaller columnar grains in 

the adjacent ZrN sublayer4,8. 

The FWHM micrograph for the state before loading of the ML thin films is presented in 

Fig. S13b, where the FWHM of the nc diamond is again lower directly at the indenter tip, with 

an opening angle of 90 deg enclosing the area of decreased FWHM (see also Suppl. Notes 3 

and 10). In the case of ZrN, the periodic increase of the FWHM corresponds to the renucleation 

of columnar grains in the ZrN sublayers after deposition of the amorphous ZrCu interlayers8. 

The average of the azimuthally averaged FWHM in the ZrN-ZrCu thin film before the in situ 

experiment was 0.577±0.021 deg. Despite the average FWHM being slightly higher compared 

to the SL ZrN thin film (Suppl. Note 3), a boundary FWHM value of >0.65 deg should remain 

a valid indicator to describe zones of highest deformation, since it is separated from the mean 

value by at 3.5 times the standard deviation of the averaged FWHM. 

Again, the nc diamond forming the NDP was essentially free of residual stress before contact, 

as can be seen from the 2D contour plots of the σyy and σzz stress components presented in 

Fig. S13c and d, respectively. In addition, the shear stress σyz showed a separation in positive 

and negative shear, which indicates that the principal stress tensor is oriented parallel to the 

surface normal of the NDP. Contrary to this, the ML thin film exhibits relatively large in-plane 

residual stress (Fig. S13c) with a distribution similar to the one outlined in Fig. S12d and an 

average value of -2.40±0.25 GPa. Furthermore, a slight gradient of the σzz stress component 

ranging from 0.47±0.25 GPa to 0.01±0.20 GPa at the Si/ZrN interface and the film surface, 
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respectively. This is interpreted as the gradual development of d0, which was not corrected in 

the evaluation (cf. Methods) However, the σzz magnitudes are low compared to the applied 

stresses and do not impair the conclusions drawn in this work. The σyz magnitudes evaluated 

from the ZrN thin film are slightly negative close to 0 (Fig. S13e), which is a consequence of 

the slight misalignment of the film (Fig. S13). This further indicates an exclusive presence of 

in-plane residual stress.  

 
Figure S13. CSnanoXRD data obtained from the NDP and the ML film before loading. In (a) and (b) 

the SAXSM and the FWHM micrographs are shown, while in (c-e) the σyy, σyz and σzz, are presented, 

respectively. Finally, in (f) the σvon Mises calculated from the stress components is displayed. 

Finally, the von Mises stress σvon Mises magnitudes are presented in Fig. S13f, which are close to 

0 and centered around the residual stress values discussed above in the case of the nc diamond 

thin film and the ML thin film, respectively.  
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Microstructural changes and stress distributions of the ML thin film and the NDP in contact at 

0.2 N load 

The SAXS micrographs of the ML thin film in contact with the NDP at a load of 0.2 N are 

presented in Fig. S14a. Despite the NDP being in contact with the thin film, no changes of the 

SAXS intensities can be found in comparison to the state prior to loading (Fig. S13a). The 

horizontal streaks at the Si/ML interface are most probably related to some minor misalignment 

between the tip and the ML thin film, which results a slight, mechanically negligible, rotation 

which in turn triggers some X-ray reflectivity25,26. 

The azimuthally averaged FWHM of the ZrN 111 and diamond 111 DS rings are shown in 

Fig. S14b. There, a distinct increase of the FWHM in the ML film can be seen in a mushroom-

shaped region under the contact with a maximum width of 0.95 µm of the 0.65 deg contour. 

This is in contrast to the behavior of the SL thin film at the same load (Fig. S8b). No apparent 

changes are visible in the nc diamond of the indenter tip (Fig. S14b). Since the applied stresses 

are not yet high enough to induce plastic deformation in the ZrN (a hardness of 21 GPa (Fig. 2) 

equals a yield stress of 7 GPa considering a Tabor factor of 316,17), the increase of the FWHM 

can therefore be related exclusively to gradients of stresses of 1st order in the X-ray gauge 

volume18,19 and thus already indicates the zones of highest deformation. However, the 

amorphous ZrCu layer is considerably weaker, with a yield stress of ~1.9 GPa27. Thus, plastic 

deformation in the ZrCu can already occur at this lowest load and trigger a corresponding 

response in the ZrN, which translates to the considerably higher FWHM found in ZrN in the 

ML thin film (Fig. S14b) compared to the SL ZrN thin film (Fig. S8b) at the same load.  

At 0.2 N load, near equal compressive σyy distributions are introduced in the ML thin film and 

the NDP close to the contact (Fig. S14c, compare also with Fig. 6d in the manuscript), which 

rise σyy to -3.37±0.19 GPa and -0.82±0.31 GPa, respectively. In case of ZrN, the introduced 

compressive stress is in addition to the already present residual stress of ~ -2.70 GPa (Fig. S12). 

Furthermore, at higher distances to the contact, the applied stress shifts to a tensile maximum 

of 0.05±0.16 GPa in the NDP, while compressive stress at the ZrN/Si interface remains nearly 

unchanged at a level of -2.70±0.19 GPa (Fig. S14c, Fig. 6d). 

Concerning the normal stresses in z-direction, generally a compressive stress is introduced in 

both the ML and the NDP, with values of -0.76±0.18 GPa and -0.78±0.28 GPa, respectively 

(Fig. S8d) directly at the contact. At this load, the maximum σzz of ~ -3.93±0.26 GPa in the ML 

thin film is found at a depth of ~0.5 µm. This distribution deviates from the Hertz theory21,22 

(see Suppl. Note 6 for details) and suggests some plastic deformation within the amorphous 

ZrCu and a corresponding elastic response in the ZrN. The shear stresses introduced by the 

indentation are antisymmetric both in vertical and horizontal directions (Fig. S14e). In case of 
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the diamond, the shear stress maxima and minima are slightly lower compared to the ML thin 

film, since they counteract the shear stress that are present due to the rotation of the principal 

stress tensor since before loading (Fig. S14e). Additionally, periodic modulations of the shear 

stress can already be seen in the stressed zones inside the ML thin film, which indicate lower 

shear stress close to the amorphous ZrCu interlayer (Fig. S14e). 

 

Figure S14. CSnanoXRD data obtained from the interaction of the NDP with the ML film at a load of 

0.2 N. In (a) and (b) the SAXSM and the FWHM micrographs are shown, while in (c-e) the σyy, σyz and 

σzz, are presented, respectively. Finally, in (f) the σvon Mises calculated from the stress components is 

displayed. 

Finally, the von Mises stress σvon Mises magnitudes are presented in Fig. S14f, which reach up to 

1.86±0.24 GPa and 3.55±0.25 GPa in the NDP and the ML thin film, respectively. Please note 

that the σvon Mises distributions have no discernable shape in the nc diamond (Fig. S8f), while the 

in the SL ZrN the butterfly-like shape known from a previous experiment is present20 next to a 

circular zone, probably introduced by the highest vertical stress component σzz (Fig S13d). The 

formation of two zones of elevated σvon Mises deviates from classical elastic models21,22 (still 

valid for the SL thin film at the same load, Fig. S8f) and is a further indication of onset of plastic 

deformation in the amorphous ZrCu.  
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Microstructural changes and stress distributions of the ML thin film and the NDP in contact at 

0.5 N load 

The SAXS micrographs of the ML thin film in contact with the NDP at a load of 0.5 N are 

presented in Fig. S15a. Despite the now apparent changes in the curvature of the indented ML 

thin film (Fig. S15a), no significant changes of the SAXS intensities can be found in 

comparison to the state prior to loading (Fig. S13a). Again, the horizontal streaks at the Si/ML 

interface are most probably related to some minor misalignment between the tip and the ML 

thin film, which results a slight, mechanically negligible, rotation, which in turn triggers some 

X-ray reflectivity25,26. 

The azimuthally averaged FWHM of the ZrN 111 and diamond 111 DS rings are shown in 

Fig. S15b. There, a significant increase of the FWHM to values above 0.65 deg in the ML film 

can be seen in an almost rectangular region under the contact with a maximum width of 1.93 µm 

stretching over the entire thickness of the thin film. This is in sharp contrast to the deformation 

of the SL thin film (Fig. S9b), where such a zone of highest deformation was much less 

developed at a load of 0.5 N and not yet present at a load of 0.2 N. 

 
Figure S15. CSnanoXRD data obtained from the interaction of the NDP with the ML film at a load of 

0.5 N. In (a) and (b) the SAXSM and the FWHM micrographs are shown, while in (c-e) the σyy, σyz and 

σzz, are presented, respectively. Finally, in (f) the σvon Mises calculated from the stress components is 

displayed. 
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Inside the zone of highest deformation, maximum FWHM values close to 0.9 deg are found in 

the two ZrN layers closest to the surface, with a distinct concentration of lower FWHM close 

to the ZrN/ZrCu interfaces (Fig. S15b). This can indicate that close to the ZrCu layers the 

gradients of stresses of 1st order are less developed and furthermore might indicate a shielding 

from the highest stress. 

At 0.5 N load, the compressive σyy distributions introduced in the ML thin film and the NDP 

close to the contact (Fig. S15c) rise to ˗3.86±0.22 GPa and -2.27±0.41 GPa, respectively. This 

stress difference is significantly lower than the average residual stress of -2.42±0.29 GPa and 

signals plastic deformation in the ML thin film. Additionally, the resulting tensile stresses at 

higher distances from the contact increase, reaching 0.76±0.12 GPa in the NDP, while 

compressive stress is slightly reduced to -1.90±0.19 GPa in the ZrN (Fig. S15c). Furthermore, 

progressing outward from the zones of highest σyy magnitudes close to the contact, a periodic 

decrease and increase of σyy can be seen in Fig. S15c, which indicates that outside of the central 

zone with high vertical compression (Fig. S15d) the amorphous ZrCu in the ML film cannot 

accumulate further in-plane stress and this is in turn is detected in the adjacent ZrN areas 

accessible to the X-ray stress analysis. Furthermore, additional stress minima are found at the 

Si/ZrN interface in the extension of the butterfly-like compressive stress fields, reaching 

magnitudes of -3.65 GPa. This stress concentration is not present at 0.2N load (Fig. S14c) and 

indicates some additional effect of the planar Si/ZrN interface also found in the ZrN SL thin 

film at 0.5 N load (Fig. S9c). This may be attributed to a bending-like contribution to the stress 

state, since the Si substrate has a lower Young’s modulus (ESi = 155 GPa28) compared to the 

ML thin film (Fig. 2). Exemplarily, three-point bending of a clamped cantilever introduces large 

compressive stresses in the bottom half of the cantilever close to the clamping20. 

The normal stresses in z-direction also increase upon raising the load to 0.5 N, the compressive 

stress rises in both the ML thin film and the nc diamond, with stresses of -1.57±0.22 GPa and -

1.65±0.44 GPa at the contact, respectively (Fig. S15d). At this load, maxima σzz of ~ -4.26±0.23 

and -4.72±0,19 GPa in the ZrN-ZrCu thin film are found at a depth of ~0.3 µm and at the ZrN/Si 

interface. The appearance of a secondary maximum close to the interface indicates that the 

ZrN/Si interface acts as a stress concentrator during loading.  

The shear stresses introduced at 0.5 N are intensified compared to the first loading at 0.2 N 

(compare Fig. S14e and Fig. S15e). In case of the NDP, the shear stress maxima and minima 

are slightly lower compared to the ML thin film, for the same reason as before (Fig. S15e). 

Additionally, periodic modulations of the shear stress can already be seen in the stressed zones 

inside the ML thin film, which indicate lower shear stress close to the amorphous ZrCu 
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interlayer (Fig. S15e). Since the shear stress indicates the rotation of the principal stress tensor, 

one can see from the reduced shear stress magnitudes (Fig. S15e) that the σyy is the minimum 

principal stress in these regions (σyy < σzz)
29. Thus the critical shear stress (as a yield criterion29) 

applied to zones of reduced σyy and σyz magnitudes would yield ~
1

2
σyy ≈ -1.6 GPa, which is in 

good agreement with the yield stress of 1.8 GPa determined from microcantilever bending 

experiments27. 

Finally, the von Mises stress σvon Mises magnitudes at 0.5 N load are presented in Fig. S15f, 

which reach up to 3.20±0.28 GPa and 3.80±0.29 GPa in the NDP and the SL ZrN, respectively. 

The σvon Mises distributions have a roughly elliptical shape in the nc diamond (Fig. S15f), similar 

as in the SL ZrN thin film (Fig. S9f). The butterfly-like shape known from a previous 

experiment is present20 and is intensified in case of the ML ZrN-ZrCu thin film. Additionally, 

the previously visible circular zone beneath the contact, probably introduced by the highest 

vertical stress component (Fig. S15d) is still present in the center of the contact. Furthermore, 

the von Mises stress magnitudes are periodically reduced close to the amorphous ZrCu 

interlayer, further highlighting that its elastic limit (Fig. S15f) is crucially underpinning the 

changes of the local mechanical behavior of the ML thin film compared to the SL film. 

In summary, while the NDP shows a similar behavior in contact with the SL and ML thin films 

(compare Fig. S15 and Fig. S9) at 0.5 N load, the stress response of the ML thin film clearly 

deviates significantly from the SL thin film. This indicates the strong influence of the 

amorphous ZrCu interlayers on the mechanical behavior of the ML thin film, effectively 

resulting in an earlier onset of localized plastic deformation and a redistribution of stress 

maxima within the thin film.  
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Microstructural changes and stress distributions of the ML thin film and the NDP in contact at 

1.0 N load 

The SAXS micrographs of the ML thin film in contact with the NDP at a load of 1.0 N are 

presented in Fig. S16a. Despite the further increase of the curvature of the indented MLthin 

film (Fig. S16a) and the still-present reflectivity phenomena discussed above, no significant 

changes of the SAXS intensities can be found in comparison to the state prior to loading 

(Fig. S13a). 

The azimuthally averaged FWHM of the ZrN 111 and diamond 111 DS rings are shown in 

Fig. S16b. There, the almost rectangular zone where the FWHM is raised above a threshold of 

0.65 deg, stretching over the entire film thickness with a maximum width of ~3.48 µm, can be 

seen in the ML thin film. Additionally, 4 elliptical regions with FWHM values close to and 

above 0.9 deg are visible under the center of the contact (Fig. S16b). The separation of these 

ellipses at the positions of the ZrCu interlayers indicates that close to the ZrCu layers the 

gradients of stresses of 1st order are less developed and furthermore indicate a shielding of the 

adjacent ZrN from the highest stress at these positions. 

 

Figure S16. CSnanoXRD data obtained from the interaction of the NDP with the ML film at a load of 

1.0 N. In (a) and (b) the SAXSM and the FWHM micrographs are shown, while in (c-e) the σyy, σyz and 

σzz, are presented, respectively. Finally, in (f) the σvon Mises calculated from the stress components is 

displayed. 
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An elevated FWHM is also visible in the NDP close to the contact, indicating a further increase 

of the gradients of stresses of 1st order within the X-ray gauge volume in the nc diamond 

(Fig. S16b). Again, the size and shape of the high-deformation zone in the ML thin film is in 

sharp contrast to the deformation of the SL thin film (Fig. S10b), where the zone of highest 

deformation retains an elliptic shape and extends only to a width of 2.89 µm at a load of 1.0 N. 

The compressive σyy distributions introduced at a load of 1.0 N in the ML thin film and the 

NDP close to the contact (Fig. S16c) rise to -5.37±0.22 GPa and -3.50±0.79 GPa, respectively. 

This stress difference is further decreased compared to the one observed at 0.5 N load and thus 

signals plastic deformation in the ML ZrN-ZrCu thin film. Additionally, the resulting tensile 

stresses at higher distances from the contact increase, which reach 1.00±0.17 GPa in the NDP, 

while compressive stress is further reduced to -1.23±0.18 GPa in the ZrN (Fig. S16c). 

Additionally, the periodic increase and decrease of σyy along the extension of its highest 

magnitudes close to the contact is pronounced even further (Fig. S16c) in comparison with the 

load of 0.5 N. This confirms that outside of the zone of high vertical compression (Fig. S16d) 

the amorphous ZrCu in the ML film cannot accumulate further in-plane stress, which is then 

seen in the adjacent ZrN areas accessible to the X-ray stress analysis. Furthermore, additional 

stress minima are found at the Si/ZrN interface in the extension of the butterfly-shaped 

compressive stress distributions, reaching magnitudes of -5.46 GPa and indicating some 

additional effect of the planar Si/ZrN interface also found in the SL thin film at 1.0 N load 

(Fig. S10c). 

The normal stresses in z-direction also increase upon raising the load to 1.0 N, the compressive 

stress rises in both the ML and the nc diamond, with stresses of -6.61±0.23 GPa and -

5.36±0.90 GPa at the contact, respectively (Fig. S16d). At this load, maxima σzz of ~ -8.10±0.24 

and -8.77±0.18 GPa in the ZrN-ZrCu thin film are found at a depth of ~0.15 µm and at the 

ZrN/Si interface. The increase of the secondary σzz maximum close to the interface further 

confirms that the ZrN/Si interface acts as a stress concentrator during loading with the NDP, 

while the shift of the primary maximum towards the contact indicates that the elastic limit of 

ZrN is also reached at 1.0 N load. 

The shear stresses introduced at 1.0 N are intensified compared to the first and second load 

steps at 0.2 and 0.5 N, respectively (compare Figs. S14e, S15e and S16e). Additionally, 

periodic modulations of the shear stress can still be seen in the stressed zones, which indicate 

lower shear stress close to the amorphous ZrCu interlayer (Fig. S16e). Again, since the shear 

stress indicates the rotation of the principal stress tensor, one can see from the reduced shear 

stress magnitudes (Fig. 15e) that the σyy is the minimum principal stress in these regions (σyy < 
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σzz)
29. Thus the critical shear stress yield criterion29 applied to zones of reduced σyy and σyz 

magnitudes would yield ~
1

2
σyy ≈ -1.6-1.85 GPa, in very good agreement with the yield stress 

of 1.8 GPa determined from microcantilever bending experiments27. 

Finally, the von Mises stress σvon Mises magnitudes at 0.5 N load are presented in Fig. S16f, 

reaching up to 7.39±0.48 GPa and 9.59±0.29 GPa in the NDP and the SL thin film, respectively. 

While the highest σvon Mises in the nc diamond is found close to the contact, the maximum stress 

in the ML thin film is accumulated at the ZrN/Si interface (Fig. S16f). Again, the σvon Mises 

distributions have an elliptical shape in the nc diamond (Fig. S16f), similar as in the SL thin 

film (Fig. S10f). Contrary to the previous load steps, the butterfly-like shape known from a 

previous experiment20 is not anymore the most prominent feature in Fig. S16f, but the highest 

stresses are accumulated in 3 ellipsoid zones beneath the contact and at the ZrN/Si interface. 

These are also the zones of highest σzz, showcasing that the deviatoric component of the stress 

tensor is governed by a single stress component inside the immediate contact zone. 

Furthermore, the von Mises stress magnitudes are periodically reduced close to the amorphous 

ZrCu interlayer inside and outside the contact zone, further highlighting that its elastic limit 

(Fig. S16f) crucially determines the changes of the local mechanical behavior of the thin film. 

Again, while the NDP shows a similar behavior in contact with the SL and ML thin films 

(compare Fig. S14-16 and Fig. S8-10) at loads of 0.2, 0.5 1.0 N, the stress response of the ML 

thin film deviates increasingly from the SL thin film with increasing load. This indicates the 

crucial influence of the amorphous ZrCu interlayers on the mechanical behavior of the ML thin 

film, which leads to an earlier onset of localized plastic deformation and a redistribution of 

stress maxima within the thin film.  
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Microstructural changes and residual stress changes of the ML thin film and the NDP after the 

experiment 

The SAXS micrographs of the ML thin film and the NDP after the experiment are presented in 

Fig. S17a. In addition to the residual curvature after the experiment (Fig. S17a), the SAXS 

intensity under the indented area has slightly decreased, which indicates a compaction of the 

columnar grained microstructure in comparison to the state prior to loading (Fig. S13a) and 

significant plastic deformation and compaction of the thin film’s microstructure. Additionally, 

an increase in the scattered intensity can be seen at the edges of the former contact in agreement 

with the cracks found by SEM after the experiment (Suppl. Note 1, Fig. 2). These findings are 

confirmed by the FWHM microscopy and stress analysis discussed below. On the other hand, 

the NDP appears unchanged compared to the initial state prior to the experiment (compare 

Figs. S13a and Figs. S17a). 

 

Figure S17. CSnanoXRD data obtained after the interaction of the NDP with the ML film without 

applied load. In (a) and (b) the SAXSM and the FWHM micrographs are shown, while in (c-e) the σyy, 

σyz and σzz, are presented, respectively. Finally, in (f) the σvon Mises calculated from the stress components 

is displayed. 

The azimuthally averaged FWHM of the ZrN 111 and diamond 111 DS rings after the 

experiment are shown in Fig. S17b. There, a significant increase of the FWHM in the ML thin 

film can be seen outside the former contact zone, while along the projected surface normal of 
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the edges of the curved part the FWHM is reduced. Inside the former contact volume that was 

compressed the most during loading (Fig. 3), the cross-sectional periodic variation is increased 

compared to the initial state (Fig. S17b vs. Fig. S13b), which indicates narrow repeating ranges 

of compaction, intragranular fracture and grain boundary sliding in this zone18,19. Again, the 

NDP appears unchanged by the indentation experiment, the average FWHM of the nc diamond 

111 DS ring appears unchanged (Fig. S17b) compared to the initial state (Fig. S13b) prior to 

the experiment. 

The stress distributions presented in Fig. S17c-f represent the changes in the ML thin film due 

to plastic deformation close to the contact and fracture close to the interfaces, as well as the 

elastic response of the surrounding material. As can be seen from Fig. S17c-f, the residual stress 

levels in the ML thin film are significantly higher compared to data obtained from the SL thin 

film presented in Fig. S13c-f. Most notable, the σvon Mises is close to zero immediately 

surrounding the prior contact region, which indicates a hydrostatic compressive stress state in 

this zone with no deviatoric contributions. Furthermore, the zones of increased von Mises stress 

close to the ZrN/ZrCu and Si/ZrN interfaces remain, which indicates significant interface shear. 

Again, the stress distributions in the NDP remain unchanged by the experiment (compare 

Fig. S13c-f to Fig. S17c-f). 
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Supplementary Note 5: σzz vertical virtual sections revealing the stress 

transfer across the interface 

The detailed stress analysis along vertical virtual sections of the SL and ML thin films are 

presented in Fig. S18. A schematic representing where the data were extracted from the 2D 

maps is presented in Fig. S18a. As can be seen prior to contact in both SL and ML, there is a 

slight apparent stress gradient (as discussed already in Suppl. Notes 3 and 4) present in 

Fig. S18b, which originates in variations of the unstrained lattice parameter (cf. Methods).  

 
Figure S18. Detailed stress analysis along line intersections. In (a), a schematic is shown, depicting the 

σzz and the virtual line intersections as the horizontal and vertical axes, respectively. In (b-g), the σzz 

accumulation across the indenter-sample interface is shown for the SL and the ML thin films for the 

individual load steps. 
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During the initial loading states (0.2 and 0.5 N) the asperity contact dominates, where individual 

microstructural features at the surface are highly deformed30–32, while the rest of the volume 

remains rather unaffected (Fig. S18c and S18d). At 1.0 and 2.0 N load, the contact is fully 

established, meaning that the stress values at the contact are similar in the NDP and the SL and 

ML thin films (Fig. S18e and S18f). Finally, after unloading, the initial state is restored in the 

NDP for both experiments, while a cross-sectional gradient of increasing compressive σzz is 

present in both films (Fig. S18g), which is more prominent in the case of the ML thin film. 
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Supplementary Note 6: Stress distributions obtained by applying the 

Hertzian Theory 

The elastic stress distributions obtained by using the analytical solutions of the Hertz’ contact21 

for two cylinders under load developed by M’Ewen22 are summarized in Fig. S19. Using the 

Hertz formulation as described in Eq. S17, contact pressures of 5.4, 8.5, 12.8 and 17.0 GPa are 

obtained for the cylindrical contact at loads of 0.2, 0.5, 1.0 and 2.0 N, respectively, as presented 

here. These values are then also the maximum σyy and σzz stress values directly at the contact. 

Additionally, to obtain a better comparison with the experimental data obtained for the thin 

film, the average residual stress of -2.42 GPa was added to the analytical σyy stress distribution 

to better represent the stress state in ZrN (Fig. S19a-d). However, these analytical contact 

pressures are given for perfect surfaces in perfect contact21,22,33. As can be seen from the 

experimental data presented in Supp. Notes 3-5, the maximum stress values are never reached 

directly at the contact in the experiment, which is a consequence of the finite X-ray beam size, 

the surface roughness of the thin films and the NDP in contact (Suppl. Note 10) and possible 

plastic deformation in the asperities. 

Figure S19. Elastic stress distributions obtained by the analytical solutions of M’Ewen22 as detailed in 

the Methods section. In (a-d), the σyy stress distributions in the system are shown for loads of 0.2, 0.5 
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and 1.0 N, respectively, while in (e-h) and (i-l) the σzz and σyz stress magnitudes are shown at the same 

loads, respectively. 

 

Nevertheless, outside the immediate contact zone, the analytical stress distributions in Fig. S19 

give a surprisingly accurate representation of the experimental data (Suppl. Notes 3 and 4). 

Especially the shear stress component σyz presented by the analytical solution (Fig. S19e-h) is 

in very good agreement with the experimental data of the SL thin film in contact with NDP. 

Furthermore, from the deviations of the experimental and analytical stress distributions outside 

the contact zone crucial information about the influence of the various interfaces along the load 

train (the sc diamond/nc diamond interface and the ZrN/Si interface) and localized plastification 

or other stress-relief phenomena in the mechanical system can be drawn, which are not 

accounted for in the analytical considerations21,22. For instance, no tensile stresses can be found 

in the analytical solution of σyy along the vertical symmetry line (Fig. S19a-c), i.e. the stress 

only drops to 0 or to -2.42 GPa in case of the diamond and the ZrN, respectively. This contrasts 

the experimental data presented in Suppl. Note 3 and 4 and Fig. 5, where tensile stresses are 

found along the vertical intersection in both nc diamond and ZrN. While the outline of the 

stressed zone found in the experiments is very well represented for the NDP, the enhanced σzz 

at the ZrN/Si interface found for both the SL (Suppl. Note 3) and the ML thin films (Suppl. Note 

4) is not present in the analytical data. Therefore, these discrepancies between analytical and 

experimental stress distributions can show the critical influence of interfaces on stress 

concentrations and failure of materials during the single-asperity contact. 
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Supplementary Note 7: Detailed Finite Element analysis 

The finite element simulation of the indentation process facilitated the investigation of multi-

axial stresses in the ML thin film layers subjected to indentation, since the more complex case 

with elastic-plastic ZrCu interlayers could not be covered by the simplified analytic solution. 

The contour plots in Fig. S20, S21 and S22 illustrate the 2D distributions of σyy, σzz and σyz 

components of applied and residual stresses at maximum indentation load (2.0 N) and after 

unloading (post indentation) for frictionless contact and friction coefficients of µ = 0.5 and 1.0, 

respectively. They demonstrate good qualitative and quantitative agreement with experimental 

results given in Figs. 4 and 5. Additionally, simulation results reveal stress hotspots during 

loading and post-loading conditions, which are not found in the experimental data, possibly 

because these features could be too small in comparison to the X-ray gauge volume 

(cf. Methods, Suppl. Note 13).  

 
Figure S20. Distribution of σyy, σzz and σyz stress components of applied and residual stresses obtained 

from frictionless contact at 2.0 N load and after the experiment are presented in (a-c) and (d-f), 

respectively. 
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First of all, when comparing the results obtained for the different friction coefficients (Fig. S20-

S22), we see that the increasing tangential traction induced by the friction at the interface 

between nc diamond and ZrN noticeably affects the resulting stress distributions only at the 

highest friction coefficient of µ = 1.0. But, even at the highest friction coefficients, the stress 

distributions resulting from the tangential tractions remain much smaller than the normal 

contact stresses. This is in agreement with existing literature dealing with nanoindentation stress 

distributions, which found that the influence of the friction force is negligible for indentation 

considering reasonable friction coefficients below 0.334–36. Additionally, comparable literature 

data suggests that the friction coefficient between two ceramics is typically in the order of 0.1 

or lower37,38. Therefore, the following presentation of the results extracted from the FE model 

will be limited to the numerical data obtained under frictionless contact. 

 
Figure S21. Distribution of σyy, σzz and σyz stress components of applied and residual stresses obtained 

from contact with a friction coefficient of µ = 0.5 at 2.0 N load and after the experiment are presented 

in (a-c) and (d-f), respectively. 

 

In case of the ML film, the results presented in Fig. S20 indicate that the distribution of 

indentation and residual stresses reflect the combined effects of contact compression and the 
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overall three-point bending of a double-clamped cantilever20 govern the response of the sample. 

Of course, the bending-like response is limited by the continuous support given by the Si 

substrate and can be only used for comparison. Each layer of the ZrN multilayer exhibits 

bending character, since the presence of ZrCu interlayers represents a weakened transmission 

of tractions between these layers. 

In case of the diamond tip (Fig. S20), an excellent agreement of the numerically obtained stress 

distributions with the experimental data (Fig. 4) and the analytical model (Fig. S19) is observed. 

Furthermore, the influence of the sc diamond substrate is highlighted, as the FE model is able 

to recreate the tensile σyy magnitudes observed close to the nc/sc diamond interface.  

 
Figure S22. Distribution of σyy, σzz and σyz stress components of applied and residual stresses obtained 

from contact with a friction coefficient of µ = 1.0 at 2.0 N load and after the experiment are presented 

in (a-c) and (d-f), respectively. 

 

Furthermore, the experimental study did not allow the determination of stresses in the single 

crystal Si substrate and the sc diamond. Here, the simulation results reveal the stress distribution 

in the Si substrate layer and show that the σyy-component of stress attain high magnitudes in 

compression during knife edge indentation loading and exhibit a similar, but reduced 
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distribution in the post-loading state, with an additional stress concentration noted in the 

sublayer of ZrN lying closest to the Si substrate. Additionally, in the sc diamond minor tensile 

σyy stress magnitudes are observed during loading, while σzz is ~-5 to -7.5 GPa. The high 

magnitude of σzz-component compressive stresses during loading relaxes after unloading, but 

additional eigenstrains formed during indentation cause the formation of tensile residual 

stresses on both sides of the indentation. Finally, both the nc. and sc diamond appear stress free 

after unloading, confirming the absence of plasticity in the NDP during indentation. 

 
Figure S23. Line plots of eigenstrains before the experiment (𝜀E,pre experiment, red), after the 

experiment (𝜀E,post experiment, brown) and the change of the eigenstrain throughout the experiment 

(𝜀E,pre experiment, red) are presented in (a), with respect to the normal distance from the Si/ZrN interface 

in the center of the contact (y = 0). The modelled and experimental residual stresses before and after the 

in situ CSnanoXRD experiment are shown in (b), while experimental as well as modelled stresses at 

2.0 N load are presented in (c) with respect to the normal distance from the Si/ZrN interface in the center 

of the contact (y = 0). 
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Shear components of stresses are distributed on both sides of the indentation during both 

loading and post-loading conditions, with slight deviations in magnitude. These distributions 

align closely with experimental observations but cover a wider range, including the Si substrate 

layer. Similar to the hotspots observed for the σyy-component of stresses, simulation results 

enable the identification of variations in the shear component at each individual layer. 

Eigenstrain reconstruction of residual stresses before and after indentation conditions provided 

information about the magnitude and distribution of eigenstrains that lead to the formation of 

residual stresses, as quantified by X-ray diffraction measurements (Fig. S12). It is important to 

note that these eigenstrains represent the permanent strains responsible for the formation of 

residual stresses and are illustrated in Fig. S20a. A linear fit of the difference between the two 

states corresponds to the additional plastic deformation due to indentation, which is similar to 

that observed in the case of three-point bending39. Residual stresses determined by the 

eigenstrain reconstructions of the two states show excellent agreement with X-ray diffraction 

residual stress measurements, as illustrated in Fig. S23b. 

The influence of eigenstrains formed during the manufacture of biomimetic ML thin film layers 

on the formation of stresses due to indentation was investigated by performing process 

simulations with and without initial eigenstrains. The results presented in Fig. S20c 

demonstrate that initial eigenstrains have a significant impact on the stresses formed during 

indentation. However, process models in both cases show differences in the ZrN sublayer bound 

with the Si substrate. This layer deviates into tension, and the differences are attributed to plastic 

deformation in the Si layer that could not be completely incorporated into the model, as well as 

the further support located beneath the Si substrate. On the other hand, the process model 

successfully captured the deviation of the top layer from the overall state into more compression 

due to contact deformations created by the indenter tip. 
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Supplementary Note 8: Deposition of the ZrN and ZrCu layers 

The ZrCu/ZrN multilayer was deposited by magnetron co-sputtering using an AJA International 

ATC 2200-V sputter system, which was pumped by a turbomolecular pump (1200 l/s) backed 

up with a multi-stage roots pump (27 m3/hr). The base pressure before each deposition was 

lower than 5 × 10-5 Pa. Depositions of the ZrCu sublayers were carried out in argon at a pressure 

of 0.533 Pa (4 mTorr) using two independent unbalanced magnetrons equipped with circular, 

indirectly cooled targets (Zr and Cu, 50.8 mm in diameter, 6.35 mm in thickness). On the other 

hand, the ZrN sublayer was deposited in an argon and nitrogen gas mixture at the same total 

pressure, utilizing a single Zr target. The magnetron with the Zr target (99.5 % purity, Matsurf 

Technologies Inc.) was supplied by an Advanced Energy Pinnacle Plus+ 5/5 kW power source 

working in DC mode for both sublayers, while the magnetron with the Cu target (99.99% purity, 

Matsurf Technologies Inc.) was supplied by a Hüttinger Elektronik TruPlasma Highpulse 4002 

high-power pulsed DC power source working in the high-power impulse regime. The average 

target power density in a pulse was fixed at 1000 W/cm2, and the negative voltage pulse length 

was set to a constant value of 200 ms. The ZrCu/ZrN multilayer was deposited onto polished 

and ultrasonically pre-cleaned single-crystalline Si(100) substrates held at a floating potential 

without any external heating. The substrates were rotated above the targets at a speed of 40 rpm 

and located at a target-to-substrate distance of 150 mm. 
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Supplementary Note 9: Preparation and testing of the ZrN and ZrN-ZrCu 

microcantilevers 

The cantilevers were processed with by focused ion beam (FIB) in a Zeiss LEO 1540 XB dual 

beam FIB workstation to final geometries of L×B×t ~12×2×3 µm³ operating with milling 

currents ranging from 10 nA to 500 pA and a polishing current of 100 pA40,41. In situ bending 

tests on freestanding microcantilevers were conducted in a Zeiss LEO 1530 scanning electron 

microscope using a FemtoTools FT-NMT04 indentation system. A wedge indenter tip provided 

by FemtoTools was used to load the cantilevers until fracture in a displacement-controlled 

feedback loop with a loading speed of 20 nm/s. The measured load (P) versus deflection (w) 

data was corrected for the instrument compliance before evaluating the elastic modulus E as 

follows: 

𝐸 =
4

𝐵
×

𝑑𝑃

𝑑𝑤
× (

𝐿

𝑡
)
3

.     (S1) 

Here, 
𝑑𝑃

𝑑𝑤
 describes the slope of the linear elastic loading curve, while B and t are the width and 

thickness of the loaded cantilever, respectively, and L is the distance between the base of the 

cantilever and the indenter tip. The maximum load 𝑃max measured at fracture facilitated the 

evaluation of the fracture stress 𝜎F as per: 

𝜎F =
6𝑃max𝐿

𝐵𝑡2
.      (S2) 

During the cantilever preparation procedure a bridge notch with a depth of a ~600 nm was 

added to half of the cantilevers at approximately 2 µm from the base applying an ion current of 

10 pA for 180 s42,43. In the framework of linear elastic fracture mechanics the fracture toughness 

𝐾IC was evaluated according to: 

𝐾IC = 𝜎F√𝜋𝑎 × 𝑌 (
𝑎

𝑡
).    (S3) 

The dimensionless geometry factor 𝑌 (
𝑎

𝑡
) as derived in Ref.44 is given as: 

𝑌 (
𝑎

𝑡
) = √

2𝐵

𝜋𝑎
tan (

𝜋𝑎 

2𝐵
)
0.923+0.199(1−sin(

𝜋𝑎

2𝐵
))
4

cos(
𝜋𝑎

2𝐵
)

.    (S4) 
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Supplementary Note 10: Preparation of the NDP 

A top view SEM image of the indenter tip is presented in Fig. S24a, showing the 60 and 90 deg 

opening angles perpendicular and parallel to the wedge, respectively. The total length of the 

wedge after deposition was around ~86 µm. A more detailed top view of the nanocrystalline 

diamond thin film is given in Fig. S24b, where the cube structures on the top surface can be 

interpreted as (100) facets of growing crystallites. Typically, {100} oriented diamond grows 

during the CVD process at elevated temperatures (compared to the growth of {111} oriented 

facets at lower temperatures45,46). Since the indenter tip was oriented towards the gas precursor 

flow and the heater filaments, it may have been exposed to a higher gas flow and higher 

temperature compared to the side faces. This effect is further confirmed by the averaged FWHM 

analysis of the in situ experiment (Suppl. Notes 3 and 4), where comparably lower FWHM was 

evaluated at the tip of the indenter. 

 
Figure S24. The indenter tip after deposition of NCD. In (a) the top view of the tip is presented, while 

in (b) the high resolution image shows (100) oriented cubes directly at the tip. The scale bars in (a) and 

(b) are equal to 100 µm and 2 µm, respectively. 

A top view SEM image of the indenter tip after FIB processing is presented in Fig. S25a, the 

straight edges perpendicular to the wedge, respectively. The total length of the wedge after 

deposition was measured as 82.3 µm. A more detailed side view of the nanocrystalline diamond 

thin film is given in Fig. S25b, where it can be seen that the total film thickness was 3.8 µm and 

the radius of the tip was evaluated as 5.8 µm. 
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Figure S25. The indenter tip after final preparation. In (a) the top surface of the tip is shown, while in 

(b) the side view is presented. 
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Supplementary Note 11: In situ CSnanoXRD setup, NDP and sample 

alignment and stress analysis method 

The custom indentation setup positioned at the nanofocus extension of the ID13 beamline at 

the ESRF is presented in Fig. S26. The indenter is equipped with two SLC1720 linear 

positioning axis (Smaract GmbH, Oldenburg Germany) as well as a CGO-60.5 goniometer 

stage (Smaract GmbH, Oldenburg Germany). This combination of positioners allows an 

independent sample alignment and positioning along the x, y, and φ axes. N-310 NEXACT 

OEM Miniature Linear Motor (PI (Physik Instrumente) L.P., Shrewsbury, Massachusetts, 

USA) was used for the vertical (z) movement of the indenter tip, which was monitored by a 

RLB Miniature Incremental Magnetic Encoder Module (RLS d.o.o., Ljubljana, Slovenia) with 

a displacement resolution of 250 nm. The force was monitored using a KD24 load cell (ME-

Systeme GmbH, Germany with a nominal range of 2 N and an accuracy class of 0.1%). 

The indenter tip was aligned parallel to the incident X-ray beam performing series of absorption 

scans along the y and z axes at various positions of the φ and ξ rotational axes of the hexapod 

positioner, respectively (Fig. S26). The optimal orientation of the tip was identified by 

maximizing the absorption contrast between the nc diamond and air as well as between the nc 

and sc diamond. The sample was oriented by additional absorption scan along the z-axis at 

various tilts along the inner ξ rotational axis of the indenter setup (Fig. S26). Again, the optimal 

orientation was determined by maximizing the absorption contrast between the thin film and 

the air. 

 
Figure S26. The indenter setup positioned at the nanofocus extension of the ID13 beamline of the ESRF. 
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For quantification of stress distributions from CSnanoXRD data, the measured orientation-

dependent lattice strain 𝜀𝛿𝜃
𝑚,ℎ𝑘𝑙(𝑦, 𝑧) can be expressed for each thin film material m (ZrN, 

diamond) and each DS ring hkl as follows: 

𝜀𝛿𝜃
𝑚,ℎ𝑘𝑙(𝑦, 𝑧) =

𝑑𝛿𝜃
𝑚,ℎ𝑘𝑙(𝑦,𝑧)−𝑑0

𝑚,ℎ𝑘𝑙

𝑑0
𝑚,ℎ𝑘𝑙      (S5) 

where 𝜃 is the diffraction angle, δ the azimuthal angle on the detector (see. Fig. 1), 

while 𝑑𝛿𝜃
𝑚,ℎ𝑘𝑙(𝑦, 𝑧) is the measured lattice plane spacing and  𝑑0

𝑚,ℎ𝑘𝑙 = 𝑎0,𝑓
𝑚 √(ℎ2 + 𝑘2 + 𝑙2)⁄  

is the strain-free lattice plane spacing for the two cubic materials (ZrN, diamond). By following 

the assumption that the out-of-plane stress component 𝜎𝑧𝑧
𝑚 is negligible before loading, the 

strain-free lattice parameters were determined as 𝑎0,
diamond = 3.56976 nm and 

𝑎0,
ZrN = 4.60632 nm. These precise values generally encompass slight differences between bulk 

materials and thin films, as well as miniscule residual calibration errors. The orientation-

dependent lattice strain 𝜀𝛿𝜃
𝑚,ℎ𝑘𝑙(𝑦, 𝑧) of the measured material is a function of unknown triaxial 

strain components 𝜀𝑖𝑗
𝑚,ℎ𝑘𝑙(𝑦, 𝑧), defined in the sample coordinate system (i,j ϵ x,y,z) as follows: 

𝜀𝛿𝜃
𝑚,ℎ𝑘𝑙(𝑦, 𝑧) = sin2 𝜃 𝜀𝑥𝑥

𝑚,ℎ𝑘𝑙(𝑦, 𝑧) + cos2 𝜃 sin2 𝛿 𝜀𝑦𝑦
𝑚,ℎ𝑘𝑙(𝑦, 𝑧) + cos2 𝜃 cos2 𝛿 𝜀𝑧𝑧

𝑚,ℎ𝑘𝑙(𝑦, 𝑧) −

sin 2𝜃 cos 𝛿 𝜀𝑥𝑧
𝑚,ℎ𝑘𝑙(𝑦, 𝑧) + cos2 𝜃 sin 2𝛿 𝜀𝑦𝑧

𝑚,ℎ𝑘𝑙(𝑦, 𝑧) − sin 2𝜃 sin 𝛿 𝜀𝑥𝑦
𝑚,ℎ𝑘𝑙(𝑦, 𝑧) (S6) 

Applying the X-ray elastic constants 𝑆1
𝑚,ℎ𝑘𝑙

 and 
1

2
𝑆2
𝑚,ℎ𝑘𝑙

 allows to transform the strain 

components 𝜀𝑖𝑗
𝑚,ℎ𝑘𝑙(𝑦, 𝑧) to the components of the stress tensor 𝜎𝑖𝑗

𝑚(𝑦, 𝑧) defined in the sample 

coordinate system (i,j ϵ x,y,z) as follows:  

𝜀𝛿𝜃
𝑚,ℎ𝑘𝑙(𝑦, 𝑧) = 𝑆1

𝑚,ℎ𝑘𝑙[𝜎𝑥𝑥
𝑚(𝑦, 𝑧) + 𝜎𝑦𝑦

𝑚 (𝑦, 𝑧) + 𝜎𝑧𝑧
𝑚(𝑦, 𝑧)] +

1

2
𝑆2
𝑚,ℎ𝑘𝑙[sin2 𝜃 𝜎𝑥𝑥

𝑚(𝑦, 𝑧) +

cos2 𝜃 sin2 𝛿 𝜎𝑦𝑦
𝑚 (𝑦, 𝑧) + cos2 𝜃 cos2 𝛿 𝜎𝑧𝑧

𝑚(𝑦, 𝑧) − sin 2𝜃 cos 𝛿 𝜎𝑥𝑧
𝑚(𝑦, 𝑧) +

cos2 𝜃 sin 2𝛿 𝜎𝑦𝑧
𝑚(𝑦, 𝑧) − sin 2𝜃 sin 𝛿 𝜎𝑥𝑦

𝑚 (𝑦, 𝑧)]  (S7) 

X-ray elastic constants were determined for the ZrN 111, 200, 220 and 311 DS rings as well as 

the diamond 111 DS ring using the Hill-type grain interaction model47 and single-crystal elastic 

constants of 𝐶11
ZrN

=454 GPa, 𝐶12
ZrN

=121 GPa and 𝐶44
ZrN

=124 GPa as well as 𝐶11
diamond

=1079 GPa, 

𝐶12
diamond

=124 GPa and 𝐶44
diamond

=578 GPa obtained from literature for ZrN23 and diamond48, 

respectively. 

Furthermore, it was supposed that the in-plane stress component 𝜎𝑥𝑥
𝑚(𝑦, 𝑧) along the x-axis did 

not change significantly during the in situ experiment and therefore can be approximated as 

constant with values equal to the residual stress evaluated prior to loading. Moreover, it was 

supposed that 𝜎𝑥𝑧
𝑚,(𝑦, 𝑧) and 𝜎𝑥𝑦

𝑚 (𝑦, 𝑧) can be neglected. This should be a valid simplification 

and follows from the reduced dimensionality of the sample and indenter probe geometries. The 
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unknown stress components (𝜎𝑦𝑦
𝑚 (𝑦, 𝑧), 𝜎𝑦𝑧

𝑚(𝑦, 𝑧), 𝜎𝑧𝑧
𝑚(𝑦, 𝑧)) in the nc diamond and ZrN were 

thus evaluated as follows:  

𝜀𝛿𝜃
𝑚,ℎ𝑘𝑙(𝑦, 𝑧) = 𝑆1

𝑚,ℎ𝑘𝑙[𝜎𝑥𝑥
𝑚 + 𝜎𝑦𝑦

𝑚 (𝑦, 𝑧) + 𝜎𝑧𝑧
𝑚(𝑦, 𝑧)] +

1

2
𝑆2
𝑚,ℎ𝑘𝑙[sin2 𝜃 𝜎𝑥𝑥

𝑚 +

cos2 𝜃 sin2 𝛿 𝜎𝑦𝑦
𝑚 (𝑦, 𝑧) + cos2 𝜃 cos2 𝛿 𝜎𝑧𝑧

𝑚(𝑦, 𝑧) + cos2 𝜃 sin 2𝛿 𝜎𝑦𝑧
𝑚(𝑦, 𝑧)] (S8) 

Subsequently, for every measured point, a system of up to 144 linear equations (corresponding 

to 36 δ orientations on the detector and 4 reflections in case of ZrN) based on Eq. 4 was 

established49 and the three unknown stress components (𝜎𝑦𝑦
𝑚 (𝑦, 𝑧), 𝜎𝑦𝑧

𝑚(𝑦, 𝑧), 𝜎𝑧𝑧
𝑚(𝑦, 𝑧)) were 

refined for ZrN and diamond, respectively. 

Finally, in order to get further information about the deformation processes, an equivalent stress 

according to the von Mises yield criterion, 𝜎von Mises
𝑚 (𝑦, 𝑧), was calculated from (𝜎𝑦𝑦

𝑚 (𝑦, 𝑧), 

𝜎𝑦𝑧
𝑚(𝑦, 𝑧), 𝜎𝑧𝑧

𝑚(𝑦, 𝑧)) as follows: 

𝜎von Mises
𝑚 (𝑦, 𝑧) = √(𝜎𝑦𝑦

𝑚 (𝑦, 𝑧))
2

− 𝜎𝑦𝑦
𝑚 (𝑦, 𝑧) ∙ 𝜎𝑧𝑧

𝑚(𝑦, 𝑧) + (𝜎𝑧𝑧
𝑚(𝑦, 𝑧))

2
+ 3 ∙ (𝜎𝑦𝑧

𝑚(𝑦, 𝑧))
2

 (S9) 

Finally, in case of diamond, the stress magnitudes have to be scaled up due to the larger 

thickness of the indenter tip in comparison with the indented thin films (Fig. 1), which is done 

by the following equation: 𝜎𝑖𝑗
diamond,true(𝑦, 𝑧) =

82.3 µm

56 µm
𝜎𝑖𝑗
diamond(𝑦, 𝑧) . This simple relation 

assumes that the parts of the wedged indenter tip extending past the thin film lamella thickness 

do not carry a load and therefore lower the measured stress values since they are volume-

averaged within the X-ray gauge volume. 

The stored elastic energy per line element (in beam direction) 𝐸𝑒𝑙 stored during deformation in 

the SL and ML samples was calculated from the 𝜎von Mises
ZrN (𝑦, 𝑧) at each load 𝑃 stress 

distributions in analogy to Lassnig et al.50 as follows 

𝐸𝑒𝑙
𝑃 = ∑

1−𝜈i
2

2

𝜎von Mises
i (𝑦,𝑧)2∆𝑧∙∆𝑦

𝐸i
𝑖 ,    (S10) 

where 𝜈i and 𝐸i are the Young’s modulus and Poisson’s ratio of the investigated material, 

respectively, while ∆𝑦 and ∆𝑧 equal the step size of 80 nm used for the CSnanoXRD 

experiments. The elastic constants used in this study are summarized in Table S1, in 

Suppl. Note 13. In order to exclude the influence of residual stress present in ZrN before 

loading, the change of elastic energy is calculated by ∆𝐸𝑒𝑙
𝑃 = 𝐸𝑒𝑙

𝑃 − 𝐸𝑒𝑙
0N for each load step. In 

case of the NDP, only the data up to a distance of 5 µm from the tip was included in the 

calculation to ensure a constant volume for the calculation of the strain energy.  
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Supplementary Note 12: Analytical elastic and hardness considerations of 

the cylinder contact 

The contact problem given by the nc diamond coated indenter tip and the SL thin film can be 

interpreted by the elastic solution of the cylindrical contact given by Hertz21,33. For this solution, 

we have to consider the reduced modulus 𝐸∗, which is defined as follows 

1

𝐸∗
=

1−𝜈ZrN
2

𝐸ZrN
+
1−𝜈nc diamond

2

𝐸nc diamond
,    (S11) 

where 𝐸ZrN = 200 GPa and 𝐸nc diamond = 460 GPa are the Young’s moduli of ZrN and diamond 

obtained from the microcantilever bending experiments9, while 𝜈ZrN = 0.25 and 𝜈nc diamond =

0.15 were estimated from literature51. Additionally, the average radius of contact 𝑅 has to be 

considered, which is defined as follows 

1

𝑅
=

1

𝑅ZrN
+

1

𝑅nc diamond
,    (S12) 

where 𝑅ZrN is considered to be infinite and thus 𝑅 = 𝑅nc diamond = 5.8 µm, as determined by 

the SEM analysis of the indenter tip. These two considerations allow to evaluate the elastic 

contact pressure 𝑝0, which is defined as  

𝑝0 = √𝑃∙𝐸
∗

𝜋∙𝑙∙𝑅
,     (S13) 

where 𝑃 and 𝑙 are the applied load and the length of contact, respectively. Finally, the half-

length of the contact is defined as follows  

𝑎2 = 4 
𝑃∙𝑅

𝜋∙𝐸∗∙𝑙
,     (S14) 

Using this considerations by Hertz, Ewen M’Ewen22 solved the 2D stress distributions of the 

line contact of two cylinders by introducing two generalized coordinates 𝑚 and 𝑛, which are 

defined as 

𝑚2 =
1

2
[(√(𝑎2 − 𝑦2 + 𝑧2)2 + 4𝑦2𝑧2)+ (𝑎2 − 𝑦2 + 𝑧2)]   (S15) 

and 

𝑛2 =
1

2
[(√(𝑎2 − 𝑦2 + 𝑧2)2 + 4𝑦2𝑧2)− (𝑎2 − 𝑦2 + 𝑧2)],   (S16) 

where 𝑦 = 0 and 𝑧 = 0 are defined as the point of contact, while 𝑚 and 𝑛 have the same signs 

as 𝑧 and 𝑦, respectively. The 2D stress tensor can then be described as  

(

𝜎yy
𝜎zz
𝜎yz

) = −
𝑝0
𝑎
∙

{
 
 

 
 𝑚 (1 +

𝑧2+𝑛2

𝑚2+𝑛2
)− 2𝑧

𝑚 (1 −
𝑧2+𝑛2

𝑚2+𝑛2
)

𝑛 (
𝑚2−𝑧2

𝑚2+𝑛2
) }

 
 

 
 

.   (S17) 
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The hardness of the cylindrical contact52 is defined in analogy to the Meyer hardness53 as 

follows:  

𝐻𝑐 ≈ 2.24 ∙ 𝜎y,    (S18) 

where 𝜎y is the yield stress of the indented material. Reversing the argument of Tabor and later 

works16,17, where the indentation hardness 𝐻𝑖 of a material is related to the yield strength by a 

factor of 2.8-3, the hardness of the cylindrical contact can be defined as follows: 

𝐻𝑐 ≈ 0.75 ∙ 𝐻𝑖 − 0.8 ∙ 𝐻𝑖.    (S19) 

Furthermore, the analogy to the Meyer hardness53 can be driven further, using the sample 

thickness (l = 56 µm) in beam direction, the applied load (P = 2.0 N) and the Hertz’ contact 

width (2a = 2.66 µm) to derive the contact hardness as follows: 

𝐻𝑐 =
𝑃

𝑙∙2𝑎
.    (S20) 

Inserting the individual parameters, a contact hardness 𝐻𝑐 of ~13.4 GPa is obtained from the 

experimental data. 
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Supplementary Note 13: Eigenstrain-based FE analysis to recreate the 

stress distributions in the ML thin film 

The contact problem was simulated using the finite element (FE) method for the ML film. 

Unlike conventional process models, the simulation was designed to accommodate the 

eigenstrains39,54,55 inherited from the deposition of thin film layers. This involved defining the 

eigenstrain field assumed to vary only along the surface normal (𝑧-axis) expressed as a high-

order polynomial function detailed in Eq. S18. The implementation uses the formulation 

derived from a previous study that introduced the voxel-based eigenstrain reconstruction 

method55. Parameters for the 14th-order polynomial function were determined through least 

squares fitting by matching the reconstructed residual stresses to the profile of the 𝜎yy stress 

component obtained from synchrotron X-ray diffraction analysis: 

𝑒∗(𝑧) = 𝑝0 + 𝑝1𝑧
𝑛 + 𝑝2𝑧

𝑛−1+. . . +𝑝𝑛𝑧
1 + 𝑝𝑛+1   (S21) 

Only the 𝜎yy stress component of eigenstrain was imposed based on the following assumptions 

that equibiaxial eigenstrains form along the 𝑦- and 𝑧-axes during layer deposition, eigenstrains 

along the 𝑥-axis (beam direction) do not affect the residual stress and deformation behavior due 

to lack of constraint in that direction in the thin coupon studied and eigenstrains along the 𝑧-

axis do not affect the residual stress state due to the proximity of the surface that causes relief. 

The indentation process was simulated by FE modelling of the contact between the indenter 

and the multilayer. The coated layers (ZrN, CuZr, and the Si substrate) and the indenter (sc and 

nc diamond) were meshed using 3D, 8-node linear solid continuum elements (C3D8 and 

C3D8R) to accurately capture the stress tensor during deformation while satisfying 

computational efficiency. To achieve this, the indenter was represented as a cylindrical body 

with a radius of 5.8 µm, consisting of an inner layer of sc diamond with a radius of 2 µm and 

an outer layer formed from nc diamond with a thickness 3.8 µm corresponding to the physical 

dimensions of the knife edge. The domain encompassing the ZrCu-ZrN thin film layers and the 

Si substrate was modelled as a single part with distinct material properties. The dimensions of 

the ML film in the 𝑦𝑧-plane were set at 20 by 6.06 µm. A fine mesh density with an element 

size of 125 nm was employed throughout the contact zone and critical deformation regions to 

ensure numerical accuracy and proper resolution of the stress gradients during indentation. 

Additionally, the cylindrical indenter tip and orthogonal body of the ML film were created with 

an thickness of 125 nm equal to the size of two cubic hexahedral elements. A symmetry 

condition defined at all surfaces of the hexagonal body except the indentation surface satisfied 

modelling the continuity of the model domain. The bottom face of the Si substrate was fully 

constrained in the vertical displacement direction (u2 = 0). The outer faces along the y-axis were 
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constrained from moving in the y-direction (u1 = 0), and the front and back faces along the x-

axis were constrained in the x-direction (u3 = 0) to simulate a continuous coating. A linear 

elastic-ideal plastic constitutive model (zero strain hardening) was utilized for the all materials, 

while material properties of this finite element model are given in Table S1. 

 

Table S1. Material properties of the multilayer thin film layers 

 Young’s Modulus 

[GPa] 

Poisson’s Ratio 

[-] 

 Yield Strength 

[GPa] 

ZrN23 380 0.26  7.0 

ZrCu27 55 0.35  1.8 

Si28 155.0 0.20  4.3 

nc diamond9,56 460 0.15  22 

sc diamond57 1120 0.07  - 

Furthermore, the interaction between the indenter and the top ZrN coating surface was defined 

using a surface-to-surface contact formulation with finite sliding kinematics. To systematically 

investigate the effect of energy dissipation and shear stress transfer at the interface, the 

coefficient of friction (μ) was parametrically analyzed at values of 0.0 (frictionless), 0.5, and 

1.0 utilizing an isotropic penalty friction formulation. The analysis was solved implicitly using 

the standard within the commercial Abaqus software. Nonlinear geometric effects were enabled 

to account for large deformations and contact updates during the deep indentation process. 

Standardized convergence criteria within the commercial Abaqus software were utilized for 

force and displacement residuals, with an initial increment size of 0.01 and a minimum 

allowable time increment of 10-8 to ensure strict numerical stability during the highly nonlinear 

contact phase. 
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