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Abstract

Quantitative information on the strength of interfaces between thin ceramic coatings and
their substrates is crucial when aiming to understand their failure behavior. Many
technically relevant substrate-coating interfaces are not ideally planar, but rather rough
and contain stress concentrators forming three-dimensional defect structures. An example
for such a realistic case, a polycrystalline diamond coating that partially penetrates voids
and cavities in its Co binder-depleted WC-Co hard metal substrate, was investigated
within the current with respect to its interface strength. Special focus was laid on the
influence of the applied load direction on the observed fracture behavior. Micromechanical
specimens were produced via focused ion beam milling as geometry variants of a micro
shear compression specimen with their loaded areas’ relative inclination towards the
substrate-coating interface of 0°, 30°, 45°, 60°, 75° and 88°. Specimen loading was
performed until fracture with a flat punch indenter in a scanning electron microscope. The
recorded fracture loads were associated with the spatial stress distributions at fracture via
finite element-based analysis. A plateau of the determined maximum principal stress
triggering fracture in the ceramic-ceramic interfaces was found for inclination angles 245°.
This plateau value was identified as the interface strength by observation of the crack path
at the substrate-coating interface via scanning electron microscopy and analysis of the
effectively loaded interface area values.
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1. Introduction

In many applications the performance of components exposed to tribological loads is
enhanced by thin ceramic coatings. For example, protective hard coatings are an
established solution to enhance the productivity of metalworking tools in production
processes such as milling, turning or drilling [1]. The loss of the coating in application is
highly detrimental to the performance of the coated structure, e.g. a cutting edge of a
milling tool that experiences accelerated wear when deprived of its coating [2]. Coating
loss may be caused by wear or formation of cracks, e.g. those that propagate along the
substrate-coating interface and lead to coating decohesion. Gradual coating wear is often
the preferred failure mode of coated structures, since it does not occur suddenly as the
formation of cracks. Coating decohesion is influenced by numerous factors such as the
magnitude of load stresses compared to the substrate’s yield strength [3], the load stress
ratio [4] as well as residual stresses in coating [5],[6] and substrate [7], respectively.
Tensile load components are most critical with respect to crack initiation and growth in
homogeneous materials, as well as at interfaces between metallic phases [8] and even
more so between ceramic materials [9]. This is especially relevant when interfaces
themselves are not planar but three-dimensionally rough. A very general definition of
three-dimensional (3D) interfaces was suggested in [10] as “interfaces with hetero-phase
character that extend out-of-plane into the two phases they join, and are chemically,
crystallographically, and / or topologically divergent in three dimensions”. Interfaces with



a 3D defect structure are also given when interfacial inhomogeneities that act as sites of
stress concentration reach out-of-interface-plane. A good example for such a case are
diamond thin films on WC-Co hard metal substrates [11]. In this system, the metallic Co
binder acts as a catalyst for the formation of graphite during chemical vapor deposition of
the coating. Therefore, the Co is etched out of the substrate material to facilitate the
growth of the coating in diamond structure and avoid the formation of graphite [12]. The
etching gives rise to a binder-depleted zone in the WC-Co substrate with a rough surface
and complex-shaped partially interconnected cavities that are in part filled by the coating
during its deposition [13]. Coating decohesion is crucial to this system, since it hinders the
further propagation of its use in machining of non-carbide forming metal components,
where it has shown great potential to improve machining productivity [14].

A thorough understanding of the strength of interfaces between coatings and their
substrates is essential when trying to understand and avoid coating decohesion. Most
methods available for the characterization of the strength of interfaces only yield
qualitative rankings for certain loading scenarios, but no quantitative interface strength
information [15]. Typically, they also do not take account of the possible influence of a
variation of the orientation of the external load on the determined strength value, i.e. a
possible texture of a 3D interface defect structure. An example for the mentioned
shortcomings are indentation techniques that lack the quantitative and inter-situative
comparability of their results and currently do not allow for a direct control of the directions
of the stresses that lead to interface failure [15],[16]. Also scratching-based methods lack
quantitative result comparability due to the complex and transient stress fields arising at
the tested interfaces [17],[18]. Micromechanical testing and interpretation of the stress-
strain evolution during testing, combined with electron microscopy-based investigation of
the um-sized specimens can be used to address the discussed issues [19]. Some of the
proposed methods enable to study interface strength by bending to impose a tensile load
at interfaces [19],[20], use a push-to-shear device to impose shear stresses [21], or load
interfaces that are inclined with respect to the direction of a compressive load [22],[23].
The last-mentioned techniques are interesting since in many applications, tension,
compression and shear load components act simultaneously [24] and should thus be
induced in laboratory test setups. Some documented efforts to do so have fallen short of
demonstrating fracture at the studied strong interfaces [25], or induced strong
plastification before plastic shear-off close to the studied metal/metal [22] and metal-
ceramic interface [23] instead of interface fracture. Many proposed micromechanical test
methods evaluate fracture properties of structures notched by focused ion beam (FIB)
milling, also under multiaxial loading, but are not directly applicable for determination of
substrate-coating interface strength [26],[27].

Another micromechanical test method uses a micro shear compression (MSC) specimen
to induce fracture at ceramic-ceramic interfaces by the sought combination of tension,
compression and shear load, with the quantitatively determined tensile load component,
pointing in an out-of-interface-plane direction, referred to as the interface strength [28].
This geometry [28], however, is not yet capable of varying the applied load direction. Such
possibility would be useful when studying the strength behavior of interfaces with a 3D



defect structure and the possible influence of defect-orientation effects, i.e. defect texture,
on the observed strength.

The current work presents a material testing method involving modifications of an MSC
specimen geometry. Its capability to induce interface fracture and to deliver quantitative
interface strength values will be advanced to study the strength of larger interface areas
with a 3D defect structure under variable external loading directions.

2. Methodological approach
2.1 Investigated materials

The samples investigated in the current work were made of a WC-Co hard metal (provided
by Ceratizit Austria) with a Co binder content of 6 wt.% and an average WC grain size of
500 nm to 800 nm. The used samples had a cuboid shape with dimensions of 12.7 mm x
12.7 mm x 3.18 mm. The samples were job-coated with the commercially available
nanocrystalline diamond coating of type BALINIT DIAMOND PLUS by Oerlikon Balzers in
a chemical vapor deposition (CVD) process [12]. The average thickness of the diamond
coating, determined via scanning electron microscopy (SEM) in a cross section prepared
by FIB milling, was 8.5 um, see Fig. 1a). The expected removal of all Co binder metal from
the Co-depleted region of the substrate [12] was checked and confirmed by energy
dispersive electron spectroscopy (EDX) mapping, see Fig. 1b).

2.2 Nanoindentation experiments

Nanoindentation experiments were conducted at room temperature on cross sections
prepared via grinding and polishing using a nanoindenter (G200, Keysight, now KLA)
equipped with a diamond Berkovich tip (Synton MDP, Nidau, Switzerland). 50 indentations
were made in a rectangular pattern over the ion slicing polished sample cross section
covering the three regions: CVD diamond, Co-depleted zone, and bulk WC-Co hard metal,
see Fig. 1c). Only indents that were clearly assignable to a respective zone were
evaluated - 16 indentations located at or close to a transition zone between the regions
were therefore not taken into account. Hardness and Young’s modulus were acquired at
constant indentation strain rate (0.05 s™') to a preset indentation depth of 90 nm to 95 nm
and were evaluated as proposed by Oliver & Pharr [29] from the continuous measurement
of contact stiffness. Tip shape and frame stiffness calibrations with fused silica were
performed at regular intervals. [30]



Fig. 1: SEM micrographs of cross sections of the investigated WC-Co hard metal sample coated
with nanocrystalline diamond: a) FIB cut in backscattered electron contrast mode, b) image from
a) with overlaid EDX scan to visualize the spatial distributions of the chemical elements Co
(green), W (red), C (yellow), and Pt (blue — protective layer for FIB cutting), c) sites of the
performed 50 nanoindentations indicated by red dots in the areas: 1: diamond coating, 2: Co
binder-depleted zone, 3: bulk WC-Co hard metal [30]. For reference to color, the reader is referred
to the online version of this article.

2.3 Micromechanical testing

To study the failure behavior of the substrate-coating interface, micromechanical tests
were performed. The tested specimens were produced from the coated hard metal
described in section 2.1 via cutting, grinding and polishing to yield a rectangular geometry
with a minimal thickness of 300 um. Subsequent thinning was performed using a low
energy focused Ar* ion beam, which led to a minimum specimen thickness of 20 ym,
thereby saving machining time during the final shaping step involving FIB milling [31]. The
specimen geometries tested in the current work represent variants of an MSC specimen
geometry introduced previously [28] to enable a variation of the direction of loading
towards the substrate-coating interface. To this end, the orientations of the individual
specimens loaded areas were varied stepwise from 0°, i.e. parallel orientation, towards
the substrate-coating interface, via 30°, 45°, 60° and 75° to 88° relative inclination, see
Fig. 2. The specimen variants shall hence be referred to as “micropillar” for the variant
with parallel orientation of the loaded area towards the interface, and MSC-X°, with X
referring to the respective relative inclination.

Specimen loading was performed using a conductive diamond flat punch indenter with 16
pm diameter (Synton-MDP, Nidau, Switzerland) mounted on an UNAT-1 (Asmec, Zwick-
Roell, Germany) within a field emission SEM (LEO 982, Zeiss, Oberkochen, Germany) in
directions indicated by thick white arrows in Fig. 2. The load was applied under
displacement control with a constant displacement rate of 15 nm s™'. A load-displacement
curve was recorded for each compression fracture experiment. The specimen dimensions
width w, depth d and maximum coating dimension in thickness direction {, as exemplarily
indicated in Fig. 2a) and Fig. 2b), were determined after sample preparation via SEM. Due
to FIB cutting characteristics, the specimen cross sections were slightly trapezoidal. The
width values w given in Table | represent the mean values of specimen width determined
at front and back side of the individual specimens. The Co-depleted zones had a thickness



of about 3.3 ym in all specimens. Note that the interface between coating and Co-depleted
zone was rather rough and that it contained material inhomogeneities, hence referred to
as defects, in the form of cavities and voids as marked by ovals in Fig. 2g). Also, the Co-
depleted zone contained defects within its volume, as marked by thin arrows in Fig. 2g).

Fig. 2: SEM micrographs showing the investigated specimen geometries, whereby thick white
arrows indicate the directions of loading. The areas of loading are inclined with respect to the
substrate-coating interface by: a) 0° (micropillar), b) 30° (MSC-30°), c) 45°(MSC-45°), d) 60°
(MSC-60°), e) 75° (MSC-75°), and f) 88° (MSC-88°). Note the inclined views in a) and b) to
exemplarily show the dimensions width w, depth d and thickness t, respectively. The white frame
in f) indicates a detail shown in g) with material inhomogeneities marked by ovals and thin arrows.

Table I: Dimensions of the investigated specimens determined by SEM, compare Fig. 2.

Specimen Width w Depth d Thickness t
geometry [um] [um] [um]

Micropillar 71 7.8 8.4




MSC-30° 10.0 8.2 6.0

MSC-45° 11.6 10.8 8.2
MSC-60° 10.6 9.9 5.5
MSC-75° 9.8 10.0 2.5
MSC-88° 9.2 10.3 4.4

2.4 Finite element (FE) simulation

FE simulations were performed to study the spatial distribution of stress at the interfaces
and within the Co-depleted zones of the investigated specimens at the respective
experimentally determined fracture loads. The simulations were conducted using the
commercial finite element software package Abaqus [32]. The specimen geometries used
in the simulations displayed in Fig. 3 were constructed using the dimensions given in Table
|. The slightly trapezoid shape of the horizontal specimen cross section was considered
by using the mean value of the specimen width determined from front and back side
measurements of the individual specimens, as given in Table |. The simulations did not
consider any roughness of the loaded surfaces or interfaces, neither did they account for
small possible misalignments between contacting surfaces of flat punch and loaded
specimen, which can occur in real-world experiments [30]. Quantitative information on the
3D geometric shape distribution of the internal bulk notches in the Co-depleted zone of
the specimen were not available or considered in the current FE model’s assumptions.
The geometry models of the investigated specimens are mounted on elastic WC-Co
blocks, which represent the substrate regions of the individual experiments. The models
with highly inclined loaded areas were placed at edges of the sample structure as in the
experiments in which this was done to avoid collisions of indenter and sample.



Fig. 3: Geometries of simulation models for the investigated specimens: a) micropillar, b)
MSC-30°, ¢) MSC-45°, d) MSC-60°, e) MSC-75°, and f) MSC-88°. The different colors/shadings
correspond to the material sections, i.e. from top to bottom: diamond (yellow), Co-depleted WC-
Co (red), and WC-Co substrate (grey). For a), the indenter acts on the top face of the diamond
region, whereas for all other cases, the indenter acts on the inclined left face of the diamond
coating, compare Fig. 2.

Roughly 100.000 hexahedron elements with linear shape functions and reduced
integration (C3D8R) were used to discretize the specimens. The element size close to the
interfaces was approximately 0.1 uym. Linear elastic material behavior was assumed for
all three relevant material sections with the relevant Young’s moduli derived from
nanoindentation experiments [30], see Table Il. The listed Poisson ratios for CVD diamond
and the hard metal were taken from [33] and [34], respectively. The Poisson ratio of the
Co-depleted zone used in the simulation was slightly larger than for the solid composite
WC-Co, according to FE-based predictions of the dependence of porous materials’ lateral
contraction behavior on porosity, pore shape and solid material Poisson ratio [35]. The
volume removed by etching, resulting in the porosity of the Co-depleted zone, was
assumed to be equivalent to the volume of Co binder metal, which is approximately 9
vol.%. The unknown exact residual stress value in the coating was considered in a
physically reasonable range, with simulations performed without residual stress as well
as with compressive residual stresses of -1000 MPa and -2000 MPa [36],[37],
respectively. The Co-depleted zone and the WC-Co substrate were assumed as residual
stress-free.



Table II: Hardness, Young’'s Modulus determined via indentation [30] and Poisson ratio of CVD
diamond [33], Co-depleted zone [35] and hard metal [34].

Hardness Young's Modulus Poisson ratio
Region of investigation [GPa] [GPa] [-1
CVD diamond 7127 816 + 24 0.069
Co-depleted hard metal 2024 472 + 56 0.24
WC-Co hard metal 31+£4.8 689 + 90 0.22

The effectively loaded volumes Verrof the Co-depleted specimen regions were determined
for the investigated specimens by evaluation of Eq. (1) [38]:

Vory = I (Z22)™ av (1)

Omax

There, Vis the volume of the specimens’ Co-depleted region, o7 the first principal stress,
and omax is the maximum first principal stress in the Co-depleted specimen volume V. The
Heaviside function H(x) delivers 1 if x = 0 and zero if x < 0. It neglects compressive
(negative) stress values and takes only tensile (positive) stresses into account. my is the
Weibull modulus that describes the scatter of strength of the material volume which is
currently unknown for the Co-depleted zone. Calculations of Ver were performed for
values of mv including 20, 30 and 40, i.e. in a range of values known to occur in unetched
WC-Co hard metals [39]. In the numerical implementation of Eq. (1), the integral was again
substituted by a sum over all integration points. The stress was evaluated at the
integration point level using the volume which is associated with each integration point.

To assess failure in the substrate-coating interface, an effectively loaded substrate-
coating interface area Aerr was determined defined in analogy to Ver for the investigated
specimens:

Aogy = J (222" a4 @

Omax

There, A refers to the area of the substrate-coating interface — in particular the interface
between the Co-depleted zone and the diamond coating, o7 is the first principal stress,
and omax is the maximum first principal stress in the interface. m; is the Weibull modulus
that describes the scatter of interface strength. Its value is currently unknown for the
investigated interface due to an insufficient number of strength experiments [9].
Calculations of Aesr were performed for 16 values of m between 5 and 80 with a step size
of 5. In the numerical implementation of Eq. (2), the integral was again substituted by a



sum over all involved integration points. The stress was evaluated at the individual
integration points using the integration point’s associated interface area.

3. Results and discussion

The load-displacement data recorded during specimen loading from initial indenter-
specimen contact until the moment of specimen fracture are displayed in Fig. 4. All tested
samples exhibit brittle behavior, with linear elastic loading followed by rapid catastrophic
failure. Note that the observed different slopes for the individual experiments result from
different compliances of the respective indenter-specimen geometry combinations.
However, for the further quantitative considerations regarding the fracture behavior, the
load at fracture is of most relevance.
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Fig. 4: Load-displacement data until fracture under compression for the investigated specimens:
micropillar, MSC-30°, MSC-45°, MSC-60°, MSC-75°, and MSC-88°; compare Fig. 2 for the
respective labels. For reference to color, the reader is referred to the online version of this article.

The respective SEM micrographs of the specimens’ state after fracture are provided in
Fig. 5. For an animated impression of the conducted experiments, see the videos in the
supplementary material. In Fig. 5a), fragments of the specimen with intact interface
between diamond coating and substrate are still visible, with two crack planes running
roughly perpendicular to the loaded coating surface of the micropillar. This observation
indicates that the propagation of fracture did not occur at the substrate-coating interface
in this specimen. As seen in Fig. 5b) and Fig. 5c), the specimens MSC-30° and MSC-45°
were destroyed by the elastic spring back of the indenter, i.e. a sudden distinct
displacement increase, due to the release of elastic energy stored in the loaded assembly
of indenter and specimen. Therefore, it was impossible to attain information regarding the
origin or propagation path of the crack that lead to failure of these two specimens. In
contrast, evidence for crack propagation at the substrate-coating interface can be gained
from the attained SEM micrographs for three of the investigated specimens, namely for



MSC-60°, MSC-75° and MSC-88°, see Fig. 5d), Fig. 5e) and Fig. 5f), respectively. A
comparison of the contours of the interface before fracture and the detached coating
fragment’s lower side after fracture, compare Fig. 2e) and Fig. 5e), provides a clear
indication that crack nucleation and propagation occurred along the interface in the case
of MSC-75°.

The elastic indenter spring back partly damaged the remains of specimens MSC-60° and
MSC-88° after specimen fracture by crushing their sides facing the indenter, see Fig. 5d)
and Fig. 5f), respectively. Still, undamaged crack flank portions of equal shape remain at
the bottom side of the coating and top side of the substrate, see white and black ovals in
Fig. 5d) and Fig. 5f), indicating that crack nucleation and propagation occurred at the
substrate-coating interface. The crack path deviations away from the interface after having
crossed some of the specimens’ cross-section, as observed in Fig. 5d) and Fig. 5f), can
be rationalized by considering that in brittle solids cracks can reach velocities in the order
of considerable fractions of the speed of sound [40]. The indenter approaching the
specimens from the left-hand side imposed some bending loading with compressive loads
portions at the right-hand specimen side. Because the cracks propagate about as fast as
internal stresses can relax in the later stages of their accelerated propagation, they avoid
regions still under compressive stress as they approach, by changing direction and
deviating from their initial path along the interface. This phenomenon is also known as
“‘compression curl” [41].



Fig. 5: SEM micrographs of the specimens after fracture: a) micropillar, b) MSC-30°, ¢c) MSC-45°,
d) MSC-60°, e) MSC-75°, and f) MSC-88°. Corresponding sites on the fracture surfaces on
substrate and coating side are marked by black and white ovals in d) and f), respectively.

The given differences in specimen geometry, size, interfacial area and loading direction
with respect to the substrate-coating interface demanded a detailed assessment of the
stresses acting in the specimens at the moment of fracture. The FEM-based evaluation of
spatial stress distributions was focused on the Co-depleted zone including the interface
towards the coating for all geometries, as SEM micrographs indicated interface fracture
for three out of six investigated specimen types, compare Fig. 5. The 3D contour plots of
the spatial distributions of the maximum principal stress at and below the substrate-
coating interface at fracture load are shown in Fig. 6. The top face in each subfigure
represents the interfaces between diamond coating and Co-depleted WC-Co. The
exemplarily shown cases represent the calculations for the most reasonable value of
1 GPa compressive residual stress in the coating [36],[37]. When comparing the
distributions in Fig. 6, it is apparent that the concentration of maximum principle stress
becomes more pronounced with rising relative inclination between loaded area and
interface. Assuming equal probability of failure of bulk and interface regions, this is a factor
fostering interface fracture.
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Fig. 6: Maximum principal stress distribution in the Co-depleted zones at fracture load for the
specimens: a) micropillar, b) MSC-30°, ¢c) MSC-45°, d) MSC-60°, e) MSC-75°, and f) MSC-88° for
1 GPa compressive residual stress in the diamond coating. The top face represents the interface
between diamond and Co-depleted WC-Co. For reference to color, the reader is referred to the
online version of this article.

Fig. 7a) displays the largest values of maximum principal stress acting at the substrate-
coating interface of all investigated specimens. The maximum principal stress at the
interface of the micropillar has a value of zero for all assumed residual stress states, see
Fig. 7a). This corroborates the conclusions drawn from the available fractographic
evidence from Fig. 5a), namely that fracture did not start at the interface in this specimen
type. The maximum principle stress value determined for MSC-30° is greater than zero
and rises with increasing assumed compressive residual stress in the coating. This makes
sense, as in-plane compression gives rise to out-of-plane tension due to a buckling
tendency of the coating [42]. The determined orientations of the maximum principal
stresses indicated by the green double arrows in Fig. 7a) are about perpendicular to the
direction of the external loads. This can be rationalized considering that the tensile
stresses are induced by lateral strains oriented about perpendicular to the external load.
The mentioned stress values determined for MSC-30° cannot be interpreted physically in
a concise fashion, since the specimen was destroyed by the indenter spring back and no
information about the fracture path is available. Strikingly, the maximum principal stresses
at fracture determined for the MSC specimens with inclination angles 245° assume a
plateau value of about 1600 MPa. The evidence for crack origination and propagation at
the interfaces of MSC-60°, MSC-75° and MSC-88°, see Fig. 5d) to Fig. 5f), suggests that



this stress plateau can be related to an interface strength property. The determined
strength values are influenced by the unknown exact value of residual stress in the
coating, as described before for the case of MSC-30°.
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Fig. 7: Local maxima of stress at fracture load for the MSC-X° specimens with different loading
area inclinations X with respect to their internal substrate-coating interface: a) maximum principal
stress at the interface between diamond coating and Co-depleted WC-Co. Double arrows
represent the stress direction with respect to the horizontal interface; b) pressure stress in the
volume of the Co-depleted zone. Three residual stress states of the diamond coating were
evaluated for each specimen: -2, -1 and 0 GPa, respectively.

The largest absolute values of the pressure stress, i.e. the negative one-third of the trace
of the stress tensor, acting in the volumes of the Co-depleted zones at the moment of
fracture, are displayed in Fig. 7b). Compared to the specimens MSC-60° to MSC-88°, the
level of pressure stress acting in the volumes of the micropillar, MSC-30° and MSC-45°
at the moment of fracture is significantly higher, see Fig. 7b). A possible interpretation of
this observation is that a change in fracture mode from interface fracture to fracture
originating in the substrate bulk is fostered by high pressure stress values. Tensile
stresses that may trigger failure of specimens with high levels of pressure stress can be
caused by compression at notches — also equiaxed ones — in the bulk of the Co-depleted
zone. Note that the highest pressure stress value was found for the MSC-45° specimen
in the current comparison, see Fig. 7b). Since the largest maximum principle stress
determined at fracture load of this specimen is far lower than the pressure stress value,
and quasi equal to the so-interpreted interface strength plateau value, it is likely that failure
was triggered at the interface of this specimen.

Note that the well-known size effect on strength predicts an inverse relation of effectively
loaded area or volume with the fracture stress observed in strength experiments for brittle
materials [9]. The same concept is applied here to the interface area Aer. Fig. 8a) shows
the Aer results for all investigated specimens for the unknown Weibull moduli m; in the
range of 10 £ m; < 50. The m; values 20, 30 and 40 are considered as a likely relevant
value range, as it is observed in unetched WC-Co hard metals [39]. The Aer results for
this range are shown in Fig. 8b) as a function of the loaded area’s inclination. From Fig.



8a) and Fig. 8b) it becomes apparent that the smallest value of interface strength
determined for MSC-60°, see Fig. 7a), coincides with the maximum of the effectively
loaded interface area of all investigated specimens. There is no apparent correlation of
the individual values of the stress plateau with the values of the effectively loaded volume
Verr of the Co-depleted zone of the specimens, that is shown in Fig. 8c) as a function of
the loaded area’s inclination. In combination, these findings corroborate the notion that
fracture actually originated at the interface and not in the volume of the Co-depleted zone
of the specimens that formed the maximum principal stress plateau in Fig. 7a). This also
means that the maximum principle stress plateau in Fig. 7a) actually represents the
interface strength.

The origins of the cracks that lead to failure in those specimens that form the strength
plateau in Fig. 7a) are interpreted to be of similar nature as the defects located at or just
below to the substrate-coating interface indicated exemplarily by the red ovals in Fig. 2f).
These defects form sites of stress concentration with a volatile spatial orientation. This
gives rise to rough fracture surfaces, as visible in Fig. 5d) to Fig. 5f). The 3D shape of
these fracture surfaces is visible most clearly in the case of MSC-88° below the white oval
in Fig. 5f). The wide range of orientations of the facets on this fracture surface, along
which the crack propagated, gives an impression of the 3D arrangement of the defects
present at the tested interfaces. Evidently, the partial penetration of the diamond coating
into the Co-depleted zone left behind cavities that remained effective stress concentrators
located either directly at the substrate-coating interface, or just below the topmost WC
grain adjacent to the coating. After nucleation, the cracks preferred to propagate along a
path featuring these mentioned locations, at least before deviating from it in the last
section of their path due to stress relaxation kinetics as described before. Thus, the
investigated interface fulfills the definition of a 3D interface [10] and its dimensionality D
is not described by 2 < D < 3, as in descriptions of surfaces or interfaces as fractal-like
objects [43] with a similarity cut-off at the nm length scale [44].

The apparent insensitivity of the determined strength values to the orientation change of
the maximum principal stress with respect to the substrate-coating interface, indicated by
the green double-arrows in Fig. 7a), can be rationalized as follows: The defects at or just
below the interface approximate prismatic-shaped cavities that exhibit variable
orientations, compare left and right oval in Fig. 2f). During loading, the largest and
sharpest interfacial notch, with its longest axis orientated most perpendicular towards the
external load, experienced the largest stress concentration and formed the origin of
fracture. Note that the largest individual WC grains were identified to be origins of bulk
fracture for small values of Ver for the investigated type of substrate material in the
unetched state for a wide range of possible microstructures [45]. In general, the etching
procedure performed prior to coating deposition leads to removal of the Co binder phase
and leaves behind a contiguous skeleton of WC grains with cavities [12]. It can therefore
be assumed that the size of defects at the investigated interface is proportional to the size
of the WC grains. It seems thus reasonable that the about 230 WC grains present at the
substrate-sides of the approximately 100 ym?-sized investigated interfaces, cf. Table |,
are sufficient to yield representative information on the interface defect population, i.e. the



interface strength. They apparently were sufficient to indicate representative information
on the interface strength, even though the exact sizes of Aer were not determined
quantitatively, compare Fig. 8, due to the unknown Weibull modulus m,.

Interface strength scaling with Aer is very likely to be generally relevant, as in the known
case of Ve variation, for which the observed strength behavior changes significantly when
Verr values, e.g. of metalworking tools [46], surpass a certain limit in application. Then, a
second, on average larger, defect type of a globally bi-modal defect size distributions was
observed to become fracture-relevant [39]. In this respect, one should consider that
interface inhomogeneities can be present only at specific lateral locations of the substrate-
coating interface, e.g. as documented for a location close to the cutting edge of a hard-
coated metalworking tool [47]. In such a case, interface strength tests should be
performed on the specific locations at which inhomogeneities are to be expected and on
such ones without their presence to assess their relevance. In this context, the distinction
between Weibull moduli m; and my, describing the respective strength scatter of interface
and material bulk made in the current work is relevant in quantitative failure probability
assessment of coated structures.
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It can be recommended to use MSC specimens with relative inclinations between loaded
area and investigated interface 260°, especially when trying to determine interface
strength in single MSC specimen geometry type experiments as executed in [28]. Below
that angle, bulk fracture initiation is fostered by: i) pressure stress components contributing
significantly to the stress state, and ii) the shift of the peak of the maximum principle stress
distribution towards the bulk with lower relative inclination between loaded area and
interface, as mentioned when discussing Fig. 6.

Future applications of the currently proposed technique could be aimed at determination
of interface strength changes that result when substrate-coating systems with three-
dimensionally rough interfaces are intentionally modified to enhance their properties. An
example for such an effort is diamond-coated hard metal with its substrate’s Co-depleted
zone’s cavities filled with a metallic diffusion layer, e.g. Ta, to enhance coating-substrate
adhesion as described in [48]. Changes in the fracture mode depending on the load
orientation and a possible introduction of an interface defect texture may be associated
with this kind of interface modification. Also, cavities with some distance from the
substrate-coating interface in the Co-depleted zone, see arrows in Fig. 2f), could
unintentionally remain unfilled with the diffusing Ta metal, becoming the locations of
highest stress concentration and thus trigger bulk fracture. A thorough investigation of the
influence of the involved values of the used specimen’s Verrand Aer in application-relevant
size regimes on the observed strength behavior is recommendable. Last, but not least,
the performance of the described experiments at elevated temperatures, as relevant for
many applications [49], could yield quantitative information on the influence of
temperature on interface fracture strength.

4. Conclusions

The current work investigated the strength properties of the interface between a
nanocrystalline CVD diamond coating and the near-surface zone in a WC-Co hard metal
substrate that was depleted of its metallic Co binder by etching. The formed interface
featured a three-dimensional defect structure influenced by partial penetration of the
coating into cavities present in the substrate. Micromechanical testing was performed
using a micropillar and five geometry variants of the micro shear compression specimen
geometry with a systematic variation of the inclination between the applied load and the
above-mentioned interface from 0° to 88°. Finite element-based analysis revealed quasi-
constant values of the maximum principal stress at fracture for the loaded area’s
inclination towards the substrate-coating interface of 45°, 60°, 75° and 88°. Since for three
of the four investigated cases cracks were observed to propagate at the interface, the
constant value of fracture stress was interpreted as the strength of this complex 3D
interface.

The ceramic nature of the materials that form the investigated interface suggests that their
fracture behavior is governed by the size and orientation of the defects present in a 3D
arrangement of cavities partially penetrated by the coating. The determined constant
interface strength value indicates that: a) neither the low-symmetry geometry of the



cavities, nor the partial penetration of the diamond coating into the Co-depleted zone lead
to a strong dependence of the interface strength on the direction of load application (defect
texture), and b) the determined strength value is representative for the interface strength
for the imposed effectively tested interface area of about 100 um?2. The proposed materials
testing technique facilitates future efforts to improve the quantitative understanding of the
strength behavior of interfaces with three-dimensional defect structure. Especially the
dependence of interface strength on defect size distribution, defect texture and the
interface area size effect on strength remains still widely unexplored.

Dedication
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