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Abstract

The paper aims to investigate the failure modes induced by the Rockwell indentation
test on Diamond-Like Carbon (DLC)-based and AICrN coatings deposited on rolled and
additively manufactured Ti6Al4V substrates with different surface finishes and subjected
to two distinct post-process heat treatments, and the possible correlations with scratch
tests. At the magnification required to capture the entire Rockwell imprint, the adhesion
class of the investigated DLC-based and AICrN coatings could be incorrectly classified as
HF1. However, higher-magnification observations revealed numerous radial cracks and
non-uniformly distributed small delamination areas, changing the adhesion class to HF3.
Additionally, roughness values higher than 1 um hid the presence of radial cracks, which
aligned parallel to the deep dales and high peaks of the roughness profile, as investigated
by SEM. Likewise, in the scratch test, the rough surface also made the smallest cracks,
formed at the critical load L1, undetectable. The critical loads for spallation of the coating
in the scratch test (Lcp, Les) did not show significant correlation with the number of radial
cracks formed during Rockwell indentations. Consequently, a quick Rockwell indentation
cannot predict the scratch test results. Finally, both DLC-based and the AICrN coatings
exhibited good adhesion to Ti6Al4V substrates, regardless of the microstructure and surface
finish of the titanium substrates. SEM-FIB observations revealed that the cracks formed
during Rockwell indentation and scratch tests were deflected longitudinally within the
underlying layers of the DLC-based coating and in the bottom part of the AICrN coating,
where the N concentration was higher.

Keywords: Rockwell indentation test; hard coating; damage analysis; scratch test; titanium
alloy; additive manufacturing

1. Introduction

The Ti6Al4V alloy is the most studied and widely used lightweight titanium alloy due
to its high specific strength, corrosion resistance, and biocompatibility. Consequently, it
finds extensive use in various industrial applications such as prostheses, implants, and
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components for high-performance engines in motor race and aerospace vehicles [1,2].
Generally, Ti6Al4V components are produced through conventional manufacturing (CM)
processes, including forging, casting and rolling, and through subsequent post-processes
conferring the final shape. In contrast, Powder-based Additive Manufacturing processes,
such as Laser Powder Bed Fusion (LPBF), enable the direct production of near-net-shape
metallic components from a CAD model by adding metal powders layer by layer [3]. The
most significant advantage of LPBF is its capability to produce complex-shaped components
with high yield and ultimate tensile strength faster than the CM processes. However, the
presence of unprocessed powder particles in contact with the external surface of the
manufactured component can result in a rough surface finish [3-5].

Furthermore, the Ti6Al4V alloy is also characterized by limited wear resistance, which
can be improved through the deposition of hard coatings [6,7]. In this scenario, to achieve
a successful hard coating for various industrial applications, the adhesion strength to
the substrate is the most important aspect to evaluate. There are several qualitative and
quantitative characterization methods, including indentation and scratch tests, to guarantee
the reproducibility of the deposition process [8]. Both methods determine the adhesion by
applying a force to a thin and hard coating, though in somewhat different ways. A linearly
increasing, static normal load is applied during an indentation test; on the contrary, the
scratch test, by moving the sample with respect to the indenter, applies a combination of a
continuously increasing normal load and a tangential friction force.

More specifically, the Rockwell indentation test, according to the VDI (Verein
Deutscher Ingenieure) 3198 standard [9], is a well-established, cost-effective, and quick me-
chanical method to investigate the adhesion and brittleness of a hard coating on a substrate.
A conical diamond indenter is impressed into the coating surface, and the failures caused
by the extreme shear stresses induced at the coating/substrate interface and by the bending
stresses within the coating must be compared to a failure chart with six adhesion classes
(HF1-HF6). Several studies [10-23] have investigated the adhesion of hard coating using
the Rockwell VDI indentation test, but in-depth investigations of the damaged coating post-
indentation are scarce. According to the chart of adhesion classes, Rockwell imprints must
be entirely contained in an optical micrograph image. Due to the low magnification and
scarce resolution of conventional optical microscopes, the coated specimen may be better
analyzed if the Rockwell imprint edge is observed at higher magnification with appropriate
light contrast. The high magnification can reveal cracks and delamination areas overlooked
at lower magnification, potentially altering the adhesion class. However, the quality control
method for assessing the coating/substrate adhesion becomes more accurate and effective
when using a scanning electron microscope. Within this framework, in addition to the
mere SEM observations of the coating damages, Wiecinski et al. [16] conducted FIB-SEM
observations to investigate the failure mechanisms of Cr/CrN multilayer coating deposited
on a cast Ti6bAl4V alloy during nanoindentation. Similarly, Azizpour et al. [24] investigated
the failure mechanisms of a CrN/TiN multilayer coating deposited on a Custom 450 steel.
Kleinbichler et al. also used FIB-SEM to study the spallation between a multilayered thin
film and a silicon substrate after spherical indentation [25].

The scratch test has been investigated in somewhat more detail, and several studies
have appeared where the failure modes were described. FIB-SEM observations were
conducted by Bird et al. [15] in the failure mechanisms in a Diamond-Like Carbon (DLC)-
coated silicon wafer during a scratch test. More in general, ever since the pioneering work
by Bull [26-28], the scratch failure modes have been studied in detail, coupling experimental
and numerical methods as exemplified by the systematic work by Holmberg et al. [29-31].
The recent review by Randall [32] thus concluded that the scratch adhesion test is a rather
mature method that can be applied both in laboratory and production settings.
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However, few authors investigated the comparability between the results of the Rock-
well indentation and the scratch adhesion test. Among the few extant works, Oss Giacomelli
et al. [33] compared the Rockwell indentation and the scratch tests to evaluate the adhesion
of a DLC-based film on nitrided steel substrates with two different roughness values, find-
ing a reasonable correlation between the delamination area induced by the indentation test
and the critical load for the first adhesive failure in the scratch test. However, the scope of
this work is very limited, and its conclusions are hardly generalizable. Likewise, Konuru
et al. [34] compared the two methods to measure the hardness of magnetron-sputtered
films of W and W-Ta deposited on a steel substrate at two different process temperatures
and with or without a Cu interlayer. Again, they found a similarity in the rankings of
adhesion strength by the two methods, but the findings are hardly generalizable.

Therefore, this paper aims to evaluate the comparability between the results of scratch
and Rockwell indentation tests applied to two types of thin-film coatings deposited on
Ti6Al4V substrates with a range of different surface conditions. In addition, this paper also
evaluates in detail the damage (i.e., cracks and delaminations) produced by the Rockwell
indentation test, which, as explained above, has been studied in less detail than the scratch
adhesion test.

2. Materials and Methods
2.1. Choice of Coating/Substrate Combinations

DLC-based and AICrN coatings were chosen in this work because they are represen-
tative of two of types of protective films most frequently encountered in the industrial
practice. The AICrN is a monolayer, crystalline film; the DLC-based coating is a multilayer
system ending with a completely amorphous top layer. The coatings were deposited on
various Ti6Al4V substrates (Figure 1).

Figure 1. Schematic representation of the experimental procedure where the Ti6Al4V bars are
depicted: (1) in the as-manufactured shape (the z-axis represents the build direction in the LPBF
process), (2) after cutting of the 15 x 13 x 5 mm coupons, (3) after deposition of the AICrN or the
DLC-based coating, and (4) during testing.

The surface conditions of all substrates were varied by acting on three parameters:

1.  The substrate fabrication method: LPBF and conventional rolling. This influences
the microstructure of the material and, therefore, its mechanical properties [35,36]
and the mechanical support provided to a thin coating. This ultimately affects the
practical adhesion [37] of the coating. In fact, it has long been known that increasing
the hardness of the substrate increases the critical load values measured by scratch
testing [38]. Therefore, additively manufactured Ti6Al4V substrates were fabricated by
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Volume fraction [%)]

the LPBF process in a SLM®280 machine (SLM Solution, Liibeck, Schleswig-Holstein,
Germany) with the processing conditions described in [39]. The starting feedstock was
a gas-atomized Ti6Al4V powder with 90% of the particles in the equivalent diameter
range of 20-63 um, as depicted in Figure 2. Its chemical composition is listed in
Table 1.

The substrate heat-treatment condition: after the LPBF fabrication, one set of bars was
annealed at 740 °C x 130 min (i.e., below the (3-transus) while another was solution
at 1050 °C x 60 min (i.e., above the B-transus). The rolled bars were heat treated at
600 °C x 120 min as a stress-relieving heat treatment. In combination with the initial
fabrication method, the heat treatment concurs to determining the final microstructure
and, therefore, the mechanical properties of the substrate [35,40], extending the range
of representative conditions probed in the adhesion tests.

The surface finishing of the substrate, controlled by mechanical grinding with sandpa-
pers of different grits. In fact, the substrate roughness is known to affect the adhesion
of thin-film coatings [41,42]. The early reports indicate a tendency toward lower
scratch adhesion and increased data scatter when the substrate roughness increases
beyond R;~0.05 um [43,44], although sometimes the dependence between the rough-
ness and scratch adhesion is more complex and non-linear [45]. Thus, all the rolled
and LPBF substrates were cut in samples of 13 mm length, 15 mm in width, 5 mm
in thickness after the heat treatment (Figure 1), and a wide spectrum of roughness
was induced on their surfaces (before the deposition of the coatings) by grinding with
SiC abrasive papers of different grit size. The surface roughness was measured on a
surface area of 9.2 mm? using a non-contact 3D profilometer (Taylor Hobson, Leices-
ter, UK) equipped with the Mountains® platform software (Digital Surf, Besancon,
France). The arithmetic mean height S, (surface roughness) ranged between 0.11 and
1.6 um. Each value was obtained through manual grinding operations by using SiC
abrasive papers from P80 to P2400, and each surface was controlled by the non-contact
3D profilometer. The P80 and P180 were used to obtain rough substrates, while P1200
and P2400 were used to achieve low Sa values on bare substrate (smooth surfaces).

Cumulative distribution [%]

0 10 20 30 40 50 60 70 80 90 100
Particle size [um]

Figure 2. Volume fraction and cumulative distribution of the particle size of gas-atomized Ti6Al4V
powders.

The experimental procedures described in this paper build on the results obtained in

our previous work [46], where we focused on the tribological behaviour of these coatings
as a function of the heat-treatment condition of the Ti6Al4V substrate, and represent a step
forward in the analysis of the coating/substrate adhesion.
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Table 1. Nominal chemical composition (wt.%) of the gas-atomized Ti6Al4V powder as supplied by
the manufacturer (Tekna®, Arendal, Norway).

Elements

Ti

Al A% C Fe (0) N H

wt.%

Bal.

6.5 4.1 0.01 0.2 0.1 0.01 0.001

Cross-sectional observations of the bar microstructure (surfaces on the yz-plane as
shown in Figure 1) were performed by light microscopy (OM: DMi8, Leica, Wetzlar, Ger-
many). The surfaces were mechanically ground (from P80 to P4000), polished with diamond
pastes (from 3 to 0.25 pm grain size), and chemically etched with Keller’s reagent.

The hardness of bare substrates was measured by a Rockwell hardness tester
(Zwick/Roell, Ulm, Germany) using a load of 150 kgf and a diamond cone indenter.

2.2. Coating Deposition Conditions

The deposition conditions of coatings were the same conditions as in our previous
work [46]: (i) an AICrN coating, and (ii) a DLC-based coating. The AICrN film was
deposited using a High-Power Impulse Magnetron Sputtering (HiPIMS) system (CemeCon
CC800 HiPIMS) (CemeCon AG, Wiirselen, Germany) equipped with 4 sources and an Al70-
Cr30 target within a vacuum chamber (10~> mbar) heated at 470 °C. Following heating step
with setpoint at 470 °C, and prior to coating phase, the substrates had been etched with an
MF Argon plasma at low pressure. During coating, each cathode runs at 7500 W in argon
and nitrogen atmosphere, with ratio of 2:1, and Bias voltage of —150 V. The DLC-based
coating was deposited using a combined PVD and PE-CVD system (Hauzer HTC-1200)
comprising 4 magnetron sputtering (MS) sources (2 x Cr + 2 x WC targets) and a pulsed
bias power supply (60 kHz) for the plasma generation. The coating was deposited within
a vacuum chamber (10> mbar) heated at 180 °C. Argon plasma etching was used to
clean the substrate, followed by the sequential deposition of a metallic Cr adhesion layer
and a W-C:H support layer by MS-PVD and a DLC top layer by PE-CVD, according to
the conditions previously laid out in [46]. Cr runs at 5 kW, while WC at 6 kW, each. Cr
deposition is conducted in pure Ar plasma while W-C:H is with Ar*C,H,. For a-C:H layer,
only CyHj; is used as process gas, voltage controlled at —700 V. Table 2 summarizes the
nomenclatures of coated substrates on which Rockwell VDI and scratch tests were carried
out. The labels “7_" and “10_" indicate the substrates annealed at 740 °C and solutioned at
1050 °C, respectively, while “R_" represents the rolled substrates.

Table 2. List of samples and their designation.

Sample Designation Substrate Heat Substrate Manufacturing
DLC-Based AICYN Treatments Process
7_DLC 7_AICrN 740 °C x 130/ LPBE
10_DLC 10_AICrN 1050 °C x 60
R_DLC R_AICrN 600 °C x 120/ Rolling

2.3. Characterization of the Coated Systems

A Rockwell indentation test, defined by the VDI 3198 standard, was used to establish
the coating/substrate adhesion, as discussed in the Introduction section. As shown in
Figure 1, a conical diamond was loaded onto the coated surfaces (yz-plane, Figure 1) using
the ZHR Rockwell machine (Zwick/Roell, Ulm, Germany) with a load of 150 kgf. The
damages to the coating were evaluated by (i) comparing the imprints observed through
optical microscopy (OM) with the failure chart displayed in Figure 3 and (ii) performing
a statistical analysis of both the radial cracks extending out of the Rockwell indentation
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boundary and the areas where the coating was detached. For each investigated condition,
the coating damages were evaluated on two different Rockwell indentations. Figure 3
shows the adhesion classes grouped into acceptable (HF1-HF4) and unacceptable failure
(HF5 and HF6) based on the number of cracks and detached (or delaminated) areas. The
HF1 and HF?2 classes are differentiated by the density of microcracks present at the edge of
the Rockwell indentation. For the adhesion class HF3, some small areas of delamination
must be present along the Rockwell indentation boundary. If these areas are present all
around the indentation, the adhesion class is HF4. Lastly, HF5 and HF6 adhesion classes
present extensive detached areas around the Rockwell imprint, forming a continuous area
in HF6. This statistical analysis was performed due to (i) the uncertainty in the damage
classification (from HF1 to HF6, Figure 3) caused by the magnification necessary to contain
the entire imprint (resulting in low resolution, especially for the rougher substrates), and
(ii) the lack of relevant literature.

Figure 3. Failure chart illustrating coating damages observed during the Rockwell indentation test
(Reprinted from reference [12]).

Regarding the statistical analysis, the cracks along the boundary of the Rockwell
indentation (Figure 4) were counted and then normalized by the length of the indentation.
The number of cracks per unit length was considered, accounting for the variation in
the Rockwell imprint due to the substrate hardness. The imprint diameter increases as
substrate hardness decreases. Similarly, the percentage of detached areas (or delamination
areas) was evaluated by considering the area ratio:

Ao, = Lidi g2 (1)

Acr

where the ) ; A; is the sum of the delamination areas within the circular crown (represented
by the yellow dotted circumference in Figure 4), and the Acpg is the area of the circular
crown. The radius Rg, of this circular crown was set to be 15% higher than the Rockwell
indentation radius to accommodate the varying hardness values of the various Ti6Al4V
substrates. The choice of 15% ensured that the largest detached area fell within the circular
crown. Figure 4 is a representative image showing the damages (cracks and detached areas)
considered in the present study and the Rrc for each investigated condition (Table 2).
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Figure 4. Rockwell indentation on 10_AICrN sample reveals the count of radial cracks per unit
length along the Rockwell imprint boundary, as well as the detached areas observed within the same
imprint. The yellow dotted circumference outlines the radial crown used to assess the percentage of
the delamination (detached) areas, whit Rrc representing the radius of the radial crown.

The Rockwell imprints and the coating cross-sections were examined using focused
ion beam scanning electron microscopy (FIB-SEM: Auriga Compact FIB-SEM, Zeiss,
Oberkochen, Germany) equipped with the Ultim® Extreme detector (Oxford Instruments,
Abingdon, UK). Each sample was tilted by 54° to ensure that the surface was perpendicular
to the FIB beam. FIB-SEM micrographs were captured with the sample tilted at 36° relative
to the electron beam axis. Each investigated area was milled by 20 keV Ga+ ions with a
current of 5 nA, achieving a milling depth of 10 um. Chemical characterization of both
the coating cross-sections and the detached areas was carried out using EDX analysis.
Additionally, Auger Electron Spectroscopy was employed to assess the distribution of the
Al, Cr, and N elements within the AICrN thin film. The incident electron beam was emitted
from a W filament operated at 3.1 A current and was accelerated to an energy of 3 keV at a
beam current of 700 nA. Depth profiling was obtained by sputtering with an Ar+ ion beam
operated at 5 keV energy and 30 nA ion beam current, covering an area of 0.5 x 0.5 mm?,
resulting in a sputtering rate of approximately 5 nm/min.

Another adhesion test was the scratch test. It was performed with a Micro-Combi
Tester apparatus (Anton Paar Tritec, Corcelles, Switzerland) operating with a conical
diamond indenter with a 120° opening angle and a 200 um-radius rounded tip. Three
scratch tracks were performed on one sample for each coating type and each substrate
condition, with a scratch length of 6 mm, a scratch speed of 6 mm/min and a load range
from 0.02 N to 30 N. The critical loads were identified by visual inspection of the scratch
tracks with an optical microscope at a magnification of 200x. Instrumental recordings
of acoustic emission and tangential force, as well as the profiles of the total and residual
penetration depths of the tracks, obtained by performing pre- and post-scans of the sample
with the same scratch tip at a fixed load of 0.02 N, assisted in the analysis of the tracks. The
critical loads were defined as the onset points for crack formation (Lc1), chipping of the
coating (L), and continuous spallation across the track width (Lc3), according to the ISO
20502 standard [47]. In addition, a further critical load was defined at the point where the
substrate is continuously exposed along the track (Lpejam)-
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3. Results and Discussion
3.1. Structure and Microstructure of the Substrates and Thin Films

Figure 5 displays the microstructures of the LPBF-manufactured Ti6Al4V bars
(Figure 5a,b), annealed at 740 °C x 130’ (Figure 5a) and solutioned at 1050 °C x 60’
(Figure 5b), and the microstructure of the rolled Ti6Al4V bar (Figure 5c), subjected to stabi-
lization heat treatment at 600 °C x 120’ (Figure 5¢). The microstructure of annealed bare
Ti6Al4V substrates (Figure 5a) showed columnar (3-grains (indicated by white dotted lines)
aligned parallel to the build direction (from the bottom to the top region of the component)
due to their epitaxial growth during the melt pool solidification [48]. The high cooling
rates (10*-10° K/s, [3]) typical of the molten pool solidification induce an unintentional
B — of-martensite transformation, where the brittle and needle-like o’-martensite laths
are arranged in a hierarchical structure, forming a crosshead pattern within the colum-
nar B-grains [3,49,50]. The annealing treatment at 740 °C x 130’ partially decomposed
the as-built o’-martensite (Figure 5a) into the o + B laths because the alloying elements
diffused from the supersaturated o/-martensite. The diffusion of V (B-stabilizer) from the
«-martensite lattice formed the B-phase along the boundaries of the a-laths, whilst Al
(a-stabilizer) promoted the o’ — « transformation [40]. When the heat treatment temper-
ature exceeded the 3-transus, the columnar (3-grains recrystallized into equiaxed grains
(Figure 5b), with «GB-phase (GB: Grain Boundary) delineating their boundaries. The
cooling in argon gas from the B-region resulted in a f — « +  transformation, creating a
Widmanstatten structure of « + 3 colonies that nucleated on «GB boundaries and grew
into the equiaxed (3-grain.

Consistent with the results presented in [35], the LPBF Ti6Al4V substrates heat-treated
below and above the 3-transus temperature showed similar hardness values (40 + 2 HRC
and 39 + 1 HRC) despite the different microstructural characteristics (Figure 5a,b). A
detailed discussion related to this aspect was reported in [39]. The microstructure of the
rolled substrates was elongated along the rolling direction and was characterized by a
mixture of o + 3 colonies and «-globular phases (Figure 5c), as also reported in [51,52].
This microstructure can be regarded as representative of the as-rolled condition because the
post-process heat treatment at 600 °C x 120’ reduced the internal stress without altering
the microstructure, as is well documented in the literature [53,54]. Rockwell measurements
indicated an average hardness of 40 = 3 HRC.

After grinding with SiC papers, all types of bare substrates exhibited a surface rough-
ness, quantified through the arithmetic mean height S,, that varied from a maximum of
(1.6 = 0.2) um (i.e., the rougher surface in Figure 6a) to a minimum of (0.11 £ 0.05) pm
(i.e., the smoother surface in Figure 6b), as previously mentioned in Section 2. The smoother
bare substrates obviously showed lower roughness amplitude, including root mean square
height (Sq) and maximum height (S,). The surface roughness values remained practically
unchanged (within error range) after depositing the DLC-based and the AICrN coatings
(see Table 3).

Figure 7 depicts the FIB cross-sections of both the AICrN (Figure 7a) and DLC-based
(Figure 7b) thin films, highlighting the influence of smooth (Figure 7a) and rough (Figure 7b)
substrates. As extensively investigated by the authors in [46], both coatings followed
the profile of the substrate surface, confirming the substantial absence of change in the
roughness values after deposition, as shown in Table 3. Specifically, on the rougher surfaces,
defects could be only observed in the first layers of the multi-layered architecture (white
arrows in Figure 7b). As evidenced by the EDX linescans (Figure 6b), the region between
the substrate and the DLC top layer is formed by a multi-layered architecture comprising
Cr-based, WC-based, and WC-C layers [46]. It is remarked that, because of the 36-tilt of the
sample in the FIB-SEM during the acquisition of the EDS linescans, and because of the finite
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size of the X-ray generation region, a faint signal of W and Cr was detected in Figure 6b also
in the DLC top layer, but this should be regarded just as a measurement artefact.

Figure 5. OM micrographs of the microstructures of the LPBF-manufactured (a,b) and rolled (c) Ti6Al4V
bars heat-treated at: (a) 740 °C x 130/, (b) 1050 °C x 60/, (c) 600 °C x 120'.
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Figure 6. Three-dimensional surface morphology of the roughest (a) and smoothest (b) substrates.
The purple lines indicate the average of the 2D profiles (grey lines) extracted from the 3D maps.

Table 3. Surface roughness values (1m) of both the smoothest and roughest substrates before and
after the coating deposition.

Smoothest Roughest
Coated Bare Coated Bare
Bare Substrates Substrates Coated Substrates Substrates
Substrates 1 Based AICIN Substrates 1) - Based AICIN
Sa 0.11 £ 0.05 0.18 4+ 0.06 0.17 £ 0.05 1.6 0.2 1.5+05 1.84+0.3
Sq 0.22 +£0.10 0.32 £+ 0.09 0.25 £+ 0.08 1.9+0.3 1.8 £0.6 204+0.6

The intermediate layers (Cr-based, WC-based, and WC-C) facilitated a smooth tran-
sition between the substrate and the DLC top layer in terms of chemical composition
and mechanical properties. The overall thickness of DLC-based coating is approximately
2.1 + 0.1 pm, where the top DLC coating is 1.1 &= 0.1 um thick. In contrast, the AICrN film,
which was 2.8 £ 0.2 um thick, was directly deposited on the Ti6Al4V substrate. The EDS
spectrum (Figure 7a) indicated no significant elemental segregation along the cross-section
of the AICrN coating. The increased signal from the N and Al elements at the top region of
the coating was an effect conferred by the sample’s inclination with respect to the FIB beam.

Additionally, Figure 7 presents the surface morphologies of the coatings. The AICrN
coating exhibited several angular facets that corresponded to the extremities of the fine
columnar grains, as also supported by the investigations in [46,55]. Conversely, the DLC-
based coating showed a cluster morphology typical of this type of coating [56].

3.2. Analysis of the Coating/Substrate Adhesion: Rockwell Indentation Test

Figure 8 shows the Rockwell imprints performed on smooth 7_DLC (Figure 8a) and
rough 10_AICrN (Figure 8b) substrates, as representative cases of all investigated conditions
(Table 2). Due to the high load applied during Rockwell measurements (150 kgf) and the
low thickness of both hard coatings (Figure 7), the HRC values remained unchanged
compared to the bare substrates. However, each indentation exhibited a variable diameter,
depending on the substrate resistance: the indentation diameter increased as the substrate
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hardness decreased. Consequently, it was necessary to account for the variation in the RRC
radius with the Rockwell indentation radius (Equation (1)).

Ti6Al4V substrate

F1 pumi MAG = 21kX

EHT =5.00 kV
WD =51 mm

Surface of DLC-based coating

it i v

0 02 04 06 08 1 12 14 16 18 2 22
um

-ty

Figure 7. SEM micrographs showing the FIB cross-sections of the AICrN film deposited on a smooth
substrate (a) and the DLC-based coating deposited on a rough substrate (b) with corresponding EDS
linescans acquired along the lines indicated by the black arrows. The with arrows indicate the defects
present in the first layer of the coating.

Smooth surface

Figure 8. OM micrographs of the Rockwell imprints acquired on smooth 7_DLC (a) and rough
10_AICrN (b) substrates.

Both Rockwell indentations were observed with an OM, first for comparison with
the failure chart (Figure 3) and then to determine the adhesion class. When comparing
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the 7_DLC and 10_AICrN substrates to the failure chart, the coating/substrate adhesion
could be misclassified as HF1, since both coatings appeared undamaged. In this context,
it can be concluded that the magnification required to acquire the entire imprint in the
OM micrograph prevented an accurate damage assessment, as previously discussed in the
Introduction and further supported by the following results.

Figure 9a,b illustrate how the number of cracks per unit length, identified through
the OM, varied with the surface finish of both the LPBF-manufactured (Figure 9a) and
rolled (Figure 9b) substrates. When the surface roughness increased from the smoothest
to the roughest sample, the number of cracks per unit length initially rose due to the
higher contact pressure induced by the Rockwell indenter. In fact, the contact pressure
was considerably higher on a rougher than on a smoother surface [57,58]. However, when
the surface roughness (S,) exceeded approximately 1.0 um (see Figure 6a), the number of
cracks decreased due to the presence of deep dales aligned radially with respect to the
Rockwell indentation boundary (Figure 9¢,d). Indeed, Figure 9¢,d show that only radial
cracks which were not parallel to the dales were observable and, therefore, countable
during the statistical analysis. Thus, the decrease in the number of cracks on very rough
surfaces was likely an artefact due to the very limited depth of field of an OM, which made
it hard to detect cracks propagating along the deepest dales.
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Figure 9. (a,b) Number of cracks per unit length versus the surface roughness of both the LPBF-
manufactured (a) and rolled Ti6Al4V (b) samples. 7_ and 10_ indicate the Ti6Al4V substrates heat
treated at 740 °C and 1050 °C, respectively. R_ represents the rolled substrates heat treated at 600 °C.
(c,d) OM micrographs showing the edge of a Rockwell indentation carried out on the roughest
Ti6Al4V substrate (Sa = 1.6 4+ 0.2 um) coated with the AICrN film.

These statements were confirmed by comparing OM (Figure 10a,b) and SEM (Figure 10c,d)
micrographs of the same regions of a Rockwell indentation. The higher depth of field of
a SEM, in fact, revealed radial cracks within the dales (compare the areas marked by red
rectangles in Figure 10a,c) which were not detectable by OM. In fact, the red rectangle
marks a deep dale (Figure 10a) where no cracks were detected by OM even when the focal
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plane was adjusted on the bottom region of the same dale (Figure 10b). The magnified SEM
(Figure 10d) view of Figure 10a shows that an undetected crack was also present on the
peaks (Figure 10d) of the surface roughness profiles. The same conclusions can be drawn
for the dale indicated by the yellow arrow in Figure 10a,c,d.

Boundary of
Rockwell

Indentation

Boundary of
Rockwell
Indentation

Figure 10. Optical (a,b) and SEM (c,d) micrographs depicting the same region of the Rockwell
indentation performed on the rougher substrate coated with AICrN thin film. Optical micrographs
(a,b) show two different focal planes to reveal the bottom zone of the dale. SEM micrographs were
acquired at 1 kx (c) and 2.5 kx (d) magnification. The yellow arrows indicate the dale containing the
cracks unrevealed through the optical microscope.

Additionally, the presence of deep dales and tall peaks influenced and/or governed
the crack propagation, as observable in Figure 11. Dales and peaks radially aligned
with the Rockwell indentation accommodated the cracks and facilitated their propagation
(Figure 11a,c), likely acting as points of stress concentration. When the dales were not
aligned along the radial direction, the cracks propagated across different peaks and dales,
sometimes deflecting their path (yellow arrows in Figure 11b—d). Additionally, the rougher
surfaces promoted the initiation of new cracks (red arrows in Figure 11b-d) due to their
ability to concentrate stresses [59]. Considering the new radial cracks revealed by SEM
observations (Figures 10 and 11), the number of radial cracks per unit length on the
rougher samples (Sa > 1 um in Figure 9) increased by approximately of 25 + 5%, when
compared with the values measured by optical microscopy. However, this increment did
not significantly alter the trend discussed above or the coating/substrate adhesion results.
Within this framework, however, the VDI 3198 standard appears to have further limitations
in evaluating coating/substrate adhesion when the substrates have rough surfaces.
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Figure 11. SEM micrographs of DLC-based (a,b) and AICrN (c,d) coatings deposited on the rougher
substrates, acquired at 2.5 kx (a), 2 kx (c), and 5 kx (b,d) magnifications. The yellow and red arrows
point to cracks that propagated across different peaks and that originated from the rough surface,
respectively.

Regarding the LPBF-manufactured substrates, the different heat treatment conditions
did not significantly influence the adhesion of the AICrN and DLC-based coatings, as also
supported by the investigations performed in [46]. Similarly, both types of coatings showed
comparably good adhesion to the LPBF-manufactured and the rolled Ti6Al4V substrates,
as evidenced by the similar numbers of cracks found at similar roughness levels (compare
Figure 9a and Figure 9b) [60]. These findings were supported by the length of the radial
cracks, which varied from the minimum of 55 + 20 um to the maximum of 75 + 30 um
regardless of the analyzed coating/substrate combination [61,62]. Therefore, it can be
concluded that the microstructural differences between the substrates (LPBF-manufactured
and rolled, with different heat-treatment conditions, Figure 5) did not significantly affect
their plastic deformation behaviour.

Focusing on the detached areas distributed along the Rockwell indentation in all
coating/substrate combinations, Figure 12 demonstrates an exponential increase in their
percentage with the number of cracks starting from approximately 60 cracks/mm. Below
this crack density, the percentage of detached area seemed to be fixed at approximately 0.6%
even considering the increase in the number of cracks (25 & 5%) discussed in Figure 11.
Nevertheless, both the AICrN and the DLC-based films were characterized by an acceptable
failure, comparable to the HF3 adhesion class even on the roughest substrates (refer to
Figure 3). In fact, all coating/substrate conditions showed small-sized delamination areas
unevenly distributed along the Rockwell indentation boundary, which were undetectable
at lower magnifications (see Figure 8).
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Figure 12. Number of cracks per unit length versus the percentage of the detached area for AICrN
and DLC-based coatings deposited on both the LPBF-manufactured (7_ and 10_) and Rolled (R_)
substrates. 7_ and 10_ denote the LPBF-manufactured Ti6Al4V substrates heat treated at 740 °C and
1050 °C, respectively, while R_ represents the cast substrates heat treated at 600 °C.

Figure 13 shows a representative SEM micrograph of the damaged AICrN coating
where the white dotted lines outline the circumferential crack along the edge of the Rockwell
indentation, and yellow arrows indicate a circumferential crack inside the indented area.
Several radial cracks also propagated outwards, consistent with the images of Figure 9. As
supported by Thomsen et al. [63], the formation of radial cracks indicates a strong bonding
between the substrate and the coating. In fact, under the driving force of the radial cracking
pattern, i.e., the circumferential stress induced in the purely elastic coating by the piling up
of the elastic-plastic substrate immediately outside the indented area, crack propagation
occurred within the coating rather than along the coating/substrate interface. FIB cross-
sections presented in our previous work [46] supported these observations: no crack was
indeed found at the coating/substrate interface in both the AICrN and the DLC-based
coatings. Specifically, in the AICrN coating the radial cracks propagated down from the
surface along the boundaries of the columnar grains, then deflected parallel to the substrate
before reaching the interface. EDS maps (Figure 13) further support this interpretation, as
Cr and N elements were detected within the detached area. However, the signal of Ti and
V also emerged because the residual coating thickness was low enough for the electron
beam to excite the emission of characteristic X-rays from the underlying substrate.

The AES (Auger Electron Spectroscopy) spectrum in Figure 14 suggested that the
crack deflection was associated with, and likely caused by, a higher concentration of N in
the bottom region of the coating, i.e., near the coating/substrate interface. The improved
strength conferred by the higher atomic concentration of N increased the resistance to
plastic deformation [64]. Moreover, Figure 13 shows that delamination areas were contained
between two adjacent and consecutive radial cracks. This observation supported the trends
discussed in Figure 12, as a higher number of cracks per unit length reduced the distance
between two adjacent radial cracks and, consequently, facilitated the detachment of portions
of coatings.
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Figure 13. SEM micrographs of AICrN coating after the Rockwell indentation test and EDS maps of
the same region. The yellow arrows indicate circumferential cracks inside the indented area, while
white dotted lines retrace the circumferential crack along the indentation edge.
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Figure 14. Depth profiling of the AICrN coating’s composition by Auger Electron Spectroscopy.

Figure 15 shows the FIB cross-section of the DLC-based coating, highlighting how the
multi-layered architecture influenced the secondary crack propagation. In detail, cracks
tended to propagate within the WC-C layer rather than at its interface with the DLC top
layer or at the coating/substrate interface. As discussed in our previous work [46], all
detached areas always presented a residual thin layer adherent to the substrate. In fact, EDS
spectra confirmed the presence of W and Cr in the delaminated areas of the DLC-based
coating. For this reason and considering that each delamination area did not really expose



Metals 2025, 15, 994

17 of 27

the underlying substrate, each coating analyzed in this study could be classified under the
HEF2 adhesion class rather than in the HE3 one as reported by the VDI 3198 standard.

Figure 15. SEM micrographs of the detached area of the DLC-based (a) and the AICrN (b) coatings.

3.3. Analysis of Scratch Test Results

Confirming the preliminary findings that we had previously reported in [46], the
scratch tests produced three types of critical loads, irrespective of the roughness of the
substrate: chipping along the track sides, damage across the entire width of the track, and
complete delamination (Figure 16a—d). Their onset was, respectively, associated with the
critical loads Ly, Les (following the classification in the ISO 20502 standard), and Lpejam.
Magnified views (Figure 16(al,a2,d1)) show that, for both the DLC-based and the AICrN
coatings, the track-side chipping associated with the L, load and the damage across the
track associated with the L¢3 load were a consequence of compressive buckling. This is a
well-known phenomenon for thin, hard films on ductile substrates. As described by Bull
and Berasetegui [28], compressive buckling occurs when a ductile substrate bends ahead of
the indenter under the applied stress, causing compressive failure in the thin film. This
is manifested through the formation of curved transverse cracks and the delamination of
fragments between consecutive cracks, as it was indeed found in Figure 16(al,a2,d1). When
the cracking and delamination damage became particularly extensive, the fractured coating
was subsequently crushed when the indenter moved over it, and eventually, the coating was
entirely removed, leading to the identification of the delamination load (Figure 16(a2,d1)).
Further, on the smoothest samples, it was possible to identify the critical load for the
formation of the first cracks along the track sides (Lc; according to ISO 20502). However,
these could not be identified on rough substrates because the smallest cracks occurring at
low loads were not discernible, as also revealed by the Rockwell indentations (VDI test).

As shown in Figure 17, the smallest cracks on rough samples are difficult to detect
even by SEM imaging (see circle), and even when viewing them at a location situated
well beyond the Lcp. In fact, the contrast of the tiny cracks is overshadowed by the
morphological contrast due to roughness. Therefore, not even SEM imaging would allow
an accurate identification of the crack onset point. Moreover, systematic SEM inspection
for the identification of critical loads would be impractical for any actual usage of the
scratch adhesion test. Thus, all subsequent analyses focused only on the values of Ly, Les
and Lpelam-
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Figure 16. SEM overviews (montage of images) of the scratch tracks of coatings on L-PBF substrates
heat treated at 740 °C for 130 min: DLC-based films on substrates with Sa = 0.90 um (a), 0.66 pm (b),
and 0.52 pm (c), and AICrN film on a substrate with Sa = 0.56 pm (d), with details of the failures
(al,a2,d1) at the marked locations.

Figure 17. SEM micrograph of microcracks (see circle) along the side of a scratch track on the
DLC-based film deposited on a substrate with Sa = 0.90 pm, around the L, location.

The chipping events occurring after the Lcp critical load in the DLC-based film in-
volved the outermost DLC and WC/C layers (Figure 18a—c), as for the VDI tests In the
AICrN film, most of the coating thickness spalled off through intercolumnar cracks propa-
gating across the coating, but the crack then deflected into the coating above the substrate,
which was not immediately exposed (Figure 18d). Indeed, the brittle coating (with some
cracks) is still visible at the bottom of the spalled area in Figure 18d.



Metals 2025, 15, 994

19 of 27

Figure 18. SEM micrographs showing details of side chippings along the scratch tracks of coatings on
L-PBF substrates heat treated at 740 °C for 130 min: DLC films on substrates with Sa = 0.52 um (a),
0.66 um (b), and 0.90 um (c), and AICrN film on a substrate with Sa = 0.56 um (d).

When complete delamination occurred, on the other hand, the entire coating was
removed, and the substrate was uncovered (Figure 19: the arrows indicate the uncovered
substrate at the Lpgjam critical load).

Figure 19. SEM micrographs showing details of the delamination onset in the scratch tracks on the
DLC (a) and the AICrN (b) coating on L-PBF substrates heat treated at 740 °C for 130 min, with
Sa = 0.66 um (a) and Sa = 0.56 um (b). The arrows indicate areas of uncovered Ti-6Al-4V substrate.

The critical load values for the two types of coatings were similar on all substrate types,
i.e., rolled and LPBF Ti6Al4V heat-treated above and below the (3-transus (Figure 20a—c for
the DLC-based films and Figure 20d—f for the AICrN films). As already observed for the
Rockwell indentations, the type of substrate was irrelevant for the cracking behaviour in
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the scratch test, probably because the LPBF and rolled Ti6Al4V samples showed the same
hardness values (Figure 5).
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Figure 20. Summary of the critical loads Lcy, Lcs, and Lpejam as a function of the arithmetic mean
roughness Sa of the substrate-DLC-based films on LPBF substrates heat-treated at 740 °C/130 min
(a) and 1050 °C/60 min (b), and on rolled substrates (c); AICrN films on LPBF substrates heat-
treated at 740 °C/130 min (d) and 1050 °C/60 min (e), and on rolled substrates (f). In a few cases
(panels (f) and (b)), AICrN films did not exhibit identifiable L3 events before delamination; in one
case (panel (b)) there was no delamination of the AICrN film before the end of the scratch test.

Looking more specifically at the relation between critical loads and roughness, the
Lcy and Lcs values did not exhibit any statistically significant trend as a function of the
arithmetic mean height of the substrate profile (Figure 20b,c). Indeed, the p-values for the
null hypothesis that the slope of the critical load vs. Sa trends is not different from zero,
calculated by performing a linear regression to the data with Matlab (R2024a), were well
above the 0.05 level that is usually assumed as a reasonable (though arbitrary) threshold
for statistical significance.

Conversely, there was a weak but discernible trend of decreasing delamination load
(Lpelam) with increasing roughness (Figure 20a). This could be inferred also from the bar
charts in Figure 19, where in most panels, the average Lpej,m value tended to decrease
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with increasing substrate roughness, although in a few cases (panels a and f), it was more
difficult to identify a distinct trend. The adjusted regression coefficient of the linear fit to
the Lpelam Vs. Sa plot was consistently low (RE1 dj. = 0.249), confirming that the data was
highly scattered and the confidence on the regression parameters was limited. Nonetheless,
the existence of a negative slope seemed statistically significant (p ~ 0.006). This would
therefore match with the usual assumption that an increase in roughness worsens the
practical adhesion of thin-film coatings by causing larger stress concentrations. However,
the high scatter of the data, which could be contributed by the intrinsically heterogeneous
nature of the roughest surfaces as well as by the microstructural features of LPBF materials
in terms of typical defects (gas pores, lack-of-fusion [65], made this correlation more difficult
to perceive, and only with the delamination load. The defects can indeed act as weak spots
buried below the coatings, which might have caused failure to start a bit earlier or later
in different specimens or different areas of a given specimen. As a future development,
it could be interesting to check how this relation would play out with different substrate
materials. Ti and its alloys indeed have a peculiar behaviour, related both to their hardness,
and to the few available slip systems of the hexagonal lattice (predominant «-phase), which
restricts both their plastic deformability and the ability to work harden. This might limit
the consequences of inducing ever-higher contact pressures with rougher surfaces. More
ductile substrates with more pronounced hardening abilities could therefore be explored in
the future.

The consequence of the above analysis is also that, despite the noted limitations, the
scratch test was a bit more sensitive than the VDI test in detecting an effect of surface
roughness on adhesion strength. In the VDI test, in fact, all samples belonged to the same
adhesion class, and although there was a monotonic correlation between the number of
radial cracks per unit length and the extent of delaminated area, this trend was not associ-
ated with a monotonic increase in roughness. Probably, the scratch test could discriminate
more effectively the effect of roughness because it induced the complete removal of the
coating, which never happened in the VDI test. As discussed previously in Section 3.2, the
delaminations identified by optical microscopy around the Rockwell indentation marks,
when viewed by SEM, turned out to be chippings confined within the coating. Therefore,
they were comparable to the Lcp and L¢3 events of the scratch test rather than to the
eventual coating delamination.

Within this framework, no significant correlations (Figure 21a,b) were found between
the number of radial cracks per unit length and the critical loads related to the scratch tests
likely due to the different sensitivity of the critical loads (Figure 20) and the number of
cracks (Figure 9) to the substrate roughness.

On the contrary, Figure 22c,d exhibits a possible correlation between the percentage of
delaminated area, obtained from Rockwell VDI test, and the critical load of delamination
(Lpelam-)- The exponential fits reveal that the fraction of coating detached from the Ti6Al4V
substrates in the VDI test increased with the critical load of delamination. On the other
hand, the R? of around 0.28 confirms that the results were scattered and the confidence on
the exponential fit was limited.
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Figure 22. (a,b) Number of cracks per unit length in the VDI test vs. the critical load in the scratch
test for DLC-based (a) and AICrN (b) coatings. (c,d) Percentage of delaminated area in the VDI test
vs. the Lpajam load in the scratch test.

4. Conclusions

In this work, we evaluated a new approach to the Rockwell indentation method to test
the adhesion of thin-film coatings based on the VDI standard and a statistical analysis of the
coating damages, and we studied its correlation with the scratch test results. Indentation
and scratch tests were performed on LPBF and rolled Ti6Al4V samples in various heat
treatment conditions and with different surface finishes, using both a DLC-based and an
AICrN coating.

From the results, the following conclusions can be drawn:

1.  The films showed good adhesion regardless of the roughness and the microstruc-
ture of the LPBF and rolled Ti6Al4V substrates. Where delamination areas were
formed, a portion of both the DLC-based and the AICrN coatings remained well
adherent to the substrates. The extension of these delaminated areas displayed a



Metals 2025, 15, 994

24 of 27

monotonic correlation with the number of radial cracks per unit length, regardless of
the surface finishes.

2. Optical microscope observations at low magnification, as dictated by VDI 3198 stan-
dard, suggested a better adhesion class than was truly obtained when investigating
the sample surfaces in more detail.

3. Values of surface roughness (S;) higher than 1 pm limited the applicability of VDI3198
standard in detecting the coating damages. Deep dales and high peaks aligned with
the radial direction of the Rockwell indentation hid the presence of radial cracks and,
therefore, led to an underestimation of the actual damage. Additionally, in the scratch
test a high surface roughness made the smallest cracks associated with the critical
load L7 not discernible.

4. Although the films were similarly damaged through cracks and delaminations during
both the scratch test and the Rockwell indentation, the scratch test was a bit more
sensitive in detecting the effect of surface roughness on adhesion strength. It was
indeed capable of probing the complete removal of the coating, and a weak nega-
tive correlation emerged between the delamination load and the arithmetic mean
roughness amplitude of the substrate surface. Additionally, there is a weak positive
correlation between the percentage of delaminated area in the VDI test and the critical
load of delamination in the scratch test. Nevertheless, when trying to correlate directly
the percentage of delaminated area in the VDI test to the substrate surface roughness,
we could not find a significant correlation, probably because of the large scatter of
the data.
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Abbreviations

The following abbreviations are used in this manuscript:

AES Auger electron spectroscopy
CAD Computer-aided design
CM Conventional manufacturing

DLC Diamond-like carbon



Metals 2025, 15, 994 25 of 27

EDS Energy-dispersive spectroscopy

FIB-SEM  Focused ion beam scanning electron microscopy
GB Grain boundaries

HiPIMS  High-power impulse magnetron sputtering

LPBF Laser powder bed fusion
PE-CVD  Plasma-enhanced chemical vapour deposition
PVD Physical vapour deposition
MS Magnetron sputtering
VDI Verein Deutscher Ingenieure
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