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ARTICLE INFO ABSTRACT

Keywords: Coatings enable the engineering of surface properties, and thickness is one of the most important design pa-
Thidfness measurement rameters to control function and integration within the application environment. Ultra-thin coatings, i.e., those
Coating with thicknesses smaller than 100 nm, find applications in the electronics and biomedical fields. However,
ind .

Nal?om lentation measurement of the thickness is often challenging. Innovatively, this work demonstrates the applicability of a
Calibration . . . . . . . fs

Uncertainty recent nanoindentation-based approach in measuring the thickness of hard, ultra-thin coatings. Additionally, the
Traceability work innovatively discusses the traceability of the thickness measurement, highlighting its metrological prop-

erties in terms of accuracy and measurement uncertainty. Additionally, a comparison with other primary
traceable techniques is provided, complemented by a sensitivity analysis of measurement accuracy to coating
thickness. Results show a relative expanded uncertainty of about 15% of the measurement, and an excellent
accuracy with a bias with respect to directly traceable measurements that is not statistically significant. This
work contributes to demonstrate the applicability of nanoindentation for coating thickness measurement on a

wide range of thickness and composition.

1. Introduction

Coatings represent an essential surface technology capable of func-
tionalizing and engineering surface properties [1]. Applications span a
wide range of fields, from traditional manufacturing [2,3] to cutting-
edge technologies [4,5]. Advanced coatings are used in the automo-
tive sector for anti-glare, environmentally sustainable and protective
painting, infotainment devices, electronics [6], and power electronics
related to electrification [7]. In aerospace, extensive research has been
performed on coatings for thermal control, i.e., showing stability of
composition, mechanical and functional properties through a wide
range of temperature, typically coupled with high resistance to radiation
and solar absorptivity, and for optical applications, e.g., capable of
increasing reflectance or controlling transmittance to filter received
wavelengths [8]. Wear-resistant coatings have been widely researched
to extend the durability of cutting tools [9] and mechanical couplings,
such as bushings with solid lubricants [10-12]. Widespread applications
can also be found in bioengineering, where biocompatibility, e.g.,
through the use of hydroxyapatite or polymers [10], antibacterial [11],
and antimicrobial [12] properties, as well as improved osteointegration
[13], can be provided by high-performance coatings in biomedical
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applications. Advanced high-performance coatings are widely applied in
energy applications to enhance energy harvesting through texturing
[14], passivation [15], and efficiency [13]. Finally, quantum sensors
based on ultra-thin films, i.e., coatings with thickness smaller than 100
nm, are being increasingly studied as gas concentration sensors [14] and
temperature detectors [15].

Coating thickness is a functional property that controls both dura-
bility and functionality of the coated system. Coatings for contact and
wear applications benefit from layers thicker than 1 pm to extend the
useful life of the application, e.g., cutting tools [9], bushings [11], with a
specific dependence of the stress tensor in the substrate on the coating
thickness [16]. Similarly, corrosion resistance is dependent on coating
thickness [17]. Furthermore, the push towards miniaturisation, biolog-
ical and bioengineering, and quantum technology applications is
requiring increasingly thinner coatings. In electronics and energy ap-
plications, wafer passivation coatings have a typical thickness not
exceeding 100 nm. Advances in quantum technology have shown that
for thinner coatings, i.e., a few tens of nanometers thick, vacancies and
interstitial defects enable the generation of unique electronic and optical
responses, which are applicable as sensors and detectors [18]. Within
these fields, thickness has been proven to be highly correlated with
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crystallinity and purity [5,19], which in turn affect permittance and
impedance [20], conductivity [21], structural and optical properties
[22], and on magnetic properties [23,24] of the coating, thus ultimately
controlling the sensitivity of the sensor based on such a technology. In
bioengineering, coating thickness has been shown to affect the adsorp-
tion and release of molecules, as well as control flow in microfluidic
devices for controlled drug release [25,26]. Similarly, a significant
dependence on the thickness of antimicrobial and biocompatibility
properties was shown in several cases [27,28].

Accordingly, measuring coating thickness is of primary importance,
and advanced applications pushing towards ultra-thin coatings, i.e.,
thinner than 100 nm, are challenging conventional methods. Several
approaches are available, are discussed in the following and summarized
in Table 1.

Destructive methods, which rely on cross-sectioning and inspection
by optical microscopy or scanning electron microscopy (SEM), are
largely used measurement approaches. However, cross-sectioning can
be highly challenging in obtaining perpendicular fracture surfaces and
typically introduces damage that might alter the structure and thickness
of the coating itself [29]. Thus, they are conventionally applied for
coatings with a thickness of at least 500 nm, and suitable mechanical
properties. Moreover, the inspection of optical microscopy or SEM can
introduce sine errors and depth of field-related errors, which are very
hard to compensate [29,30].

Thus, methods that do not require cross-sectioning are largely
preferred; however, they are more expensive. High-energy wavelength
non-destructive methods are typically extremely expensive and com-
plex. Alternatives are X-ray diffraction for thicker coatings, i.e., thicker
than 1 pm, and X-ray fluorescence for thin and ultra-thin coatings [29].

Conversely, optical methods are less expensive. Foremost, optical
ellipsometry is a widely employed technique in industry due to its
simplicity; however, it is limited to thicknesses greater than 100 nm and
requires a transparent layer, thus showing strong limitations for metallic
coatings [31]. Moreover, optical ellipsometry is highly sensitive to
fitting methods and fitting parameters, thus further limiting its robust-
ness [31]. Further optical methods are available, proving excellent re-
sults. Methods requiring an extremely complex measurement setup, for

Table 1
Summary of main coating thickness measurement methods.
Method Destructive  Ease of Cost Limitations
use
Cross-section + Yes High Low Relevant sine errors,
Optical cross-sectioning can
microscope critically damage the
Cross-section + Yes Low High interface [29,30].
SEM
X-ray Diffraction No Low High Applicable to
thickness greater
than 1 um [29].
X-ray fluorescence No Low High Applicable to
thickness smaller
than 1 um [29].
Ellipsometry No Medium  Medium  Applicable to
thickness greater
than 100 nm, to
transparent coating
[31].
Laser based effect No Low High Extremely complex
setup [32,33].
Scanning Probe No Medium  High Requires a step,
Microscopy compensation of
deformation due to
the mechanical
contact [37].
Nanoindentation Yes Medium  Medium  Only demonstrated to
(locally) hard coatings and

thickness greater
than 500 nm.
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example, are based on photothermal [32] or ultrasound [33] generated
by lasers. Conversely, hyperspectral imaging [34] and surface topog-
raphy microscopes, e.g., confocal microscopes and coherence scanning
interferometers, are limited to transparent coatings [35,36].

Convenient and directly traceable approaches are represented by
contact stylus (CS) and scanning probe microscopy (SPM). These allow
for measuring coating thickness as step heights, provided an uncoated
substrate area is available in continuity with the coating. National
metrological institutes (NMIs) perform directly traceable measurements
by interferometric measurements of the axes motion. This is typically
obtained by phase grating interferometric contact stylus (PGI-CS) and by
closed-loop atomic force microscopes (AFM) with interferometric axes
[29]. On the one hand, approaches can cover a wide range of thickness.
On the other hand, they are liable to introduce measurement errors in
the step, thus requiring extensive lateral scanning, which increases the
measurement time [29]. Furthermore, being contact methods, they
require complex modelling to account and compensate for the coating’s
mechanical response, particularly critical for polymer and bio-materials
[371.

Among the other measurement techniques, an approach based on
nanoindentation has been recently proposed [38]. The approach couples
the simplicity of the experimental setup with the capability to manage a
wide range of materials, thereby overcoming limitations set by trans-
parency, composition, and mechanical response. It does not require any
sample preparation, such as cross-sectioning, while being capable of
managing multi-layer coatings [38]. However, the method was only
tested on relatively thick coatings, i.e., having a thickness of at least
500 nm, and a thorough discussion of the metrological characteristics
was missing.

Innovatively, this work aims to demonstrate the applicability of the
nanoindentation-based coating thickness measurement method to ultra-
thin coatings, to discuss traceability, and to evaluate the accuracy and
measurement uncertainty of the method across a wide range of coating
thickness. Additionally, an analysis of the metrological characteristics'
sensitivity to the measured thickness will be performed, and a com-
parison with directly traceable methods for thickness measurement will
be conducted.

The rest of this paper is structured as follows. Section 2 expands the
description of the method introduced in [38], and describes the exper-
imental setup. Section 3 discusses traceability, highlights the approach
for uncertainty evaluation, and presents the experimental methodology
for evaluating the main metrological characteristics. Section 4 presents
and discusses the results, and Section 5 finally draws the conclusions.

2. Methodology

Nanoindentation is a depth-sensing hardness measurement tech-
nique. During an indentation cycle, a force is applied to a sample by
means of an indenter, and both the applied force F and the indenter
penetration depth h are continuously measured [39,40]. The analysis of
the indentation curve (IC), i.e., F(h), allows evaluating the mechanical
characteristics of the surface layer. In particular, most typically evalu-
ated properties are the indentation hardness Hjr and the indentation
modulus E;r, which estimates the Young modulus of the sample. These
are evaluated thanks to the correlation between the projected area
Ap (hc‘max) of the indenter surface in contact with the sample at the
maximum corrected penetration depth, as described in Eq. (1) and Eq.
(2):

Fma.x

Ho— m
IT Ap (hc,max)
112
Ep=——~~=—, (2)
2/Ap (hemax)  1-22
— s B
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where, Fq is the maximum applied force, vs and v; are the Poisson’s
ratio of the sample and of the indenter, respectively, and E; is the
Young’s modulus of the indenter. S is the sample contact stiffness, which
is evaluated from the stiffness model of the indenter-sample system as a
series of springs, having a total compliance Cr,; resulting from Eq. (3.1),

1 1
Crow = o =<+

573 B.1
dF
Sm - d_h h:hmu: (32)

where Cs is the frame compliance and S, is the measured contact stiff-
ness, as in Eq. (3.2). The measured penetration depth h 4y is corrected
for zero error hy, for the elastic deformation of the indentation machine
C¢Fmax, and for the elastic deformation of the sample eF'g'“, so that it
results in:

Frax
hc,max = hma.x - hO - Cmeax — ET, (4)

where ¢ is a geometric factor depending on the indenter geometry, e.g.,
for a Berkovich indenter, it is ¢ = 0.75.

2.1. Measurement of coating layer thickness by nanoindentation

Considering a multilayered coating with n layers and a substrate, the
indentation of such a material induces a stress tensor that involves a

Measurement 281 (2026) 121993

on the number of model parameters. A three-parameter logistic function
or a four-parameter sigmoid can model the mathematical relationship

M (hemax):
9

M= g(hc,max? 19) = _1 N e—ﬂz(hc.max—ﬂs) (5.1)
92— 9

M = g(hepmar; 9) = 9 + 5, (5.2)
e %

where sigmoid parameters 4 can be estimated by nonlinear least-square
fitting [38,44]. The specific choice of the model depends on data, and
conventional goodness-of-fit tests on regression residuals are required to
verify the statistical robustness and adequateness of the selected model.
A practical suggestion for model selection depends on whether data
related to the functional layer thickness are available. In that case, a
four-parameter model of Eq. (5.2) can be applied. Conversely, if the
particular combination of the minimum applicable F,, and material
properties results in hcma significantly larger than the 10% of the
nominal layer thickness, a simplified and truncated form of the model, i.
e., the logistic regression of Eq. (5.1), can be preferred. Alternatively,
shallower indentations could be obtained for the same Fpq, using a
spherical indenter.

From a statistical perspective, the distribution of a given material
property response M can be considered as the convolution of the prop-
erty response distributions of each layer that superposes. Accordingly, it
can be modelled as a Gaussian Mixture Model (GMM):

2n+1 n+l n
M ~ GMM(0) = GMM(p, X; &) = Z ﬂ'kN(ﬂla 0%) = Z”l’N(ﬂﬁ Uiz) + Z”j/j+1N<ﬂ;/j+1=‘7_;z/j+1)= (6)
k=1 -1 =

volume of material depending on the penetration depth. Accordingly,
for each i-th layer, with i € [1, -+, n], a functional thickness t; and a layer
thickness t; can be distinguished. The former, i.e., t;, represents a
penetration depth such that the stress tensor is still limited to the i-th
indented layer and is not influenced by the next, i.e., the i + I-th, layer.
The latter, i.e., t;, is the depth of the physical interface between the i-th
and the i + 1-th layer. Fig. 1(a-b) shows a conceptual schematic repre-
sentation, following the discussed modelling according to [38]. For
penetration depths larger than 10% of the layer thickness, the me-
chanical response of the material depends both on the indented layer
and the material layer below [41,42], i.e. a first approximation for the
functional thickness is obtained as t; ~ 0.1t;.

By means of continuous multi-cycle (CMC) indentation, i.e. the
application of indentation cycles with increasing F. in the same
location, it is possible to map any surface property, e.g., M = {Hjr, Eir},
as a function of the maximum corrected penetration depth. In the
simplest case of a monolayered coating, i.e.,n =1, the relationship M(h)
shows two plateaux and a transient, see Fig. 1(c). The constant regions
describe ranges of penetration depths where the material response is
affected only by the indented layer, i.e. for h < t; and for h > ;. For
he [tﬁ; ti], the transient reflects the superposition of the mechanical
response of the layer and substrate due to the deformed volume of
material by the stress tensor, and by specific material structure and
composition, also dependent on the particular deposition process phe-
nomena, e.g., the presence of a continuous gradient due to solid state
diffusion between the layer and the substrate [43]. Most typically, sig-
moid functions can model the mathematical relationship M (hemax)-
Sigmoid functions describe a family of models whose flexibility depends

having a probability density function fy, detailed in Eq. (7);

2n+1

fu = fu(m|0) = Z mfuk (m|{ﬂk1 Ui}) )
k=1

The model mixture in Eq. (6), written for n coating layers and the
substrate, i.e., the n+1 material layers, caters for functional layers
having mean and variance y; and 67, and for transition layers from the j-
th to the j + I-th functional layer, with mean and variance y;;,, and
675, The parameters of the GMM, i.e. the latent mixture components
parameters y, ¥ and the mixture weights 7 can be estimated by decon-
volving the empirical GMM. In particular, given the k-th mixture
component, the relevant latent parameters y,, 67 and 7, can be estimated
by the expectation maximisation (EM) algorithm [45], subjected to the
constraints 0 < m < 1, Yett 'z = 1 [46].

GMM are conventionally used as unsupervised learning classifiers
[46]. Classification can be exploited to assign any observations m, i.e., a
realisation of the material property response M, to a component of the
mixture. The classification can be performed by hard clustering, i.e., by
identifying the component z, of the mixture that maximises the
maximum a-posteriori probability (MAP) that the observation m is a
realisation of the k-th latent mixture component:

P(zn= kjm, 0) = k() ®)

"~ fu(m|6)

2, = argmax{p(z,=kjm,0) } = argmax{log(fM_k(m)) + log(m) } 9
k k
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Fig. 1. (a) Conceptual representation of a multi-layer coating system. (b) Conceptual representation highlighting functional thickness t;, physical interfaces, and
transition layers. (c) Typical depth-profiling of E;r for a monolayer coating obtained by CMC nanoindentation of a 550 nm SiO,/Si<1 0 0>: notice the two plateau for
h < 50 nm related to the coating, and for h > 550 nm related to the substrate [38].

Indeed, misclassification errors may occur. It is in particular useful to set
a maximum risk of error of type I for the selected class, i.e., for the
predicted mixture component, a,. In particular, it can be defined as the
probability of performing a classification error for the observation m,
assumed to be a realisation of the k-th mixture component, i.e.,

=p(zn# kim € k,0) = 1 —p(z,= k|m, ) 10)

It can be associated with a quantile M, of the k-th mixture component
that satisfies a classification confidence level P, = 1 —ax. Accordingly,
two situations can be distinguished. If the i-th layer is harder than the i
+ 1-th layer, an increasing trend of M = g(hmax; 9) results, and the two
quantiles for the functional layer M;z and the physical interface M; can
be written as:

Mj =min{m:p(k =2i — 1jm,0) =1 —az_, } an

M; =max{m:pk =i+2/m,0) = a5 }. 12)

In a dual way, if the i-th layer is softer than the i + 1-th layer, a
decreasing trend of M = g(hc,max; 3) results, and the threshold material
properties can be written as:

M; =max{m:pk=2i—1/m,0) =1—ay , } (13)

M; =min{m:pk =i+ 2|m,0) = @, } a4

i

Once the thresholds M" have been evaluated, it is possible to estimate
the associated penetration depth by inverting the model g(hcmax,?)
defined in Eq. (5), i.e.:

s =& (M;) as
tuy =g ' (M) (16)

2.1.1. Data fusion

According to Eq. (15) and Eq. (16), for each of the material prop-
erties M evaluated by nanoindentation, it is possible to estimate a layer
thickness. This allows for leveraging the redundancy of information to
improve measurement accuracy and reduce the dispersion by data
fusion (DF). In particular, it is possible to combine any thickness esti-
mation t;; from different material properties by means of the inverse
variance weighting, i.e.,

s = tw/ ( ) an
YosEe(n)

 (tpre) = W as)

where #M is the number of evaluated material properties, and Eq. (17)

describes the average thickness t;,.; estimated by DF, and Eq. (18) its
variance u? (t{mi). The DF weights estimations obtained by different
material properties t,,; by their combined uncertainties u* (th> The

method to estimate the u? (t;,,j) will be described in Section 3.3

2.2. Experimental setup

This work aims to demonstrate the applicability of the
nanoindentation-based method for measuring the thickness of coating
layers for ultra-thin coatings. Accordingly, four sets of coatings were
deposited by physical vapour deposition. The coatings were deposited
on a Si<1 0 O>wafer substrate [47] and characterised in [48]. Two
coatings were deposited, i.e., a SiO matrix functionalized by silver
nanoparticles (Si02AgNP/Si<1 0 0>), and a ZrO, matrix functionalized
by silver nanoparticles (ZrO,AgNP/Si<1 0 0>). The coatings are typi-
cally applied to air filters to leverage the antibacterial and antiviral
properties provided by the AgNP functionalization [27]. The deposition
was performed considering durations of 30" and 60’ to obtain coatings
with different thicknesses. The deposition was performed for the
Si02AgNP/Si<1 0 O>targeting the Si target with a 200 W radio fre-
quency and the silver target with a 5 W direct current, and for
ZrO2AgNP/Si<1 0 0>targeting the Zr target with a 250 W radio fre-
quency and the silver target with a 4 W direct current. The
manufacturing process was performed in Argon atmosphere at a pres-
sure of 5.5 dPa [49,50]. The deposition was performed while half of the
substrate was covered by an inert polymeric film, allowing for a step
height to be obtained after the deposition by simply removing the film.

Nanoindentation experiments were performed by a state-of-the-art
STeP6 Anton Paar indentation platform, by means of an NHT® nano-
indenter, shown in Fig. 2(a), in the metrological room of the Mind4Lab
of Department of Management and Production Engineering of Poli-
tecnico di Torino. The equipment features a calibrated force—displace-
ment three-plate capacitive transducer allowing a force application in
the range (0.1-500) mN, with a resolution of 20 nN, a noise floor of
1 pN, and a reproducibility of 3 uN. The displacement is measured by the
same sensor in a range of 40 um with a resolution of 0.01 nm, a noise
floor of 0.3 nm, and a reproducibility of 1 nm, which limits the ideal
minimum measurable penetration depth.

The instrument was equipped with a Berkovich indenter, and
nanoindentations were performed, implementing a 4 x 4 matrix of
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Fig. 2. (a) Anton Paar NHT® nanoindenter. (b) the four coated samples, where it is possible to distinguish the coated step from the substrate (darker region). (c)
typical indentation curve, F(h), for a continuous multi-cycle indentation. (d) raw measured penetration depth (h) in black (left axis) that results from the applied force
(F) in red (right axis) for a continuous multi-cycle indentation. (c-d) refer to an indentation on SiO;AgNP/Si<1 0 0>deposited for 60'.

continuous multi-cycle indentations for each of the four coated samples,
shown in Fig. 2(b). Each indentation consisted of a set of 20 cycles
quadratically spaced, to improve resolution at shallow depths, between
0.1 mN and 25mN. Each cycle consisted of loading, holding, and
unloading with durations of 10 s, 15 s, and 10 s, respectively, as shown
in Fig. 2(c) and Fig. 2(d).

Accordingly, the model proposed in Section 2.1 considers one layer,
i.e.,n =1, and the coating thickness t, i.e. the physical interface, results
ast, = t;'m. The EM algorithm was initialized by a k-means++ algo-
rithm [51], rather than performing an initialization with random seed,
performing 50 independent replications and selecting the result maxi-
mizing the negative Log-Likelihood.

3. Metrological properties

The second focus of this paper is to provide a discussion and evalu-
ation of the metrological properties of the nanoindentation-based
method for coating thickness measurements. In this section, trace-
ability and methodology for evaluating bias and uncertainty are
discussed.

3.1. Traceability

The traceability of the thickness measurement is established through
the calibration of the nanoindentation instrument. In particular, the
force—displacement sensor was calibrated according to the requirements
of ISO 14577-2 [52]. The calibration of the force-displacement sensor
yielded a bias of less than 1% for both the force and the penetration
depth measurements [52].

Furthermore, the correction of systematic errors associated with the
finite stiffness of the indentation instrument and of the non-ideal ge-
ometry of the indenter requires calibration of the frame compliance C¢
and of the area shape function, A, (hc,max), parameters, respectively. The
calibration of frame compliance and area shape function parameters was
performed using the two-material method and the single-step procedure
described in [51], which improves upon the standard approach outlined
in ISO 14577-2. This method was accompanied by a bootstrap uncer-
tainty evaluation to account for the reproducibility of the calibration
indentation dataset [53-55]. The procedure exploited calibrated refer-
ence materials of SiO and tungsten. The calibration was performed in
the range from 25 nm to 215 nm. The traceability of the frame
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compliance and area shape function calibration leverages the calibration
of the Young modulus and Poisson’s ratio of the calibrated reference
materials by frequency resonance performed at NPL. The calibration of
the frame compliance allows for correcting the measured penetration
depth according to Eq. (4), resulting in relative expanded uncertainties
of 2% and 6% for the indentation modulus and indentation hardness,
respectively [53]. Last, systematic errors in the penetration depth
measurement due to thermal drift at the indenter and sample contact are
compensated, as per ISO 14577-1 [40], by evaluating the thermal
penetration drift rate by a stabilization performed before the start of
each indentation cycle.

3.2. Measurement uncertainty

Measurement uncertainty is evaluated according to the Guide for the
expression of Uncertainty in Measurement (GUM) by applying the Law
of Propagation of Uncertainty (LPU) [56]. Specifically, the combined
variance of the measured thickness by the nanoindentation-based

method, u? (tfv,i), can be written as:

Measurement 281 (2026) 121993

is evaluated by performing 100 independent evaluations initializing the
EM algorithm with both the k-means++ algorithm and a random seed,
computing the respective average and evaluating the variance contri-
bution as:

2
e _E
2 - ( M.,i k—means++ M.l.random)
U inie = 3 : (20)

The latter is evaluated as the variance of the 100 replications ob-
tained initializing the EM algorithm with the k-means++ algorithm.
According to the previous discussion, all contributions are propagated as
type A contributions.

Finally, measurement uncertainty is evaluated considering a confi-
dence level of 95%, and a coverage factor k- evaluated as the relevant
quantile of a t-Student distribution with v, degrees of freedom evaluated
by means of the Welch-Satterthwaite formula [56]. It follows that

U (tM,) =kp o u(t;,,yi). Last, it is worth emphasising that the formula-

tion of Eq. (19) applies to both the functional and physical interface
layer thicknesses. A breakdown of uncertainty evaluation is available in

dg [(M:9) [0 (M)
™ |, 5, 0 0 0 9 |,
2 (t;d,) _ vy — 0g’10(1\1\f; 9) ‘ 0 u*(M)+ MSE 20 0 0g~ (M; 9) o)
i M 0 0 u?(h) 0 My
1 0 0 0 ulziM,init + u(z}MM,reprad 1
i 1 | L 1 ]

where c is the array of sensitivity coefficients, i.e., of partial derivatives
of the metrological model, and [VCV] is the variance—covariance matrix
of the uncertainty contributions. These account for: the var-

iance—covariance matrix Xy of the estimates of model parameters 9
obtained by the nonlinear regression, the regression residuals mean
squared error MSE, the metrological characteristics of the nano-
indentation system, and for the variability due to the classification al-
gorithm. The metrological characteristics of the nanoindentation system
describe the traceability and the reproducibility. The traceability is
propagated as the standard uncertainty of the evaluated mechanical
property, i.e. u?(M), from the relative contributions estimated in cali-
bration (see Section 3.1). In particular, u?(M) is evaluated by applying
the LPU to the Egs. (1) and (2) and propagating the relevant contribu-
tions of the maximum applied force, the projected contact area, which
includes contributions of the frame compliance and the area shape
function calibration, the contact stiffness, the Poisson’s ratio of both the
sample and the indenter, and the Young modulus of the indenter (the
last three propagated as type B contributions) [53,57,58]. The repro-
ducibility of the testing equipment is associated with the penetration
depth measurement, i.e., u?(h), and estimated empirically as the vari-
ance of the measured maximum penetration depths. Additional contri-
bution to the reproducibility is modelled by the MSE, which includes
contributions to measurement uncertainty due to the sample uniformity,
surface roughness, and any effect of small wear of the indenter tip during
the replicated tests. Uncertainty contribution due to the thermal drift
compensation are neglected due to the small uncertainty of the thermal
penetration drift rate. Further, contributions from the GMM classifica-
tion can be considered. First, systematic errors due to the initialization
method for the EM algorithm, i.e., ufy ;;, can be considered. Second,

random classification error, i.e., Uy proq» €N be modelled. The former

the annex highlighting contributions and degrees of freedom.

3.3. Measurement accuracy

The accuracy of the thickness measurement was assessed by evalu-
ating systematic differences with respect to primary and directly trace-
able thickness measurements of the coating step height performed by
phase grating interferometric contact stylus (PGI-CS) and atomic force
microscopy (AFM).

PGI-CS measurements were performed by the Nanometrology and
Surface Metrology laboratory at the Italian National Metrological
Institute (INRiM) with a Taylor Hobson Form Talysurf PGI Novus S10,
shown in Fig. 3(a), having a calibration measurement capability of

Ucmcosw = \/lnm2 + (4.6 x 10—3)2 e 72, where Z is the measured step
height in nanometres [59]. For each sample, 20 profiles across the step
length were measured, and the related step height tp;_cs was evaluated
as per ISO 5436-1 [60]. The sample average fpgr_cs and the sample
standard deviation s(tpg;_cs) of the twenty replications were estimated
as the reference calibrated value by the PGI-CS and as the reproduc-
ibility contribution of the calibration. Accordingly, the standard un-
certainty of the PGI-CS step height measurement was estimated by
combining the traceability and the reproducibility [56], i.e.

U o\
UpGrcs = \/ (M) + s2(tpar-cs) (21)

2

Accuracy is evaluated as bias with respect to the primary traceable
measurements, i.e.

epcr-cs = tc — trarcs (22)

Relative accuracy, i.e. epgr_cswe = €pgr_cs/t:, is also reported, and the
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Fig. 3. Directly traceable measuring instruments used to provide reference coating thickness measurements: (a) Phase Grating Interferometric Contact Stylus and (b)

Atomic Force Microscope.

statistical significance of the bias is investigated by a hypothesis test on
the mean based on the t-Student distribution, with a null hypothesis H, :
t. = tpgr_cs, and estimating the score of the test as

t. — tpgi—cs

texp =,
VU (te) + Ugr cs

where t, is a t-Student distribution with v degrees of freedom evaluated
by means of the Welch-Satterthwaite formula [56], considering 19 de-
grees of freedom for the PGI-CS and v degrees of freedom for the
nanoindentation-based thickness evaluation. The degrees of freedom for
the PGI-CS results from applying the Welch-Satterthwaite formula to the
Eq. (21), considering the step height CMC is low and evaluated with 130
degrees of freedom [59].

Additionally, compatibility investigation of the thickness measure-
ment method based on nanoindentation with AFM step height mea-
surements was addressed. Coating step height measurements were
performed using a closed-loop AFM, see Fig. 3(b), installed in the
metrological room of the Mind4Lab at Department of Management and
Production Engineering of Politecnico di Torino. The measurement
noise of the AFM was calibrated and was smaller than 0.08 nm. Because
the maximum measured area is (100 x 100) pm, and the manufacturing
resulted in a slurred step wide about 400 pm due to the presence and
subsequent removal of the inert polymeric film, the step height could not
be measured directly. Conversely, six pairs of topographies were
measured for each sample on both the coating and the substrate at a
distance of at least 1 mm from the step. The AFM enables relative
positioning along the cantilever's z-axis, which was exploited to estimate
the step height. Specifically, measured pairs of topographies were lev-
elled line by line [61], then the average absolute surface height was

(23)

Table 2

Coating thickness measurement by directly traceable methods. Mean and
expanded uncertainty (confidence level of 95%). Details for uncertainty prop-
agation in the annex. Degrees of freedom v and p-value of a t-Student hypothesis
test to test compatibility of AFM and PGI-CS measurements.

Material AFM PGI-CS v p-
value

SiO,AgNP/ (88.6 + 36.5) nm (59.2 + 25.3) nm 16 0.15
Si<100>30

SiO,AgNP/ (134.7 £ 55.4) (148.3 + 18.4) 8 0.59
Si<100>60' nm nm

ZrO,AgNP/ (39.3 + 30.0) nm (34.4 £ 22.2) nm 19 0.77
Si<100>30

ZrO,AgNP/ (163.0 + 32.3) (127.8 + 27.7) 20 0.08
Si<100>60' nm nm

measured, and the step height resulted as:
Larm = Zcoating — Zsubstrate - (24)

The sample average of the six measurements is considered a trace-
able measurement of the coating thickness t,my, and the sample standard
deviation s(tams) estimates the standard uncertainty, assuming that
reproducibility is the most significant contributing factor. The compat-
ibility of the method based on nanoindentation, described in Section 2,
with AFM measurements was investigated using a hypothesis test on the
mean based on the t-Student distribution, similar to Eq. (23), with de-
grees of freedom for the difference combining the 5 degrees of freedom
for the AFM and the v, degrees of freedom for the nanoindentation based
measurement through the Welch-Satterthwaite formula.

Details for the evaluation of the measurement uncertainty for both
the PGI-CS and the AFM thickness measurement are available in the
annex.

3.3.1. Sensitivity of accuracy to measured coating thickness

The sensitivity accuracy epgr—cs and of the relative accuracy epgr—csw
will be studied as a function of reference coating thickness. In order to
provide a thorough perspective on the metrological performances of the
nanoindentation-based thickness measurement, data obtained in the
present work relevant to ultra-thin coatings will be complemented with
data from [38] pertaining to thicker coatings, namely a SiOy/
Si<1 0 0>thick (566 + 17) nm and a PTFE + Pb/Bronze thick (50120 +
19750) nm. The reference thickness is measured, respectively, by X-ray
diffraction and a metallographic optical microscope [38].

4. Results and discussion

The deposited coatings were first characterised by directly traceable
methods to evaluate the reference thickness. Table 2 shows the results
obtained following the methodology outlined in Section 3.3, details of
the uncertainty propagation are available in the annex from Table A2 to
Table A9. As can be appreciated, a wide range of ultra-thin and thin
coatings were manufactured by sputtering. A lack of statistical
compatibility between the AFM and the PGI-CS measurements could not
be highlighted by a hypothesis test on the mean based on the t-Student
distribution, and the p-values are reported in Table 2. The uncertainty of
the AFM is slightly worse than those of the PGI-CS due to the high
sensitivity to the effect of local topography. This result confirms the
methodology introduced in Section 3.3, to rely on PGI-CS measurements
for accuracy evaluation of the nanoindentation-based method. Addi-
tionally, AFM measurements were exploited to provide an indication of
the surface roughness, resulting for the four coatings, respectively, for
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Si02AgNP/Si<1 0 0>30/, SiO,AgNP/Si<1 0 0>60', ZrO,AgNP/
Si<1 0 0>30', and ZrO»,AgNP/Si<1 0 0>60" in Sa values of 1 nm, 0.8
nm, 0.5 nm, and 0.45 nm.

Then, coatings were indented following the methodology outlined in
Section 2.1. As discussed in Section 2.1, the particular interaction be-
tween the indentation force scale and the material response determines
whether shallow indentation in the functional layer can be obtained.
The minimum penetration depths for the four coatings (SiO2AgNP/
Si<1 0 0>30/, Si0,AgNP/Si<1 0 0>60', ZrO,AgNP/Si<1 0 0>30, and
ZrO,AgNP/Si<1 0 0>60") were, respectively, 25 nm, 50 nm, 25 nm,
and 30 nm. Since all the minimum penetration depths exceed 10% of
the coating thickness (see Table 2), a simplified material model shall be
used. Specifically, in line with the methodology outlined in Section 2.1,

because no indentation data can be collected in the functional layer, a
simpler model with a three-parameter logistic function, as in Eq. (5.1),
and a GMM with two latent distributions were considered. The latter, in
particular, accounts for the fact that only the interface and the substrate
will contribute to the convolution, i.e., with respect to the model of Eq.
(6), it results as M ~ GMM(u, ;1) = maN(uy, 63) + n1/2N<,u1/2,af/2).
Accordingly, only the physical interface thickness will be evaluated.
Such a limitation is strictly dependent on the used NHT® nanoindenter.
However, the availability of an indentation platform capable of man-
aging a maximum applied load smaller than 0.1 mN would overcome
this technical limit, or the use of spherical indenters. Fig. 4 shows the
deconvolution of the mechanical response for SiO2AgNP/Si<1 0 0>with
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a deposition duration of 60/, highlighting the quantiles M; and the
corresponding physical interface thickness ty,;. Fig. 5, Fig. 6, and Fig. 7
report similar plots for the other three considered coatings. Goodness-of-
fit diagnostic for the GMM are reported in the annex Table Al.

4.1. Critical analysis

Fig. 8 summarises the results of applying the thickness evaluation
methodology and the uncertainty evaluation, respectively introduced in
Section 2.1 and Section 3.2. The overlap of the error bars provides a
graphical interpretation of the t-Student hypothesis test on the pairwise
differences between the different methods. As can be appreciated, an
average compatibility between the nanoindentation-based thickness

measurement and other independent approaches can be seen. More in
detail, it can be appreciated that the particular material system affects
the accuracy epg_cs depending on the mechanical characteristics
considered, i.e., whether t;;, t;;; or t;.; are evaluated. With reference to
Fig. 4 and Fig. 5, Fig. 6, and Fig. 7, it can be immediately appreciated
that the most accurate method for thickness evaluation is the one that
leverages the mechanical characteristic that between the coating and the
substrate presents the most significant difference. This is indeed bene-
ficial for increasing the simplicity and robustness of the deconvolution of
the mechanical response. In fact, SiO, and Si present a very similar
indentation hardness with differences in the order of a half order of
magnitude. Conversely, the indentation modulus increases of almost
200% from the SiO; coating to the Si, thus yielding better agreement in
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Fig. 8. Error bar plot with confidence interval at a 95% confidence level for the evaluated coating thickness (physical interface) based on nanoindentation-based
method (using only the Er, the H;r, or by Data fusion), and by directly traceable approaches, i.e. AFM and PGI-CS.

Table 3

Metrological characteristics of the nanoindentation-based coating thickness
evaluation. Results in terms of measured thickness and expanded uncertainty
(confidence level of 95%, k = 1.97, resulting from the very large available de-
grees of freedom), and relative uncertainty. Data related to SiO,/Si<1 0 0> and
PTFE + Pb/Bronze are provided to give evidence for thicker coatings [38].

Material £+U(t) U(£)%
SiO,AgNP/Si<1 0 0>30 f;z.z =(73.6 £10.3) nm 14.0%
SiO,AgNP/Si<1 0 0>60 t;:z = (136.8 + 12.8) nm 9.4%
ZrO,AgNP/Si<1 0 0>30' f;-z.z = (42.9 £ 9.5) nm 22.1%
ZrO,AgNP/Si<1 0 0>60' f;-z.z = (106.6 + 15.5) nm 14.6%
Si0,/8i<1 0 0> ty = (542.0 + 84) nm 15.5%
PTFE -+ Pb/Bronze tor = (46.777 £ 5.976) pm 12.8%

terms of accuracy between tj;; and the PGI-CS measurement. The situ-
ation is reversed for the ZrO4/Si system. In fact, the largest difference is
in the indentation hardness, which provides better accuracy. In partic-
ular, the large dispersion of the Ejr characterisation on the ZrO;AgNP/
Si<1 0 0>deposited for 60’ (see Fig. 7), generates a very poor accuracy
of the associated t;;, as it can be appreciated in Fig. 8. Such large
dispersion is due to the greater variability of material composition,
specifically induced by larger AgNP clusters whose growth is promoted
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with longer deposition durations [48].

The metrological characteristics of the nanoindentation-based
coating thickness are reported in Table 3 and in Table 4 for uncer-
tainty and accuracy, respectively. In particular, the uncertainty U(t, ),
the relative uncertainty U(t;)%, computed as the ratio between the
uncertainty and the measured thickness t;, the accuracy epgr_cs, and the
absolute relative accuracy epgr—csv are evaluated and reported. Results
are provided by exploiting the mechanical response that allows for
better deconvolution, i.e., the indentation modulus for the SiO5/Si and
the indentation hardness for the ZrO,/Si. Details of the uncertainty
budget are available in the annex from Table A10 to Table A13. Addi-
tionally, to provide a broader outlook on the metrological performances,
additional data for thicker coatings are reported from [38]. As can be
appreciated, an expanded relative uncertainty of about 15% results,
independent of the measured thickness. Conversely, the relative accu-
racy is sensitive to the measured thickness. In particular, for ultra-thin
coatings, i.e.t. < 100 nm, a positive bias of about 24% results. On the
other hand, for thicker coatings, the nanoindentation-based thickness
measurement underestimates the thickness by about 8%. However, the
bias is not statistically significant when tested with a t-test, with a 5%
risk of error, as shown by the p-values reported in Table 4. The result is
also due to the relatively large uncertainty of thickness measurement,
both for the reference measurement and the nanoindentation method,
which caters for the reproducibility. In fact, as it can be appreciated from



G. Maculotti et al.

Table 4
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Metrological characteristics of the nanoindentation-based coating thickness evaluation. Results in terms of accuracy and absolute relative accuracy, and significance of
the bias tested by t-Student hypothesis test. Additional information on the t-Student test report the degrees of freedom, the uncertainty of the accuracy, obtained for a
confidence level of 95% with following Eq. (23). Data related to SiO,/Si<1 0 0> and PTFE + Pb/Bronze are provided to give evidence for thicker coatings [38].

Material t epci—cs = Ulepci—cs) lepcr—cso| v p-value
Si0,AgNP/Si<1 0 0>30 tzo =73.6 nm (14.4 + 27.0) nm 24.3% 27 0.283
Si0,AgNP/Si<1 0 0>60 tzo = 136.8 nm (—11.5 + 22.0) nm 7.8% 45 0.299
ZrO,AgNP/Si<1 0 0>30’ o = 42.9 nm (8.5 £23.9) nm 24.6% 28 0.471
ZrO,AgNP/Si<1 0 0>60 ty;5 = 106.6 nm (—-21.2 + 31.3) nm 16.6% 35 0.180
Si0,/Si<1 00> t; = 542.0 nm (—24.0 = 90.8) nm 4.2% 16 0.583
PTFE + Pb/Bronze thp = 46.777 pm (—3.343 + 21.4) pm 6.7% 22 0.749

the uncertainty tables, the major contribution comes from the regression
residuals which accounts for coating composition and thickness in-
homogeneity. Conversely, contributions from the GMM clustering are
negligible (further details on clustering robustness are available in the
annex).

Last, the effect of data fusion can be discussed, with reference to
Fig. 8, on the metrological performances. Specifically, as reported in
Table A14, the data fusion, as described in Section 2.1.1 produces a
decrease in the relative uncertainty. Conversely, the effect on bias is
highly dependent on the specific material system. For cases in which the
deconvolution is suitably robust, such that t,;, for any M, provide ac-
curate results, e.g. for SiO,AgNP/Si<1 0 0>60" (thanks to the larger
thickness) and ZrO,AgNP/Si<1 0 0>30’ (thanks to the larger difference
in mechanical response between coating and substrate and the very
small and isolated clusters of AgNP [48]), DF improves the accuracy. In
any other case, i.e., when thicknesses estimated by different mechanical
properties through nanoindentation have different orders of magnitude,
the inverse variance weighting, being a competitive data fusion algo-
rithm, cannot compensate systematic errors [62] and shall not be relied
upon. Conversely, DF can be essential when further characterisation
signals can be obtained from the coating, e.g. electrical contact resis-
tance for conductive materials, not only to improve thickness mea-
surements but also to gain insight into the material composition and
homogeneity [38].

4.2. Limitations

The present work has developed an uncertainty evaluation for
functional coatings thickness measurement by nanoindentation. How-
ever, some methodological and practical limitations can be highlighted.

Foremostly, a formal sensitivity analysis to instrumented indentation
test parameters, such as loading and strain rate, and the indenter ge-
ometry is missing. The former might affect both the sigmoid fitting and
the clustering. The latter, in the case a spherical indenter is used, would
allow to obtain shallower indentations for the same load range, possibly
enabling characterization in the first 10% of thickness, thus potentially
affecting the sigmoid fitting and the clustering. The sensitivity analysis
might achieve an optimization of the bias and uncertainty for the
considered nanoindentation-based coating thickness measurement.

Secondly, a sensitivity analysis to sample and substrate properties is
necessary to investigate applicability to coatings on soft substrates, and
the effect of different surface roughness. Such an analysis might set
limits for the applicability of the considered nanoindentation-based
coating thickness measurement.

Last, it shall be noted that a calibrated reference artifact with high
uniformity in composition and coating thickness over a wide range of
thickness is not currently available. The development of such an artifact
would allow, from the one hand, evaluating the metrological charac-
teristics of the indentation-based method minimizing the effect of the
reproducibility, and, on the other hand, to robustly benchmark different
measurement method, if the artifact design overcomes the many limi-
tations for the application of conventional coating thickness
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measurement methods.
5. Conclusions

This work provided a metrological assessment of nanoindentation-
based coating thickness measurement. Primarily, the work successfully
demonstrated the application of the method for coatings thinner than
100 nm, which find applications in critical sectors such as electronics
and aerospace.

Also, the traceability of the methodology was discussed, and the
main metrological characteristics, including measurement uncertainty
and accuracy, were evaluated, with a particular focus on sensitivity to
the measured thickness. The relative expanded uncertainty resulted in
about 15% independently of the measured thickness. The bias, evalu-
ated against directly traceable and independent methods such as inter-
ferometric contact stylus and atomic force microscopy, showed a
relative magnitude dependent on the measured thickness, of about 24%
for thicknesses smaller than 100 nm, and of about —8% for thicker
coatings. However, the bias results to be not statistically significant.

The results showed the applicability of nanoindentation-based
coating thickness measurement to industrial case studies over a wide
range of thickness. Future works will investigate applicability to soft
substrates and to application in quantum technologies based on ultra-
low force, i.e. smaller than < 0.5 mN, nanoindentation.

Additionally, future works will address sensitivity studies on the
effect of instrumented indentation test parameters, of the indenter ge-
ometry, which controls the contact mechanics, and of coating and sub-
strate material and roughness on the thickness measurement. Also,
future work will benchmark performance of several coating thickness
measurement techniques by developing an appropriate reference
material.
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Annex.

Table Al
Goodness-of-fit diagnostics for the GMM deconvolution. Non-negative Likelihood (NNL), AIC
and BIC scores.

Material NNL AIC BIC

SiO,AgNP/Si<1 0 0>30' 1292 2612 2593
SiO,AgNP/Si<1 0 0>60' 4748 9530 9506
ZrO,AgNP/Si<1 0 0>30' 2445 4917 4899
ZrO,AgNP/Si<1 0 0>60 2159 4345 4328

Table A2
Uncertainty Table for PGI-CS measurement of SiO,AgNP/Si<1 0 0>30'.
Measurement (y) Contribution (x;) u?(x;)/nm? vj G/~ 2 (y)/nm®
trercs = 59.2 nm Reproducibility:s? (tper_cs) 147.168 19 1 146.168
2 0.410 130 1 0.410
Traceability: (—UCM;'95%>
uZ(y) 146.577 nm?
uc.(y) 12.1 nm
v 19
k 2.09
U(y) 25.3 nm
Table A3
Uncertainty Table for PGI-CS measurement of SiO,AgNP/Si<1 0 0>60'.
Measurement (y) Contribution (x;) u? (x;) /nm* Y G/~ w(y)/nm?
trgr-cs = 148.3 nm Reproducibility:s? (tpcr_cs) 76.913 19 1 76.913
00\ 2 0.706 130 1 0.706
Traceability: (—UCM;‘95 % )
uZ(y) 77.618 nm?
u.(y) 8.8 nm
v 19
k 2.09
U(y) 18.4 nm
Table A4
Uncertainty Table for PGI-CS measurement of ZrO,AgNP/Si<1 0 0>30'.
Measurement (y) Contribution (x;) ©?(x;)/nm? Y /= 1w (y)/nm?
troi-cs = 34.4 nm Reproducibility:s? (trr_cs) 112,572 19 1 112.572
00\ 2 0.336 130 1 0.336
Traceability: (@)
w2 (y) 112.908 nm®
uc(y) 10.6 nm
v 19
2.09
U(y) 22.2 nm
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Table A5
Uncertainty Table for PGI-CS measurement of ZrO,AgNP/Si<1 0 0>60'.
Measurement (y) Contribution (x;) u? (x;)/nm? v G/ = @(y)/nm?
trei_cs = 127.8 nm Reproducibility:s? (trr_cs) 175.033 19 1 175.033
2 0.624 130 1 0.624
Traceability: (%)
uZ(y) 175.657 nm®
uc(y) 13.3 nm
v 19
k 2.09
Uly) 27.7 nm
Table A6
Uncertainty Table for AFM measurement of SiO,AgNP/Si<1 0 0>30'.
Measurement (y) Contribution (x;) u? (x;)/nm? v G/ = w(y)/nm’
tarm = 88.5 nm Reproducibility:s? (Zzoating) 199.527 5 1 199.527
Reproducibility:s? (Zapsrar ) 38.507 5 1 38.507
Noise 0.0064 100 1 0.0064
2(y) 238.040 nm?
uc(y) 15.4 nm
v 7
k 2.36
U(y) 36.5 nm
Table A7
Uncertainty Table for AFM measurement of SiO,AgNP/Si<1 0 0>60'.
Measurement (y) Contribution (x;) u?(x;)/nm? Y G/~ w2 (y)/nm’
tarv = 134.7 nm Reproducibility:s? (Zcoating) 471.407 5 1 471.407
Reproducibility:s? (Zupsrare ) 40.042 5 1 40.042
Noise 0.0064 100 1 0.0064
u?(y) 511.755 nm>
uc(y) 22.6 nm
v 6
k 2.45
Uly) 55.4 nm
Table A8
Uncertainty Table for AFM measurement of ZrO,AgNP/Si<1 0 0>30'.
Measurement (y) Contribution (x;) u?(x;)/nm? v ¢/~ 2 (y)/nm’
tary = 39.3 nm Reprod]_lcibilit:y:s2 (zcmﬂ-"g) 132.540 5 1 132.540
Reproducibility:s? (Zupsrar ) 37.002 5 1 37.002
Noise 0.0064 100 1 0.0064
uz(y) 169.548 nm?
u.(y) 13.7 nm
v 8
k 231
Uy) 30.0 nm
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Table A9
Uncertainty Table for AFM measurement of ZrO,AgNP/Si<1 0 0>60'.
Measurement (y) Contribution (x;) u?(x;)/nm? Y G/~ w? (y)/nm?
tarv = 163.0 nm Reproducibility:s? (Zeoating) 149.002 5 1 149.002
Reproducibility:s? (Zupsrare) 38.002 5 1 38.002
Noise 0.0064 100 1 0.0064
2 (y) 187.010 nm?
u(y) 13.7 nm
v 7
k 2.36
U(y) 32.3 nm
Table A10
Uncertainty Table for nanoindentation measurement of SiO,AgNP/Si<1 0 0>30".
Measurement (y) Contribution (x;) u? (x;) v G u? (y)/nm?
t;, = 73.6 nm Parameters:Zy 3.240 nm? 317 1 3.240
Traceability:u? (E) 2.681 GPa? 49 1.3425 nm/GPa 4.832
Sample uniformity — reproducibility:MSE 8.037 GPa? 317 1.3425 nm/GPa 14.486
Reproducibility:u?(h) 4.68 nm? 15 1 4.680
GMM reproducibility:uy eprod 0.018 nm? 99 1 0.018
GMM initialization u2; ;. 0.030 99 1 0.030
w2 (y) 27.286 nm?
uc(y) 5.2 nm
12 283
ke 1.97
Uy) 10.3 nm
Table A1l
Uncertainty Table for nanoindentation measurement of SiO2AgNP/Si<1 0 0>60".
Measurement (y) Contribution (x;) u? (x;) v G u? (y)/nm?
t,, = 136.8 nm Parameters:X, 1.570 nm? 317 1 1.570
Traceability:u? (E) 1.643 GPa® 49 1.8225 nm/GPa 5.457
Sample uniformity — reproducibility:MSE 9.142 GPa? 317 1.8225 nm/GPa 30.364
Reproducibility:u? (h) 4.680 nm? 15 1 4.680
GMM reproducibility:ugMM_,epmd 0.038 nm? 929 1 0.038
GMM initialization 2 0.403 99 1 0.403
u2(y) 42.512 nm?
uc(y) 6.5 nm
12 362
ke 1.97
U(y) 12.8 nm
Table A12
Uncertainty Table for nanoindentation measurement of ZrO,AgNP/Si<1 0 0>30'.
Measurement (y) Contribution (x;) u? (x;) L ] w?(y)/nm’
ty, = 42.9 nm Parameters:X, 2.010 nm? 317 1 2.010
Traceability:u®(H) 0.096 GPa® 49 8.800 nm/GPa 7.408
Sample uniformity — reproducibility:MSE 0.115 GPa? 317 8.800 nm/GPa 8.921
Reproducibility:u? (h) 4.680 nm? 15 1 4.680
GMM reproducibility:ugym reproq 0.055 nm? 99 1 0.055
GMM initialization u2y; ;. 0.083 99 1 0.083
u;(y) 23.158 nm?
uc(y) 4.8 nm
vt 189
ke 1.97
U(y) 9.49 nm
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Table A13
Uncertainty Table for nanoindentation measurement of ZrO,AgNP/Si<1 0 0>60'.
Measurement (y) Contribution (x;) u?(x;) L ] u?(y)/nm?
ty;, = 106.6 nm Parameters:Xy 6.420 nm? 317 1 6.420
Traceability:u®(H) 0.078 GPa? 49 14.300 nm/GPa 15.964
Sample uniformity — reproducibility:MSE 0.169 GPa? 317 14.300 nm/GPa 34.578
Reproducibility:u? (h) 4.680 nm? 15 1 4.680
GMM reproducibility:uéMM‘repde 0.091 nm? 99 1 0.091
GMM initialization u2y; ;. 0.563 929 1 0.563
w2(y) 62.296 nm?
u.(y) 7.9 nm
Ve 367
ke 1.97
Uly) 15.5 nm
Table A14

Metrological characteristics of the nanoindentation-based coating thickness evaluation. Results in terms of measured thickness and expanded uncertainty (confidence
level of 95%), relative uncertainty, accuracy and absolute relative accuracy, and significance of the bias tested by t-Student hypothesis test. Thickness evaluation
performed using data fusion.

Material rp + U(t;m) U(t;/Lz)% epGI—cs |epgr—csos| p-value
8i0,AgNP/Si<1 0 0>30' (81.8 +10.9) nm 13.3% 22.6 nm 38.2% 0.096
SiO2AgNP/Si<1 0 0>60' (154.5 £+ 10.2) nm 6.6% 6.2 nm 4.2% 0.545
ZrO,AgNP/Si<1 0 0>30' (33.6 & 5.6) nm 16.6% —0.8 nm 2.3% 0.943
ZrO,AgNP/Si<1 0 0>60' (67.0 £+ 10.3) nm 15.4% —60.7 nm 47.5% <0.001
Data availability [12] A. Mura, H. Wang, F. Adamo, J. Kong, Graphene coatings to enhance tribological

Raw data and code implementing the thickness measurement

method are available at https://doi.org/10.5281/zenodo.18921964.
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