Journal of Sol-Gel Science and Technology
https://doi.org/10.1007/510971-019-05196-9

ORIGINAL PAPER: CHARACTERIZATION METHODS OF SOL-GEL AND
HYBRID MATERIALS W) Check for updates

Mechanical properties and decohesion of sol-gel coatings
on metallic and glass substrates

David Mercier' - Arnaud Nicolay®**> - Abdelhamid Boudiba* - Xavier Vanden Eynde’ - Laure Libralesso’ -
Alain Daniel' - Marjorie Olivier®

Received: 28 August 2019 / Accepted: 19 November 2019
© Springer Science+-Business Media, LLC, part of Springer Nature 2019

Abstract

The sol—gel coating method is considered to be simple and easy to implement to lead to organic/inorganic hybrid coatings. In
addition, the application of thin films by this technique is inexpensive and applicable on large substrates without form
restriction. In this context, thin sol-gel coatings based on a mixture of three alkoxysilanes and synthesized in purely aqueous
phase with different thicknesses and with the presence or not of ZrO, nanoparticles, were applied on metallic and glass
substrates. After application and curing, the mechanical properties of sol-gel coatings were characterized by Berkovich
nanoindentation with continuous stiffness measurement mode (CSM). The effective elastic moduli as well as the hardness
values were estimated for each coating along the indentation depth and as a function of the substrate material and sol-gel
characteristics. The effect of a annealing at higher temperature was also studied. Then, the failure modes of sol-gel coatings
were investigated using both Berkovich nanoindentation and nanoscratch technique with a 5 um radius spherical diamond
tip. Careful microscopic observations of residual imprints and residual grooves both exhibit chipping in case of thick coating
especially on glass substrate and no dramatic failure for thin coating applied on both substrates. It is shown in this work that
the mechanical properties of the sol—gel and the mechanical stability of coatings on substrates are influenced dramatically by
the presence of nanoparticles and the thermal treatment. Finally, interfacial fracture toughness of sol-gel coatings on
substrate was estimated using analytical model from the literature and Ashby map based on experimental results was created
using performance indices in order to proceed to sol-gel coating selection.
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e Mechanical characterization of sol-gel coatings using a combination of different nanomechanical experiments.
e Effects of nanoparticles addition and thermal treatment on mechanical coating stability.
e Construction of Ashby map using experimental results for sol—gel coating selection.
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1 Introduction

The protection of metals and common alloys like stainless
steel [1, 2], aluminum alloys [3, 4], or magnesium alloys [5]
against corrosion, wear and scratches is an important task.
For that purpose, ceramic based coatings are investigated
and used by means of diverse methods, e.g., physical vapor
deposition and plasma enhanced chemical vapor deposition
[6, 7]. But these approaches require expensive equipments
and it is often difficult to obtain a good coverage for a
complex form of substrat. Another way to enhance the
anticorrosion [1, 8-10] and surface mechanical properties
[11-16] is to use sol-gel methodologies. Indeed, since the
90s, numerous publications have been published on the
protection of metallic substrates by sol-gel layers. The
interest with regard to sol-gel technology comes from the
simplicity of implementation but also the fact that there is a
chemical bond of the coating with the metallic surface [17].
Furthermore, another major advantage of the sol-gel route
is the possibility to provide a protection to the metal against
corrosion from nontoxic precursors and without adding of a
carcinogenic compound such as hexavalent chromium [18].

The most of the publications presents sol-gel developed
in organic solvant: ethanol [9, 19-21], isopropanol [22-24],

. with addition of 0-25% by volume of water which is
sometimes necessary for a good hydrolysis of precursors.
But there are also some water-based sol-gel, for example
the case of Vignesh et al. [4] who prepared a
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mercaptopropyltrimethoxysilane sol-gel for anticorrosive
application of aluminum. Capelossi et al. [25] investigated
the corrosion protection of the cladded 2024 aluminum
alloy, anodized and protected by application of a hybrid
sol—gel coating with a high water content (58% v/v). Finally
some publications can be found with purely aqueous sol-gel
composition. Roussi et al. [26] synthesized an aqueous
sol-gel by dropwise addition of GPTMS and TEOS in
deionized water, while Fedel et al. [27] studied the prop-
erties of a aqueous silane pretreatments. This leads to
environmentally friendly coating chemistry.

In order to improve or bring some properties at the coat-
ings, various types of additions such as metal oxides: ZnO
[28], TiO, [29, 30], ZrO, [31, 32], or SiO, [33] have been
incorporated into polymers or sol-gel coatings according to
the required properties. Among the available nanoparticles
(NPs), ZrO, seems to be a good candidate to improve the
mechanical properties of coatings thanks to its good chemical
stability and its high hardness resulting in good wear resis-
tance. Piwonski et al. [32] showed that ZrO, NPs enhanced
the tribological performance of alumina layers and Song et al.
[34] revealed that PEEK/ZrO, composite coatings could
improve the tribological properties of Ti6Al4V.

Moreover, mechanical behavior of sol-gel coatings have
been extensively studied by nano- and microindentation
experiments in the literature (elastoplasticity [35—42], brittle
behavior [35, 43-45], and adhesion [45-48]). Possible
fracture events can occur in thin films and coatings during
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indentation and scratch experiments, like radial crackings,
spallation, or delamination [49]. From the observations of
chip formation beside an indent or in front of a scratch,
analytical models from Thouless [50], Den Toonder et al.
[45], Malzbender and De With [51], Xie and Hawthorne
[52], Bull and Berasetegui [53] can be used to estimate the
fracture energy of the coating.

In this paper, the preparation of purely aqueous sol-gel
coatings and the mechanical properties at the nanoscale are
detailed. The alkoxysilane solutions consist of a mix of three
different precursors: tetracthoxysilane (TEOS), methyl-
triethoxysilane (MTES), and glycidyloxypropyltrimethox-
ysilane (GPTMS). The inorganic part have to provide the
hardness, while the organic chains have the advantage of
enhancing flexibility to avoid cracks in the coatings. In the
literature we notice that the mechanical performance of a
coated material depends on the intrinsic properties of coating
as well as the film thickness and the adhesion of the sol-gel
coating to the substrate. Nanoindentation and nanoscratch
experiments were performed to study the influence of the
sol-gel coating thickness, the thermal treatment, and the
nature of the substrate on the layer properties, including
elastic modulus, hardness, and adhesion. The influence of
ZrO, NPs incorporation on this properties is also presented.
Finally, sol-gel coating selection is performed following
Ashby’s methodology, based on performance indices and
material properties maps [54, 55].

2 Materials and experimental
methodologies

2.1 Materials

The alkoxysilane precursors used were glycidyloxypropyl-
trimethoxysilane (GPTMS, Sigma-Aldrich, >98% purity),
tetracthoxysilane (TEOS, Merck, for synthesis), and
methyltriethoxysilane (MTES, Alfa Aesar, 98% purity).
These products were used as received without further pur-
ification. Commercially available ZrO, nanocharges were
supplied by IoLiTec, and with an average size around
30-60 nm, and pure at 99.9%. Microscopic observations
were performed using a scanning electron microscope
(Fig. 1). The substrate material studied was AISI-304
polished stainless steel. Because of its heating limitation
(yellowing from 210 °C for 1 min in air), the glass substrate
was also used as reference (smooth surface, homogeneous
bulk material with isotropic properties, and heat resistant).
Before application:

e The stainless steel sheets were degreased with acetone.
e The glass substrates were cleaned with RBS™ detergent
and then ethanol.

SU8020 15.0kV 5.3mm x100k SE(U)

Fig. 1 SEM micrograph of zirconia nanopowder

Table 1 Summary of the different matrices used for sol-gel coatings
deposition

Matrix #1 #2 #3 #4
Dry extract (wt%) 4.4 9.9 12.7 14.7
Thickness (nm) 275 590 960 1300

2.2 Sol-gel coating elaboration, application, and
morphology

Four matrices have been prepared with a different overall
percentage of precursors. The ratio between the three pre-
cursors remains equal and the hydrolysis was catalyzed with
acid. The modification in the precursors concentration was
carried out to modify the dry extract of the matrix and thus
the deposited layer thickness. Table 1 summarizes these
different matrices. The films were applied on both substrates
at room temperature by dip coating. The sol-gel network is
obtained for each sample by drying and curing at 180 °C for
1 h. Homogeneous, transparent, colorless, and barrier
coatings were obtained. The coating thickness was mea-
sured by Dektak profilometer on glass (Table 1). Two
concentrations of ZrO, were studied: 3 and 10 wt% com-
pared with the dry extract. A thermal annealing at 670 °C
during 3 min was carried out on some glass samples to
evaluate the temperature effect on the mechanical properties
of the coating. No modification of glass mechanical prop-
erties is assumed after this tempering step. For some
matrices, zirconia NPs were beforehand dispersed in water
using an ultrasonic probe. Surface roughness of sol-gel
coatings has been estimated from topographic images
obtained by atomic force microscopy (AFM). 5 ym x5 um
maps were recorded with 512x 512 data points. AFM
measurements were carried out with a Dimension Edge
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Table 2 Summary of the roughness values obtained by AFM on
different sol-gel coatings

Matrix #1 #1 #4 #4 #4
Substrate Glass Glass Steel Glass Glass
Thickness (nm) 275 275 1300 1300 1300
Thermal treatment No Yes No No No
Presence of NPs No No No No Yes (10%)
Surface roughness— 3.1 6.2 0.6 14 1.3

Sa (nm)

Surface roughness— 4.7 7.9 07 1.7 1.9

Sq (nm)

16.2 nm
14.0
12.0
10.0
8.0
6.0

4.0

1.3

Fig. 2 AFM observation of 1.3 um sol—gel coating on glass subtrate,
with 10% of NPs

from Bruker in tapping mode. Sol-gel coating surfaces are
flat and roughness values given Table 2 are kept to a
nanometric level whatever the deposition and elaboration
steps. There is no clear evidence of thermal annealing effect
or addition of NPs, change of the substrate or increase of the
sol-gel coating thickness, on the surface roughness. AFM
observation shows a homogeneous dispersion of the NPs
whatever the percentage (Fig. 2).

2.3 Experimental techniques

The mechanical properties of the sol-gel films and the
substrates were studied using the nanoindentation technique
with a diamond Berkovich indenter. A Nanoindenter XP™
(MTS Instruments) with a continuous stiffness measure-
ment (CSM) module was used, allowing the continuous
measurement of contact stiffness (S), applied load (L), and
indentation depth (/). Indentation tests were performed to a
maximum depth of 2 um, and under a constant deformation
rate of 0.05 s~'. The area function of the Berkovich indenter
was calibrated against fused silica standard. Grids of indents
(matrix of 6 x 6) separated by 50 um were made on each
sample in order to obtain average values.

Scratch tests were performed in parallel on each coating/
substrate system (ten scratches per sample), using a
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Nanoindenter XP™ (MTS Instruments), to qualitatively

assess the relative resistance of the materials to scratching
and the adhesion of the coating to the underlying substrate.
A spherical diamond indenter (5 um tip radius and 90° half
angle) was used to perform the scratch tests. The indenter
scratched only one time the sample, over a length of 100 um,
with an increasing linearly applied normal load, until a
maximum of 100 mN, at a constant velocity of 5 ums~".
Optical microscopic (OM) observations of the residual
indents and scratch grooves are performed either in situ the
nanoindenter with a magnification of x10, or using a 3D
Digital KH-8700 (Hirox company, Japan) microscope
equipped with a OL-700 II objective. Micrographs of resi-
dual imprints are also aquired by scanning electron micro-
scopy (SEM) using a Hitachi SU8020 and by AFM with a
Dimension Edge from Bruker in tapping mode.

2.4 Estimation of sol-gel coating mechanical
properties

Both elastic modulus and hardness were determined from
the load—displacement curves, following the method given
by Oliver and Pharr [56, 57]. The reduced elastic modulus
(E’) and the hardness (H) for the coating were both calcu-
lated according to the following equations:

, S Vg

L

H = A (2)
With g, equal to 1.034 for a Berkovich indenter, according
to King [58], and with A, the contact area between the
indenter and the surface sample. Using reduced modulus
values obtained from Eq. 1 and assuming Poisson’s ratios
(v) of 0.225, 0.25, and 0.29, respectively, for the different
sol—gel coatings (according to Malzbender et al. [47]) the
glass (according to Makishima and Mackenzie [59]) and the
stainless steel (according to Ledbetter [60]) substrates, it is
possible to assess elastic modulus (E) of coatings and
reference susbtrates using Eq. 3.

11 —2\"

With vy,q and Ej,q4, respectively, the Poisson’s ratio (equal to
0.07) and the elastic modulus (equal to 1040 GPa) of the
diamond indenter [54, 61].

In the case of thin film indentation, the measured
mechanical properties are influenced by the substrate. In
this paper, mean values of elastic modulus and hardness
of sol-gels are extracted at 10% of the coating
thickness, according to the Biickle’s rule of thumb [61].
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Malzbender et al. proposed also to use analytical models to
extract the mechanical properties of the sol-gel coatings
[42, 47]. For layers thinner than 500 nm, this empirical rule
is not valid, since substrate effect occurs and area function
is not really well defined for too small indentation depths
(<50 nm) given tip defect, surface topography, and the
presence of surface contamination... An easy solution is to
use an analytical multilayer model to extract elastic mod-
ulus of the coating [62, 63]. Finally, average values of the
different substrates mechanical properties are calculated for
indentation depths between the surface and the maximum
indentation displacement (2 um).

Fracture toughness (K. )in mode I can be estimated from
the critical load (L.) when radial cracks appear in the
coating or the substrate [64, 65]. The determination of
toughness is based on Vickers indentation, but this
approach is also valid for Berkovich indentation [47] and
given by the following equation:

4 HSLC (4)

K. ~\——M—
fe 217 x 103

When fracture and pop-in on a load—displacement curve
from indentation tests are correlated, the energetic model
from Li et al. [47, 66] can be used to determine coating
toughness:

Kre = K = ub; 271CR) (Uporp m)}"f’ (5)
( )

where E is the elastic modulus, v is the Poisson’s ratio of the
layer, 27 Cp, is the crack length in the film plane, Upop—in the
strain energy difference before and after cracking (roughly
the aera below a pop-in), and ¢ is the coating thickness.

2.5 Estimation of work of adhesion

Coating work of adhesion can be assessed from scratch
experiments, knowing the critical load (F,) just before
chipping when elastic energy is released by interfacial
fracture [66-70]. According to the literature, Malzbender
et al. [47] proposed to define the work of adhesion (U) by
the following equation:

1 (vuF\*
_ 6
v 2E ( w > (6)

This formulae depends on geometrical parameters (the
coating thickness (¢) and the width scratch track (w)) and the
mechanical properties of the coating (elastic modulus (E)
and Poisson’s ratio (v)) and the friction coefficient between
the sol-gel coating and the indenter in diamond ().

2.6 Estimation of interfacial toughness

Coating interfacial toughness (K, jn) is a combination of the
mode I and II fracture toughness and can be estimated,
knowing elastic properties of coating/substrate system and
using following equations [47, 51]:

B — (; ((1 ;Vz) N (1 ;SV?)))I (7)
Kein = VTEm (8)

With Ej, being the reduced interfacial elastic modulus, E;
and vy are, respectively, the reduced elastic modulus and the
Poisson’s ratio of the substrate. I' is the fracture energy (in
J/m?), calculated from indentation and scratch experimental
tests with chips geometry and coating properties. A first
easy model to get this fracture energy is given by Thouless
[50]:

©)

A

EP (tanﬁ + %)2

I'thouless =~ 0.35— m

E and t are, respectively, the elastic modulus and the
thickness of the coating, and B, w, and [ are geometrical
parameters given Fig. 3.

Den Toonder proposed another model [45], based on the
model of Thouless [50], taking into account the curvature of
the chip and the residual stress in the coating:

(1 — v)o,
E

10
L 3361 — v)ro, (a + %”) (10)

1—‘DenToonder ~ l—‘Thouless +

r 5+ pr

E, v, and t are, respectively, the elastic modulus, the
Poisson’s ratio, and the thickness of the coating, o, the
residual stress in the coating and f, w, and [/ are geometrical
parameters given Fig. 4. In fact, Den Toonder replaced
tan(f) with Bz in his paper, but this assumption is only
valid for small angles, which is not always the case when
chipping occurs during scratch tests. This model is also

Radial crack Chipped coating

segment

Scratch direction

Indenter / Stylus

Fig. 3 Scheme of a chip in front of a scratch groove (Thouless [50])
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Fig. 4 Schemes of a chip a in
front of a scratch groove (Den
Toonder et al. [45], Malzbender
and De With [51]) and b beside
an indent (Bull and Berasetegui

Scratch direction
—l

Indenter / Stylus

Radial crack

Chipped coating Radial crack

segment

Chipped coating

Indenter segment

(71D

Fig. 5 Optical microscopic observations of the indentation grids per-
formed on the 1.3 um thick sol—gel coatings on steel (on left) and glass
(on right) substrates

valid for chips around residual indents, according to Bull
and Berasetegui [71].

3 Results and discussion
3.1 Mechanical properties of sol-gel coatings

From indentation experiments, OM observations of the
indentation grids performed on the sol-gel coatings on steel
and glass substrates are given Fig. 5. Given that, no network
of residual cracks is observed on the different sol-gel
coatings (whatever the deposition conditions) (Fig. 5), it is
assumed that the residual stress level tends to be very low in
the studied sol—gel coatings. The corresponding curves with
the evolution of elastic modulus and hardness as a function
of indentation displacement normalized by coating thick-
ness are given respectively in Figs 6 and 7. Discontinuities
(=slope variations) observed at depth higher than 500 nm
on the mechanical properties evolution are attributed to
failure mechanisms (cracks or chips formation, decohesion/
delamination, fracture in the substrate...). In the case of
sol—gel coatings on glass indentation tests, failure modes of
spallation and chipping are observed in Fig. 5, with the
formation of chips around indents, which induce dis-
continuities on the load—displacement curves and on the
evolution of elastic modulus and hardness. No fracture is
observed for indentation on sol-gel coating deposited on
steel, given the fact that steel substrate is softer than glass.
Regarding Figs 6 and 7, it is obvious that calculated values
of mechanical properties increase with indentation depth
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because of substrate effect. Given all these experimental
observations, the average elastic modulus and hardness
values for the different coatings are extracted at 10% of the
coating thickness before chipping and influence of substrate
using Eqgs. 1-3, and are given Table 3, with mechanical
properties of the different substrates. In this work, no
acceptable average value for mechanical properties are
extracted for the 275 nm thick sol-gel coating, even using
multilayer elastic model considering that elastic modulii
ratio for the coating and the substrate is really too high
(>10). It sounds that hardness of the sol-gel is closed to
0.5 GPa and elastic modulus is about 5 GPa, whatever the
coating thickness or the presence of NPs. The slight dif-
ference between sol-gel on glass (higher hardness values)
and sol-gel on steel (higher elastic modulus values) is
attributed to the substrate effect (steel is stiffer and softer
than glass substrate). It is worth to mention that, the 960 nm
thick sol-gel on glass with annealing tend to be at least 3
times harder and stiffer. As this difference does not come
from substrate properties evolution with annealing, the
increase of sol-gel hardness and sol-gel Young’s modulus
can be attributed to a coating densification thanks to the
annealing step, which is in agreement with the literature
[72].

3.2 Qantitative analyis of mechanical failure
3.2.1 Difference between steel and glass substrates

In this part, the mechanical failure of the sol-gel coating is
discussed as a function of the substrate nature. For that,
examples of microscopic observations of residual indents
and residual grooves are given Fig. 8. No indentation chip
or crack during indentation for sol-gel layer on steel is
observed but chipping clearly occurs for sol-gel on glass
indentation. In parallel, interfacial decohesion (bulging) of
the sol-gel coatings occurs with both substrates before
chipping (see white arrow in Fig. 8c, d). A higher stress
level is reached during scratch tests compared with inden-
tation experiments, which leads to the chipping failure of
the sol-gel coating on steel substrate. It is also easier to
qualify breakdown of the sol—gel during scratch. In the case
of glass substrate, chips are circular and bigger as soon as
load is increased. But with steel substrates, chips are not
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Fig. 6 Evolution of elastic modulus as a function of indentation depth normalized by coating thickness obtained for sol-gel coatings on steel (on
the left) and glass substrate (on the right)
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Fig. 7 Evolution of hardness as a function of indentation depth obtained for sol-gel coatings on steel (on the left) and glass substrate (on the right)

Table 3 Summary of mean mechanical properties values of the different sol-gel coatings and the substrates, obtained from nanoindentation
experiments

Sample Thickness of the Thermal treatment Presence of Mean elastic Mean Coating
sol-gel coating (um) (3 min/670 °C) nanoparticles modulus (GPa) hardness (GPa) spallation
304 stainless steel Bulk No No 177.7+£5.8 3.8+0.8 (%}
Sol-gel coatings on 304 0.28 No No [%] (0] No
stainless steel substrate 0.59 No No 6.2+0.2 0.6+0.1 No
0.96 No No 55+0.1 0.5+0.1 Yes
1.3 No No 59+04 0.5+0.1 Yes
3% 71O, 5.0+0.2 0.4+0.1 Yes
10% 71O, 49+0.1 04+0.1 Yes
Glass Bulk No No 71.1+£2.0 6.2+0.3 [%)]
Sol-gel coatings on glass 0.28 No No (%] (0] No
substrate Yes No @ @ No
0.59 No No 53+0.2 0.7+0.1 Yes
0.96 Yes No 14.7+4.2 1.7+£0.5 Yes
1.3 No No 4.6+0.2 0.5+0.1 Yes
3% 71O, 43+0.2 0.4+0.1 Yes
10% ZrO, 44+0.2 0.4+0.1 Yes
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Fig. 8 Examples of residual
indents (on the top) and residual
grooves (on the bottom)
obtained, respectively, by
nanoindentation and nanoscratch
techniques for the 1.3 um thick
sol—gel coatings without NPs on
steel (left) and glass (right)
substrates. Red arrows indicate
the end of the scratch tests
(corresponding to the maximum
applied normal load). Black
dashed arrows indicate
decohesion of the sol-gel
coatings

Table 4 Summary of mean work of adhesion values of different sol-gel coatings obtained from scratch experiments

Sample Sol—gel coating Thermal treatment Critical load Track width (w) Work of adhesion
thickness (r) (nm) (3 min/670 °C) (L.) (mN) (um) (U) (J/m2)
Sol-gel coatings on 1300 No 30-40 2.8-3.5 18.3+43
304 stainless steel substrate
Sol-gel coatings on glass 275% No 5-8 1.8-2.2 7.6+£2.2
substrate 590 No 12-16 2.6-3.3 87+18
960 Yes 50-60 29-34 23.1+38
1300 No 15-25 3-3.6 73+22

“For the calculation, a Young’s modulus of about 5.3 GPa is assumed for the 275 nm thick sol-gel

reproducible and asymmetrical, which comes from the
median cracks generated in front of the groove (see red
arrow in Fig. 8c, d). These experimental results are in
agreement with the literature, especially the map of the main
scratch test failure modes in terms of substrate and coating
hardness [73]. Finally, scratch experiments are quantita-
tively analyzed, and work of adhesion is estimated using
Eq. 6 for different sol-gel coatings. A friction coefficient
between diamond tip and sol-gel coating is assumed to be
about 0.3 and calculated work of adhesion values are
reported in Table 4. In case of samples cured with an
optimized thermal treatment and in case of sol-gel on softer
substrate than glass, adhesion is promoted and the sol—gel is
better complying the deformation implied by the indenter.

3.2.2 Addition of nanoparticles in the sol-gel

The effect of NPs addition into the sol-gel on the coating
adhesion to the substrate is discussed in this paragraph.

@ Springer

Microscopical observations of experimental 6 x 6 indentation
grids for 1.3 um thick sol-gel with (3 and 10%) and without
NPs are given in Fig. 9. Each grid can lead to the formation
of 3x36 =108 chips, if the failure is total in the sol-gel
during indentation tests. Qualitatively, the NPs incorporation
seems to promote adhesion of the sol-gel on the substrate,
with mainly bulging occurring on the specimen with 10%
NPs. But for both samples with 3% and without NPs, about
95% of indents have at least one chip. Based on these
observations, the frequency of chips formation is given for
the three samples with Fig. 10. Using this histogram, about 2,
1.6, and 0.2 chips/indent are estimated, respectively, for the
samples without and with 3 and 10% of NPs.

3.2.3 Analysis of indentation experiments on glass
substrate (1.3 pm thick layer)

As multiple adhesive and cohesive failure mechanisms
occur during these indentation or scratch experiments, the
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Fig. 9 Microscopical observations of indentation arrays on 1300 nm thick sol—gel coatings on glass substrate: a without ZrO, nanoparticles (SEM),

b with 3% (SEM), and ¢ 10% of ZrO, nanoparticles (OM)

[@Without nanoparticles
m With 3% nanoparticles
EIWith 10% nanoparticles

Frequency

ﬁ\\\\\

No chipping 1 chip

2 chips 3 chips

Fig. 10 Distribution of number of chips around indents for sol-gel
coating with (3 or 10%) or without NPs

analysis of indentation experiments for sol-gel layer on
glass substrate is performed in order to extract a coating
fracture toughness. OM view of the nanoindentation grid
and detailed SEM or optical observations of indents for the
1.3 um thick sol-gel with corresponding (dL /dh)-displace-
ment curves of specific indents are given in Fig. 11.
(dL/dh)-displacement curves are plotted to emphasize slope
variations.

Based on optical observations (Fig. 111, j), it is obvious
that indents #22 and indents #23 have very different resi-
dual morphologies. On one hand, no chipping and only
radial cracking with bulging effect (irisation phenomenon)
is present on indent #22, and on the other hand chipping is
clearly visible with indent #23. Nevertheless, the radial
cracking occuring for indent #22 might be not confined on
the coating, but radial cracking may occur inside the sub-
strate. This first analysis based on optical observations was
verified with AFM measurements on indents presenting
similar residual morphologies (Fig. 12). These AFM
observations show that bulging effect is confirmed in the
case of no chip formation (Fig. 12a, a’). This bulging effect
is may be due to the compression of the coating during
indentation process, which induces buckling and the final
bulging of the coating. A residual indent with chipping but

no residual chip around the indent is also analyzed
(Fig. 12b, b’), and the chip thickness sounds to be close to
the sol-gel coating thickness (about 1-1.3 um). This result
would imply that bulging effect is mainly due to interfacial
decohesion between the coating and the substrate.

Other indents #7, #4, #25, and #6 are analyzed (Fig. 11b—j)
and present respectively no chip, one chip, two chips,
and three chips. From corresponding nanoindentation
(dL/dh)-displacement curves, it sounds that multiple
negative peaks can be observed. These negative peaks are
usually attributed during indentation tests to energy dis-
sipation phenomenon (e.g., plasticity, fracture, decohe-
sion, or phase transformation...). Two first negative peaks
always seen below 1.5 pm indentation depth, which is
roughly the coating thickness, are attributed to radial
fracture in the coating and interface decohesion. And
other negative peaks above this limit tend to correspond to
the number of chips formed around the indent. Some
authors proposed to use some criteria for peak detection
(e.g., dL/dh* vs. h* or L/h? vs. h?) to lead to critical loads
estimation for each chipping step [65]. Based on our
analysis and the literature, a scenario for the failure
mechanisms evolution in the sol-gel coating during
indentation is proposed (Fig. 13). It is clear that the pro-
posed (dL/dh) vs. displacement curve is enough in this
case to emphasize slope variations and the proposed
chronological scenario for the sol-gel failure is:

(1) Radial craking.

(2) Delamination or interfacial decohesion.

(3) Successive (or simultaneous) chipping (up to three
chips).

Based on this analysis, critical loads can be statistically
extracted for each failure event, from indentation
load—displacement curves. The determination of the first
critical load corresponding to the radial cracking allows
fracture toughness estimation using Eq. 4 and values for
material properties given Table 3. For the 1.3 pm thick
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Fig. 11 a Optical microscopic view of the nanoindentation grid and
SEM observations for the 1.3 um thick sol-gel with corresponding
(dL/dh)-displacement curves of specific indents with b and f no
chipping, ¢ and g formation of one chip, d and h formation of two
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Fig. 12 AFM observations of residual indents in the 1.3 um thick sol-gel with: a no chip, b one chip, ¢ two chips, and d three chips. 2D profiles
across residual indents are given in case a’ no chipping and d’ chipping occurs

sol-gel on glass, a first critical load of about 25-30 mN is
found which gives fracture toughness of about
0.1-0.12MPa.m®> for the sol-gel and of about
0.7-0.8 MPa.m"? for the glass substrate. This last result is
in agreement with values from CES Selector (0.5-0.8 MPa.
m®?) [54], and it confirms that radial cracking may occur in
both sol-gel and glass substrate. It is not possible at this
stage to indicate which material fails the first during
indentation. Level of failure for the different indents is not
always the same, and this may originate in local

@ Springer

discrepancies of adhesion level (local roughness or inter-
facial surface contamination) or of the presence of defect in
the sol-gel coating. Unfortunately, these result can not be
compared with fracture toughness calculated using Eq. 5,
given experimental load—displacement curves from this
work, which does not present pronounced pop-in. Only
smooth slope variations are detected, which does not allow
correctly strain energy difference estimation, even-if
applying statistical analysis with dedicated Matlab toolbox
[72]. Moreover, interfacial fracture toughness can be
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Fig. 13 Evolution of failure
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estimated from these experiments using respectively Eq. 8
and values are plotted Fig. 16.

3.2.4 Thermal annealing effect

From the scratch experiments, evolution of normalized
scratch depth to the coating thickness for sol-gel on glass
are plotted Fig. 14, as a function of horizontal indenter
displacement, with the corresponding OM observations of
the scratch grooves. No major chipping or delamination
failure is observed in 275 nm thick sol-gel coatings. For
thicker sol-gel coatings, chips are observed along the
scratch grooves. Looking at the evolution of the scratch
depth, the absolute maximum final depth is much higher
when the coating is thicker, as the indenter is not constraint
by the substrate. Moreover, slope variations or dis-
continuities on the mean scratch depth during the penetra-
tion of the indenter into the samples are directly correlated

x 10° h? (nm?) x 10°

to the formation of chips in front of the grooves. Based on
this first analysis, it is clear that thermal annealing delays
the coating fracture and coating—substrate decohesion. The
deformation induced in the annealed sol-gel coating is
much more elastic with smaller scratch grooves than the
plastic deformation with chipping failure initiation in the
nonannealed coating. These results are in agreement with
the literature [72] and work of adhesion can be estimated
using Eq. 6 and values are reported in Table 4.

3.3 Interfacial fracture estimation

The fracture of the sol-gel coating during nanoindentation
and nanoscratch tests is a combination of cohesive and
adhesive failure mechanisms. Given that, no network of
residual cracks is observed on the different sol-gel coatings
(whatever the deposition conditions) (Figs 5 and 8), it is
assumed that the residual stress level tends to be very low in
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the studied sol—gel coatings. For that reason, fracture energy
dissipated during a chip formation can be estimated using
the model from Thouless [50] with Eq. 9 and interfacial
fracture are thus estimated using Eqs. 7, 8. Average values
for geometrical parameters are assessed from optical
micrographs in case of chips formed during indentation and
scratch experiments. In case of indentation tests, a more
accurate average length (I) of the chips is defined Eq. 11, as
the mean value between the minimum and the maximum
lengths measured experimentally (Fig. 15). This average
length replaces the geometrical parameter / in Eq. 9. In case
of scratch tests, only the first is considered and fracture
energy calculations are only done for 590, 960, and
1300 nm thick sol—-gel. Elastic modulus and thickness of the
sol—gel coatings are taken from Table 3, and a Poisson’s
ratio for the sol-gel is set to 0.225 [47]. No interfacial
fracture is calculated in the case of annealed samples, as no
obvious chipping was observed. Interfacial fracture values
are reported Fig. 16 and are in the range of 0.02-0. 2 MPa.
m®3, which is in agreement with the literature [47]. The
same trend for interfacial fracture toughness evolution is
observed in both indentation and scratch experiments.
Higher is the percentage of NPs incorporated in the sol-gel,
higher is the interfacial fracture toughness. The interface
might be not stronger in case of steel substrate, but the
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Fig. 16 Evolution of interfacial fracture toughness, calculated with
Thouless’s model, as a function of substrate, sol—gel thickness, and the
presence of NPs

plastic deformation of the steel substrate during the tip
penetration might induce less stress into the coating,
avoiding too early mechanical failures of the sol-gel.
Another interesting remark to emphasize is the high value
of interfacial fracture toughness reached in the case of
annealed sample. Finally, sol—gel thickness does not sound
preponderant on the final mechanical strength of the
coating—substrate interface.

3 (lmin + lmux)

g = o 2 o) (1)

3.4 Sol-gel coating selection

Following Ashby’s methodology based on performance
indices [54, 55], and using material and interface properties
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Fig. 17 Ashby map for sol-gel
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obtained experimentally in this work, it is possible to pro-
pose the following map to select sol-gel coating for sub-
strate surface protection (Fig. 17). In the y-axis, interfacial
fracture toughness values are plotted vs. sol-gel hardness
values along the x-axis for different studied configurations.
The hardness property is the performance index use for
yielding resistance, in case of a sharp contact with static
load. The annealed sol-gel is ideal solution to protect
mechanically a glass substrate and a sol-gel with NPs
sounds to be the best option for steel surface, as thermal
treatment is not possible from an aesthetic point of view
(yellowing of the metallic substrate).

4 Conclusion

The mechanical properties and interfacial fracture tough-
ness of sol-gel coatings with different thicknesses and the
addition or not of ZrO, NPs, deposited on glass and steel
substrates were characterized. Nanoindentation was used to
extract the elastic modulus and hardness values of the
coatings and the substrates. Deep analysis of nanoinden-
tation load—displacement curves leads up to a failure
mechanism evolution scenario in the sol-gel coating during
indentation. Nanoscratch experiments were performed on
the same coating/substrate systems in order to qualify the
failure mode of the sol—-gel coatings. This work emphasized
a strong influence of the thermal treatment (sol-gel three
times stiffer and harder), the presence of NPs, and the
nature of the substrate on the extraction of mechanical
properties of the sol-gel coating and on the failure
mechanisms occurring during scratch tests. Based on the
nanoindentation and nanoscratch results the estimation of
the interfacial fracture toughness is given with values

0.5 1 2
Sol-gel Hardness (GPa)

ranging between 0.02 and 0.2 MPa.m®® for the studied
samples and systems. This study shows the interest of the
combination of nanoindentation and nanoscratch experi-
ments, for the mechanical characterization of such coatings
and sol-gel/substrate interface. Finally, using Ashby
method with performance indices, material and interface
property map was plotted, which enable an easy and visual
sol-gel selection for mechanical protection of steel and
glass substrate.
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