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ARTICLE INFO ABSTRACT

Keywords: The sol-gel synthesis process is a versatile method used to produce a wide diversity of materials and is being
Pre-treatment increasingly used as a surface modification method to alter porosity, wettability, catalytic activity, biocompat-
Aluminium

ibility and corrosion performance of underlying substrates. Silane sol-gel films deposited on aluminium and
aluminium alloys have been widely studied as chemical conversion coatings and as coupling agent between the
substrate and organic layers. This study set out to investigate the effect of the surface chemical treatment prior to

Surface chemistry
Surface morphology

g)?;lflhty sol-gel application on the interfacial adhesion properties of a hybrid sol-gel film. Different surface pre-treatments,
Coatings including two abrasive treatments and three chemical surface pre-treatments were used and their effect on
Interface surface chemistry and surface roughness was assessed. Surfaces were characterized by scanning electron mi-
Adhesion croscopy, x-ray photoelectron spectroscopy, roughness measurements and static contact angles. Cerium nitrate

loaded hybrid sol-gel films were deposited and adhesion on commercially pure aluminium was evaluated using
pull-off testing. Statistical analysis revealed that, although highest adhesion values were obtained on rougher

surfaces, the strongest correlation exists between the surface hydroxyl fraction and adhesion strength.

1. Introduction

A versatile method used to produce a wide diversity of materials is
the sol-gel synthesis process [1]. The materials created by this process
range from inorganic glasses to complex organic-inorganic hybrid (OIH)
materials. Sol-gel synthesis is therefore being increasingly used as a
surface modification method to alter porosity, wettability, catalytic ac-
tivity, biocompatibility and corrosion performance of the underlying
substrate [2]. It is this versatility of materials and applications that has
generated great interest in the application of the sol-gel technique to
develop thin films and coatings [3].

Organic-inorganic hybrid (OIH) sol-gel materials are based on
organic and inorganic precursors and thus combine both the advantages
of organic polymers (i.e. impact resistance, flexibility and light weight)
and of their inorganic constituents (chemical resistance, thermal sta-
bility and mechanical strength) [4]. Silicon alkoxide precursor-based
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OIH sol-gel materials provide additional attractive properties in terms
of adhesion promotion of organic films to metallic substrates, as well as
providing corrosion protection [5,6]. For this reason they are commonly
regarded as suitable replacement for toxic chromate (VI) conversion
coatings and have been the topic of many investigations in the last de-
cades [7,8]. Even though these type of sol-gel films were developed to
promote the interaction and adhesion between metallic substrates and
organic resins [9,10], up to now research on this topic has tended to
focus on the barrier- and anti-corrosion properties of these sol-gel films.
Numerous studies have focussed on the effect of the chemical constitu-
ents and the preparation conditions on the physical properties of sol-gel
films, as well as the effect of doping agents to provide active corrosion
protection to a large arrangement of aluminium alloys [11-17]. How-
ever, to date, little investigation has been carried out on the application
of sol-gel films on commercially pure aluminium (Al) and AAlxxx
aluminium alloys [15,18-21].

Received 4 November 2020; Received in revised form 10 August 2021; Accepted 11 August 2021

Available online 27 August 2021

2468-0230/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:U.Tiringer-1@tudelft.nl
www.sciencedirect.com/science/journal/24680230
https://www.sciencedirect.com/journal/surfaces-and-interfaces
https://doi.org/10.1016/j.surfin.2021.101417
https://doi.org/10.1016/j.surfin.2021.101417
https://doi.org/10.1016/j.surfin.2021.101417
http://crossmark.crossref.org/dialog/?doi=10.1016/j.surfin.2021.101417&domain=pdf
http://creativecommons.org/licenses/by/4.0/

U. Tiringer et al.

Not on scale

Surfaces and Interfaces 26 (2021) 101417

d) Polymeric adhesive
2k epoxy — Araldite 2015-1

} ¢) Sol-gel
GPTMS, TEOS, Si0,, Ce(NO;);

} b) Pre-treatment
HNO; / KOH /DI

} a) Substrate

Commercially pure Al

Fig. 1. Schematic representation of the system studied in this work, with (a) the base substrate, (b) the pre-treatment layer, (c) the sol-gel coating and (d) the

polymeric adhesive.

Fedel et al. conducted several studies on the application of OIH sol-
gel coatings on AA1XXX alloys and showed that both the interfacial
adhesion and barrier properties of the films are highly dependent on the
ratio of chemical constituents [20,22,23]. A separate study was devoted
to investigate the effect of three different surface pre-treatments on the
physical and electrochemical barrier properties of the sol-gel films [24].
It was found that the surface chemistry, in particular the type of oxide
present at the aluminium surface, is of great influence on the formation
mechanism and kinetics of the gelating sol. In particular, the formation
of a superficial pseudoboehmite layer, AIO(OH), after a boiling water
treatment, led to a decreased number of defects, improved homogeneity
and increased stability of the metal surface/sol-gel coating interface. An
explanation for this evidence relies on the efficient interactions between
the hydroxyl groups of the pseudoboehmite and the Si-OH groups of the
silanols, leading to the formation of dense networks.

The mechanism through which siloxane-based sol-gel films are
bonding to metallic surfaces is usually explained by a scheme introduced
by Arkles et al., where interfacial bonding is assumed to proceed sub-
sequently via hydrogen bonding, a condensation reaction and covalent
bonding (Al-O-Si) to surface hydroxyl groups [25]. This reaction
mechanism between siloxane-based precursors and oxidized Al surfaces
was recently studied by DFT calculations by Poberznik et al., who
confirmed the energetically favourably mono- and bidentate formation
after condensation reaction between alkoxysilanes and y-AlO(OH) sur-
faces [26].

Marcoen et al. performed a systematic TOF-SIMS study on the
bonding mechanism between alkoxysilanes and steel surface hydroxides
and successfully observed the conversion of hydrogen bonds to covalent
bonding interactions through a condensation reaction promoted by
curing [27].

Together, these studies indicate that interfacial interactions occur
through the surface hydroxyls and therefore, the type and number of
surface interactions between substrate and sol-gel, as well as the for-
mation kinetics/mechanism of the sol-gel film is highly dependent on
substrate surface conditions. Despite this, solely the role of the
aluminium/sol-gel interface on the adhesion promoting properties of the
sol-gel has not been a topic of investigation yet.

Therefore, this study set out to investigate the role of physico-
chemical surface properties of commercially pure Al on the adhesive
properties of TEOS-GPTMS silane precursor-based hybrid sol-gel coat-
ings. Commercially pure Al was chosen to exclude possible effects of
laterally varying surface morphology and chemistry due to heteroge-
neously distributed intermetallics present in commercial grade struc-
tural Al alloys. Three different chemical surface pre-treatments and two
grades of abrasion were employed to alter surface chemical composition
and surface texture. Subsequently, adhesion was investigated between

an epoxy-based adhesive and commercially-pure Al substrates using
pull-off testing. Statistical analysis is used to investigate and correlate
the dependence of the wetting behaviour of the aluminium substrate and
the subsequent adhesion of applied sol-gel films on the induced changes
to surface properties.

2. Experimental
2.1. Sample base materials and surface preparation

Fig. 1 presents an illustration of the studied sample configuration. It
consists of the base substrate covered by three distinct layers: the pre-
treated surface, sol-gel and polymeric adhesive. Each consecutive
layer application process is individually described in a separate section
below.

2.2. Substrate and surface preparation

Commercially pure (c. p.) Al was supplied by Goodfellow with a
purity of 99.999 wt % of Al and 0.001 wt % of other trace elements.

Half of the Al samples were mechanically abraded with SiC paper up
to 4000 grit and the other half up to 800 grit, from now on referred to as
‘4000 grit’ and ‘800 grit’, respectively. After grinding, all samples were
ultrasonically cleaned in ethanol for 10 minutes to remove physically
adsorbed organic contaminations from the surface and dried with ni-
trogen gas.

Reference samples without subsequent pre-treatment are labelled as
‘bare’. In order to modify the surface chemistry, three different pre-
treatments were applied on priorly mechanically abraded substrates to
alter the surface oxide chemistry and superficial hydroxyl fraction;
acidic, alkaline and boiling water treatment [28]. The acid treatment
consisted of a 30 s immersion in 30 vol% HNOs (pH 0.1), the alkaline
treatment involved a 3 min immersion in a 3 vol% KOH solution at 57 C
(pH = 10.8) and for the boiling water treatment, substrates were
immersed for 15 s using boiling deionized water (pH = 7.2). After each
treatment, samples were rinsed with deionized water and dried with
nitrogen gas.

2.3. Sol-gel synthesis and deposition

The formulation of the hybrid sol-gel used in the present work is
based on our earlier work [13]. The sol-gel was prepared by mixing
tetraethoxysilane (TEOS, Aldrich, 99%), 3-(glycidyloxypropyDtrime-
thoxy silane (GPTMS, ABCR, 98%) and colloidal silica SiO, (Ludox-4S,
Aldrich, aqueous suspension 40 wt%). Cerium nitrate (Ce(NO3)3.6 H20,
Aldrich, 98%) was added to the formulation as active corrosion
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Fig. 2. XPS high resolution spectra of Al pre-treated with HNO3 showing peaks used for a) O 1s and b) C 1s peak fitting, these peaks are labelled with grey solid
curves. The dashed curve represents the sum of fitted peaks and the solid black curves are the measured peaks.

Table 1
Constraint parameters applied for curve fitting the O 1s and C 1s Multiplex XPS
peaks.

O1s C1ls
Component FWHM Relative Component FWHM Relative
(eV) position (eV) position
lock (eV) lock (eV)
o* 1.80-1.84 0 CC/CH 1.6 0
OH 1.68-1.72  1.1-1.2 co 2.0 1.5
H,0 2.03-2.07 243 [e(0]0] 1.4-2.0 3.8-4.3

inhibitor. After 30 min of stirring, 0.6 mL of concentrated HNO3 (VWR,
65%) was added as a catalyst for polycondensation. Finally, absolute
ethanol (EtOH, Panreac, 99.8%) was added as a solvent. The molar ratio
of the sol was TEOS/GPTMS/SiO,/Ce = 0.5/0.5/0.54/0.03, denoted as
GTS-Ce.

GTS-Ce sol was applied on the differently pre-treated substrates by
dip-coating. Dip-coating is performed with a withdrawal rate of 30 cm/
min and samples were subsequently thermally treated for 1 h at 120 °C
to complete the polymerization between sol and Al substrate. The
thickness of the sol-gel layer is 3.4 &+ 0.5 ym [11].

2.4. Polymer adhesive application

The adhesive used in this work is a two-part epoxy system, Araldite®
2015-1 from Huntsman Advanced Materials (Switzerland) GmbH. This
is a DGEBA based structural epoxy adhesive. Mixing of the two com-
ponents was done using an adhesive application gun equipped with a
mixing nozzle to control a 1:1 ratio. Curing was performed for 24 h at
room temperature, in line with the application data sheet supplied by
the manufacturer.

2.5. Characterization methods

General microscopic observations related to the morphology of the
differently pre-treated Al samples, after 800 grit and 4000 grit grinding,
were obtained by scanning electron microscopy, performed on a JEOL
IT100 Scanning Electron Microscope (SEM). Images of pre-treated sur-
faces were obtained at a magnification of one thousand five hundred at
an acceleration voltage of 10 kV and were processed with JEOL’s
InTouchScope™ software.

Oxide surface chemistry of differently pre-treated Al samples was

studied by X-ray photoelectron spectroscopy (XPS). To exclude the effect
of surface roughness in the quantification of the chemically modified OH
fraction, XPS analysis was carried out on finely abraded samples (4000
grit). As previously shown by van den Brand et al., the OH fraction is
angle-dependent [29]. Hence, increasing the surface roughness from
4000 grit to 800 grit will affect OH quantification by changing the
orientation of the incident X-ray angle. Despite the increase in total
surface area induced by the rougher abrasion (800 grit), the relative OH
fraction is assumed to be unaffected as it is a direct result of the same
subsequent chemical modification as for the 4000 grit [30].

XPS analysis was carried out using a PHI-TFA XPS spectrometer
(Physical Electronic Inc.), equipped with an x-ray Al-monochromatic
source. The vacuum during XPS analysis was 10" mbar. The analysed
area was 0.4 mm in diameter and the depth of analysis was 3-5 nm.
Narrow multiplex scans of the peaks were recorded using a pass energy
of 23.5 eV with a step size 0.1 eV, at a take-off angles of 45 ° with respect
to the sample surface. Low energy electron gun was used for surface
charge neutralization XPS. Spectra were processed using Multipak v. 8.0
(Physical Electronics Inc.). Three XPS spectra were recorded for each
sample, at different spots and the elemental composition was deter-
mined from the XPS survey spectra.

High-energy resolution spectra of O 1s and C 1s photoelectron peaks
were curve-fitted to quantify the relative amounts of hydroxyls at the
surface of Al after the different pre-treatments. Fig. 2 presents fitted
spectra of O 1s (a) and C 1s (b) of Al pre-treated with HNOgs, as an
example. The rest of the fitted spectra are not shown but were obtained
in a similar manner.

Curve-fitting was carried out with a deconvolution of the oxygen
peak into three components: 0%, OH and adsorbed H,0 (Fig. 2a) and
the carbon peak into the C-C/C-H, CO and COOX components (Fig. 2b),
using the constraint parameters that are listed in Table 1 [31].

The percentage of hydroxyls on each pre-treated substrate was
calculated using an extended model based on the one developed by
McCafferty and Wightman [32]. Mathematical details concerning
curve-fitting and calculation of the relative OH concentration are pre-
sented in previous work [29,31,33,34]. In short: the fitted intensity
areas were used to find a solution for the amount of 0%, OH and H,0,
while taking into account the intensity originating from oxygen species
with overlapping binding energies coming from atmospheric contami-
nation. These are provided by the intensities of the fitted C-O and
O=C-O sub peak areas in C 1s (Fig. 2). The relative percentage of OH
was then determined by the ratio presented in Eq. (1).
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Fig. 3. SEM images of (a) bare Al (4000 grit) and Al (4000 grit) pre-treated with (b) HNO3, (¢) KOH and with (d) boiling DI water. The SEM images were taken in

secondary electron imaging (SEI) mode.

Fig. 4. SEM images of (a) bare Al (800 grit) and Al (800 grit) pre-treated with (b) HNO3, (¢) KOH and with (d) boiling DI water. The SEM images were taken in

secondary electron imaging (SEI) mode.

OH (%) = Corr-

x 100 (@)
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The surface topography was analysed with a Bruker DektakXT pro-
filometer. The instrument has a lateral resolution of 1 pm and a reso-
lution of 5 nm perpendicular to the surface plane. Measurements were
performed for a 1 mm x 2 mm surface area. The data were processed
with TalyMap Gold 6.2 software, using ISO 25178, to create a 3D surface
topography and to calculate the arithmetic surface roughness (S,),
skewness (Sgx), kurtosis (Sky), maximum height (S,) and root mean
square height (Sg). Each parameter is calculated from three measure-
ments at three different spots on the surface. All calculated roughness
parameters of 800 grit and 4000 grit samples after different pre-
treatments are presented in Appendix (Tables A.1, A.2).

To test the wettability of the differently pre-treated samples, static
water contact angles were recorded using Easy Drop Standard system
Kruss DSA 100 equipment. If recorded water contact angles (CA) are
below 90, the surface is considered hydrophilic and the wettability of

the solid as high, while for contact angles above 90 ’, the surface is
considered hydrophobic and the wettability is regarded as poor [35].
Measurements on each sample were performed in threefold.

The adhesion between differently pre-treated Al samples and the
subsequently applied sol-gel and adhesive was measured using a pull-off
adhesion test. The pull-off adhesion tests were performed using an Elc-
ometer® 106 Pull-Off Adhesion tester, according to ASTM D4541- 17.
Dollies of 20 mm in diameter were attached to the samples using Aral-
dite 2015-1 and cured for 24 h at room temperature. The bond line
thickness was controlled to be 300 ym using glass beads supplied by
Sigma Aldrich. The dollies were pulled off at a pull-rate of 0.20 MPa per
second. All tests were performed in threefold to allow evaluation of
reproducibility and calculation of average adhesion failure strengths
(pull-off strengths) and standard deviations.
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Table 2
Elemental surface composition obtained from XPS spectra after different pre-
treatments of commercially pure Al

Pre- O [at C [at Al [at N [at Ca [at Si [at
treatment %] %] %] %] %] %]
4000 grit Bare ~ 47.0 36.8 10.8 2.6 1.4 1.4
HNO3 47.6 35.6 16.8 / / /
KOH 44.8 43.5 11.1 / / 0.6
DI 62.0 21.3 16.7 / / /

70+

60 51%

50 N
\l

40 - NN
31% N

Hydroxyl fraction (%)

4000grit Bare

HNO, KOH DI

Fig. 5. Hydroxyl surface fraction for 4000 grit bare and differently pre-
treated Al

2.6. Statistical analysis

In order to evaluate the performance of different pre-treatments with
respect to OH fraction, S,, CA and adhesion, we compared them with the
baseline scenario — bare (before any pre-treatment and without sol-gel
coating). This performance was defined as the relative increase (%)
shown in the Eq. (2):

Relative increase (%),; = w 2)
bare,j

Where i represents the type of the pre-treatment and j = OH /S, / CA
/ adhesion and x represents the obtained value of j after each i. Relative
increases were calculated for 4000 grit and 800 grit samples. Individual
values and calculated relative increases are present in the Appendix,
Table A.3.

In order to compare the contribution of OH fraction on the adhesion
versus the contribution of Sa on the adhesion, the relative increases of S,
and OH versus adhesion are depicted (Fig. 9).

In order to determine correlations between the OH fraction, rough-
ness (Sa), water contact angles (CA) and adhesion, a Pearson’s correla-
tion analysis (r) Eq. (3) and p-value significance Eq. (4) was used.

ro S (i —X)(yi — )
R Dy

Where n is the sample size and x; and y; are the individual values of
the compared pairwise parameters (OH fraction, S,, CA and adhesion).

3

n—2
s @

p —value =r,, 1—2
: —r
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A strong pairwise correlation is considered to be present if ryy > 0.7
and p-value < 0.01 [36,37].

3. Results and discussion
3.1. General observations

General observations considering the surface morphology of differ-
ently pre-treated c.p. Al substrates, after 800 grit and 4000 grit grinding,
obtained by scanning electron microscopy are shown in Figs. 3 and 4.

The surface of bare 4000 grit Al is rough and layered, with a direc-
tional pattern being observed (Fig. 3a). The pattern consists of scratches
and rolling lines, which are a direct result from prior mechanical pro-
cessing and abrasion. After subsequent wet pre-treatments; HNOs
(Fig. 3b), KOH (Fig. 3c) and boiling DI water (Fig. 3d), the surface
pattern of Al alters. HNOj3 pre-treatment causes layers of Al to disappear
and the surface pattern is more uniform compared to bare Al (Fig. 3a). In
addition, acidic pre-treatment with HNOj3 revealed a scalloped appear-
ance. This pattern is a result of the high acidity (pH 0.1) of HNOg at
which Al is uniformly dissolved [38]. Some scratch marks are still pre-
sent and are the result of grinding. The surface of Al after KOH treatment
shows a distinctively different morphology compared to the other sur-
faces. Due to the pH of KOH being 10.8, Al is dissolved in the form of [Al
(OH)4] = / [AlO2]7, resulting in a uniform pattern of micro- and
nano-scale round-shaped pores. The surface of Al after DI pre-treatment
is similar to the surface pre-treated with HNOs, with an even more
scalloped pattern (Fig. 3d), characteristic for pseudoboehmite [AlO
(OH)] formation on the Al surface [28,33,34]. Moreover, the tempera-
ture of DI water is 100 C which may cause dissolution of Al and result in
the additional scalloped pattern.

The surface of bare 800 grit Al is rough and layered, with a similar
directional pattern being observed (Fig. 4a) as for the bare 4000 grit
(Fig. 3a). The pattern consists, beside scratches and rolling lines, of black
stains which are the result of aggressive grinding. After subsequent wet
pre-treatments, HNOs (Fig. 4b), KOH (Fig. 4c) and boiling DI water
(Fig. 4d), the surface morphology does not appear to change as much as
for the 4000 grit specimens. The pattern of 800 grit Al after KOH pre-
treatment is most similar to the one obtain for 4000 grit Al after KOH.
Thus, the pre-treatment has a high effect on the morphology of 4000 grit
Al surface, while this effect is much lower for rougher 800 grit Al sur-
faces. To sum up, the morphology of commercially pure Al is overall
dominated by roughness intrinsically present and not by chemistry,
caused by pre-treatment. This is further confirmed and elaborated in
“Surface roughness” section.

3.2. Surface chemistry

The elemental composition in the near-surface region and surface
oxide chemistry of differently pre-treated Al, after 4000 grit grinding,
were determined by XPS analysis. Table 2 shows a qualitative compar-
ison of the surface chemical composition for the differently pre-treated
Al, as obtained from XPS survey spectra (Appendix, Figs. A.1-A.4). As
expected, the major elements for the bare substrates are O, C and Al. The
detection of oxygen is related with the Al oxide layer formed at the
surface, while the detection of C can be attributed entirely to the pres-
ence of ambient contamination, i.e. adventitious carbon [32]. On the
bare Al and the Al after KOH pre-treatment, additional minor traces of N,
Ca and Si were detected (Table 2). They are considered to be the result of
contamination, originating from the handling and grinding process. The
highest concentration of O was detected after boiling DI water
pre-treatment, demonstrating the thickest oxide formation and indi-
cating possible Al;O3 formation, which could be related with the pH of
DI boiling water (7.2) at which Al is in the form of pseudoboehmite [29,
34].

No additional elements, related with the surface pre-treatments,
were detected at the surface of differently pre-treated Al. Thus, apart
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Fig. 6. The 3D (a) arithmetic roughness, S, and (b) skewness, Sy, of differently pre-treated commercially pure Al, ground up to 4000 grit.
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Fig. 7. The 3D (a) arithmetic roughness, S, and (b) skewness, S, of differently pre-treated commercially pure Al, ground up to 800 grit.

from oxide formation it can be concluded that the pre-treatments do not
impose additional alterations to the surface chemical composition of
commercially pure Al.

As described in the experimental section, hydroxyl fractions were
derived from the XPS spectra by peak-fitting of the high-energy O 1s and
C 1s photoelectron peaks. The average binding energies (BE) of the fitted
subpeaks in O 1s are the following: BE (H20) = 532.9 (& 0.17) eV, BE
(OH) = 531.7 (& 0.23) eV and BE (0%) = 530.5 (+ 0.14) eV. The
average binding energies (BE) of the fitted subpeaks in Cls are the

following: BE (COO) = 288.5 (+ 0.20) eV, BE (CO) = 286.4 (+ 0.14) eV
and BE (CC) = 284.8 (£ 0.11) eV. Fig. 5 shows the average values of OH
fractions obtained for the differently pre-treated Al samples. A negligible
increase is noticed between bare Al (11%) and HNOs treated Al (13%),
while after KOH pre-treatment the OH fraction of Al increase to 31%,
and after DI boiling water to 51%. The lowest hydroxyl fractions were
observed for the bare Al and for Al pre-treated with HNOg. Pre-treatment
based on KOH significantly increased the hydroxyl fraction of Al as a
result of [Al(OH)4]— formation [38]. However, the highest hydroxyl
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Fig. 8. Water contact angles (theta) of differently pre-treated commercially
pure Al, ground up to 4000 grit and up to 800 grit.

fraction of commercially pure Al was observed after boiling water
pre-treatment, due to pseudoboehmite [AIO(OH)] formation which is in
accordance with the literature [29,33,34].

Furthermore, XPS spectra of Al 2p also show Al-oxide and Al-metallic
peaks for bare Al and Al pre-treated with HNO3 which means that the Al-
oxide layer was about 1-3 nm thick [39]. For Al pre-treated with KOH
and boiling water no Al-metallic peak was observed, meaning that the
Al-oxide layer was thicker than 5 nm (Appendix, Fig. A.5) [39]. These
findings confirm that alkaline and boiling water pre-treatment react
more aggressively with commercially pure Al

3.3. Surface roughness

Surface roughness measurements were performed with a stylus
profilometer to assess any significant variations and changes in the
surface roughness of commercially pure Al as a result of the pre-
treatments. Many roughness parameters can be used to measure or ex-
press the roughness of a surface, of which S,, the arithmetic mean height
of the 3D roughness, is the one most commonly used [40]. Nevertheless,

a)
20
18

16

14
12 +210%

Pull-off strength (MPa)

Bare-4000gritBare+SG HNO,+SG KOH +SG DI +SG
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the S, in itself is insufficient to evaluate the topography of a surface. The
skewness parameter (Sg) provides additional information about the
distribution of the varying heights of the roughness profile and allows
for a description of the roughness profile along with the S, A full
description of all roughness parameters is provided in the Supplemen-
tary information.

The arithmetic roughness and skewness values of differently pre-
treated Al are presented in Fig. 6. For the bare 4000 grit Al, roughness
is ~ 0.12 um. The difference of S, after HNO3 pre-treatment is negligible,
while after KOH pre-treatment the roughness significantly increases (S,
~ 0.15 um). After boiling DI water the increase of S, is even higher (0.17
um). Thus, the trend of S, is the following: bare 4000 grit < HNO3 <
KOH < boiling DI (Fig. 6). Hence, the roughness exhibits a similar trend
as the calculated hydroxyl surface fraction, (Fig. 6) and a higher
roughness corresponds to a higher degree of surface texturing observed
in SEM (Fig. 3).

Furthermore, the surface of commercially pure Al after all treatments
exhibits a positive skewness, indicating a non-normal height distribution
representative for a surface with more peaks than valleys. The bare 4000
grit Al exhibits the highest skewness of around 4.0. Subsequent treat-
ment of the Al substrate results in a decrease of the skewness to more
moderate values, ranging from 0.1 (DI) to 2.0 (HNOs3). From these Fig.s
it can be concluded that the subsequent wet treatments of Al result in a

Table 3
Pearson pairwise correlation coefficients (r) for all variables of 4000 grit and 800
grit AL

Pearson correlation coefficient (r) Sa OH Adhesion CA
Sa 1 0.1 0.6 -0.5
OH (4000 grit) 0.1 1 0.7 -0.3
Adhesion 0.56 0.7 1 -0.2
CA -0.5 -0.3 -0.2 1
Table 4
p-value of pairwise of all variables of 4000 grit and 800 grit Al.
p-value S OH Adhesion CA
Sa / 0.40 5.65107° 8.741077
OH (4000 grit) 0.42 / 2.6910° 11 176107
Adhesion 5.65107° 2.691071! / 2681072
CA 8.741077 1.7610* 2681072 /
20
o
. +206%

Pull-off strength (MPa)

Bare-800grit Bare+SG HNO,+SG KOH +SG DI +SG

Fig. 9. Average adhesion strength (pull-off strength) of differently pre-treated commercially pure Al, ground up to (a) 4000 grit and up to (b) 800 grit. On all
substrates epoxy based adhesive Araldite was deposited. SG refers to the pre-application of a sol-gel coating.
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Fig. 10. Relative increases of (a) S, versus adhesion and (b) OH versus adhesion.
with S, around 0.52 um. After all subsequent pre-treatments no signif-
Table A.1 . . .
Rough £ 4000 rit Al after diff. icant roughness change is noticed.
oughness parameters o grit A’ after iflerent pre-treatments. The skewness for the bare 800 grit is 0.23 and pre-treated Al surfaces
Roughness parameter [um] 4000 grit HNO; KOH DI have similar skewness values around 0.24. So, for the skewness a similar
Sa 0.116 0.114 0.150 0.172 absence of alteration as for the arithmetic roughness is observed, with all
Sq 0.170 0.168 0.206 0.229 skewness values being very close to zero, i.e. much lower than for 4000
S 243 272 2.86 3.02 grit specimens (Fig. 6). The skewness describes a symmetric normal
S 05 97 0829 00821 distribution of the roughness before and after all treatments. Therefor
S 13.8 186 215 673 istribution of the roughness before and after all treatments. Therefore,

Table A.2

Roughness parameters of 800 grit Al after different pre-treatments.
Roughness parameter [um] 800 grit HNO3 KOH DI
Sa 0.522 0.502 0.510 0.489
Sq 0.671 0.651 0.699 0.702
S, 6.10 6.21 6.34 6.54
Ssic 0.232 0.247 0.243 0.234
Sku 3.81 3.79 3.74 3.63

decrease of the skewness and therefore more normal height distributions
along the roughness profile.

Since at the constant 4000 grit roughness (0.12 pm) the trend for the
calculated hydroxyl fraction and roughness is similar after different pre-
treatments of Al, it would be impossible to distinguish between the
contributions of these two individual parameters to the wettability and
adhesion. Therefore, an additional set of Al samples was ground up to
800 grit and the 3D roughness was measured again under the same
conditions (Fig. 7). Presenting much rougher surface conditions, all S,
values were higher compared to the 4000 grit specimens (Fig. 6). For the
bare 800 grit the roughness is over four times higher than the 4000 grit,

Table A.3

unlike in the case of finely abraded Al specimens (4000 grit), it is clear
from these roughness measurements that the pre-treatments induce non-
significant morphological changes to the surface of commercially pure
Al when the surface was initially rough (800 grit) (Figs. 6, 7). This
finding is in accordance with SEM images (Figs. 3, 4) where it was shown
that the morphology is overall dominated by roughness intrinsically
present and not by chemistry, caused by pre-treatment.

3.4. Wettability

The effect of pre-treatment and roughness on wettability of
commercially pure Al was evaluated by measuring the static water
contact angles (CA) on differently pre-treated Al surfaces, after abrasion
up to 4000 and 800 grit (Fig. 8). The surface of 4000 grit bare Al is
hydrophilic with a water contact angle of 57. After subsequent HNOg
and KOH pre-treatment the water contact angle of Al doubles and the
surface becomes hydrophobic, while after boiling water pre-treatment
the water contact angle decreases (30 ) compared to the bare 4000
grit Al and the surface becomes more hydrophilic.

However, water contact angles of the rough Al samples are lower and
all 800 grit Al surfaces are hydrophilic after pre-treatments. The water
contact angle of bare 800 grit is 46°and after HNO3 and KOH it increases
to 59°. After boiling water treatment the water contact angle is similar to

Obtained values (S,, CA, OH and adhesion) and corresponding relative increases of fine (4000 grit) and rough (800 grit) Al before and after pre-treatment.

Sample S, [um] Rel.increase [%] CA ] Rel.increase [%)] OH [%] Rel.increase [%)] Adhesion [MPa] Rel.increase [%)]
4000 grit 0.11 0.0 56.9 0.0 11.0 0.0 3.3 0.0

HNO3 0.11 3.6 109.0 91.6 13.0 18.2 7.1 117.4

KOH 0.15 36.4 114.7 101.6 31.0 181.8 8.1 149.2

boiling DI 0.17 56.4 29.5 -48.2 51.0 363.6 10.1 210.5

Sample Sa [pm] Rel.increase [%] CA ] Rel.increase [%] OH [%] Rel.increase [%] Adhesion [MPa] Rel.increase [%]
800 grit 0.52 0.0 46.0 0.0 11.0 0.0 5.4 0.0

HNO3; 0.52 -1.3 59.0 28.3 13.0 18.2 11.4 111.5

KOH 0.52 -0.6 58.0 26.1 31.0 181.8 13.7 153.7

boiling DI 0.51 -2.1 48.0 4.3 51.0 363.6 16.5 205.6
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Fig. A.3. Survey XPS spectrum of Al pre-treated with KOH.
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Fig. A.4. Survey XPS spectrum pre-treated with boiling DI water.
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Fig. A.5. High resolution XPS spectra of Al 2p, recorded for differently pre-
treated c. p. AL

the bare 800 grit. The overall hydrophilicity of the rougher surfaces (800
grit) is due to the fact that more water can penetrate into the rougher
texture, resulting in smaller water contact angles [41]. This is in
accordance with the Wenzel model, indicating penetration of the surface
texture by the liquid [42].

Although the trend of water contact angles for the rougher (800 grit)
and finely (4000 grit) abraded pre-treated samples is similar (indicating
that surface pre-treatment and its effect on the surface chemistry have a
significant effect on surface wettability), the relative changes are not in
the same order.

The higher water contact angles after HNO3 and KOH pre-treatments
on 4000 grit samples could be related to fine micro-pore patterning on
the Al surface (Fig. 3 b,c). This enables surrounding air to be trapped
inside textural features, forming an isolating layer of air, resulting in
reduced wetting or water adsorption. This describes a Cassie state or
‘Lotus effect’ which is in accordance with the Cassie-Baxter model [43].
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Although the morphology of the Al surface after boiling DI water
pre-treatment is similar to the HNOs treated surface, the evolution of the
water contact angle does not exhibit the same trend. This is due to the
higher wettability of the relative oxides present on the surface, pseu-
doboehmite versus Al,Os respectively [30]. Since the effect of
pre-treatments on pattern of 800 grit Al surface in lower after HNO3 and
KOH pre-treatments (Fig. 4 b, ¢), the water contact angles does not in-
crease as much, after these two pre-treatments, as for 4000 grit Al

3.5. Adhesive bonding

The effect of chemistry, roughness and wettability of the different
pre-treated surfaces on the adhesion of a hybrid sol-gel coating was
evaluated by measuring the pull-off strengths. Sol-gel coatings were
applied on the four different substrates (bare, HNO3, KOH and boiling
water) and dollies were adhered using the epoxy-based adhesive with
300 um bondline thickness. Bare samples, without pre-treatment after
abrasion, were tested as a reference. The results are summarized in
Fig. 9.

For bare 4000 grit reference the average pull-off strength is 3.3 MPa.
After sol-gel application this value increases by 61% to 5.4 MPa,
showing a significant effect of sol-gel coating on adhesion, which is in
accordance with literature (Fig. 9a) [10,44]. After HNO3, KOH and
boiling water pre-treatment, followed by sol-gel application, the ob-
tained pull-off strengths are, respectively 117%, 149% and 210% higher.
The highest pull-off strength was obtained after boiling DI water
pre-treatment, which is in a good agreement with previous findings (OH,
Sa, CA) and can be related to the formation of a pseudoboehmite layer
[33,45].

In order to distinguish between roughness and hydroxyl fraction
effect, surfaces with higher roughness and same pre-treatments were
assessed in terms of adhesion (Fig. 9b).

The pull-off strength of the bare 800 grit reference sample is 5.4 MPa,
which is higher compared to bare 4000 grit Al. After sol-gel application
adhesion increases by 83% compared to the reference. After HNO3, KOH
and boiling water pre-treatment, relative increases in the adhesion are,
respectively 112%, 154%, 224%. Adhesion values of rougher, 800 grit
Al samples follow the same trend and relative increases in adhesion
compared to the smoother 4000 grit substrates. This effect is observed
despite of the absence of significant topographical changes of differently
pre-treated Al surface ground at 800 grit (as derived from the SEM im-
ages in Fig. 4 and roughness measurements in Fig. 7).

The results show that the application of sol-gel coating increases the
adhesion with the epoxy-based adhesive for fine (4000 grit) and rough
(800 grit) bare Al substrates. Furthermore, all pre-treatments lead to an
additional increase of the adhesion strength. Since the trend of the
adhesion of 4000 grit and 800 grit Al sample is very similar, the
improved adhesion can be predominantly assigned to the altered surface
hydroxyl fraction. However, the roughness still plays an important role
provided that all adhesion values of 800 grit samples are higher
compared to the 4000 grit. However, it can be concluded that the water
contact angle and adhesion are not directly related, provided the trend
in adhesion values do not follow the trend in wettability /hydrophilicity.
This confirms that the obtained surface wettability is predominantly
governed by the surface morphology (roughness) and texture (for 4000
grit Al), thereby repressing possible effects induced by surface chemis-
try. In contrast, it can be concluded that the surface chemistry is an
important determinant of the interfacial adhesion strength.

3.6. Statistical analysis

As discussed in the sections above, one of the goals of the present
work was to investigate the relative contributions of hydroxyl fraction
and roughness on the wettability and adhesion for differently pre-
treated Al samples.

In order to conclude whether the obtained results show significant
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differences and to determine the correlations between all measured
variables (OH fraction, S,, CA and adhesion), a complementary statis-
tical analysis was performed. Pearson’s correlation coefficient matrix (r)
and p-value statistics were used and the obtained values are presented in
Tables 3 and 4, respectively. Over all the measured samples, including
both the smooth (4000 grit) and rough (800 grit) surfaces, a significant
pairwise correlation was found for OH and adhesion indicated by r = 0.7
and a p-value of 12.697}, which is « 0.01. A similar correlation was
found between S, and adhesion with r = 0.6 and the p-value 5.65107° A
negative non-significant pairwise correlation was found for CA and OH
(r = -0.3), S; (r = -0.5) and adhesion (r = —0.2), with p-values of
1.7610~* 8.741077 and 2.68'103, respectively.

Based on the statistical analysis performed on all measured samples
it can be concluded that both roughness and OH fraction are directly
related to the obtained adhesion strengths.

Fig. 10 presents the relative increase of (a) S, and (b) OH fraction
versus the relative increase in adhesion. From Fig. 10a it is observed that
the relative increase of S, of the 4000 grit surfaces is proportional to the
increase in adhesion strength. Furthermore, for the 800 grit samples this
proportionality is absent and a relative increase in adhesion strength of
200% is obtained despite any increase in S,. However, in Fig. 10b it can
be seen that the trend between the relative increase in adhesion and the
relative increase in OH fraction of the different pre-treated surfaces is
the same for both the 4000 grit and 800 grit series. The lowest relative
increase of OH fraction and adhesion are obtained after HNOg3 pre-
treatment, while the highest were obtained after boiling water pre-
treatment. The correlation between the relative increases in OH frac-
tion versus adhesion for the 800 grit samples agrees with the results from
the Pearson correlation and t-distribution test and confirms OH fraction
is the dominant variable.

4. Conclusions

The present study was devoted to investigate the dependence of the
adhesion strength of an inorganic-organic hybrid sol-gel film deposited
on commercially pure Al on the surface chemistry and surface rough-
ness. The surface chemistry was altered using three different pre-
treatments; nitric acid treatment (HNOs), alkaline etch (KOH) and
boiling DI water treatment, while surface morphology (roughness) was
controlled with two different grinding procedures.

The main conclusions are as follows:

1. Pre-treatments have a considerable effect on the surface
morphology of commercially pure fine abraded Al, while negli-
gibly effect on the surface morphology of rougher Al.

2. The morphology is overall dominated by roughness intrinsically
present and not by chemistry, caused by pre-treatment.

3. XPS spectra shows non-significant alterations of the overall sur-
face elemental composition after the different pre-treatments

4. Surface hydroxyl-fraction increases considerably after all pre-
treatments highest fractions are obtained after boiling water
pre-treatment, which stems from pseudoboehmite formation.

5. Pre-treatments induce significant roughness changes to the fine
(4000 grit) samples, expressed by S, and Sg, and non-significant
roughness changes to the rougher (800 grit) surfaces samples.

6. Water contact angle is largely affected by HNO3 and KOH pre-
treatments for 4000 grit, while water contact angle is only
moderately affected by the pre-treatments for 800 grit.

7. The highest water contact angle was observed after HNOs and
KOH pre-treatment as a result of a microporous structure (SEM),
while the lowest was observed after boiling water pre-treatment,
as a result of the formation of a pseudoboehmite layer.

8. Adhesion of an epoxy layer is largely affected by the application
of a sol-gel layer and improves further with the pre-treatments, in
particular after boiling DI water treatment. This is valid for both
4000 and 800 grit abraded surfaces.
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10.

11.

9. Statistical analysis proved that both hydroxyl fraction and surface
roughness are related with adhesion.

Hydroxyl fraction and surface roughness are not correlated with
the water contact angle.

The strong correlation between hydroxyl fraction and adhesion
strength evidences the effect of surface chemistry and efficient
interactions across the aluminium/sol-gel interface on the prop-
erties of the sol-gel.
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