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ABSTRACT

This paper explores the physicochemical and physicomechanical process occurring during the
formation of dendrimeric fluorinated polysilsesquioxanes (PSSQ) coated over active aluminium
surface. The changes in chemical composition of PSSQ have been monitored as a function of
time and investigated using FTIR 2D correlation spectroscopy. The percolation of water
molecules, hydrogen bonding and interference of several physicochemical processes occurring in
curing and crosslinking reaction in PSSQ have been monitored. The changes in surface
morphology as a function of time have been recorded with atomic force microscopy and
correlated with the nanomechanical analyses through nanoindentation. Specifically, nanoscratch
and wear resist@e was recorded at various time intervals to understand the transformation in
the surface characteristics of the material. The ultimate aim of this work was to understand the
correlation between reacting ingredients, surface features, wear and friction by apmgifg
lubricated coating made of fluorinated PSSQ over an aluminium surface. Attempts have been
made to understand how the quantity and interaction of water molecules control the hydrolysis,
condensation and subsequent crosslinking reactions. The degree of crosslinking eventually

controls the hardness and adhesion characteristics of the molecules, which in turn control the



surface topology, resulting friction, wear resistance and, consequently, surface life span of the
material.
Keywords. Hydrogen bonding, Energy analysis, Wear, Friction, Polysilsesquioxanes,

Morphology
1 INTRODUCTION

Excessive wear is causéd friction between sliding bodies and friction tends to increase with
progressive wear oasurface. An adequate amount of friction is required for motion. Wear and
friction have been thoroughly investigated over the past few decdades keyword search

"Wear Analysis" resulted in 41,000 articles and, of these, more than 21,000 articles (Figure 1a)
appeared in the past 10 years (between 2006 and 2015). This meansdlgdpanhscale, more

than 2,000 articles were published every year on this subject in the past decade. The majority of
these articles are contributed by the materials science and engineering fraternity. As mentioned
recently by James and Rob&rtan enormous amount of money is wasted due to the inadvertent
failure of vehicles, machines and devices due to wear. It is worth mentioning that this subject has
been extensively discussed in conferences (Figure 1b). Although this field is being vigorously
researched, our understanding on the subject is still limited and new information brings new
surprises. Historically, the limitation on the resolution limit of available instruments posed a big
hurdle in developing arin-depth understanding of the wear-mediated failures of surfaces.
However, new techniques such as atomic force microscopy have helped resdarobersd

minute details of wearing surfaces that were unavailable edfieSimilarly, instrumented
nanoindentation has been extensively utilized in investigation of nanomechanical analysis of
surfaces. Nanoindentation provides the user with complete control over mechanical analysis not

available with any other technique. Surface analysis using nanoindentation is deemesl to hav



provided a breakthrough in our understanding of wear. The selection of appropriate film or
coating material, metal surface and carefully designed experimentation are critical in drawing

meaningful results from such analysis.

A few scattered investigations have highlighted the development of self-lubricating films or
coatings providing favourable surface characteristics that may impart long-lasting wear
resistage to metals and quasi-metals. It is also noticed that molecular engineered PSSQ have
been widely studied as coating material and can be tuned to develop self-lubricatitft*film
PSS) are considered hybrid composites that have characteristics of both organic and inorganic
components?13, PSSQ can be synthesized adopting sol-gel polymerization via hydrolysis and
subsequent condensation of functional silalfe3he polymerization and crosslinking reaction
leading toa 3D network could be facilitated either through heating or usirggtalyst. The
ultimate SiOSi backbone structure could be tailored by adopting suitable polymerization and
processing condition'$ %, The chemical and physical properties of such quasi-ceramic materials
are mostly the function of covalently attached domains of organic and inorganic mdicTies
physical properties of such materials can, however, be tuned by controlling the domaiA sizes.
significant improvement in physical properties is often achieved by reducing the respective
domain sizes, thereby increasing the surface area. It is, therefore, sufficient to mention that
domain sizes of organic and inorganic entities in the hybrid material play a pivotal role in

controlling the morphology and properties of the ultimate mat&rtal

The silsesquioxanes are most commonly represented by the empirical formulas @Bi€e R
could be a hydrogen or alkyl group) which can be prepared with varying domain sizes by merely
changing the length of alkyl chains attached to the organic/inorganic countéfp@ensely

packed PSSQ are obtainky reacting bi- or tri-functional silyl groups containing smaller alkyl



chains with non-hydrolysable carbon silicon béfié’. Such PSSQ contain coexisting organic
domains distributed homogenously without phase separation. While the use of larger alkyl chain
length could result in semi-porous morphology, the use of smaller organic linkages could lead to

a greater degree of control over the final pores and distribtftion

The degree of hydrolysis of alkoxysilanes is affected by the presence of an alkgthaices

well as the presence of an acidic or alkaline catalyst. Britfkerentioned thaa condensation
reaction producing alcohol is favoured when water less ghstoichiometric amount is used,

while water forming condensation is favoured wladarge amount of water is used. However,

the presence of a greater amount of water often promotes the depolymerizaion via reverse
hydrolysis. The use of an adequate amount of water for the hydrolysis has been adwpcated
numerous researchef$?®. When using less water thanstoichiometric amount, the complete
hydrolysis of labile group is prevented due to several competing reactions including the
formation of hydrogen bonding with hetero atoms. The volume of diffusing water molecules

during the ambient condition for curing of PSSQ would be critical under such circumstances.

The information on the amount of water available for the hydrolysis of silanes and subsequent
condensation has been studied by several spectroscopic techniques, such?48’FR#Ran®

31 UV-vis, NMR %, neutron scattering, et¢>34. Among various spectroscopic techniques, the

2D COS FTIR analysis has gained significant attentiofihis technique, originally proposed by
Noda, has been widely accepted for the elucidation of the chemical phenomenon occurring in
materials as a function of external perturbati§i’. 2D COS is extremely valuable in
understanding the chemistry of the system with functional groups containing bonds that overlap
with those for intermolecular or intramolecular hydrogen bonded water mole®ul@he

presence of O-H band originating from various chemical entities may appear in a broad spectral



regime depending on the neighbouring atoms. For example, O-H band from hydrogen bonded
water is analysed in the region between 3,200 and £80G°, while, in fingerprint region, the

O-H bond appears between 940 and &80 in silanol, between 910 and 986! in epoxy and
between 870 and 950! in pure alcohols. Mizuse et &F: *°in a series of articles demonstrated

that O-H bond vibration frequency, intensity, peak shape and position vary as a function of water
molecule clustering and the nature of the hydrogen bond existing with or between the clusters.
The availability of free water molecules to hydrolyse alkoxysilane will, therefore, enurtrerate
condensation of silanols. As Sure$h mentioned, the surface morphological features a
primarily responsible for the resultant nanomechanical properties of materials. In our present
study, the authors will also point out that properties are pivoted to the amount of silanol

condensation as a function of time.

An analysis of the literature leads to the finding that, upon the application of silicome as
coating/film material, these are hydrolysed on exposure to moist air and labile group
significantly interfere with reaction proceedings. In ambient conditions, the catalyst assists in
condensation of silanols with the release of facilitator water molecules. The top layer primarily
densifies while the underlying layers are still waiting for the in-diffusion of water molecules. In
such case, the hydrolysis and condensation reaction will gradually slow down and eventually
stop due to the non-replenishing water molecules. The gradual development of residual stress in
succeeding layers and retarded out-diffusing volatile organic molecules will generate micropores
or cracks on the surface. The question of how much water is adequate to successfully carry out
the hydrolysis reaction in the bulk of solution without affecting the condensation has intrigued
scientists for many years. Moreover, how the flooding or drought of water molecules around the

labile groups would eventually govern the topological features or nanostructures on the surface is



not well understood. Additionally, the way in which the presence of structural features

contributes to the friction and overall wear resistof material is still mystifying.

The strength of high-performance materials at nanoscopic domain can be evaluated with the
automated nanoindentation technique (ANT)The ANT has been widely utilized to measure

the response of materials on application of load. While typical tests include elastic, plastic,

elasto-plasticity, cracking or fracture, special test methods can conduct wear deformation on
materials similar to that in the rolling ball method. Studies, however, have not been reported on
the systematic nanoscopic wear analysis of coatings #dWig The experimentation in this

article will attempt to trace the path of water molecules during the adsorption, hydrolysis,

condensation and subsequent effect on crosslinking reactions in materialinmtichaffect the

surface morphology and wearing characteristics of the miateria
2. MATERIALSAND METHODS
2.1 Development of thBSSQ

The chemicals that were procured for the synthesiP®5Q precursor are as follows
methyltrimethoxysilane (purity 98%), methyltriacetoxysilane (purity 95%), tetramethoxysilane
(purity 97%) and (3,3,3-trifluropropyl) methyldimethoxysilane purchased from Gelest;
dibutyltindilaurate catalyst (purity 95%) purchased from Alfa Aesar; isopropanol (ACS grade)
purchased from Sigma Aldrich, USA; and sodium bicarbonate purchased from Merck. Titanium
ethoxide vas purchased from Alfa Aesar. All of the chemicals were analytical grade as quoted
by the manufacturer and used without further purification and recrystallization. Ultrapure water

of 18 MQecm resistivity was used in this study.



A modified green quasi-ceramic PSSQ precursor was prepared by following the patented
procedure briefly described as folloW$*: A mixture of silanes was prepared by reacting
calculated quantities of methyltriacetoxysilane (18.40 g; 8.35 mM), methyltrimethoxysilane
(14.30 g; 10.50 mM), tetramethoxysilane (3.60 g; 2.36 mM) and (3,3,3-trifluropropyl)methyl
dimethoxysilane (0.37 g; 0.168 mM) to a reactor vessel, followed by sonication and an addition
of isopropanol (50 ml; 65.31 mM). In a second reactor, a calculated quantity of sodium
bicarbonate (1.0 g; 1.19 mM) was dissolved in 10 ml of water. The water was constantly stirred
while sodium salt was added and then stirred every 2 h. The content of the second reactor was
added to the content of the first and then sonicated for 30 min. In a third reactor, the calculated
guantity of titanium isopropoxide (0.30 g; 0.105 mM) was sonicated in isopropanol (30 ml
39.18 mM) for 30 min and added to the solution obtained in the above steps. A known quantity
of isopropanol (50 ml; 65.31 mM) andibutyltindilaurate (300 pg; 0.005 mM) vas mixed
separately in a reaction vessel and added to the solution obtained in the above steps. The entire
solution was left for 30 min in ambient conditions before being used as a PSSQ coating precursor

material.
2.2 Analysis of theSSQ

The FTIR spectroscopy on solid PSSQ applied over aluminium metal was conducted using a
Thermo Electron Nicolet Nexus 760 instrument attached to a Continuum microscope. The
spectra were continuously recorded for at least 180 min in reflectance mode under the
microscope to monitor the reaction species formed during various phases of the
conversion/curing process. The spectra were analysed using Thermo Electron’s Omnic and

Series software. A minimum of 34 scans with a resolution of 4 afrithe specimen were



employed for each spectrum. A blank background spectrum was collected prior to collecting a

spectrum of the sample. Thermo SpectraCorr software was used to conduct 2D COS analysis.

The nanomechanical analysis was conducted on MTS Nanoindenter XP with a Berkovich
diamond tip. The test samples were mounted with a thermoplastic polymer resin onto an
aluminium stub. Fused silica was used as a standard calibration sample. The nanoindentation
experiments were acquired with the help of TestWork 4 software from MTS instruments. The
TestWork software exported the raw data files to the MS Excel software. The Excel data sheets
were then imported on Analyst software from the MTS instrument for the data reduction. The

Analyst-Excel files were finally used to plot the curves using Origin 7.5 software.

The PSSQcoated aluminium specimens of 1x1%were bonded to circular aluminium stubs

using a thermoplastic resin. The aluminium specimens were cut from AI6061-T6 metal, which
containeda native oxide layer. The specimens were polishegrtorror-like finish and stored in

DryBox (with zero humidity) before the application of coating. The ultimate thickness of the
hardened coating was approximately b (check the SEM image in supplement section). The
stubs were then mounted on the Nanoindenter XP nano-positioning tray and tested. A Berkovich
tip was used to perform three to six tests on each sample (identical one each for nanoindentation,
nanoscratch and wear analysis) in different regions to achieve a reasonable representation of the
nanomechanical properties of PSSQ. The three PSSQ-coated specimens were cured in identical
ambient conditions and analysed every day until eight days of curing/hardening. Foratesepa
test,a 10 ml glass vessel was filled withndl liquid precursor to PSSQ and left to dry in ambient

conditions for an extremely long period (approximately six months).

In a typical nanoscratch test, the indenter tip approaches the surface of the test sample at a rate of

30 nm/sec. Surface contact was set according to a pre-determined increase in measused stiffne



S. The load applied to the indenter was then increased to a small profiling loadNfa?@ the

original surface topography was scanned over the entire scratch path. When the indenter returned
to the origin after the initial profiling scan, a pre-profile was performed up to the location of the
desired scratch position. The indenter was then ramp-loaded while the translation stages moved
the sample along the scratch path at a rate afmi@ec. When the scratch length criteria were

met, the indenter was unloaded to the profiling load and a post-profile scan was performed to the
same length as the pre-profile scan. The pre- and post-profile segments were used to level the
scratch cycle data. Once the post-profile was completed, the stages moved into position for the
cross-profile segment and the cross-profile was initiated. The indenter was then withdrawn
entirely and the sample was moved into position for the next experiment. In a typical wear test,
the indenter tip approached the surface of the test sample at a rate of 10 nm/s. Surface contact
was set according to a pre-determined increase in measured stiffness, S. The load applied to
indenter was then increased to a small profiling load ofuBDand the original surface
topography was scanned over the entire scratch path. When the indenter returned to the origin
after the initial profiling scan, a pre-profile was performed up to the location of the desired
scratch position. The indenter was then loaded to 8 mN. This load was held constant while the
translation stages moved the sample along the scratch path at a ratpurofs®0. When the
scratch length criteria were met, the indenter was unloaded to the profiling load and a post-
profile scan was performed to the same length as the pre-profile scan. The pre- and post-profile
segments were used to level the scratch cycle data. Once the post-profile was completed, the
stages moved the sample back to the origin (location of pre-profile). The indenter was loaded to
the profiling load and the residual topography of the wear track was recorded. This combination

of wear cycle and profiling was repeated for 10 cycles. After the completion of the wear cycles, a



cross-profile vas performed. The indenter was then withdrawn entirely and the sample was

moved into position for the next experiment.

The coatedPSSQ morphology and scratched surface were analysed with a Hitachi S-4500,
Scanning Electron Microscope (SEM). The atomic force microscopic (AFM) technique was used
to study the surface morphology of tR&SQhardened over a polished aluminium surface. The
Bruker Multimode 8 operating in ScanAsy$tmode was used to capture the surface topography.

The 3D images were created using TrueMegoftware from TrueGage Surface Metrology.
3. RESULTS

The material displayed homogeneous spreading with near isotropic properties on curing.
Hardness, modulus, nanoscratch and wear values were uniform with insignificant variation
throughout the sample. The nanoscratch and wear properties presented here are not localized but

agood representation of the entire surface.
3.1  Spectroscopic Analysis of tR&SQ

The curing/crosslinking reaction path in the material changes with the inclusion of foreign
compounds. While the inclusion affew participating chemical entities could accelerate the
reaction, others could hinder the process. In an interesting study, Sheremetyev#®et al.
introduced fluorine units into silane structures and noticed variation in the organizing ability of
fluorine-containing fragments, leading to the formation of self-arranged hyperbranched
dendrimers. The presence of fluorinated molecules in PSSQ, therefore, was deemed to trigger
phase separation by forming isolated quasi-dendrimer sol particulates, as proposed in Schemes
la, b. In our work we noticed that the addition of higher fluorine content in the backbone

structure obstructed the curing in PSSQ. Steward éf did mention that the inductive effect



and molecular shielding arising from the trifluoromethyl group interferes with the hydrolysis and
subsequent condensation reactions. Apparently, through iterative experarsnégdler quantity

of fluorinated moiety was identified to provide adequate surface characteristics to the PSSQ
material. The FTIR spectral characteristics are significantly affected by the amountio&finor

the material. Kim et aft’ discovered that, on increasing the fluorine content in Si@f;(940

cm) film, the SiOSi ¥sio; 1,060cm?) stretching vibration displayed blueshift, while increasing

the carbon content in SiO@dc; 1,270 cmt) film showed redshift in the FTIR spectrum. The
FTIR spectra shown in Figure 2a were continuously acquired for 60 min on PSSQ containing 10
wt. % fluorinated components in the precursor to observe the curing mechanism. The peak at
1,210cm? representing-CF was apparent in the spectra for this concentration. However, at
lower fluorine concentration (1 wt. %), the 1,210 tpeakwas overlapped by other powerful

broad peaks in the vicinity.

The group of spectral assignments shown in Figure 2b was acquiR&giSEpat regular intervals

for eight days. Each day spectra were acquired on a fixed region for 60 minutes at therrate of
spectrum per minute. The spectra shown in Figure 2b for each day were selected from 0, 15, 30
and 45 minutes. During the initial curing period, a significant portion of hydrocarbon bands
(including from the solvent) appeared predominantly and masked the other components. After
day four, splitting of signals was recorded in the region between 1,100 aedi80The spectra
assignments between 1,100 and 1,600 displayed the construction of theoating’s backbone.

The —-OH band between 3,400 and 3,160 appeared even after prolonged curing time,
suggesting that curing of silicones is a long-lasting process. The inset in Figure 2b shows the
spectral assignments of major changes occurring in the bands between 900 and 1,a6Gcm

function of time. The increase in the peak intensity at 1¢94% which is associated with the



formation of backbone structure, is accompanied by the reduction in broad peak centred at 1,125
cml. Figure 3 shows an area of peaks centred at 915 dn®45cm? and 1,090 cm,
corresponding tovSiOH, vSiOSi andvSIOCHs vibration modes respectively. The calculated
areds curves were fitted with linear equation where slopes indicate the amount of chemical
species reacting as a function of time. It is apparent that the rate of formation of SiOSi is much
higher compared with the consumption of methoxy and silanol groups. The 2D correlation
spectroscopy (2D QS postulated by Noda was adopted to study the time-sequence order of
fundamental changes in the spectral assignments occurring during the chemical and physical
processes. The 2DS assists in analysing the complicated and overlapped bands by resolving
the observed spectra. To achiem@rrelation plot, the average spectrum was subtracted from the

individual spectrum in the data set. The synchronous spectrim v2) and asynchronous

spectrum¥(v1, v2) were calculated from equations as follows:
1 ~ ~
DO(vy, vp) = " 7]‘1=1A](V1) . A](Vz) 1)

1 ~ ~
Y, v2) = =2 A/() - Xk=1 Nje - 4,(v2) (2)

In equation (1) and (2)@1 (v) is the dynamic spectra; andv. are two independent frequencies,

while n represents the number of spectra in calculation. The tgrnm Mquation (2) is an
element of the j-th row andtk-column in the Hilbert-Noda transformation matrix, defined as

follows:

1
n(k—-1)

N;

3)

otherwise

0 ifj=k
|

The dynamic spectrﬁj (v)is calculated as follows:



AW) =4;(v) —AW) (4)
whereA(v) is the reference or averaged spectrum.
3.1.1 Analysis of hydrolysis and condensation region between 99@wech1,045 cm

Figure 4a shows 3D synchronous fishnet plot; 2D synchronous plots of the coated PSSQ
displayed as a contour map are shown in Figure 4b. The fishnet plot is useful in providing a
better sense of the relative intensities between various correlation peaks, while the contour map
could help in determining the maximum and minimum coordinates of the peak with greater
accuracy. The time of curing was taken as external perturbation and 32 spectra were averaged for
each spectrum. The spectra were collected continuously at a constant rate of 1 spectrum/min for
3 h. The reference spectrum was obtained by calculating the average of the entiredgiactra

set. The region with negative correlation intensity has been shaded in th©3bn&p. The

three auto peaks were seen concesdrat (900, 90@m?), (1,000, 1,00&cm?) and(1,100, 1,100

cmY), reflecting the intensity changes of bands as a function of time. These bands suggest that at
least three chemical constituents have strong correlations. A positive cross peak was seen at
(915, 1,090cmY), while two negative cross peaks were seen at (915, 1,045 amal (1,045,
1,090cnY). The 3D asynchronous fishnet pistshown in Figure 5a and 2D asynchronous plots

of the coating displayed as a contour map are shown in Figure 5b. A strong positive cross peak
was seen at spectral coordinate (915, 1,04%)cmhile a negative peak was located at (1,045,

1,090 cm'). Another relatively weaker positive cross peak was noticed at (1,090, 945 cm

On the synchronous map, the cross peak located at (915, 1,0%4&samgative. This means that
the intensities of the two peaks are changing in opposite directions. In addition, on the

asynchronous map, the cross peak located at (915, 1,095 positive, which means that the



peak 915 cm precedes the peak at 1,045 %m.e., SiOSi (1,045cm?) is formed at the
consumption of SiOH (915 ct). The synchronous cross peak at (1,045, 1,098) ésmegative,
suggesting that the intensities of these two peaks change in opposite directions. However, the
asynchronous cross peak at (1,045, 1,098)émalso negative, suggesting that the intensities of
1,045 cmt and 1,090 crh change in the same direction. In addition, the peak at 1,045 cm
(SiOSi) follows the peak at 1,090 éniSiOCH;). The synchronous cross peak at (915, 1,090 cm

1) is positive, suggesting that the intensities of these bands in the data set change in the same
direction. However, the asynchronous cross peak at (915, 1,090snegative, suggesting that

915 cm! (SiOH) follows the peak 1,090 ch{SiOCH). This is true, as Si (-OH) is formed at the
consumption of Si (-OC¥kJ. The changes in intensity patterns observed here are similars®

observed in Figure 3.
3.1.2 Analysis of hydrogen bonding region between 3,60bama 3,800 crh

The 3D fishnet plot and 2D map of synchronous correlation are displayed in Figure 6a and 6b,
while those of asynchronous correlation are displayed in Figure 7a amtde/bynchronous 2D

COS map for the region between 3,600 and 3,800 stmown in Figure 6b displays two strong

auto peaks and one moderate (3,648, 3,648),c(8,674, 3,674 ct) and (3,785, 3,785 ch).

On the synchronous map (Figure 6b), the strong cross peak (3,648, 3;§74 positive, while

the asynchronous (Figure 7b) cross peak (3,648, 3@} is negative. This suggests that peak
intensities at 3,648 ctand 3,674 cm are changing in opposite directions and that 3,648 cm
follows the peak at 3,674 chSimilarly, the weak cross peak (3,648, 3,785kis positive,

while the asynchronous cross peak is negative. On reversing our assumption for the synchronous
cross peak, it appears that the band at 3@48 and 3,785cm? changes in the opposite

direction. In addition, the band at 3,648n! follows that at 3,785 crh The moderate



synchronous cross peak (3,674, 3788 positive, while the asynchronous cross peak (3,674,
3,785 cm') is negative. On reversing our assumption for the synchronous cross peak, it is clear
that bond 3,674 crhand 3,785 cnm change in opposite directions. Moreover, the bond intensity

at 6,374 crt follows that at 3,785 crh The band intensity at 3,648 ¢nis assigned to the free
clustered water (molecular water), while 3,674cis designated to weakly bound water

(adsorbed wateff. The strong hydrogen bonded waiiOs+esHesesOH,) is seen at 3,786m~.
3.2  Condensation and volume collapse in the PSSQ

As mentioned above, the aluminum surfaces were polished to remove the inert oxide surface.
The polished coupons containing freshly exposed aluminum hydroxide groups were kept in
drybox (in absence of humidity) until coated. Such aluminum coupons containing active
hydroxyl groups tend to react with the hydroxyl groups from the coating to perform permanent
covalent linkages. After overnight (24 h) hardening of coating (RB5®8Gmbient conditions,

the surface roughness was significantly high and could not be captured with AFM. The average
original surface roughness was in the order of 65 nm. Figure 8 shows the displacement of the
Berkovich head into the coating surface plotted as a function of scratch distance. The original
surface morphology and the final surface morphology obtained after the completion of the
nanoscratch test is shown, along with the penetration curve. Critical load (CL) needed for the
fracture can be defined as the point on the penetration curve that matches the point of deflection
in final surface morphology from the original surface morphology. A wave pattern was observed
in the scratched surface morphology after nanoindenter head slides fom}3@wever, the

first sign of crack was observed after 355 scratched distance. Surface damage occurred after
critical load of 6.30 mN after 673 nm penetration depth and significant surface roughness was

observed thereafter. The Coefficient of Friction (COF) was also recorded as a function of scratch



distance and displayed in Figure 9. It is worth mentioning that COF is a dynamical value subject
to the influence of asperities on the surface, which after extended running-in stabilizes with the
loss of asperities. After 24 h of hardening, the COF value was exceptionally high and

inconsistent, therefore was not displayed in this curve.

Sakai*® mentioned that the energy required for elastic and plastic deformation in an engineering
material can be calculated from the load vs displacement (LD) curve in a nanoindentation
experiment. A typical LD hysteresis cycle can be divided into three energy pitass: energy

(Uee), plastic energy (kF) and total energy (t#). The area under the loading curve
demonstrates the+d value and the area under the unloading curve gives ghesdlue. The
difference of WUe — Uee represents the permanent plastic deformation energy @ud is the

region confined between the loading and unloading curves. The three energies calculated from
the LD curves obtained as a function of curing time are shown in Figure 10. gEledtains

plateau with time before becoming stagnant. Interestingly, PSSQ hardened for 192 h displayed
high Urg, while this value was significantly low after extended curing time. An interesting
periodic energy fluctuation as observed in the t# andUpe as a function of curing time. The

Upe values were relatively low after 48 h, 144 h and inf (infinite) time curing, which may be
related to the progressive hydrolysis and subsequent (poly)condensation or crosslinking reactions

in succeeding layers of PSSQ.

The surface topography after 48 PSSQ) of ambient condition hardening is shown in Figure

11. The distribution of hills and valleys can be seen in the 500 nm scanned area. The average
surface roughneds$s) determined by AFM was 1.7 nm, while the root mean square roughness
(S) was 2.1 nm. The maximum depth of the valley) (8as 7.0 nm, while the maximum peak

height () was 7.1 nm. The average surface roughness as calculated with the nanoindenter tip



decreased significantly to 35 nm. Figure 12a shows the nanoscratch profile. The indenter slid
until 371um, penetrated to approximately 1,267 nm and fractured the coated surface at 10.9 mN
CL. In the wear cycle shown in Figure 12b, significant enhancement in surface roughness
appeared after the first wear cycle. On comparison with the top layer, larger surface deformation
was seen in the second layer, while much less deformation occurred within succeeding layers of
the coated surface, probably due to the surface-dominated confined orientation and curing of the
material. It appeared thatfew layers beneath the top surface were not fully cured, probably due

to clustering of water molecules. The wear test was repeated to confirm the finding and similar
results were obtained in both the tests. The maximum wear track deformation was approximately
850 u?, whichoccurred irthe final wear cycle, while the average displacement into the surface
was 2,000 nm. The fluctuation in COF during the nanoscratch stipulates the inherent roughness
on the surface. The COF value was 0.4kt which showed tendency to decrease with the

curing of the film (Figure 9).

The surface topographical image of PSSQ coating hardened folPESQJ is shown in Figure

13a. A significant reduction in hills and valleys was recorded in the area of scan. The hills
converted to sharp peaks originating due to ithsitu generation of nanoparticles. The S
decreased to 0.35 nm anglt8 0.76 nm. Similar reduction was observed fo=2.5 nm and &

= 6.9 nm. The average surface roughness as calculated through nanoindenter tip was
approximately 31 nm, a value similar to that obtained after 48 h of curing. In this test (Figure
13a), the indenter slid until 32Qm, penetrated to approximately 1,279 nm and fractured the
coated surface at 13 mN CL. Although the CL was higher after 48 h curing, the slidedlista
and depth of penetration at CL was lower. This indicates that the coating was not uniformly

hardened in all the regions. In the wear test shown in Figure 13b, the first sign of surface damage



appeared after completion of the fifth cycle. On observing the wear track deformation, the
highest deformation was recorded between the first and second layer. The deformation was
uniform in the other remaining layers and the maximum wear track deformation wag,563
which occurred in the final cycle. The first sign of coating failure was recorded in the sixth wear
cycle and the average displacement into the surface was 870 nm, indicating enhanced
crosslinking density between the coating layers. At this stage, the COF curve gained uniformity
over the scratadd distance. The continuous incensement in COF value with scratch distance
revealed the higher cohesive strength within coating layers. The COF was 0.34 atallle a

that was 13 % less th&®8 h hardening of PSSQ.

As described earlier, the macromolecular segments gradually condensed over time and the
nanoparticles appeared distinctly isolated after 144 h of hardening. The surface morphology after
144 h PSSQ) of hardening showed that roughness decreased to a noticeable value. The
recorded reduction was'S 0.24 nm and &= 0.31 nm, while $= 1.63 and $= 2.94 nm. The
average surface roughness after 144 h of curing was approximately 38 nm. The nanoscratch test
shown in Figure 14a displayed the fracture that occurred atNLZL, a value higher than that
obtained after 96 h of crosslinking. The indenter head travelled untilu38&nd penetrated to

1,449 nm when fracture occurred. In the wear test shown in Figure 14b, the wear track
deformation was uniform until six wear cycles and fracture appestrdte beginning of the
seventh cycle. The maximum wear track deformation wasud3Which occurred in the eighth

cycle. The displacement into the surface in each cycle was approximately 900 nm and the
maximum displacement into the surface (950 nm) was observed in the eighth wear cycle.
Significant damage to the surface was recorded in the 10th wear cycle. Surprisémglythe

COF value at CL remained similar to that observed after 144 h hardening of coating.



Enhanced condensation of sol particulates led to volume collapse in the 3D network. The
pronounced appearance of nanoparticles could be visualized as the surface roughness decreased
(Figure 15). After 192 hRSSQ), the recorded reduction in roughness parameters ya$ 26

nm and § = 0.40 nm, while $= 1.1 nm and $ = 3.2 nm. When determined from the
nanoindenter, the average surface roughness after 192 h of curing was approximately 30 nm. The
nanoscratch test shown in Figure 16a displayed the fracture that occurreahldt@l7, a value

similar to that obtained after six days of crosslinking. In this case, the indenter head travelled
until 525 um and penetrated to 1,425 nm when fracture occurred. Although the indenter head
travelled foralonger distance than the previous case, the depth of penetration was approximately
similar, suggesting that the coating reached its optimum hardness that could be achieved in
ambient curing conditions. The coating, however, continues to harden throughout the life of the
material. In the wear test shown in Figure 16b, the wear track deformation was uniform until
eight wear cycles and cracking was promiredrihe beginning of the ninth cycle. The maximum

wear track deformation was 552 observed in the last (i.e., 10th) wear cycle. The average
displacement into the surface gradually increased with each wear cycle and the maaloam

(i.e., 935 nm) was observed in the final wear cycle. The nanoindentation hardness value did not
show noticeable change on extended hardening; therefore, periodic nanoscratch tests were not
performed on the PSSQ coating material cured beyond 192 h. It was, however, enttzralling
note that the COF value at CL decreased to 0.23, a more than 60 % drop from the 48 h curing

time.

The surface topography of significantly long hardem®8SQ@, (described in detail in the
following section) was different from those that were cured over metal substrate (Figure 17). The

Sa(0.56 nm) and Sq (0.71 nm) values were remarkably higher than previous cases. Similarly, Sv



(3.8 nm) and Sp (4.4 nm) values were higher in this case. Originally, the average surface
roughness of the fully hardened material was approximately 75 nm. However, after polishing
with nanodiamond solution, the average surface roughness was approximately 10 nm. The
nanoscratch test shown in Figure 18a displayed a tiny fracture that occurred at 30 mN GL. In thi
case, the indenter head travelled until 54 and penetrated to 1,937 nm when fracture
occurred. Although the sample appeared dense, the indenter tip penetrated to a much lower depth
at the point of fracture. In the wear test shown in Figure 18b, the wear track deformation was
uniform until six wear cycles. The sample surface was not flat; hence, prediction of surface
roughness was difficult. The first sign of failure appeared in the seventh wear cycle with
maximum wear track deformation of 707 in the third wear cycle. The average displacement
into the surface was mostly uniform in each wear cycle with marginal reduction in each
progressive wear cycle. A relatively higher friction (Figure 9) was noticed in the initial stages of
the scratch, which levelled down to a uniform value. The COF value at CL was 0.34, similar to

that obtained for curing until 144 h.
4. THE CORRELATION

Solvent used here inadvertently congriraces of bound water and also that added in the
reaction vessel to induce hydrolysis and generate an activated sol may not be sufficient to
hydrolyse the entire alkoxy ({€Hz or OMe) and acetoxy (-OOCGHr OAc) groupsn silanes.

As shown in Figure 18a, approximately 32 % of labile groups remained unhydrolysed from the
amount of water added in the initial stages of the reaction. On addition of water in the reaction
mixture, an activated sol is produced, having equilibrium between hyddadysl unhydrolysed
silanes, along with the generated methanol and acetic acid. The FTIR spectrum recetd&s on

during the early stages of reaction displayed sharp bending bands in the region between 1,260



and 1,195cm? and 1,70 and 1,725 cm, representing the SiOAc linkages. These two bands are
reported sensitive to the number of conneet®@c groups. It was determined that the bending
vibration band between 1,260 and 1,195'cshows blueshift, while the stretching vibration
band between 1,770 and 1,725 ‘crehowed redshift with each leavingDAc group. The
formation of corresponding free acetic acid appeards d,412 cmt (COO), 8as 1,550 cmt
(COO) andv1,710 cm' (COOH). The conversion of the OMe group to methanol is difficult to
observe as bending vibration bands in the region between 1,100 and 1,808recroften
masked, due to the presence of steyng bands from silanes
(-OSi). However, the cross peaks on the 2DCorr map provided deconvolution to draw insight
into the competing reaction processes. On investigating the regime between 1,200 and,800 cm
it is apparent that the easy formation of silanol is the driving force behind the conversion of the
OMe group into methanol. Stromgbending vibration from primary alcohol appears mostly
around 1,050 criy therefore a contour (1,010, 1,100-8ncould be ascribed to the probable free
methanol. The probability of the existence of free methanol and acetic acid is considerably
higher during the initial phases of reaction. The possibility of such an existence decreases with
time due to the incoming water molecules forming hydrogen bonding with these free moieties.
The slope of the area curve representing SiOSi peak at 1,08Bdfigure 3 is much larger than

915 cmt, suggesting a rapid conversion of silanol (-SiOH) to -SiOSi backbone. Conversely, the
backbone formation is the driving force for the rapid condensation of silanol and the release of
water molecules. The remnant methanol and acetic acid (RMA) moleculesahaatiral
tendency to perform hydrogen bondift¢OB) with the Released Water Molecules (RWM). This
means that the RWM may no longer be available for the hydrolysis of remnant SiOAc and

SiOMe. On considering the mole stoichiometric ratio in the reaction shown in Figuré 18a,



appears that, for each macromolecule formation, 12 molecules of RMA will be released along
with six RWM. As each water molecule could form up to four HBs, both inter- as well as

intramolecular HOBs will hence dominate the reaction process.

Vernon et al>® demonstrated the formation of several three-dimensional cyclic water clusters
between 3,715 and 3,545 ¢mThe free and bound water molecules in their work displayed
significantly different spectral assignments. The analysis of synchronous and asynchronous
2DCorr maps of the regime between 3,800'and 3,600 cm suggested that water inside the
PSSQ macromolecular segments existed in three different states. As mentioned earlier, the
appearance of contour at 3,648 tmepresents clustered water molecules with intramolecular
HOBs. The clustering of water arises as a result of water generated during the condensation of
silanol, which is absorbed during the moisture curing of the material. Another contour appearing
at 3,674 critis due to the weakly bound water as a result of London Dispersion Forces (LDF),
while the contour of the third form of water visible at 3,785*@snmostly due to intermolecular

HB hydroxyl moieties in silanes or silanols. On observing the cross peaks during the moisture
curing of PSSQ it is apparent that the incoming water molecule is initially dissolved inside the

interstitial sites of the material.

Assender et aP! identified that self-assembly of reactive particulates is deemed responsible for
the physicomechanical properties of the coated surface. While adequate roughness on the surface
may enhance the wear resistann some instances, no direct correlation exists between the
surface roughness and wear in material. In case of PSSQ, the surface roughness aftht overnig
hardening was significantly high and, on conducting nanoscratch, the material failed abruptly at
extremely low load value and lateral force. Moreover, high plastic deformation incurred with

significantly high pileup (632 nm) of material. This suggests that hydrolysis and the subsequent



condensation reaction was underway at this stage and an attempt to determine the wear resistance
of material would not return any meaningful result. Surface roughness measured with the
nanoindenter suggested that, after proémh@ardening for two days (i.e., 48 h), surface
roughness drastically reduced. However, on observing the surface under AFM, phase-separated
domains were distinctly apparent. At this stage, the sol particulates coalesced due to the
hydrolysis reaction but did not reach the stage of adequate condensation. The energy analysis
also suggested thatrE)(~28,000 pJ) was significantly high compared wigk (;-12,000 pJ) as

a result of ongoing hydrolysis and formation of amorphous domains. On subsequent

condensation, these domains align to farmore elastic network.

The nanoscratch profile appeared relatively smooth compared with the former case, with
approximately 45 % increase in fracture strength. A significant increment in lateral foree and
noticeable drop in plastic deformation was recorded at this stage. In the wear test, the initial wear
cycles were rough, suggesting that the layers below the surface did not freeze due i@nineffic
condensation and hardening. The formation of discrete nanoparticles out of phase-separated
islands were observed on extended hardening. These nanoparticles were homogeneously
distributed over the surface and bulk of the film. A broad size distribution was recorded for these
nanoparticles which is apparent in Figure 9 and surface morphology in the nanoscratch curve.
After 96 h, the surface roughness declined by 86 % compared with that after 48 h of hardening,
along witha similar drop in average depth and height of valley. It appearedatsighificant

amount of volume collapsed while drying, which could be attributed to the overall changes in the
surface morphology. The nanoscratch test reflected similar results, with 20 % increment in
critical load to fracture and approximately 12 % increment in lateral force at critical load, with

more than 40 % reduction in plastic deformation. It is, however, interesting to note that depth at



critical load remained practically the same between 48 h and 96 h hardening, indicating that the
crosslinking reaction was stronger in X and Y directions of surface, yet relatively weaker in Z
direction. This is probably due to the hindered in-diffusion of water moleculegaé&wdihe
hydrolysis and subsequent condensation of eddh The premise is prominent in the energy
analysis, where gt was almost identical after 48 h and 96 h hardening. Te hbwever,
increased, as some of the domains aligned to enhance the work needed for elastic deformation.
Studies conducted by Bunker et &. have demonstrated the thermodynamic preference of
formation ofatop dense layer, which creates a tough barrier for the incoming water molecules.
The wear analysis on PSSQ revealed features that were significantly different from 48 hours of
hardening. On observing the track deformations, it appears that the wear pattern was uniform
between different layers of the coating. Intriguingly, the average displacement into tle surfa

dropped by 56 % during this time, while cycles to fracture increased three times.

No significant difference was observed in PSSQ feamorphological prspective after 144 h of
hardening. Although the average surface roughness was similar to that after 96 h, the critical load
to fracture during the nanoscratch test increased by 31 %, while lateral force at critical load was
26 % higher. Moreover, the friction coefficient decreased by 21 %, along awsimilar
reduction in plastic deformation. The first wear cycle profile at this stage was similar to the
original surface morphology, suggesting that coating was sufficiently hard at this point and no
significant surface deformationasrecorded. It is interesting to note that repeated wear cycles
(shown in inset) at this stage did not result in substantial surface damages. The first sign of

severe surface fracture appedin the seventh wear cycle.

Any noticeable difference in average surface roughness was not observed after 192 hdcompare

with 144 h. The nanoscopic observations displayed connected phase-separated islands with



scattered nanoparticles. It appears that the values of maximum depth of valley and root mean
square roughness remained unaffettgduring time beyond 144 h. The critical load at fracture

did not change after 144 h, but the amount of plastic deformation decreased by 11 %. It is
interesting to note that the friction coefficient at critical load decreased by 32 % during this time.
The energy analysis suggested thaf decreased slightly from 144 h with a significant
increment in Ye. The work done for plastic deformation at this stage was approximately two
times more (We= 2UeE) than for elastic deformation. On observing the nanoscratch under SEM,

it appeaed that the first instance of coating crack observed after the indenter head moved to 150
um, while the second crack was seen after @25displacement. In comparison with the original
surface morphology in the nanoscratch curve, it is clear that the coating chipped off the surface
during these events, probably due to coating defects or residual stress accumulation in those
regimes. The actual fracture accrued after 525 pm displacement. Further, comparing the scratch
under the SEM, it appears that the coating chipped off twice before the actual fracture occurred
The coating's inherent defects due to residual stresses and conglomeration of nanoparticles could
be held responsible for such an effect. A constitutive molecular model in Figure 19 dem®nstrate
the adhesion of PSSQ coating to the metal surface via covalent bonding. The coating lift-off (or
chipping) occurs as a result of internal residual stresses in extensively crosslinked structures. On
subjection to wear test at this stage, uniform track deformation was recorded in eacicleear c

with the first sign of wear-induced cracking appearing in the eighth cycle.

Wallace and Hench®® demonstrated various process parameters that affect the final
characteristics of sol-gel routed matériaucha premise motivated us to cure the precursor to
PSSQ ina glass container so that alignments of macromolecular chains remain inontnee

metallic surface orientation. After extended hardening of the monolithic sample, the surface



morphology was slightly different from the samples cured on the metal surfaces. The polymeric
chains in coating cured ia confined glass vessel pass throwmkeries of surface-mediated
constraints acting in Xy and Z directions, which forces macromolecules to align in pre-oriented
patterns biased to the boundary conditions. The confined boundary conditions result in curved
surface morphology, in contrast to flat surface morphology in cases of curing over an open 2D
surface. Moreover, rigid boundary conditions push polymer chains to confine in relatively
smaller volume, leading to the super-dense structure appearing in Figure 17. The effect of the
condensed surface was prominent in the nanoscratch analysis conducted on the polished sample
An increment of approximately 13 % in CL to fracture was recorded, along with twice the
enhancement in lateral force @L. The COF, however, remained similar to that after 144 h of
curing. Surprisingly, the original surface roughness as proved using nanoindenter head and AFM
was found to be higher than after 192 h of hardening. It is possible that the polymeric chain tends
to perturb in the Z axis due to the confined volume and restriction of motion in X and Y

directions. There was negligible plastic deformation during this test.

The polished sample used in the nanoscratch test loses the natural surface texture that may be
critical in wear analysis studies. Original, cured monolithic PSSQ coating that displayed curved
surface morphology was utilized for the wear test. A vast difference was observed in initial and
final surface topography, which represented the loss of material during wear cycles. Initially,
signs of cracking were observed from the first wear cycle. The material, however, deformed
uniformly in the following cycles. Moderate to severe damags abserved from the seventh

cycle onwards, which is similar to that observed after 144 h of hardening. This established that
optimum and adequate curing of PSSQ can be achieved after seven daysent conditions.

The energy analysis displayed distinctly different behaviour compared with other curing times.



The U=e was close to that observed after 192 h, but theddcreased ta significanty lower

value. This endorses our argument that material attains an elastic nature after an extended period
of curing/hardening. The periodic fluctuation inrdUvalues in Figure 10 strengthens our
hypothesis on absorption, clustering, percolation and consumption of water molecules in the
matrix. The plasticity increases after 96 h with the absorption of water molecules in succeeding
layers and the subsequent hydrolysis of alkoxysilanes to silanols. The elasticity increases at the
consumption of some of these plasticized domains, which align through condensation to impart
rigidity in backbone structure. Eventually, after extended time hardening, the plastic domains are

drastically reduced and the material attains relatively high elasticity.
5. SUMMARY AND CONCLUSIONS

The hydrolysis and subsequent condensation reaction in multiR$8Q coating material
largely depends on the number of water molecules present around each hydrolysing entity. It was
discovered that, while surplus amount of water could contribute to the retarding condensation
reaction, the adequate water would impede other competing reactions along with the main
reaction. The 2D correlation spectroscopy assisted in devising the premise that inter- and
intramolecular hydrogen bonding dominated reactionditions and also conflied with the
condensation and silanol addition reaction. It weadfirmed that the spontaneous formation of
siloxane backbone was the driving force behind condensing silanols. Progressively changing
surface morphology as a result of curing affected the COF and, consequently, weaceanistan

the material. In case of PSSQ hardened over aluminium surface, COF decreased up to 50% while
CL increased up to 35%. Similarly, a significant improvement (up to 100%) was observed in
wear resistant with the passage of time. Work done on the deformation of plasticized domains

oscillated as a function of time and the material consumed the amorphous domains to attain high



elastic characteristics. The elastic energy of the material increased to approximately 35% while
the plastic energy increased to 29%. Concisely, it was apparent from the study that an
appropriate number of water molecules in a reaction give rise to adequate surface roughness,

leading to a desired wear resistance in the PSSQ coating material.
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Figure 19: Molecular model representation of PSSQ on aluminium and scratching of sui
The presence of internal residual stresses may result in chipping or delamination of the ¢

on application of external load.
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