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Abstract

The sol-gel process allows to design hybrid organic—inorgaaterials constituted by organic molecules or macromolecules and inorganic
metal oxo-polymers interpenetrated at the nanometer scale. These hybrids were deposited as functional coatings with tunable thickness or
float glass substrates. Good adhesion and mechanical behaviour of the coatings are required to keep their functionality in time hence; the
performance of the PMMA-Sigbased thin films was investigated using nanoindentation. This study validates nanoindentation measurements
as an appropriate technique to characterize hybrid organic—inorganic thin films, despite visco-elastic behaviours. Specific analysis procedures
and the use of appropriate models allowed us to determine the indentation modulus and hardness of the hybrid layers reproductively. The
structure and the mechanical behaviour are reported for thin films as a function of the fraction of silica.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Nanocomposites; Mechanical properties; Sol-gel processes; Films; Nanoindentatigr; 05

1. Introduction The sol-gel process involves a chemistry based on inor-
ganic polymerisation; precursors are usually metallo-organic
Surface coatings represent a flexible and economic meancompounds such as alkoxides: M(QRM = Si, Ti, Zr, Al,
to protect or modify the functional behaviour of a glass com- ... and OR=0G¢H3,+1). Hydrolysis and condensation re-
ponent without having to modify its composition. Good ad- actions lead to the formation of a metal-oxo based macro-
hesion and mechanical behaviour are also required to keepmolecular network. Moreover, mild synthetic conditions
the functionality in time. Several techniques, like sputtering provided by sol-gel chemistry allow to incorporate organic
or chemical-vapor deposition, allow to process coatings but components into the inorganic network, producing hybrid
are mostly dedicated to flat substrates like glazings. In con- organic—inorganic materials that allow to combine the proper-
trast, the sol-gel process is very attractive and versatile toties of both polymer and oxide materi&ls For example, the
prepare inorganic or hybrid films with tunable thicknéss. mechanical properties can be tuned between those of glasses
and those of polymers by tuning the initial composition of
the different precursofs:11
* Corresponding author. Tel.: +33 1 44 27 55 34; fax: +33 144 27 4769, INStrumented nanoindentation has become widely used to
E-mail address: clems@ccr.jussieu.fr (C. Sanchez). test thin solid films. Recently, this technique was applied
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to measure the mechanical properties of sol-gel derived hy-to a solution of functionalized PMMA in THF (concentration

brid thin films based on silica nanoparticles mixed with
methyltrimethoxysilané? silica-epoxy?'1113 or nanoparti-
cles dispersed in a poly(methacrylate) based méfrikhe

of 1gl-1).
The sols were vigorously stirred at room temperature
for 48 h before deposition by spin-coating on standard float

nanoindentation technique allows to investigate the elastic, glass (Saint-Gobain). Before deposition, the substrates were
plastic and viscous responses of hybrid coatings. Dedicatedcleaned using a soap solution, followed by rinsing in dem-

procedures may allow to investigate as well their brittle be-
haviour and adhesion to the glass substta®®.In order to

ineralized water allowing to obtain an hydrophilic surface.
After deposition, the samples were cured at 400or 8 h to

answer practical applications, scratch-test and Taber test areeomplete the silica condensation.

being used to evaluate the durability of the coatitg¥

In the present paper, we have investigated the mechan-2.2. Structural characterizations

ical response of PMMA-silica hybrid thin films with in-

creasing molar fraction of silica, which was generated by

in situ polymerisation of TEOS in PMMA. In order to de-

FTIR spectra (Magna IR 550 Nicolet, 32 scans, 4ém
resolution) were taken before and after the polymerisation

termine reproducibly the indentation modulus and hardness,of the triethoxysilane functionalized PMMA. Dry powders
specific indentation procedures are to be used and presentedvere spread into KBr pellets.

Indeed, a careful analysis of the loading—unloading curves is

The molecular weight of the polymer was determined by

required as soon as the duration of the test and the char-Size Exclusion Chromatography (SEC) in THF at a flow rate
acteristic relaxation time of the material are of the same of 0.8 ml/min and using a PMMA standard calibration curve

order.

2. Experimental procedures
2.1. Elaboration of the films

2.1.1. Chemicals

Tetraethoxysilane (TEOS 99%) and [3-(methacryloxy)
propyljtriethoxysilane (MPTES) were purchased from
ABCR-Gelest, azobisisobutyronitrile (AIBN) from Fluka.
The monomer methyl methacrylate (MMA 99% from
Aldrich) was purified by distillation before use. Acetonitrile
was dried over molecular sieve.

2.1.2. Preparation of the PMMA-SiO; hybrid thin films

Trialkoxysilyl-functionalized poly(methyl methacry-
late) was synthesized by copolymerisation of 0.4 mol
of methyl methacrylate, [CHCCH3COOCH;] and
2.08x 102mol of methacryloxypropyltriethoxysilane,
[CH2=CCH;COO(CH)3Si(OEtg] via a free radical
process using a thermal initiator (1 wt.% AIBN, in acetoni-
trile, 70°C for 24 h in argon atmosphere). The resulting
functionalized PMMA was purified by precipitation in
methanol.

Hybrid solutions were obtained by adding various quan-
tities (Table 1) of pre-hydrolyzed tetraethoxysilane, TEOS,
(Ho0/Si =4, in acidic conditions, with 1 motf HCI, pH 1)

Table 1

(Waters apparatus); the porosity of thestyragel columns
was 16, 10, 1%, 500 and 10@.

Modulated Differential Scanning Calorimetry (DSC) was
performed with a TA Instruments DSC 2920 thermal ana-
lyzer; the heating rate was°&/min to measure the glass
transition temperaturel’g) and the variation of calorific ca-
pacity (ACp) of the PMMA in the hybrid nanocomposites.
Thermogravimetric analysis (TGA) performed on the xero-
gels revealed the organic to inorganic ratio; the heating rate
was 10°C/min. All the thermal analysis were performed in
oxygen and nitrogen atmospheres.

NMR experiments in solution were carried out on a Av400
Brucker spectrometer; 10 mm tubes were used with an inner
8 mm tube containing tetramethylsilane (TMS) as a reference
and CDC} as deuterated solverffSi sites will be labelled
with the conventional’, and Q,, notations.T,, refers to tri-
functional Si(OEt} units andQ,, to tetrafunctional Si(OEf#)
units, n is the number of bridging O atoms surrounding one
Si. 2%Si CP MAS solid-state NMR data were recorded on a
AV300 Brucker spectrometer (59.62 MHz) using 7 mm di-
ameter zircona rotors at a spinning frequency of 4 kHz.

Chemical analysis were performed by the Laboratoire
Central of the National French Research Council (CNRS)
in Vernaison, France.

The hybrid layer thickness was determined on cross-
sectional images obtained in a Leo Gemini DSM 982 Scan-
ning Electron Microscope (with Gun Field) and is the average
of four different measurements.

Samples chemical characteristics (PMMAX where X is the functionalized PMMA, noted f-PMMA, molar ratio)

Sample Composition (wt.% f-PMMA) Glass temperatilige(°C) Heat capacity variationCp (J glech
PMMA100 100 105 0.290

PMMA75 78 111 0.220

PMMAS0 53 156 0.037

PMMA25 28 - -
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2.3. Mechanical characterization 3p

The residual stresses in the coatings were determined from
the change in spherical curvature of a thin circular glass sub-
strate using a Dektak surface profiler before and after depo-
sition of the coatings. The curvature was measured along two
orthogonal directions over the central area. Then, the aver-
age stress was calculated from a modified version of Stoney’s
equatior®2using elastic modulus = 73+ 1 GPa and Pois-
son’s ratiov = 0.23 for the glass substrate.

The samples were deformed by a Berkovich diamond
pyramid using a NanoHardness Tester machine from CSEM
(Switzerland). The calibration procedure suggested by Oliver
and Pha#? was used to correct for the load-frame compli-
ance of the apparatus and the imperfect shape of the indenter
tip. The area functioA (hc) was calibrated on fused silica and
relates the contact area to the contact déptfihe tests were
performed at room temperature in the force-control mode of 50 100 50 0
the machine. Maximum loads were ranged between 0.25 and ppm
50 mN to extract the hardness and indentation modulus of the
films; five indentations were made for each load. We used Fig. 1. 13C CP MAS NMR spectra of triethoxysilane functionalized PMMA.
two loading procedures. Firstly a load—-reload sequence and(*) spinning size bands.
secondly a load—hold-rapid unloading sequence were used
to control creep (induced by the presence of PMMA) dur- disappearance of the methacrylate.c band at 1638 cm'
ing unloading; otherwise, the conventional Oliver and Pharr is related to the saturation of the vinylic boh@=3C whereas
procedure could not be used to determine the mechanicalthe shift of the carbonylc=o band from 1725 to 1735 cnt is
properties->16The load—displacement curves were analysed a consequence of the loss of conjugation with te€®ond

10

2,9

* N

using the method proposed by Oliver and PRaryjeld- during the conversion of the monomer in polym&C CP
ing the reduced indentation modulug ) and the hardness MAS NMR was used to check the conversion of all methyl
(H=FIA(hg)) by fitting the last unloading curve. methacrylate in PMMA (Fig. 1); indeed, IR spectroscopy

Taber abrasion experiments were done in order to quantify only allows to observe the decrease of the C=C band. When
the resistance to fracture and adhesion behaviour of the hy-polymerisation occurs, the peaks due to the vinylic groups (C
brid layers and to correlate with fracture patterns under large and G at 136 and 125 ppm, respectively) disappear whereas
indentation loads (300 mN). Abrasion index is defined by the two new peaks appear, at 45 ppm due to the quaternary car-
measure of the turbidity, which increased when delamination bon (Gp) and at 177 ppm due to the non-conjugated C=0
of the film is induced under the mechanical solicitation. groups (Gp).

The 2°Si NMR experiments recorded in solution of the
functionalized PMMA exhibit a single peak a47 ppm as-

3. Results and discussion signed to B units, allowing us to confirm the conservation of
Si(OEt) groups of the coupling agent during the polymeri-
3.1. Description of the layers sation reaction: they are neither condensed nor hydrolyzed.

Consequently, the triethoxysilane functional groups are hy-
The polymerisation reaction of the vinylic groups was per- drolytically stable and the polymer does not cross-link upon
formed by a free radical polymerisation; the reaction can be exposure to moisture. Moreover, the experimental silicon
represented by Scheme 1. to carbon weight ratio, obtained from chemical analysis, is
All the features induced by the formation of polymer in good agreement with the theoretical one (S 0.021
chains can be followed by infrared (IR) spectroscopy: the and Si/G,=0.025). Therefore, the functionalized PMMA

f 1 5 Hs o Hs

07 "oCH, AIBN ‘ ? ‘ | C{; |

’ ' - C—CH, T %C—CH,

f + 70°C, 24h A UL "
< S B 7 8 9 CH3 ;

07 O(CHXCH,XCH,)SI(OCH,CH,), I\ aN

o O O(CH,XCH,)XCH,)Si(OCH,CH.,),

Scheme 1.
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100 | tion of two events may explain why the thermal stability is
independent on the organic to inorganic ratio: the silica com-
~ 8¢ ponent induced a protective barrier against thermal degrada-
S 1 tion for organic speciés (hydrogen bondings SiOH-O=C
w60 oo PMMA25 were established between silica and PMMA) but promoted
2 : simultaneously the propagation of thermal enéfdindeed,
_-5, 40 - R, PMMAS0 its thermal conductivity is about 10 times larger than that of
v PMMA).
= 20 o . PMMATS Modulated differential scanning calorimetry (DSC) per-
-PMMA formed on the functionalized PMMA allowed to measure the

glass transition temperature as well as the heat capacity vari-
ation: 74 =105°C andACp=0.290J g1 °C~1. Anincrease
in Ty was observed when the silica content was increased in
Fig. 2. TGA curves under £atmosphere of functionalized PMMA and hy- the hybnd mate”al_STg =111 and 156C for P,MMA7_5 and
brid materials: (a) -PMMA, (b) PMMAT5, (c) PMMAS0 and (d) PMMA25.  PMMASO0, respectively (Table 1). For the silicon-rich coat-
ings (PMMAZ25), the DSC curve did not show any relevant
thermal effects up to 25CC.

This increase ifg (from 105 to 156 C) simultaneously
to the decrease inCp (from 0.290 to 0.037) when the silica
polydispersity index was lower than 2 contentisincreased (from 0to 25 mol%) may be explained by

: adecrease of the polymer mobility due to the progressive con-

Optical transparency is a first criterion for the formation _ .
. : . finement of the polymer by the silica network, and because of
of a homogeneous phase of both inorganic and organic con-, . o : : :
. . . . the increase of cross-linking between organic and inorganic
stituents. In fact, no opacity of the coating, which could be

X . ) components. For high silica loading the PMMA chains must
attributed to a macroscopic phase separation and tothe forma; | : . - . .
. . . . be highly confined by the silica network and this decrease in

tion of large domains of inorganic component, was observed. mobility yields to a strong blurring of the, transition25

Moreover, the observation of the films cross-sections in the ’

backscattered electrons mode of the SEM never showed any ] . ) ]

microscopic phase separation, in good correlation with the 5-2- Time dependence of the indentation behaviour of

optical aspect of the films. Consequently, we could conclude /yb7id coatings

that all the prepared thin films were homogeneous at the mi- , , .

cronic scale as all of them were transparent. Moreover, SEM 1€ mechanical response of hybrid PMMA-Sihin

experiments allowed us to measure the layers thicknesses; alflms shzréwed a time dependence dL_Je to the presence of

were ranged between 1.5 ang@. PMMA.<° Even though, the non-elastic part during the un-
Thermogravimetric analysis (TGA) performed under O loading of the indenter can be limited by a suitable proce-

atmosphere on the xerogels revealed that the organic to in-dure: @load-reload sequEﬁEerla IO?d_hOId_rﬁp'd unload-
organic ratios were in good agreement with the sol compo- N9 Sequence (Fig. 3). The unloading curve has to be care-

sitions, assuming the full condensation of Si(QEt) pure fully anaIyGS%dz%s itis not purely elastic dgspites Nno Nose was
silica SiG. Loss weight curves were very similar under both observed®2"2%In facj[, whe_n the unloading curve is fitted
0, and N\ atmospheres. Consequently, itis concluded that all 0¥ & Power law following Oliver and Phaff:

the PMMA is decomposed under inert atmosphere. The on- . _ A(h — he)" 1)

sets of the thermal decomposition of all hybrid materials were

about 50°C higher than for the neat functionalized PMMA whereF is the applied load4 is a constant and; is the

but no improvement of the thermal stability was observed residual depth, the power factaris found to be beyond 2
when the silica content was increased (Fig. 2). The combina-while it is expected to range between 1.2 and 1.6 for purely

0 100 200 300 400 500 600 700 800

Temperature (°C)

(f-PMMA) is a PMMA-MPTES copolymer with about 5% of
triethoxysilane groups. Molecular weight of the functional-
ized PMMA was determined to bi,, = 55,000 g mot and

30s
Fmax T Fmﬂx T
z =
E = 40s 3s
5 E
8 o
- g
0,1-F. ., ‘ ) .
T T T T
40 80 120 160
Time (s) Time (s)

Fig. 3. Indentation procedures: (a) load—reload sequence and (b) load—hold-rapid unloading sequence.
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Fig. 4. (a) HardnessH), (b) indentation modulus) as a function of the indentation depti) for PMMA75 hybrid: (J) load—reload sequenceA)
load—hold-rapid unloading sequence, (*) load—hold—rapid unloading corrected by the procedure proposed by Tang%nd Ngan.

elastic unloading. Consequently, even though a nose is not3.3. Layers mechanical properties

observed inthe unloading curve, a 3 sunloading periodis long

enough to detect non-elastic effects. Hence, the mechanical All the measured average residual stresses were below

properties have to be corrected as suggested by Tang an@5 MPa; therefore, the coatings were only slightly con-

NganZ’ strained in tension. All thin films were tested using the
When a hold—rapid unloading sequence is used, the creedoad-reload sequence. Fig. 6 depicts the evolution of the in-

rate of the material can be estimated during the hold period dentation modulus and the hardness as a function of the con-

and used to correct the contact stiffndss dF/dh following tact indentation depth. (scaled with the coating thickness)
Tang and Ngar? for the studied PMMA-Si® hybrid materials.

: The increase in the mechanical properties as the inden-
1 — 1 @ 2) tation depth increases results from the strong influence of
S S Ky the substrate. This means that the mechanical responses are

whereS, is the corrected stiffness, whifds the experimental ~ dominated by thin films properties at low indentation depths
one.p = dhp/dr is the penetration rate of the indenter during whereas those determined at larger indentation depths are
the hold period and?, = dF,/dt is the unloading rate. Un-  Substrate dependent. Various models have been suggested to

der our experimental conditions; was found to be affected ~ describe the combinated influence of both the substrate and
by about 5% while the indentation depthwas only slightly the coating allowing to calculate the sole mechanical response
modified by this correction. Itis concluded that under our ex- Of the thinfilm. _ _ _
perimental conditions, both the indentation modulus and the ~ Mencik et al”™* compared five models to predict the in-

hardness are affected by viscoelastic effects to a magnitudedentation modulus of homogeneous thin films on a substrate.
lower than 10% (see Fig. 4). One of them (the reciprocal exponential function) was found

Time-dependence of the mechanical response is observed® be the most suitable; it follows Doerner and Nix suggestion
when the loading and unloading times are not negligible as t© consider the film and substrate as two springs in stries
compared to the relaxation time. Viscous flow is induced by and is given by:
the presence of the polymer component. To predict the me-
chanical behaviour of hybrid materials, the viscous penetra- 1 1 ( 1 1 ) exp (—ﬂh°> 3)

e

tion of the indenter has to be considered and added to theg, ~ Eq
elastic and plastic deformations. An interesting prediction of

the viscous elastic plastic (VEP) model is that the responses

are controlled by total rise time and not by the loading fate.

Ef ES

Hence, we decided to use a total time of test constant. ;m,’ 600 »
The VEP model and its application to hybrid materi- § 500 '

als were described and reported eadfeParticularly, we 5 400 o

showed that the relaxation time was a pertinent parameter E 800 o

to predict the time dependence (Fig. 5). An increase in re- < 200 .

laxation time with increasing silica content was determined o 10

for the hybrid materials in the whole range of compositions s 07 ' ' R

20 40 60 80 100
% Si0, in weight

o

investigated here and is due to an attenuation of the polymer
mobility. This attenuation was already highlighted by DSC
measureme_nts asa decree_‘s_enﬁp and an Increase g Fig. 5. VEP relaxation time as a function of the silica content for PMMA-
was determined when the silica content was increased. silica (obtained from in situ polymerization of TEOS in PMMA).
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Fig. 6. (a) Indentation modulug() and (b) hardnesg{) as a function as indentation depth, scaled with the coating thickgkeser samples((J) pure sol-gel
silica, (O) PMMAS50 and (A) PMMA100. The model curves are continuous lines.

where s and f subscripts are for the substrate or the by afactor 2.3 and 3.4 respectively with respect to the values

film respectively.E, denotes the measured substrate-film measured for the PMMA reference sample.

composite property. The substrate indentation modulus The mechanical properties of a composite material (here

was determined separately by carrying out experiments the organic—inorganic hybrid) can be modeled’by:

on an uncoated substrat&;=80+4GPa in relatively

good agreement with expected value from the literature Elinear = TPMMA EPMMA + TsilicaE'silica (®)

(Es=El(1-v?) =77+ 1 GPa)?}32 Then, the unknowns’, 1 TPMMA  Tsilica

B) were determined by subtractlngEL/to_ 1/E; and applying Ereciprocal ~ Epvva | Esiica (6)

the least-square method to the logarithms as suggested by

Mencik et al*® Hcomposite= TPMMA HPMMA + TsilicaHSilica (7)
Asimilarprocedure was applied to determine the hardnes'Swherer is the volumic fraction of PMMA or silica. Assum-

fthe films. Inf h mbin ntributions of th ing . o . .
of the films. Infact, the combined contributions of t gcoat g ing that the densities of PMMA and silica were the following:
and the substrate are measured. However, at equal indentation _ 3 - 3

pvma =1.2gcenm? and psijica=2 g cn °, we could calcu-

depth, the influence of the substrate on the measured hardness . .
is lower than on the indentation modulus. Indeed, the plastic ate the indentation modulus and hardness for the PMMA-

strain field is much less extended spatially than the elastic SIOp hybrid materials (Fig. 7). Mechanical properties of the

strain field. We retained the exponential law pronosed b hybrid materials were found to be well predicted with a linear
' . P brop y model Egs. (5)—(7) while Etienne etateport intermediate
Bhattacharya and Ni%®

situation for the elastic properties. This result shows that a

he\" nano-sized composite allows for reaching strong improve-

H = Hs+ (Hr — Hs) €xp {—a <e> ] 4) ment of the mechanical behaviour and this might be attributed
to the large hybrid interfaces, which could be developed in the

For soft coatings on hard substrates; 2. Hs was de- hybrid nanocomposite materials as the inorganic component

termined on the uncoated glagt=8.1+ 0.4 MPa in good is generated in situ in a preformed polymer. The influence of
agreement with Briano et al32thusH; anda could be deter-  the size of the hybrid interface on the mechanical properties
mined using a least-square method to the logarithms similarly is discussed in more details in the part Il paper.
as above for the indentation modulus.

These equations do not take into account the influence of 3.4. Adhesion and fracture of the coatings under high
fracture. These models could be applied to the studied thin jpqds
films, because PMMA-Si®@hybrid materials may present
this kind of mechanical behaviour only above large criti-  During an indentation test, various kinds of mechanical
cal loads, beyond the range used here to extract the filmfailure (as cracking or delamination) may occur in the coat-

properties® Calculated values of indentation modulus and ing or at the interface between substrate and coating. All
hardness for the different samples are gathered in Table 2.

They allowed us to determine the mechanical response ofTtaple 2
the sole thin film without substrate influence as a function Sample mechanical characteristics

of composition. The trends are found in good agreement sample Thickness (nm)  E (GPa) H (GPa)

ywth Iaygrs composition since an improvement of pqth the fpmva 1790 4.10+ 0.40 0.25+ 0.03
indentation modulus and the hardness versus the silica conpmma7s 1680 7.604 0.80 0.50+ 0.05
tentis observed. Forinstance, PMMAZ25 hybrid samples con- PMMAS0 2030 6.60+ 0.70 0.54+ 0.06
taining about 30% of PMMA showed indentation modulus PMMA25 1890 9.50+1.00  0.85+0.09

(9.5+ 1.00 GPa) and hardness (0-88.09 GPa) improved ~ S0-9¢lsiica 2190 17.5¢ 2.00 1.5+ 015
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Fig. 7. Mechanical properties of the films (continuous lines are experimental data) were obtained from the best fit of the experimental datad&4y. (3) an
Dashed lines are calculated using Egs. (5)—(7).

these features result in typical changes in the loading curve.cracks at the interface between the substrate and the layer
For inorganic sol-gel coatings, Malzbentfeanalyzed the  and towards the surface of the coatings. This behaviour was
fracture evolution as a function of the applied indentation detected on the loading curve as an abrupt change in slope.
load. At low loads, radial cracking may occur. As the load For coatings with increasing organic phase (PMMAS50 and
increases, delamination of the coating from the substrate mayPMMAT75), delamination was observed but no chipping oc-
occur leading to chipping (or removal of pieces of coating) curred. Delamination was revealed by irisations around the
under even larger loads. indent site and by a slight change in the slope of the load-
Using optical microscopy after applying aload of 300 mN ing curve (Fig. 8). Finally, for the sample with the highest
on the hybrid thin films, we observed various phenomena de- PMMA ratio (f-PMMA), neither delamination nor chipping
pending on the silicato polymer ratio (Fig. 8). For asilica-rich occurred.
coating (PMMA25), delamination at the interface occurred, Interestingly, the same trends were observed when a lateral
leading to the layer chipping, because of the propagation of movement was added to the tip (hanoscratch test under a load
of 350 mN). Only a plastic deformation was observed in the
PMMATY5 coating, while delamination was observed for the
300 PMMAZ25 coating. Taber performances of the hybrid layers
were found to be also in good correlation with the indentation
observations. In fact, the abrasion resistance was improved
1% when the silica content was increased (Fig. 9). A PMMA25
A thin film (500 nm) could resist near 80 revolutions whereas
0 1000 2000 3000 PMMATS5 film delamination occurred after 25 revolutions.
Indentation depth h (nm) Noticeably, the performance to Taber test is drastically im-
proved when the thickness of the coating is increased. In fact,
300 5 the abrasion resistance of the PMMAZ25 coating is raised from
204 80 revolutions to near 550 revolutions when the thickness of
the film is increased by a factor 4.

Load F (mN)

Load F (mN)

0 = ; . 30
0 1000 2000 3000

Indentation depth h (nm)
204 %

Turbidity(%)

------- PMMA 25 (e=2000 nm)
—— PMMA 25 (e=500nm)

PMMA 75 (e=500nm)
0 b

0 50 100 150 200 250 300 350 400 450 500 550
Taber rounds

Load F (mN)

0+ T T T
0 1000 2000 3000

Indentation depth h (nm)

Fig. 8. Indentations into hybrid coatings observed using optical microscopy
after applying loads of 300mN and load—displacement curves for: (a) Fig. 9. Evolution of the turbidity of hybrid samples after Taber abrasion as
PMMAZ25, (b) PMMAS50 and (c) PMMA100. a function of the number of revolutions.
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4. Conclusion 9.

Hybrid materials based on poly(methyl methacrylate) co- *
valently linked to a silica network, produced from the in situ
hydrolysis and condensation of an alcokysilane, have been

elaborated. The mechanical properties of thin films, deposited12.

by spin-coating, can be analyzed by nanoindentation tests.

Different compositions of coatings have been studied and 1%

homogeneous interpenetrated networks have been obtained,
All the hybrid coatings showed a time-dependent mechani-

calresponse, which can be considered by suitable procedurests.

Hence, reproducible indentation modulus and hardness val-
ues have been determined from the indentation curves and
by using suitable models; they were in good agreement with
the composition of the layers. All these results validate the
nanoindentation measurements as an appropriate technique

to study the mechanical properties of hybrid polymer-oxide 17.

thin films built from organic polymers cross-linked by inor-
ganic nanodomains.

19.
20.
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