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ABSTRACT

The PI/SiO, nano-composite films were prepared using In-situ Generated
Nano-Phase Structure (IGNPS) approach from the precursor solution of
polyimide (PI) and tetraethoxysilane (TOES). For developing PI/SiO, nano-
compositefilms, alkoxysilanewhichis precursor to tetraethoxysilane (TEOS)
was blended with polyamic acid aprecursor to Pl in an ultralow concentra-
tion. FT-IR study was performed to assess the formation of nano-composite
films. The silicanano particleswere evaluated using AFM technique. Ther-
mal stability of composite filmswas analyzed using TGA characterization.
Microhardness, tensile strength, tensile modulus and elongation were in-
vestigated to study the micromechanical performance of nano-composite
films. The increase in value of hardness (H ) and tensile strength for com-
posite films were observed in comparison to pure Pl with better thermal
stability and low water absorption. The synergisticimprovement in PI/TEOS
compositefilmswereattribute dueto theformation of Si-O-Si particleswithin
the Pl matrix. © 2009 Trade Sciencelnc. - INDIA
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1.INTRODUCTION

Organi c-inorgani c composites, have been proved
as new advanced materia becausethey combinethe
advantageous propertiesof organic component e.g. flex-
ibility, low didectric congtant (&), and processability etc.,
by previousworkerg*®!. Theenhancementsin the prop-
ertiesof organic-inorganic hybridsaremainly dueto
two reasons, (i) Thediscreteinorganic phases, smaller
than100 nm, provideavery largeinterfacial areabe-
tween the organi ¢ phase and inorgani c phase and cor-
respondingly causethe enhancement inthemacroscopic

properties of hybrids. (ii) Nano-composites having
molecular level of dispersion may resultin hybrid poly-
merswith specific propertiespossessing versatile prop-
ertiesespecially didectric, micromechanica and ther-
mal are observed by Matienzd®. Polyimide (Pl) isbe-
ing extendvely used in microe ectronicsand aerospace
industries. However, Pl exhibit relatively high vaue of
water absorption and the coefficient of thermal expan-
son, whichcanlimit their gpplicationinthefield of elec-
tronics. Onthe other hand, silicahasbeen considered
an ideal separated domain component in hybridsfor
improving thethermal and mechanical properties of
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materids, explained by Schmidt!”. The combination of
nano-sca einorganic moietieswith organic polymershas
ahigh potential for future applicationsand hasthere-
foreattracted cons derabl e attention during the recent
past. For achieving the best combined propertiesof PI/
inorganic hybrids, improving the compatibility of two
phases and reducing the phase separation arecritical
considerations. In fact, compatibility enhancement is
usualy generated by animprovement intheinteraction
between two phasesand by areduction in the size of
separated domains. Theseexpectationsareusually re-
alized, firstly by the use of reactive polymersand their
conversioninto Pl network matrices; secondly, by the
conversion of an inorganic precursor into anetwork
phase, and thirdly by the addition of acoupling agent to
enhancetheinteraction between theinorganic and Pl
phases. However, because of thedifficulty of synthe-
gzingfunctiona Pl or Pl precursors, thelast two routes
can only contributeto the effectiveness of the prepara-
tion of Pl/slicahybrids. Themechanica propertiesof
hybrids obtained with route second usudly do not have
well enough mechanicd properties, whiletheroutethird
commonly generateslarger discreteinorganic domains.
Infact, route secondisasol-gel process, inwhichthe
silica domain, derived from the hydrolysis of
tetraalkoxysilane, isadded to Pl or its precursor solu-
tion, reported by Shindu®. From the past decade, the
investigated propertiesof silica/Pl nano-composites
have mainly beentheir thermal and mechanica behav-
iors, explored by Al-kandary®. Present study focuses
the concept of incorporating ultralow concentration for
reduced phase separation and low water sorption with
enhanced mechanical and thermal properties, wherethe
hydrolysisand condensation (Polycondensation or sl
condensation) of TEOStaking placewithinthe Pl ma-
trix whichisinitiated by thewater moleculesreleased
duringthermd imidization of PAA into Polyimide.
Fourier transforminfrared spectrometry (FT —IR)
isapowerful and potentialy very widely used method
for obtaining theinformati on about dominanceof the
chemical functiona group of the PI/TEOS nano-com-
positefilms. In addition to this, atomic force micros-
copy (AFM) hasbeen utilized to provide microscopic
evidence about theformation of silicaparticlewithin
the Pl matrix. Thermal stability was studied using
thermogravimetricanayss(TGA). Microhardnesstest
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was performed using Vickersdiamond pyramidal in-
denter attached to Carl ZeissNU2 universal research
microscope and thevalue of hardness (H ) waseva u-
ated to obtain information on the structura featuresand
micromechanicd property changesfor PI/TEOS nano-
compositefilms. Tensilestrength, tensilemodulusand
elongation were studied to obtai n information about
mechanica propertiesof prepared PI/TOES nano-com-
positefilms.

2.EXPERIMENTAL

2.1. Material and method

Tetraethoxyslane (TEOS) 99% purewas procured
from Lancaster, USA and used asslicagenerating pre-
cursor. Polyamic acid (PAA) acondensation product
of pyromdlitic dianhydride (PMDA) and oxydianiline
(ODA) marketed asABRON S-10 was procured from
M/s ABR Organics Ltd., Hyderabad, India (with
11.44% solid content in dimethylacetamide (DM AC)
withaninherent viscosity of 1.56 dl/g at 25°C) andwas
used asreceived.

AR grade Tetrahydrofuran (THF), Supplied by
Merck was used as co-solvent for the preparation of
precursor solution. AR grade methanol, supplied by
Merck was used as sol vent for theremova of DMAcC
from thenano-compositefilmsprepared for water sorp-
tionandyss.

2.2. Preparation of PI/TEOSblends

Thesllicagenerating precursor solutionswerepre-
pared by adding TEOSin THF in different cal culated
compositionsi.e. 20% to 10° wt %. Various concen-
trations of TEOS were taken in aknown volume of
THF and added to the cal culated quantity of the PAA
solution so that films having the ultimate desired con-
centration of TEOS (i.e. 10> 104, 103, 102, 107, 10
and 20 wt %) could be obtained; these are designated
as PS5, P34, PS3, PS2, PS1, PS10 and PS20, re-
spectively. Theunmodified polyimideisdesignated as
Pl. Theblendswere stirred for half an hour inamag-
neticstirrer.

2.3. Preparation of PI/TEOSnano-compositefilms
Theblendswereweighed over cleanand dry glass
plates and spread evenly with the help of aglassrod,
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so that they resulted in 25 (+0.00002)u thick films af-
ter ultimate curing at 350°C for 2 hrsin air. Thecure
cycleinvolved conditioning at 70°C for 24 hoursand
thereafter, 2 hour each at 100, 150, 200 and 300°C
for thefirst step, which partialy imidizesthereactant.
Subsequently, thesefilmswere heated at 350°C for 2
hrs. Thereefter, thefilmswere dlowed to cool dowly
toroom temperature. The Pl filmwasa so cured under
identica conditionsand designated asPl. Theresultant
filmswereof 15cm?insizeand 25+ 0.0002 micron in
thicknessand used for dl the characterizations.

3.Characterizations
3.1.FT-IR

TheFourier Transform Infrared Spectrum (FT-IR)
of neat P, and PI/Silicanano-compositesfilmswere
characterized using LambdaBX instrument, Perkin
Elmer, Singapore.

3.2.AFM

AFM (Atomic Force Microscopy) analysis was
performed using Nanoscopelll, Digital Instrument,
working in contact mode.

33.TGA
Dynamicthermogravimetricandys swasperformed

onaPerkin-Elmer TGA-7 insrument. Theheating rate
adopted was 10°C/mininaninert atmosphere.

3.4.Water sorption

Thewater sorption behavior wasanalyzed using
ASTM D570. Samplesweredried at 100°C for 1 hr.
and dipped in methanol to leach out residual solvent
(DMAC). These samplesweredried at 120°C for 2 hrs
and then dippedin 100 ml of water. Thewater uptake
a differentintervasof timetill theequilibrium condition
were determined by taking theweight of the samples
using Perkin-Elmer’s Microbalance (Model-AD-4)
having accuracy upto 1 microgram.

Thewater sorptionwas ca culated using equation:
Water Uptake (%) =[W W /W ]x 100 @
Where W, isinitial weight and W isfinal weight.

3.5. Microhardness measur ement

Microhardness measurementson nanc-composite
filmswerecarried out using Carl ZeissNU, Universd
Research Microscope-mph 160 microhardnesstester

withaVickersdiamond pyramida indenter attached to
it. TheVickersHardness Number (H ) was cal cul ated
usingequation:

H,=1854 L /d*MPa 2
Where, (L) isload in kg and (d) is diagonal of indentation in
mm. For variation of H withload, theload wasvaried from 10
to 100g.

3.6. Mechanical test

Mechanical strength were carried out on pure Pl
and PI/TEOSfilmsof size(1x15) cm?inlengthand 25
microninthicknessat room temperatureon an Instron
Universa Testing Machine(Modd No. 4302) accord-
ingto ASTM test method no. D - 638. The samples
wereconditioned at 110°C for 24 hoursbeforethetest-
ing. Theload-el ongation curves obtai ned were con-
verted to stress-strain curves and thefollowing param-
eters, tensile strength, tensilemodulusand el ongations,
were computed.

4. RESULTSAND DISCUSSION

4.1. FT-IR analysis

FT-IR absorption spectra of the pure Pl and PI
incorporated TEOS nano-compositefilmsare shown
infigure 1. Thecharacteristic absorption spectraof PAA
at 1650 cmt wasfound to compl etely disappear, how-
ever, the characteristic absorption spectraof theimide
unit at 1776, 1777, 1724, 1374 and 722 cm* wave
number were observed for pure Pl film and PI/TEOS

cm?
Figurel: FT-IR spectrum of purePl, PI/TEOSi.e 10wt
% and PI/TEOSi.e. 20wt % nano-compositefilms

Au Tudian Yourual



MSAIJ, 5(3) June 2009

Anand Kumar Gupta et al.

187

O—C C OH

Polyamm acid solution

—== Pyl Paper

L | TEOS+THF

=

Water moleculesreleased at the outset of imidization initiated the
hydrolysisof TEOSto Tetrahydroxysilane

JJ\/@:C O- ONH@\ HNO- O
HO_ICI: C OH O—(”:

Polyamlc acid solution
OH- S|I
OH

OH

C o- ONHQ\
C-OH

o)
+ C,HsOH '

Imidization in process

Polycondensation of Tetrahydroxysilaneinitiated the formation of silica network

Hydrogen bond (weak inter action)

‘ Imidization of PAA to polyimide
Polyimidechain

Figure2: Systematic reprmtanon of for mation of silicanetwork between the polyimidematrixeswhen TEOSwas

incor por ated in higher concentration

compositefilms, reported by Nol*. The addition of
TEOS did not yield any negative effects on the
imidization of PAA. Onthe other hand, the broad ab-
sorption spectrum around 1083 cm-1 wasthe asym-
metric stretching of Si-O-Si units. Theabsorptionin-
tensity of this peak increased with the TEOS concen-
tration. The absorption spectrum at 3400 cm-1 was
generated from OH groups. The TEOS incorporated
Pl nano-compositefilmsin ultral ow concentration aso
show the characteristic absorption spectrum of Si-O-
Si unit at 1089 cm'. Thisindicatesthat therearemore
Si-O-S bondsin higher concentration. Figure 2 shows
the systemati c representati on of formation of silicanet-
work between the polyimide matrixeswhen TEOSwas
incorporated in higher concentration. The PI/TEOS (-
1%) film showsthe particles of much reduced szeindi-
catingtheformation of lessS-O-S networks. Figure3
showsthesysematic representation of formation of slica

nano particles between the polyimide matrixes when
TEOSincorporated inlow concentration. Moreover,
the absorption bandsat 1083 cm? clearly indicatethe
efficient converson of the TEOSin slicawithin Pl ma
trix.

4.2. AFM analysis

The AFM topographic image of pure Pl and PI/
TEOS nano-compositefilmsare shownfigures4to 8.
Figure4 showsthetopographicimageof negt PI, where
asinglephasewith smooth surfacewasobserved. The
topographicimage, (Figure5), clearly revealed that
higher concentration containing TEOS films show
greater extent of aggregation of slicaparticles, wheress,
ultralow concentration film showsdispersonof silica
particlesin nano meter regimewithin Pl matrix figures6
to 8. When concentration of TEOSisre atively higher,
theinorganic particlestend to coalesceto form clusters
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Figure3: Systematicrepresentation of formation of silicanano particlesbetween the polyimidematrixeswhen TEOS
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" Figure5: AFM topographicimageof Pl/Silicanano-com-
Figure4: AFM topographicimageof neat PI film positefilm 10wt %

of bigger size, approximately of 200-300 nm. How-  thesize of silicaparticleswas reduced up to 80-100

ever, inthecase of ultralow concentration of TEOS, nmwith abetter dispersion of the particleswithinthe Pl
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TABLE 1: Water sorption behaviour of purePl and PI/TEOS
nano-compositefilmsat equilibrium condition

S. no.

Sample designation Water sorption (%)

1. Pure PI 2.26
2. PS20 (20 %) 45
3. PS10 (10 %) 3.45
4. PS1 (10 %) 1.59
5. PS2 (10 %) 1.56
6. PS3 (10° %) 1.73
7. PS4 (10 %) 1.54
8. PS5 (107° %) 1.48

TABLE2: TGA valuesof purePl and PI/TEOSnhano-composite
films

S. Initial decomposition Residue
no Samples temperature(IDT) content at
) 900°C
1. Pure PI 517°C 56.77%
2. PS20 (20 %) 511°C 59.11%
3. PS10 (10 %) 513°C 57.03%
4. PS1 (107 %) 519°C 56.23%
5. PS2 (102 %) 527°C 55.14%
6. PS3(10° %) 521°C 56.13%
7. PS4(10° %) 519°C 56.12%
8. PS5 (10°%) 516°C 56.01%

matrix. Thusit may be summarized that theincorpora
tion of TEOSin ultralow concentration resultsinthe
reduced domain sized in-situ generated silicamoi ety.
Thiswhich resultsin better dispersion aswell asim-
provedinterfacid interaction of Pl chainswiththeinor-
ganic component within the Pl matrix. It hasbeen as-
sumed inthe present casethat when higher concentra-
tionsof silicaisused toformthesilicanetwork of Si-
O-Si typeof about 400 to 500 nm approx becausein
between thematrix TEOS moleculesarecloseby and
they tend to i nitiate the Polycondensation forming net-
work structure Si-O-Si. In case of lower to ultralow
concentrationsthe TEOS moleculesarefar gpart enough
and thereby they lead to the self condensation of
Tetrahydoxysilanerather than the polycondensation of
the tetrahydroxysilane as assumed in case of higher
concentrations.

4.3. Water sorption analysis

Thewater sorption behavior of the Pl/TEOS nano-
compositefilmswas studied and resultsare stated in
TABLE 1. The water sorption behavior as obtained
indicated lower va uesof water sorptionin caseof ultra
low concentrationsof PI/TEOS nano-compositefilms
compared to thevalue obtained for neat PI. In case of
higher concentrationsof silicacontent, such as 20%,
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Figure6: AFM topographicir'l-wageof PI/TEOSnano-com-
positefilm of 102wt %

Figure7: AFM topographicimageof PI/TEOSnano-com-
positefilm of 1wt %

Figure8: AFM topographicimageof PI/TEOSnano-com-
positefilm of 20wt%.

the value show a steep increase of 4.5% compared to
thepure Pl valuewhichis2.26%. Whilefor the case of
ultralow concentration theval ues decreasesto 1.48%.
This can be explained on the basisof synergisticim-
provement in the core properties of Pl because of
amdler compact nanosizeslicadomain digpersonwithin
the Pl matrix which resultedin greater interfacial inter-
action and dense packing fraction. In each nano-com-
positefilm, water uptake was|lower than that of neat
PI. Lower water sorption in nano-compositesmay be
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Figure10: Bar graph of tensilestrength for purePl and
PI/TEOSnano-compositefilms

attributed to the presence of silicamoieties as nano
particlesintheinterstitial sitesor intheavailablefree
volumeof polymeric matrix, thereby filling thefreepace
availablefor water moleculestoreside.

4.4. TGA analysis

TABLE 2 reportsthe decomposition temperature
for neat Pl and PI/TEOS nano-compositefilms. The
decomposition temperatureof the nano-compositefilms
of higher TEOS content were found to belower than
neet P, dueto elimination of water and C,H.OH, which
indicate that TEOS was not hydrolyzed completely
during the preparation. Asthe temperatureincreases
imidization of PAA startsand hydrolyzation of TEOS
take placed ongwith theformation of network. Theini-
tial weight lossfor the nano-compositefilmswere ob-
served at 517°C, which showsthethermal stability of
the nano-compositefilms. The maximum decomposi-
tion temperature of nanoc-compositefilmshaving lower
concentration of TEOS showsthefavorablereinforc-
ing effect and even dispersion of In-Situformed silica

nano-particleswithinthe Pl matrix. Thereinforcing ef-
fect and even dispersion sillicanano-particleslimitsthe
segmental motion of the Pl chains. Thefina resdueat
900°C isregarded astheredl silicacontent andispro-
portiond tothe TEOS concentration suggesting thesuc-
cessful incorporation of silicain Pl/'SO, nano-composite
films

4.5.Microhardnessanalysis

Themicromechanica aspect of thepure Pl and PI/
TEOS nano-composite films were studied using
microhardness characterization. Themicrohardnesstest
helpsto know that at |low |oads whether the Vickers
hardness number (H, ) isindependent, or isdependent,
onload. Figure9 showsthegraphicd representation of
variation betweenH and appliedload (L) for pureand
nano-compositefilms. The shape of H -load profile
trendisalmost similar for all specimens. Initialy, the
microhardnessincreases with load and thereafter be-
yond acertainload, (H ) tendsto attain a saturation
vaue. Thisphenomenon can beexplained onthebasis
of strain hardeningin polymerd*12, Largescaeplastic
deformation mainly depends on themicromodesof de-
formation of polymer chain. Thisphenomenon happens
when sufficient numbers of micromodes become ac-
tive, astheload isincreased, the specimenissubjected
togreater strainhardeningand H, isincreased, observed
by Cdlgd*¥. Whenthepolymer specimenisfully strain
hardened, no appreciablechangeinthevaueof H will
be observed. ThusH tendsto saturate. TEOSincor-
porated Pl filmsexhibitshigher level of microhardness
as compared to pure Pl. When TEOS isblended in
ultralow concentration, the microhardnessincreasesto
aremarkableextent and attainsthe maximumval ue.

Thisincreasein microhardnessisdueto formation
of silicanano particleswithin the Pl matrix. However,
as the wt% of TEOS increases to 10 to 20 %
mi crohardnesstendsto decrease as showninfigure9,
however, vdueof H isgreater then purePl film. This
decreasein microhardnessisdueto thesilicanetwork
toagglomeratesinto largeparticlesat higher silical oad-
ing.

4.6. Srain hardeningindex

The nature of load dependence of microhardness
of thepureand PI/TEOS nano-compoditefilmshasbeen
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TABLE 3: Different calculated valuesof (n) for purePl and
PI/TEOSnano-compostefilmsin thetwoload regions

Value of (n)
S Samples Value of (n)_for low for high load
no. load regions :
regions
1. Pure PI 2.78 1.56
2. PS20 (20 %) 2.42 1.78
3. PS10 (10 %) 2.37 1.82
4. PS1 (10" %) 313 2.21
5. PS2 (102 %) 3.16 2.24
6. PS3(10° %) 3.05 2.08
7. PS4(10° %) 2.99 2.02
8. PS5(10°%) 2.96 1.99
studied usingequation (3):
L=ad ©)

Taking logarithm on both sides of equation (3), we
have
LogL=loga+nlogd 4
Where (L) isload, (d) isthe diameter of indentation, (a) isa
constant and (n) isthelogarithmic index number, which isthe
measure of strain hardening. The low load region rangesfrom
10 to 60 g and high load region ranges from 70 to 100g. The
value of (n), for pure Pl and nano-compositefilmsarelistedin
TABLE 3. It is evident that when H increases continuously
with load, then ns- 2. The value of (n) approaches a value
around 2 in the saturation load region (at which H becomes
independent of load). Therefore, inlow load region (n) isgreater
than 2. In most of the compositefilmsof ultralow TEOS con-
centration, the value of (n) isfound to be greater then 3inlow

load region, and nearly 2 in the high load region.
4.7. Micromechanical analysis

Theresultsof mechanica propertiesintermsof ten-
slestrength, tensilemodul usand e ongation of the PI/
TEOS nano-compositefilm are shown fromfigures 10
to 12. Themechanical propertiesof aglassy polymeric
system depend onthe crystal lanity introduced into the
chans, orientation of themacromol ecular ssgments, and
theamount of cross-linking between themacromolecular
units. When stressisapplied to such materids, thewesk-
estlink, i.e., thenon-bonded interchaininteraction, de-
formsmuch easer than thestrong cova ent bondsaong
theindividua chains. Thus, the network of non-bonded
interchaininteractionsplaysacrucia rolein determin-
ingthemagnitudeof thestrength inthat particular poly-
mer. The presence of thecrystalineregion can lead the
polymer to behavelikearigid rod whiletheamorphous
regionwill compd thepolymericchaintoact asandas-
tomer. Theincreaseinthecrystalineregion canact asa
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stressraiser and thereby weakensthe polymer network
to causeprematurefailure, observed by previouswork-
erd#1_ |t has been observed that, when the TEOS
concentrationswaslessthan 10 wt %, both thetensile
srength aswell astheelongation at break increasedin
comparison tothat of pure Pl and asthe TEOS content
increasesto 10wt % and above, boththetenslestrength
and the e ongation at break wasfound to be decreased.
Nano-composite containing silicanano-domainsin ul-
tralow concentration exhibit synergisticimprovement
in mechanical propertieswhich isdueto of two rea-
sons, (a) nanometer-sizeslicadispersed rd atively more
homogenously throughout the Pl matrix, and (b) PI
chainsstrongly interacted with silicaor silanol moieties
through hydrogen bonding and consequently became
entrapped with silicaparticles. Silicawhenintroduced
insmdl amount arrangesitsdf intheform of very smal
particles of nanometer range and thusreinforcesthe
matrix. Withtheincreasein silicacontent, thereisten-
dency of particleagglomeration, whichmay resultin
poor interfacial interactions. Thedecreaseintensile

— Pt icly Science
ﬂaVMnW



192

Synthesis and study of micro-structure properties of SO,

MSAIJ, 5(3) June 2009

Full Poper =

strength, tensllemodulusand e ongation for higher con-
centration of silicamoietiesisdueto theformation of
Si-O-Si networksin the hybrids. In comparison with
the Pl matrix, thefragile Si-O-Si networks possessed
much lesstensile strength and poor el ongation proper-
ties. Thesepropertiesresultedinintrinscaly decreased
mechanical performancein the thin nano-composite
films, especiadly in thesampleswith higher TEOS con-
centration.

5.CONCLUSION

Thenew method of preparing Pl/ TEOS nano-com-
positefilmsusing TEOS assilicaprecursor hasbeen
reported and their relationshipsto silicacontentswere
investigated. Incorporation of TEOSin ultralow con-
centration within Pl matrix has been provento bean
effectiveway for preventing phase separation between
Pl and slicamoieties. Controlledincorporation of slica
innano sizeand itshomogenousdistribution within P
matrix synergisticaly enhancestheoverdl performance
of prepared nano-compositefilms. Consequently, the
propertiesof theresultant PI/TEOS thin nano-compos-
itefilms, such ascoefficient of thermd expanson (CTE),
thermal decompositiontemperature, microhardness,
tendlestrength, low water sorption behaviour, etc. can
beeasly manipulated resultingintheir effectiveusagein
wide spectrum of gpplicationsin nanotechnol ogy.
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