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ZrW,0g is obtained as microparticulate powder following traditional methods or as nanoparticulate
powder using an inverse micelle sa@el synthesis strategy. As-prepared ZQY powders, surface-
derivatized with (3-aminopropyl)siloxy linker molecules, disperse well in BTDA-ODA polyamic acid
resins to give thermally cured Zr\@s/polyimide hybrid films showing good wetting of embedded ceramic
particles. Measured CTE values of Zs@4/BTDA-ODA hybrid films containing 6-50 wt % (0-22 vol
%) ceramic loading show a controlled reduction in thermal expansion with increasing ceramic content.
Reduction in CTE is modeled best assuming mixed-law behavior with incorporation of an interfacial
phase region. A 22 vol % ceramic loading gives a 30% (10 ppm/K) reduction of CTE, (BT DA-

ODA films containing 0.8 vol % (3 wt %) ceramic loading exhibit unusually low thermal expansion,
although the significance of this observation remains to be confirmed.

Introduction high-quality composite films and reduced CTE properties,

Ceramic/polymer composites, known collectively as cer- multi-functional swelling agents or linker molecules capable
amers, have been studied extensively as a class of inorganicSmc covalgnt binding across the cgramic/ polymgr interface are
organic materials through which the physical and mechanical USually introduced into composite blends prior to po(ljymer
properties of a wide variety of organic polymers can be Curing. Relatively high ceramic loading (ca.-380 wt %
modified 22 Polyimides have found much application as thin- silica) is usually required to effect significant reduction in
film materials, and several ceramic/polyimide composites CTE. . _ _
exhibit reduced coefficients of thermal expansion (CTEs)  Cubic zirconium tungsteitli, Zriidg, which can be prepared
relative to the thermal expansion characteristics of the BY @ V‘T"”ity of method$™® including sot-gel synthesis
corresponding virgin polymer. Polyimide-based ceramers strategies?® has .been used_ as an add|t_|ve to control the
showing reduced CTEs have recently been prepared fromthermal expansion properties of a variety of composite
organoclay/polyamic acid blendsS sogel-derived silica materials due to its relatively large isotropic, negative thermal
particulate/polyamic acid mixturéd, POSS (polyhedral ex%ﬁj'on (C,TE value of Ca‘.9.X 107K froom 0.310 1443
oligomeric silsesquioxanes) or POSS-like/polyamic acid K)- Admlxturle of Zr'W50 into cement? polyester, or
blendst® sol—gel incorporation of lanthanide precursor E€POXY polymer§ gives composites exhibiting reduced
complexes into soluble polyimidé%,or AIN/polyimide thermal expansion properties. Reductions in CTE values from
nanocomposites:1?Because phase separation of the ceramic 94 0 56 ppm/K for ZrWOg/polyester composites and from

and polymer components should be minimized to ensure 24 10 18 ppm/K for ZrWOg/epoxy composites have been
observed for ceramic loadings ranging from 0 to 30 vol %.
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having controlled, reduced thermal expansion would, there- precipitate was washed two times with 15.0 mL of distilled water
fore, be of practical interest. We now report the synthesis of and was aged at room temperature open to air for 7 days. Aging
surface-derivatized micro- and nanoparticulate B¢y and produced a light green-white precipitate that was calcined under a
the fabrication of ZrWOy/BTDA-ODA polyimide thin films flow of air at 600°C for 10 h. This procedure produced ca. 13 g

_ P 22.0 mmol) of ZrW0Os as a dry green-white powder. Elemental
(where BTDA= 3,3,4,4-benzophenonetetracarboxylic di- ( _ . . o )
anhydride and ODA= 4,4-oxydianiline) in which the aniﬁ'soolff;ﬁ’\zepared microparticulate ZQ¥ 0.16% C, 0.25%
embedded ceramic particles appear to be in c.Iose contact Preparation of Nanoparticulate ZrW,0g. Nanoparticulate
with the polymer phase. CTE values of the resulting ceramer ZrW,05 was prepared by a combination of sglel processing and

can be reduced by 30% in a controlled fashion as thezD8N  jnverse micelle synthest.The following chemicals were added

loading is increased from 0 to 50 wt % (or-@2 vol %). to a 500 mL round-bottom flask with rapid stirring: 158 mL (1.46
mol) of cyclohexane, 6.5 mL (0.052 mol) of n-hexanol, and 20.0
Experimental Section mL (0.067 mol) of Triton N-101. In a small vial, 3.8 g (1.29 mmol)

- ) of ammonium metatungstate hydrate was dissolved in 6.5 mL of
Reagents and General MethodsPrepurified nitrogen gas (AL jstilled water to yield a clear, colorless solution. In a separate vial,

Gas, Inc.) was passed through a drying column containing Drierite 5 ¢ g (16.3 mmol) of zirconium dichloride oxide hydrate was
(CaSQ) prior to use. Reagent grade organic solvents were pur- gissolved in 2.5 mL of distilled water to produce a clear, colorless
chased from Sigma-Aldrich Chemical Co., Inc. Zirconium dichlo-  gqytion. These two aqueous solutions were mixed by simultaneous
ride oxide hydrate and ammonium metatungstate hydrate were y.qnise addition to a small vial producing a clear, colorless premix
purchased from Strem Chemical Co., Inc. Triton N-101, KCN, go)tion. This premix solution was added dropwise to the afore-
ninhydrin, and tetraethylammonium bromide were purchased from ianiioned 500 mL reaction flask with rapid stirring. Immediately,
Sigma-Aldrich Chemical Co., Inc. 3-Aminopropyltrimethoxysilane  {he reaction solution turned turbid. After 10 min of reaction, the
was purchased from Gelest, Inc. . _ _ reaction consisted of a clear, colorless liquid phase and a white
X-ray diffraction (XRD) scans were obtained using a Scintag precipitate. After~1 h of reaction, the precipitate dissolved, and
X1 0/0 automated powder X-ray diffractometer with a Cu target, 8 the entire reaction solution became clear and colorless. After 4 h
Peltier-cooled solid-state detector, and zero-background, Si(510)f reaction, 100 mL of absolute ethanol was added to the reaction
sample support. Scans at elevated temperature were recorded usingasi and the reaction solution immediately became a white, turbid
a Buehler high-temperature attachment. suspension. This suspension was stirred foh and was then
Samples for transmission electron microscopy (TEM) imaging centrifuged to yield a white, gellike precipitate. The gellike
were prepared by placing a drop of a ceramic/acetone suspensio’brecipitate was suspended and washed in 15 mL of absolute ethanol
onto a holey carbon-coated, copper grid followed by evaporation fiye times and was then transferred to a 500 mL round-bottom flask.
of the acetone. Average particle size was determined by manually1q aiq in the transfer, 125 mL of distilled water was used to form
measuring over 100 particles from bright-field micrographs recorded 5 slurry, and 125 mL 006 M HCI was also added to the round-
on a Philips CM20T TEM operating at 200 kV. bottom flask. The reaction solution was allowed to reflux for 48 h.
Samples for scanning electron microscopy (SEM) imaging were The flask was then cooled to room temperature, and the white
prepared by evaporating Au on the surface of the sample with a so|ytion was centrifuged to yield a white precipitate. The precipitate
Pelco model 3 sputter and coater. The samples were mounted oRyas washed two times with 15 mL of water and aged at room
carbon tape before investigation using a Hitachi S-4200 SEM.  temperature open to air for 7 days. The aged precipitate was calcined
Thermal treatments were conducted inside a quartz tube underynder a flow of air at 600C for 10 h to yield a yellowish-white
continuous air flow using a one-foot Lindberg/Blue tube furnace. precipitate. This procedure produced ca. 4.3 g (7.33 mmol) of
The temperature was ramped atZl'min to 600°C and held for  zrw,04 as a yellowish-white, dry powder. Elemental analysis (wt
10 h. %) of as-prepared nanoparticulate Zi®¢: 0.20% C, 0.16% H,
Thermogravimetric analysis (TGA) was conducted using a TA and 0.12% N.
Instrument Hi-Res TGA 2950 Thermogravimetric Analyzer. The  sSyrface Derivatization of Zrw,Og Particulates. To enhance
scans were collected under a flow ofdyat a heating rate of 10 the dispersion properties of ceramic particles prior to surface
°C/min to 600°C. derivatization, samples of Zr¥Dg were sonicated in a solution of
Surface-area measurements were performed using a NOVA-1000dimethylacetamide, DMAC, using a Branson Ultrasonics 450
Gas Sorption Analyzer (Quantachrome). Surface areas were cal-Analogue ultrasonifier. The ceramic samples were sonicated at 30

culated from adsorption isotherms using the Brunat@enmett- W of power emission fio6 h in asuspension of 150 mL of DMAC.

Teller method. Bulk elemental analyses were performed by Atlantic Following sonification, DMAC was removed with centrifugation.

Microlab, Inc., Norcross, GA. The precipitate was suspended and washed three times with 15 mL
Preparation of Microparticulate ZrwW ,Og. Zr'W,0g was pre- of distilled tetrahydrofuran, THF, and three times with 15 mL of

pared according to a literature procedure with slight modificatfon.  distilled ether. The resulting ceramic powder was dried and stored
Specifically, aqueous stock solutions of 0.08 M ammonium under vacuum overnight. A 100 mL round-bottom flask containing
metatungstate hydrate and 0.50 M zirconium dichloride oxide a stirring bar was assembled and was purged witfg,NA 7.4 g
hydrate were prepared. Fifty milliliters of each of these solutions (12.6 mmol) sample of sonicated Zp®%; powder was transferred
were simultaneously added dropwise with stirring to a 500 mL to the flask under a Ny purge. Under flowing Mg, 37.4 mL of
round-bottom flask containing 25 mL of distilled water. Upon distilled 3-aminopropyltrimethoxysilane was syringed into the 100
addition, an immediate viscous, white precipitate formed that mL reaction flask. The reaction mixture was allowed to stir at 50
hindered the stirring motion. After 30 min, the suspension achieved °C under N for 15.5 h. The contents of the reaction flask were
a less viscous consistency that allowed stirring to continue. This then centrifuged to yield a precipitate that was washed five times
solution was stirred under ambient conditions for 10 h. A solution with 15 mL of distilled THF and three times with 15 mL of distilled
of 125 mL of 6 M HCl was then added to the flask, and the reaction

was refluxed for 48 h. The reaction solution was cooled to room 22y johnson, S. A.; Ollivier, P. J.; Mallouk, T. Bciencel999 283 963
temperature and was centrifuged to yield a white precipitate. The 965.
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ether. The sample was dried under vacuum at room temperatureand 10% weight loading of microparticulate Zp® and 3% and
overnight. Elemental analysis (wt %) of surface-derivatized mi- 6% weight loading of nanoparticlulate Zp®s.

croparticulate Zr\WOs: 0.36% C, 0.26% H, and 0.17% N. Postpolymerization Ceramer Processing (Mode Bjstpoly-

Elemental analysis (wt %) of surface-derivatized nanoparticulate merization synthesis techniques were also investigated as a means

ZrW,0sg: 0.54% C, 0.16% H, and 0.24% N. to produce a hybrid material. Excess dianhydride (BTDA) was
Primary Amine Analysis Using the Ninhydrin Reaction. The added to preprepared polyamic acid resin. This process was

number density of free amino groups on surface-derivatizedb@WW  investigated to develop a method that kept high molecular weight
was determined using slight modification of the known ninhydrin polymer chains throughout the hybrid material synthesis. To 3.449
reaction method Ninhydrin analysis of surface-derivatized mi- g of 4,4-ODA in a dry reaction bottle was added 42.292 g of NMP

croparticulate ZrWOg gave the following result: 44 2mol NH,/g under N, and the mixture was stirred until the diamine dissolved.
ceramic powder. Ninhydrin analysis of surface-derivatized nano- A 5.556 g portion of BTDA was added to the resulting solution
particulate ZrwOg gave the following result: 97.@mol NH,/g and was mixed overnight. An additional 0.006 g portion of solid
ceramic powder. BTDA was added to the obtained polyamic acid resin, and the resin
Polyimide Thin-Film Fabrication and Characterization. Poly- was mixed for 2 h. A 0.2780 g sample of surface-derivatized

imide thin-film fabrication was performed at Physitron, Inc. Zr'W2Oswas then added to the resin, and the resulting mixture was

(Hunstsville, AL). Virgin polymer and ceramer thin-film charac- ~Stirred for 6 h. The final mixture was stored at 10. In some
terization was performed at NASA Langley Research Center. reactions, the ceramic powder was added with additional solvent
Thermal expansion measurements were performed using a TA!O thin the polyamic acid and to provide greater particle mobility
Instruments 2940 TMA from room temperature to 1D at 2.5 within the resin solution. Also, the particles were sonicated in the
°C/min heating rate. Glass-transitioffg\ measurements were solvent for a short amount of time to increase particulate dispersion.
determined by differential scanning calorimetry (DSC), while 10% After sonification, the ceramic/NMP solution was added to the
weight-loss temperature measurements were recorded by TGA.Polyamic acid, and the final resin solution was mixed using an
Ceramer thin-film specimens were fabricated following three ultrasonic bath.. Ceramlc/resm mixtures containing 3, 6, 25, and
different processing modes, as described below. 50 wt % ceramic loadings were prepared.

Dianhydride Prepolymerization Processing (Mode 4)50-g Polyimide Film Casting, Drying, Curing, and Releaging.Glass
resin synthesis was processed according to the following procedure Substrates were cleaned with 2-propanol several times to ensure
To 5.555 g of the dianhydride copolymerization monomer, BTDA, that all of the dust was removed from the glass. The substrates
contained in a dry reaction bottle was added 42.284 g of NMP. Were dried with pressurized air, wiped with a static free brush to
The mixture was stirred under a;Mtmosphere until a solution ~ further ensure no dust was present, and then placed on a heat pad
was obtained. A 0.2780 g sample of surface-derivatized W in a container designed as an ultra-clean environment for casting
powder was then added to this solution and allowed to mix for 15 films. Nitrogen gas was flowed through the container to ensure
min. A 3.449 g portion of solid 4/40DA was added, and the low humidity conditions as the films dried. Once the resin (or
combined reaction mixture was stirred under nitrogen for 15 h using cré@mer/resin hybrid mixture) was poured onto the substrate, a clean
a magnetic stirrer. The resulting ceramic/polyamic acid resin Mayer rod was used to draw the resin down the substrate to fabricate
suspension was stored under nitrogen aP@Qto inhibit further ~ the desired film. The Mayer rod was used to ensure that the films
curing and polyimide formation. The resin obtained had low Were of uniform thickness (i.e., approximately 28). Cast films
viscosity indicating a low molecular weight. A high level of ceramic  Were heated slowly to and dried at 80 and then were allowed to
material quickly precipitated out of this suspension, possibly cool. The dried films were then cured. While still on the substrate,
indicating poor covalent bonding at the particle/polymer interface. the films were put into an oven under a nitrogen purge container.

Nanocomposite resins were made using only 3 and 6 wt % loading The container provided a constant convective current of nitrogen
of ZrW,0s. gas over the film, guaranteeing the continuous removal of water

released from the imidization reaction and preventing oxidation of
the film. The oven was gradually heated to 338D (10 °C/min)

and was held fol h atthat temperature to complete the imidization
process. The oven was then allowed to cool slowly. The nitrogen
flow was maintained throughout cooling, as a precautionary measure
to ensure that no oxidation would occur. Once the films had cooled
to room temperature, the substrate was removed from the nitrogen
purge container and was placed in a tub of distilled water. The
water causes the film to release from the glass over a period of 3
h, and the resulting film floats to the surface. The film was then
dried, trimmed, and prepared for property evaluation. Property
evaluation under conditions of thermal cycling is anticipated in
future work.

Diamine Prepolymerization Processing (Mode®)is technique
was very similar to dianhydride prepolymerization processing,
except that functionalized Zr¥Dg particles were reacted initially
with the diamine copolymerization monomer, '4GIDA, dissolved
in NMP. A calculated amount of BTDA was then added to
stoichiometrically balance the NHyroups of the BTDA and the
functionalized ceramic particles. To 3.449 g of '4QDA in a dry
reaction bottle was added 42.284 g of NMP, and the mixture was
stirred under N until the diamine was dissolved. Next, 0.278 g of
surface-functionalized Zr¥Dg was added to the reaction vessel,
and the resulting mixture was mixed for 15 min. A 5.555 g portion
of BTDA was added to the mixture, and the mixture was stirred
for 15 h under N. The resulting ceramic/polyamic acid resin
mixture was stored underMat 10°C. The material provided by ) )
this technique had a much higher viscosity than the dianhydride Results and Discussion

prepolymerization synthesis and exhibited a high level of particulate .
suspension and dispersion. However, at higher loading levels of For this study, ZrWOs powders have been prepared by

ceramic additive, the viscosity of the resin dropped significantly, two methOP'S- M'Cmpart'cglate Zr¥dg is prepared by co-
indicating again a possible premature polymer chain termination condensation of ammonium metatungstate hydrate and
was occurring. Nanocomposite resins were prepared using 3%, 6%,zirconium dichloride oxide hydrate solutions fO”OWing the
previously reported multi-day synthesis procedure, shown
(23) Sarin, V. K. Kent, S. B. H.; Tam, J. P.; Merrifield, R. Bnal. in eq 113 To prepare ZrWOg of smaller particle size more
Biochem 1981, 117, 147-157. amenable for dispersion in organic polymer resin, the initial
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Figure 2. XRD scans (Cu I§& radiation) of pure ZrWwOg (scan A, PDF

Card #13-557), microparticulate Zi@g (scan B at 25C; scan C at 475
°C), and nanoparticulate Zr'\®s (scan D at 25C; scan E at 475C).

CTE values of-5 + 2 and—4 4+ 2 ppm/K can be calculated
for the micro- and nanoparticulate products, respectively.
Although no attempt was made to improve either the
accuracy or the precision of these calculated CTE values,
these XRD scans confirm the successful formation of cubic
ZrW,0g by either synthesis method.

To enhance the dispersibility of Zr\M@s ceramic particles
in polyamic acid resin, as-prepared micro- and nanoparticu-
late ZrWoOg powders are surface-derivatized with reactive
linker molecules capable of binding to functional groups
present in polyamic acid resins during thermal curing-Sol
gel reaction of surface MOH groups present on as-prepared
ZrW,0s powders with neat 3-aminopropyltrimethoxysilane
leads to covalent attachment of 3-aminopropylsiloxy linker
molecules at surface sites on the ceramic particles. Subse-
Figure 1. TEM micrographs of microparticulate (upper) and nanoparticulate quent amlda_tlon or condensation rea_Ctlons between these
(lower) ZrW.Os. pendant amino groups and polyamic acid resin during
polymer film curing ensures both good wetting of the ceramic

co-condensation of the W and Zr reactant solutions is papticles by the polymer component and a ceramic/polymer
confined to aqueous regions formed within inverse micelles. jhterface of high integrity.

The resulting sotgel product is then subjected to the same
acid treatment and aging procedures shown in eq 1. TEM
micrographs of ZrWOs products obtained from these two
different synthesis protocols are shown in Figure 1. Mi-
crometer-scale Zr\Dg particles (dimensions of 500 nm to
>1 um) having very heterogeneous shapes are obtained from
the traditional synthesis method, while submicrometer par-
ticles are formed when sebel condensation is permitted
to occur within inverse micelles. In the latter case, the
nanoparticulate ceramic product consists of predominantly
parallelepiped particles (dimensions of ca. 200 rRn200

nm x 100 nm).

Successful surface derivatization of as-prepared ZOW
particles with 3-aminopropylsiloxy linker molecules is
confirmed by elemental analysis data and by quantitative
determination of the presence of free amino groups via
ninhydrin analysis. These analyses are consistent with (linker
molecule)/ZrWOgs compositions of ca. 1:40 and 1:20 for the
microparticulate and nanoparticulate Zs@¢ powders, re-
spectively. The nanoparticulate powder is expected to have
a greater linker molecule content due to its higher surface
area (13 /g for microparticulate powder and 18y for
nanoparticulate powder). Quantification of the presence of
surface amino groups using standard acid-uptake analysis is

sir  GMHCl age not possible. In acidic solution (pH ca. 3), surface linker
[NH,][W,,0,,JxH,0 + 6ZrOClsyH,0 —> ———> 5 ZrW,0,(OH),*2H,0 . . .
10n A2d” 7d molecules undergo hydrolytic cleavage affording ceramic
powders lacking nitrogen content (as determined by elemen-
tal analysis).

Low-resolution XRD scans of the micro- and nanopar- TGA scans of surface-derivatized micro- and nanopar-
ticulate Zr'W,Og product powders are shown in Figure 2 at ticulate Zr\WWOg (see Supporting Information) reveal a two-
both room temperature and at 476 along with the XRD step weight-loss curve. A well-defined mass loss of ca. 1 wt
line pattern of purea-cubic ZrW,Os. The slight shift to % centered at 133C is observed for both samples and is
higher 2 observed in both XRD patterns with increasing consistent with loss of water. From 200 to 48D, a single,
temperature is consistent with materials exhibiting a negative broad mass-loss event assigned to linker molecule degrada-
CTE. From cell constants derived at these two temperaturestion is also observed for both samples. This mass loss is

air l, 600 C,10h (1)

ZrW,0,
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more articulated for the nanoparticulate sample and is
centered at ca. 368C. Mass losses of 0.12 and 0.20 wt %
are observed in this temperature range for the micro- and
nanoparticulate powders, respectively, consistent with greater
incorporation of linker molecules in the nanoparticulate
sample. However, the expected mass fraction of linker
molecule content €0.5 wt %) is sufficiently small that
quantification by TGA may not be reliable.

Virgin polymer and ZrWOsg/polyimide thin films have
been prepared using BTDA-ODA as the polymer component.
Virgin thin films are prepared by reacting anhydrous BTDA
dianhydride monomer with ODA diamine monomer in NMP
solution under nitrogen to form the corresponding polyamic
acid resin. The resulting resin is cast onto a clean glass
surface using a Mayer rod draw technique to give a uniform
film ca. 25 micrometers thick. Under slow heating and a
flow of nitrogen gas, the cast films are dried at ® and
then are thermally cured at 35€. The cured polyimide
film is released from the glass substrate by soaking in water.

Virgin BTDA-ODA thin films prepared by the above
procedure are of good quality (see Supporting Information).
DSC and TGA curves reveallg value of 287°C, indicating
essentially complete polymer curing and excellent chemical
stability with a 10 wt % loss temperature of 5338. A TMA

curve shows highly linear thermal expansion from 65 to 100 ‘ . ; . :
°C, so this temperature range has been used to determine ] : a ‘
CTE values of all thin-film specimens. Figure 3. SEM micrographs of Zr\WOg/BTDA-ODA polyimide thin films

Ceramer films have been prepared following this same fabricated using surface-derivatized (top) or underivatized (bottom}@swW
P ; _ At powder as the ceramic component. Note the presence of significant void

procedure but with IntrOdUCt_lon of the_ Su_rface denvatlz_ed space surrounding ceramic particles in the lower micrograph. Partial charging
ZrW,0Og component at three different points: (1) pre-reaction of SEM samples brightens the contrast of some ceramic particles.
of surface-derivatized Zr¥0g with BTDA in NMP solution
(rT_10de 1),. (2) pre-reaction of surface-derivatized ZOA/ Thin Filmsa
with ODA in NMP solution (mode 2), or (3) pre-reaction of -

. . . . ZrWo0Ogload  ZrW,0g  synthesis CTE Ty 10wt % loss
polyamic resin with a calculated amount of BTDA t0 give 95 [vol%]) particlesize mode  (ppm/K) (°C)  temp ¢C)

anhydride chain termination followed by addition of surface-

Table 1. Property Data Measured for a Set of ZrW,Og/BTDA-ODA

IE 0[0] virgin  33+3 287 513
derivatized ZrwWOg (mode 3). 3[0.9] micro 3 26£2 285 513
Ceramer films prepared using either surface-derivatized  31[0-8] micro 2 26£1 285 514
L . 3[0.8] nano 2 2H3 284 522

or underivatized ZrWOg powders have very different 6[1.7] micro 1 3011 274 507
apparent quality. As shown in Figure 3, SEM micrographs 6[1.7] micro 2 332 287 494
of ceramer films prepared using surface-derivatized ZDW 6[1.7] nano 2 30=1 284 527
- . . o 10 [3] micro 2 31+3 283 527

reveal an intimate ceramic/polymer interface within the 25 [g] micro 3 26+ 2 284 548
resolution of the image, while images of ceramer films using 50 [22] micro 3 23+2 284 553

underivatized Zr\4Og powder reveal poor ceramic/polymer aErrors (esds) are calculated from data measured 68 @uplicate
wetting with significant void space surrounding each ceramic samples.

particle. For this study, only the higher quality Zs0g/
polyimide thin films fabricated with surface-derivatized
ceramic particles have been used.

Representative DSC, TGA, and TMA curves for ZQ/
polyimide thin-film specimens fabricated using surface-
derivatized microparticulate Zris at 50 wt % ceramic
loading reveal aly value of 284°C, a 10% weight loss
temperature of 553C, and highly linear thermal expansion
from 65 to 100°C (see Supporting Information): T.he close each phase, eq 2. Shi's model, eq 3, incorporates into the
correspondence between the film properties of virgin polymer

. L ~_mixed-law model an interphase region caused by matrix/
and those of ceramer specimens indicates comparable f|ImfiIIer interaction?* When no such interaction is present
quality for both types of films. : '

X , mixed-law behavior is predicted. The size of this interphase
Property data, including CTE values, measured for a

variety of Z'W,Og/BTDA-ODA thin film samples are (24) Vo, H. T.; Todd, M.; Shi, F. G.; Shapiro, A. A.; Edwards, M.
provided in Table 1. Figure 4 shows a plot of CTE Microelectron. J.2001, 32, 331.

experimental values (average of all data) versus vol %
ceramic loading (data points showing esds) as well as
continuous curves showing the compositional dependence
of CTE values calculated assuming mixed-law behavior
(= — =) or the Shi () and Turner models-¢ - -). Com-
posite CTE valuesyc, following mixed-law behavior scale

as the CTE of each phasey (matrix) and oe (filler),
weighted by the respective volume fractiogg, and ¢, of
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Figure 4. Plot of experimental CTE values versus ceramic loading (vol
%) for ZrW,0Og/BTDA-ODA thin films along with curves representing CTE
values calculated assuming mixed-law behavior{ —), Shi's model ¢),

or Turner's model - - -).

region can be calculated from the valueskgfandK; that
are determined by fitting eq 3 to experimental CTE data.
For the curve shown in Figure 4, iterative curve fitting gives
Ko = 0.98 anK; = —19. In Turner's model, eq 4, composite
CTE values depend on the volume fraction of each compo-
nent and the bulk modulus of the matrix and filler material,
Kw andKGg, respectively?® For the curve shown, bulk moduli
values of 4.45 GPa for the polyimide phase and of 74.4 GPa
for the ZrW,0Og ceramic phase have been uded.
Oc = OyPy + Oppe (2
oc = [oydy T o + Kogepy (o + ay) + Kogedy Kyl
(1+ Koedn) (3)

ac = [(1 = gpKyow T ¢eKeo/[(1 — ¢)Ky + ¢eKe] (4)

Although the effect of each experimental parameter on
film thermal expansion has not been fully investigated, the
following observations can be made: (1) CTE values do not
strongly depend on either the processing mode or the;@2sW
average particle size; (2) CTE values decrease with increasin

Chem. Mater., Vol. 17, No. 8, 251

law behavior with even a better fit provided by Shi’'s model.
Assuming an average ceramic nanopatrticle radius of 100 nm,
Shi's model predicts an interphase polymer region of ca. 30
nm thickness. Given that the chain length of a BTDA-ODA
repeating unit is ca. 2 nm, structural distortion of the
polyimide phase due to Zr¥®g/polyimide interfacial binding

is predicted to extend over ca. 15 repeating units into the
polymer matrix. Turner's model gives poor prediction of
CTE for these ZrWOg/polyimide nanocomposites due to the
large bulk modulus and negative CTE of Zs®§.

The CTE value of 26t 2 ppm/K for ceramer specimens
containing 0.8 vol % (3 wt %) ceramic loading is based on
10 measurements from specimens prepared as three inde-
pendent batches of film. This experimental value is lower
than the CTE value expected assuming either mixed-law
behavior or Shi's model by nearly 3 standard deviations. A
model rationalizing this unexpected observation, if statisti-
cally significant, remains elusive. An overall 30% reduction
in the CTE of BTDA-ODA in going from 0 to 50 wt %
(0—22 vol %) ZrW,0g loading is comparable to reductions
in CTE observed for Zr'AOg/polyester or epoxy compos-
ites?!

Conclusions

ZrW,0g powders, prepared by solution-phase condensation
or inverse-micelle methods and surface-derivatized with
3-aminopropylsiloxy linker molecules, form polyimide thin-
film hybrid composites of good quality. Increasing the
ceramic loading from 0 to 22 vol % gives controlled
reduction in composite CTE values of up to 30% (10 ppm/
K). The overall dependence of CTE reduction on ceramic
loading is modeled best assuming mixed-law behavior with
incorporation of an interfacial phase region. It is suggested
that Zr'\WOg/polyimide hybrid composites could be used as
the polymer component of more traditional ceramer blends
to achieve even greater reductions in CTE.
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