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ABSTRACT: The ability to tailor the coeflicient of thermal
expansion (CTE) of a polymer is essential for mitigating
thermal residual stress and reducing microcracks caused by
CTE mismatch of different components in electronic
applications. This work studies the effect of morphology and
thermal expansivity of zirconium tungstate nanoparticles on
the rheological, thermo-mechanical, dynamic-mechanical, and
dielectric properties of ZrW,0Og/epoxy nanocomposites. Three

types of ZrW,Og nanoparticles were synthesized under different hydrothermal conditions and their distinct properties were
characterized, including morphology, particle size, aspect ratio, surface area, and CTE. Nanoparticles with a smaller particle size
and larger surface area led to a more significant reduction in gel-time and glass transition temperature of the epoxy
nanocomposites, while a higher initial viscosity and significant shear thinning behavior was found in prepolymer suspensions
containing ZrW,0Og with larger particle sizes and aspect ratios. The thermo- and dynamic-mechanical properties of epoxy-based
nanocomposites improved with increasing loadings of the three types of ZrW,Og nanoparticles. In addition, the introduced
ZrW,Og nanoparticles did not negatively affect the dielectric constant or the breakdown strength of the epoxy resin, suggesting
potential applications of ZrW,0Og/epoxy nanocomposites in the microelectronic insulation industry.
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1. INTRODUCTION

Epoxy resins belong to a subset of thermoset materials that find
broad applications in the adhesives and construction materials
industries. They exhibit excellent adhesion, advantageous heat
and chemical resistance, superior mechanical properties, and
good electrical insulating properties. In recent decades, epoxy
resins were modified by adding various inorganic fillers to
improve a variety of polymer properties, and numerous studies
showed promising results. For example, layered silicate
improved the dynamic modulus of epoxy resins;' the
incorporation of carbon nanotubes enhanced the thermal and
mechanical properties as well as the electrical conductivity of
epoxy resins; > incorporation of ZnO nanoparticles into epoxy
resin achieved high-UV shielding efficiency and high-visible
light transparen(:y;4 and epoxy nanocomposites filled with silica
nanoparticles achieved improved mechanical properties.’
However, the high coefficient of thermal expansion (CTE) of
epoxy resins limits their applications, especially in fields that
demand extraordinary dimensional stability, such as high-
performance structural materials in aerospace engineering or
conformal coatings used in the microelectronics industry. The
ideal candidates for these applications exhibit a tailored CTE in
order to prevent premature failure, such as cracking, caused by
thermal residual stresses generated at the interface by a CTE
mismatch of two components. Therefore, various types of
inorganic nanoscale reinforcements such as silica,®™” boron
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nitride nanosheets,”” carbon nanotubes, **“ and clays™~ were

studied to reduce the CTEs of different polymer materials.
However, the extent of CTE reduction is constrained by the
low but positive CTE values of these filler materials. It is
assumed that employing a filler with a negative thermal
expansion value can provide additional reductions in CTE of
the polymer composite at lower loadings.

Zirconium tungstate (ZrW,Og), characterized by a cubic
crystal structure and space group P2,3 in the a-phase, exhibits
strong and isotropic negative thermal expansion (NTE)
behavior over a wide temperature range (from 0.3 to 1050
K).'* The NTE behavior in zirconium tungstate originates from
the counter-rotations of WO, and ZrOg polyhedra in the crystal
structure, initiated by the transverse thermal vibration of the
shared oxygen atom connecting the polyhedra."® In recent
years, ZtW,0Og has attracted growing research interest for its
potential use as a filler in composite materials to control
thermal expansivity and eliminate residual thermal stress.
Although several reports revealed that ZrW,0Og can also be
incorporated into metal and ceramic-based composites,"®”"
the majority of matrix materials used are polymeric, including
epoxy resins,”*">> polyimides,” > phenolic resins,*® and
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cyanate esters.”’ > The CTEs of polyester/ZrW,0O; and
epoxy/ZrW,0g composites with 30 vol % of filler loading
were reduced from 94 and 54 to 56 and 18 ppm/K,
respectively.®® Tani et al.>® found that the CTE of phenolic
resin composites decreased from 46 X 107 to 14 x 107 K™
by incorporating up to 52 vol % of ZrW,O, filler.
Badrinarayanan et al.”’ observed that the CTE of bisphenol E
cyanate ester (BECy) decreased by 92% in its glassy phase with
65 vol % filler loading. ZrW,0Oyg exhibited a catalytic effect on
the cure behavior of BECy resin.>' Badrinarayanan and
Kessler™ reported a 20% reduction in the CTE of BECy
resin with 10 vol % nanosized ZrW,Oy incorporated to improve
filler dispersion and ease of processing. Certain surface
modifications of nanoparticles are also essential to improve
the compatibility of oxide fillers with the matrix materials,
depending on the type of polymer.32 For example, when
ZrW,0; was surface-derivatized by 3-aminopropylsiloxy linker
molecules, a 22 vol % loading in a polyimide resin led to a 30%
reduction in CTE of the composite.”> Recent work* also
reported that epoxy resin reinforced by unfunctionalized
nanoparticles with hydroxyl groups terminated on the surface
exhibited better thermal-mechanical properties than epoxy
containing silane-functionalized nano-ZrW,0Og and amine
functional groups.

However, the effect of the ZrW,Og nanoparticle morphology
on the performance of polymer matrix nanocomposites has not
yet been studied. In this work, three types of ZrW,0; were
synthesized under different hydrothermal conditions, resulting
in distinctly different morphologies and CTE values. The
nanoparticles were then characterized and selected to reinforce
epoxy resins at different loading levels. An in-depth
investigation of the influence of certain properties (such as
particle size, thermal expansivity, and surface area) on the
rheological, thermo-mechanical, and dielectric properties of
epoxy nanocomposites was conducted.

2. EXPERIMENTAL SECTION

2.1. Materials. The chemicals used for the synthesis of ZrW,0Oq
nanoparticles with different morphologies included zirconium oxy-
nitrate hydrate (ZrO(NO,), «H,0), zirconium acetate (Zr-
(C,H;0,),) solution in dilute acetic acid (Zr 16%), zirconium
perchlorate hydrate (ZrO(ClO,),-xH,0), and sodium tungstate
dihydrate (Na,WO,2H,0). The chemicals were all purchased from
Sigma-Aldrich (St. Louis, MO). The epoxy resin used in this
experiment was bisphenol A diglycidyl ether (EPON 828), purchased
from Hexion Specialty Chemicals, Inc. The curing agent was a fatty
polyamide formed by tall-oil fatty acids with triethylenetetramine
(Versamid 140), purchased from Cognis/BASF (Germany).

2.2. Synthesis of ZrW,03 Nanoparticles. During hydrothermal
synthesis of ZrW,0Og nanoparticles with varying morphologies, the
experimental conditions were controlled, as described extensively in
our previous work.>> Three types of precursor nanoparticles
(Zrw,0,(OH),-2H,0) were obtained under the following hydro-
thermal conditions (using a 125 mL Parr pressure vessel): 0.08 M
ZrO(ClO,),-xH,0 and 0.10 M Na,WO,-2H,0 reacted in 7 M HCl at
160 °C for 12 h; 0.08 M ZrO(NO;),-xH,0 and 0.10 M Na,WO,
2H,0 reacted in 7 M HCI at 130 °C for 12 h; 0.08 M Zr(C,H;0,),
solution and 0.10 M Na,WO,-2H, O reacted in 7 M HCl at 130 °C for
12 h. After the reactions were completed, white precipitates were
removed from the vessel and centrifuged 5—6 times with deionized
water to remove residual acids. After drying in a vacuum oven at 75 °C
for 24 h, fine white powders of ZrW,0,(OH),-2H,0 were obtained by
gently grinding with a mortar and pestle. The final ZrW,O4 powders
were obtained by calcination of the precursor powders at 600 °C for
30 min.
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2.3. Preparation of ZrW,Ogz/Epoxy Nanocomposites.
ZrW,0g/epoxy nanocomposites were processed by blending the
nonsurface functionalized nanoparticles directly into the epoxy resin at
a mixing ratio of 70 wt % EPON 828 and 30 wt % Versamid 140°* to
investigate the thermal and physical properties of pristine nano-
particles’ influence on the performance of epoxy resin. Initially,
ZrW,0; nanoparticles were ground gently with a mortar and pestle
several times to break the fine powders apart after they were heated to
150 °C for 30 min to remove the residual hydrates observed in
previous work.***% Then, the Zrw,0q nanoparticles were manually
mixed with the epoxy resin in a silicone rubber mold (20 mm X 20
mm X 3.5 mm) and placed into a planetary mixer for high speed
mixing and deaeration. Finally, after all air bubbles were removed, the
mold filled with the uniform nanocomposite suspension was moved to
a convection oven and cured at 120 °C for 15 h. The rectangular
samples were then removed from the mold and used for further
characterization.

2.4. Characterization. The morphology of the synthesized
ZrW,0Oy nanoparticles was characterized using an FEI Quanta 250
field emission scanning electron microscope (FE-SEM) at 10.00 kV
under high vacuum. Ultrathin film samples with a thickness of ca. 50
nm were sliced using an ultramicrotome in order to measure the
dispersion of nanoparticles in the epoxy resin utilizing a JEOL 2100
scanning and transmission electron microscope (STEM) with an
accelerating voltage of 200 kV. X-ray Diffraction (XRD) patterns of
synthesized ZrW,0Oy nanoparticles and prepared epoxy nanocompo-
sites were obtained by using Scintag powder XRD instrument with Cu
Ka radiation (4 = 1.5418 A) at 40 kV/30 mA with scan step of 0.01°
scanning from 10° to 40°. The effects of loading and nanoparticle
morphology on viscosity were characterized using an AR2000EX
rheometer (TA Instruments). With the use of parallel plate rheology,
the shear rate was increased continuously from 0 to 100 s™* at room
temperature. The effect of filler loading and morphology on the gel
point of the epoxy resin was also studied using parallel plate oscillatory
rheology measurements. The environmental control chamber was
equilibrated at a temperature of 60 °C under nitrogen purge. The test
mode involved two steps: initially the oscillatory strain was set at 5%
until the oscillatory stress reached 1000 Pa; once this point was
reached, the oscillatory stress was held at 1000 Pa.

A QS0 thermogravimetric analyzer (TGA) from TA Instruments
was employed to determine the thermal stability of the epoxy resin and
the residual weight of the nanoparticulate ZrwW,Oy at different loading
levels. Alumina pans were loaded with approximately 8 mg of bulk
samples and heated from room temperature (25 °C) to 800 °C at a
rate of 20 °C/min under air flow. Analysis of the thermal-mechanical
behavior was performed on a Q400 thermo-mechanical analyzer
(TMA) from TA Instruments. To prepare samples, the ZrW,Os-
reinforced epoxy resin samples were cut into five cubic specimens (3
mm X 3 mm X 3 mm). The specimens were first heated up to 130 °C
at a rate of 10 °C/min to erase the thermal history and the effect of the
generated y-7phase ZrW,0; during polymerization of the nano-
composites;”” subsequently, they were cooled to 35 °C at a rate of
3 °C/min. The CTE values were determined after the second heating
cycle, up to 125 °C at a rate of 3 °C/min. The dynamic-mechanical
properties of the nanocomposites were determined using a Q800
dynamic mechanical analyzer (DMA) from TA Instruments. Three
more specimens with dimensions of 6 mm X 3 mm X 1 mm were cut
and tested in three-point bending mode. These specimens were first
cooled to —20 °C and then heated to 200 °C at a rate of 3 °C/min.
Data were collected between —20 to 200 °C at an amplitude of 10 ym
and a frequency of 1 Hz.

The dielectric properties, including relative permittivity, loss factor,
and dielectric breakdown strength, of the nanocomposites were
characterized using a broadband dielectric spectrometer from
Novocontrol, Inc. and a dielectric rigidity instrument from CEAST/
Instron at room temperature. To determine the dielectric constant, the
prepared samples (20 mm X 20 mm X 1 mm) were first sputtered
with a silver coating in the shape of a 20 mm diameter circle on both
surfaces of the samples. The sputtering was performed under argon
purge on an Edwards Pirani coater. The samples were fixed between
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two disk electrodes before the test was performed within a frequency
range from 1 to 10° Hz. To characterize the dielectric breakdown
strength, the bottom side of the samples (20 mm X 20 mm X 0.5 mm)
was fully sputtered by silver while 10 small spots were sputtered on the
top side using the same coating instrument. The samples were then
placed between the probes of a dielectric rigidity instrument, where the
upper probe was positioned directly on the sputtered spots. The
breakdown voltage for each testing spot was measured as the voltage
was increased by 0.5 kV/s and the current was maintained at 10 mA.

3. RESULTS AND DISCUSSION

On the basis of previous work,* three types of ZrW,0,(OH),:
2H,0 nanoparticles with distinct morphologies were synthe-
sized under different hydrothermal experimental conditions.
Figure 1 (a—c) compares the morphologies of the three types

Figure 1. SEM images of three types of ZrW,Oy nanoparticles with
different morphologies: (a) Type-1 ZrW,0Og nanoparticles; (b) Type-2
ZrW,0Oy nanoparticles; (c) Type-3 ZrW,Og nanoparticles.

of ZrW,0O; nanoparticles calcined from the precursor
ZrW,0,(OH),2H,0. Several other important properties of
the nanoparticles characterized in previous work, including the
crystallite size, BET surface area, and CTE value, are listed in
Table 1. As highlighted in the Figure 1, it is shown that Type-1
and Type-2 ZrW,0O; exhibited morphologies resembling
bundles consisting of 3—5 nanorods and single individual
rods, respectively, with larger particle size and higher aspect
ratio than those of Type-3 ZrW,Og. According to Table 1, in
addition to lower surface area shared by Type-1 and Type-2
nanoparticles, both exhibited more negative thermal expansiv-
ities in the a-phase than Type-3 ZrW,0O; The mechanism
behind the variation in CTE among three ZrW,Oz nano-
particles was also provided in our previous work.

Figure 2 shows the dispersion of ZrW,Oj nanoparticles with
different morphologies and loading levels in the cured epoxy
resin. The nanoparticles were homogeneously distributed in the
polymer matrix independent of loading level, which can be
attributed to proper mixing procedures applied during the
preparation of the specimens. It is worthwhile to note that
some small fragments were observed in the matrix, especially in
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Figure 2. TEM images of ZrW,Ogz/epoxy nanocomposites with
different types and volume fractions of nanoparticles: (a) 10 vol %
Type-1 ZrtW,0g; (b) 20 vol % Type-1 ZrW,0s; (c) 10 vol % Type-2
ZrW,0yg; (d) 20 vol % Type-2 ZrW,Og; (e) 10 vol % Type-3 ZrW,Og;
() 20 vol % Type-3 ZrW,Os.

Figure 2a,c. They can be explained by the fact that long
nanorods were more vulnerable to be torn into smaller pieces
under the high shear stress generated during the high-speed
mixing procedure than smaller nanoparticles. The white spots
and voids seen in the images are the result of filler materials
that were removed from the resin during sectioning ultrathin
films for TEM characterization, which may due to the weak
interfacial interaction between the untreated nanoparticles and
epoxy resin.

Table 1. Physical Description of Three Types of ZrW,04 Nanoparticles

nanoparticle size scale (nm) and aspect
type morphology ratio
1 Large, bundle-like rods L: 900—1400
W: 80—130
L/W: ~13
2 Large, rectangular rods L: 600—1200
W: 70—-120
L/W: ~10
3 Small, capsule-like, short rods L: 100—400
W: 40—-60
L/W: ~6
9480

CTE value (ppm/°C)

crystallite size surface area
(nm) (m*/g) a-phase P-phase
S0 + 4 9.96 =114 £ 0352 —4.55 £ 0.341
46 + 4 13.9 —11.2 + 0420 —4.65 + 0.283
325 20.3 —9.25 +£ 0243 —4.94 + 0.161
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The representative powder XRD patterns of Type-1 ZrW,04
nanoparticles, neat epoxy resin and Type-1 ZrW,Oq/epoxy
nanocomposites at two different volume fractions are given in
Figure 3. The synthesized ZrW,Og nanoparticles from

ZrW,0, Nanoparticles
—— Neat Epoxy

—— 10 vol. % ZrW,0,
—— 20 vol. % Zr'W.O,

=

(210)

o~
o

Intensity (Arbitrary Units)

Two-theta (Degree)

Figure 3. XRD patterns of ZrW,QOg, neat epoxy, and ZrW,Og/epoxy
nanocomposites.

hydrothermal reaction exhibited no measurable impurity such
as tungsten oxide.>* The ZrW,Og/epoxy nanocomposites
displayed the feature peaks of pure a-ZrW,0Ogz compared with
the amorphous characteristic of neat epoxy. Because of the
incorporation of nanofillers in an amorphous matrix, the XRD
patterns of nanocomposites showed the reduction in overall
intensity of (hkl) peaks and the absence of several small peaks
such as (111), (221) and (310) compared to the XRD of
ZrW,0Og nanopowders.

Figure 4 shows a neat epoxy resin which underwent thermal
degradation in a temperature range from approximately 300 to

100
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c e U i o
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=
@
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=+ =10 vol% Type-3 ZI'W,0,
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ok - 20 vol% Type-2 Zr'W,0
=+ =20 vol% Type-3 ZI'W,0,|
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Temperature (°C)

Figure 4. Comparison of TGA measurements for ZrW,Og/Epoxy
nanocomposites.

650 °C. The weight loss of the nanocomposite after complete
degradation at 800 °C was used to determine the filler loading
for each specimen. The weight residues of the epoxy
nanocomposites containing the three types of ZrW,O; at
different loadings are summarized in Table 2. It can be seen
that they were in agreement with the calculated weight percent
for both 10 vol % (37 wt %) and 20 vol % (54 wt %). The
thermal stability of the samples was determined from the onset
temperature at which 5% weight loss was observed. No obvious
change in the onset temperature between neat epoxy resin and
the ZrW,0Og/epoxy nanocomposites was detected, suggesting
that the addition of ZrW,Og4 had no detrimental effect on the
thermal stability of the nanocomposites.

The effects of nanoparticle properties and loading levels on
the viscosity of the epoxy matrix nanocomposites were
investigated under shear rates ranging from 1 to 100 s’
Figure S5 shows that the viscosity of the nanocomposites
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Figure 5. Comparison of viscosity of ZrW,Og/Epoxy suspensions.

increased with increasing filler loading, which indicated
intensive interaction between higher numbers of nanoparticles
with the epoxy resin. Interestingly, the rheological properties of
the epoxy suspension were influenced by the morphology of
incorporated nanofillers as well. For instance, the epoxy resins
contained Type-1 and Type-2 ZrW,Oy (characterized by larger
particle size and aspect ratio) showed the higher initial
viscosities (approximately 3000 and S000 Pa-s, respectively),
and exhibited a noticeable shear thinning behavior, which was a
result of the alignment of nanorods with high aspect ratio in
epoxy under increment of shear rate.

The gelation is identified as the point at which the storage
shear modulus (G’) and the loss shear modulus (G”) intersects,
as represented in the inset in Figure 6. A comparison of the
gelation time of the neat epoxy and the nanocomposites
containing different types and loadings of nanoparticles shows
that the gel time diminished with increasing volume fraction of
all three types of nanoparticles. As indicated in previous work,>”

Table 2. Weight Residue and Onset Thermal-Degradation Temperature of Epoxy Resin and ZrW,0Oz/Epoxy Nanocomposites

Type-1 ZrW,04

Type-2 ZrW,04 Type-3 ZrW,04

sample neat epoxy 10 vol %
Weight percent (%) 0 37.90
Temperature at 5% weight loss (°C) 318.59 323.05

20 vol % 10 vol % 20 vol % 10 vol % 20 vol %
54.30 37.50 54.34 36.3 52.74
319.87 318.96 320.99 323.11 316.25

dx.doi.org/10.1021/am402242g | ACS Appl. Mater. Interfaces 2013, 5, 9478—9487
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Figure 6. Representation of gel point determination and comparison
of gelation time of the neat epoxy resin and the ZrW,Og/epoxy
nanocomposites.

the reduction in gel time may be attributed to two factors: (1) a
cross-linking reaction was promoted by the “catalytic effect”
between the hydroxyl groups terminated on the surface of the
nanoparticles and the epoxy resin; and (2) ZrW,O; nano-
particles affect the rheological properties of prepolymer epoxy
suspensions by increasing the elastic response of the
composites. Type-3 ZrW,O; characterized by higher surface
area led to a higher numbers of hydroxyl groups available,
which facilitated to “catalytic effect” in the network formation
of epoxy, and thus further reduces the time for gelation as
present in Figure 6.

Type-2 ZrW,0;4 nanoparticles were selected to study the
effect of filler loading on thermal strain in epoxy nano-
composites. Figure 7 shows that all specimens exhibited a
gradual change in slope of thermal strain vs temperature curves,
which represented the onset of glass transition between a glassy
and a rubbery region. Furthermore, the magnitude of thermal
strain gradually decreased as the filler loading increases, which
was an obvious consequence of the specimens’ lower thermal

0 — 0 vol. %
: - = -10 vol. % Rubbery
L |- --- 20 vol. %
'd
0.8 |- ,f
£ s -
B o6r L,
[ /’ .
= . .
E /” "'
5 04 P
= - L.
= T
z/’."-"‘
021 Glassy X -~
I L .
Z7 Increasing filler loading
0.0 ~< 2 1 " 1 1 1
40 60 80 100 120

Temperature (°C)

Figure 7. Comparison of the effect of filler loading levels on thermal
strain in ZrW,0Og/epoxy nanocomposites reinforced with Type-2
nanoparticles.

expansivity caused by the inclusion of the negative CTE
ZrW,0g nanoparticles. Consequently, ZrW,Og/epoxy nano-
composites improved the dimensional stability compared to
neat epoxy resin.

The CTE value of the glassy region was determined by the
slope of the linear regression between 50 and 70 °C, while the
CTE value of the rubbery region was measured from the slope
of the linear regression from 105 to 120 °C, based on eq 1.

_LdL
L,dT (1)

where L, is the initial length of the sample and L is the length at
temperature T. Figure 8a shows the CTE values of the
nanocomposites reinforced by three types of ZrW,0Og nano-
particles at two filler-loading levels in the glassy region. The
neat epoxy resin had a CTE of 87.8 + 1.60 ppm/°C. Addition
of 10 vol % ZrW,0O4 decreased the CTEs of the nano-
composites by different amounts depending on the types of
nanoparticles. Specifically, the Type-1, Type-2, and Type-3
nano-ZrW,0Og reduced CTE of epoxy resin by 18%, 17%, and
11% respectively. At higher loading levels (20 vol %) of
nanofillers the decrease in CTE was more pronounced. Here,
with Type-1 nanoparticles the CTE decreased approximately by
29%, with Type-2 nanoparticles it decreased by 27%, while a
23% CTE reduction was achieved with Type-3 nanoparticles.
As expected, the CTE of the nanocomposites in the rubbery
region decreased with increasing loadings for all three types of
nanofillers as shown in Figure 8b. Specimens reinforced by
Type-1 ZrW,0Oy exhibits the highest CTE reduction with 29%
at a loading level of 20 vol. %, followed by specimens reinforced
by Type-2 and Type-3 nanoparticles that had CTE reduction
for 21% and 19%, respectively.

The differences in CTE reduction for composites containing
different types of ZrW,O; nanoparticles can be explained by
examining the thermal expansivities of the individual nano-
particles. As reported in our earlier paper,®® wide-angle X-ray
scattering experiments over a range of temperatures showed
that Type-1 and Type-2 ZrW,Oy particles have lower CTE
values (—11.2 and —11.4 ppm/°C, respectively) than Type-3
nanoparticles (—9.3 ppm/°C) in the a-phase (see Table 1). As
a result, the Type-1 and Type-2 nanoparticles reduced the CTE
in both the glassy and rubbery regions greater than composites
reinforced with Type-3 nanoparticles at equal loading fractions.

Nanocomposites containing Type-3 ZrW,Og nanoparticles
were used to examine the impact of filler volume fraction on
dynamic-mechanical properties. As presented in Figure 9, the
reinforcement of ZrW,Og nanoparticles is recognized from an
increase of dynamic storage modulus (E’) in both glassy and
rubbery regions upon increasing filler loadings. The effects of
different types and loadings of nanoparticles on the E" at 25 °C
are compared in Figure 10a. Each nanoparticulate-reinforced
epoxy resin showed elevated E’' values due to the higher
Young’s modulus of ZrW,0Oq (88.3 GPa).*® In addition, the
overall enhancement in E’ of nanocomposites was nearly equal
regardless the types of reinforced nano-ZrW,O; at identical
composition. The specimen reinforced by Type-2 nanoparticles
exhibited a higher increase by 59% compared with samples
containing Type-1 and Type-3 nano-ZrW,0Og (44% and 41%,
respectively) at 10 vol %; the improvement extents were almost
equivalent among the epoxy nanocomposites at 20 vol %. This
indicated that the morphology of nanoparticles had no
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Figure 10. Comparison of (2) the storage modulus (E’) at 25 °C; (b) T, and cross-linking density measured from the tan J,, peaks of ZrW,0g/
epoxy nanocomposites. The error bars represent standard deviations based on three samples.
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Figure 11. Comparison of (a) dielectric constant and (b) dissipation factor of ZrW,Og/epoxy nanocomposites.

considerable influence on the overall reinforcement effect in
epoxy matrix.

Besides the variation of E’, the comparison in loss factor (tan
81n) of ZrtW,Og/epoxy nanocomposites is illustrated in Figure 9
as well. The magnitude of tan §,, manifests the damping effect
in polymer chains network, which is determined using eq 2:

4

tan o, = —

' @)
where E” is the dynamic loss modulus. Upon increasing filler
loadings, the observed increase in height of tan J,, relaxation
peak can be associated with a decrease in the cross-link density
of the epoxy resin,® and the peak position shift to lower
temperature can be demonstrated the decreasing in glass
transition temperatures (Tg). According to previous studies,***!
several factors may affect the T, including tacticity and
molecular weight of polymer. In this experiment, both neat
epoxy and ZrW,Og/epoxy nanocomposites were processed
under same condition; therefore, the introduction of plasticizer
(nanoparticles) was mainly responsible for influencing T,
Furthermore, during sample preparation, the nanopowders
were dried to eliminate any moisture effects’” and the
specimens to be characterized were prepared with 1 mm
thickness rather than as ultrathin polymer films.** Therefore,
such phenomena can be explained as follow: due to the weak
interfacial interaction between untreated nanoparticles and
epoxy resin, the introduced nanoparticles mitigated the
entanglement of the molecular chain by inhibition of the
network formation and enhanced the mobility of the polymer
chains in the resin system,*** decreasing the cross-link density
of epoxy.*

As seen in Figure 10b, all three types of nanoparticles
facilitated a reduction in T, as filler loading increased. Whereas
the nanocomposites reinforced by Type-3 ZrW,0O, showed a
reduction in T, by 12.0 °C, the other samples containing Type-
1 and Type-2 nanoparticles at 10 vol % loading level showed a
T, reduction of just 8.2 and 9.4 °C, respectively. Furthermore,
the smaller Type-3 particles showed a higher value of tan &,
(0.63) than that of composites from Type-1 and Type-2
particles, as shown in the inset of Figure 10b for 10 vol %. A
similar relationship between T, and the maximum value of tan
O was also noticed at 20 vol %. On the basis of the previous
study,"” smaller nanoparticles with higher surface areas were
assumed to provide a greater disruption to the network or
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create more interphase with repulsive interfacial interaction,
both of which were responsible for a pronounced diminishing
in cross-linking density and T.

The effect of the morphologies and volume fractions of the
ZrW,04 nanoparticles on the dielectric constant (¢’) and the
dissipation factor (tan &,) of the epoxy composites was also
characterized. Because the orientation of dipoles in polymer
chains is dependent on frequency,” the &' of neat epoxy
decreased as the frequency changes from 1 to 10° Hz in Figure
11a. The incorporated ZrW,Og nanofillers steadily increased
the relative permittivity over a wide frequency range without
changing the frequency dependence trend, which was the
consequence of the higher permittivity of ZrW,Og (g'~10)*
and the accumulation of electric charge at the extended
interfaces between nanoparticles and epoxy resin induced by
interfacial polarization.’>>' At lower loading, no significant
difference in &’ of the nanocomposites was observed for all
three types of ZrW,0Oy. Figure 11b shows tan J, as a function of
ZrW,Og type and loading. The dielectric loss tangent is defined
as

"
e
tan g, = —

e (3)

where €” is the dielectric loss. Because the dielectric loss of
ZrW,0y is dependent on the frequency at room temperature,>>
the increasing trend of tan O, for nanocomposites upon
increasing volume fraction was more significant at low
frequency (1—10° Hz) than high frequency (10°~10° Hz).
The slight increase in tan 6, with increasing nanofiller could
originate from the combination of interfacial loss induced by
excessive polarized interfaces and conduction loss from the
presence of charge carriers introduced by ZrW,04*%*?
However, the morphology of nanoparticle did not substantially
influence the dielectric properties of the nanocomposites.

The dielectric breakdown strength represents the capability
of an insulator to withstand electrical stress before electrical
failure occurs. It is measured using electrical breakdown voltage
with respect to sample thickness. Figure 12 shows that the
breakdown strength was not deteriorated for any ZrW,Og/
epoxy nanocomposite compared to neat epoxy resin (23.46 +
3.198 MV/m). However, the error bars determined from the
standard deviation based on ten measured points were not
identical among the tested samples. To identify the distribution
of electrically weak points that are randomly present on

dx.doi.org/10.1021/am402242g | ACS Appl. Mater. Interfaces 2013, 5, 9478—9487



ACS Applied Materials & Interfaces

Research Article

40

Neat Epoxy
/) Type-1 ZIW,0,

Type-2 ZiW,0,
] Type-3 Ziw,0,

35

30

25

20

15

10

Dielectric Breakdown Strength (MV/m)

10
Nanoparticle Loading (vol. %)

Figure 12. Comparison of the dielectric breakdown voltage of
ZrW,04/Epoxy nanocomposites. The error bars represent standard
deviations based on ten measurements.

identical samples, applying a statistical analysis of the measured
breakdown strength data of the ZrW,0Oz/epoxy nanocompo-
sites is necessary.

The cumulative distribution function (CDF) of the dielectric
breakdown strength with Weibull method was applied to
investigate the distribution of dielectric breakdown behavior of
identical specimens as studied in previous work.>* The CDF for
a two-parameter Weibull distribution is determined using eq 4:

E p
F(E;a, f) =1 - exp —(;) “
4

where F is the probability of the sample exhibiting electrical
failure, E is the measured dielectric breakdown strength, and
and f represent the scale and shape of the sample and are
obtained by least-squares regression. With Y; and X; given by
eqs S and 6, respectively:

X; = In{—In[1 — F(i, N)]} (s)

Y. =In(E) =mX;, + ¢ (6)

CDF of the probability of breakdown F(i, N) is estimated by eq
-

i—03

F(iyN) = ——
i, N) N + 04

(7)

where, N is the total number of tested dielectric breakdown
voltages and i is the assigned order for dielectric strengths,
ranking from smallest to largest. The slope (m) and intercept
(c) are defined as

X -®-T)
Z,N (Xi - X)Z

With the use of eq 9

, c=Y —mX
(8)

1
a eXP(C); p m (9)
both the slope and intercept can be obtained.

From the Weibull analysis of the breakdown strength shown
in Figure 13a, the data collected from 10 dielectric breakdown
strength points for each testing specimen varied between 19
and 32 MV/m. The linear slopes of the CDFs, which is a
measure of the variability of breakdown strengths, are given in
Figure 13a and compared in Figure 13b. In comparison with
neat epoxy, Type-1 particulate-reinforced nanocomposites
showed lower variability than the other systems including
neat epoxy, which was also in good agreement with higher
permittivity at 20 vol % loading (Figure 11a) by existence of
less substantial microvoids. On the other hand, the slopes of
CDFs were lower and similar to the value of neat epoxy
regarding the specimen containing 20 vol % Type-2 ZrW,Og
and 10 vol % Type-3 nanoparticles, suggesting the greater
disparity among the measured breakdown strengths. Such
observation was also attributed to the presence of microdefects
and agglomerated nanoparticles in the prepared samples, which
was reflected by the large standard deviation of storage
modulus in these specimens as well (Figure 10a).
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Figure 13. Comparisons of (a) the CDF of the measured dielectric strength with linear fitting slopes and (b) slope value obtained from the linear

fitting of ZrW,Ogz/Epoxy nanocomposites.
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4. CONCLUSION

In this work, epoxy-based nanocomposites reinforced by three
types of ZrW,0Og nanoparticles with distinct physical and
thermal properties and loading levels of 10 and 20 vol % were
successfully prepared. The homogeneous dispersion of ZrW,Og
nanoparticles in the polymer matrix did not negatively affect the
thermal stability of the composite. The viscosity of the
suspension exhibited a more significant increase when
reinforced by the larger nanoparticles than with the smaller
ones. The gel time of the nanocomposites decreased as
ZrW, 0Oy loading increased, indicating a catalytic effect of the
nanoparticles on the formation of a cross-linking network.
Importantly, the greatest reduction in CTEs in the glassy region
was found in the specimens with 20 vol % of those ZrW,Oq
nanoparticles that exhibited the most negative CTE values. At
25 °C, all three types of nanoparticles facilitated an overall
equivalent enhancement in storage modulus of the epoxy with
increasing filler loadings. However, the lowering of cross-linking
density and T, were attributed to the disruption of fully dense
network and formation of repulsive interphase by presence of
nanoparticles in polymer matrix. With slightly increasing
nanofiller composition, both dielectric constant and dissipation
factor of the nanocomposites increased slightly over the
frequency range between 1 and 10° Hz due to the introduction
of interfacial polarization effect between nanoparticles and
epoxy matrix under AC electric field. Finally, the ZrW,Oq
nanoparticles improved dielectric breakdown strength slightly,
and lowered the variation of breakdown strength according to
the Weibull statistical distribution analysis. In summary, epoxy
reinforced with 20 vol % Type-1 ZrW,Og/epoxy nano-
composites achieved excellent CTE reduction, a pronounced
improvement in dynamic mechanical properties, and preserved
the advantageous dielectric properties of epoxy resins, making
them prospective candidates for applications in the micro-
electronic insulation industry.
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