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Abstract: Background: Sandwich structures are progressively being used in various engineering
applications due to the superior bending-stiffness-to-weight ratio of these structures. We adapted a
novel technique to incorporate carbon nanotubes (CNTs) and polyhedral oligomeric silsesquiox-
anes (POSS) into a sandwich composite structure utilizing a sonochemical and high temperature
vacuum assisted resin transfer molding technique.

Objective: The objective of this work was to create a sandwich composite structure comprising of a
nanophased foam core and reinforced nanophased face sheets, and to examine the thermal and me-
chanical properties of the structure. To prepare the sandwich structure, POSS nanoparticles were
sonochemically attached to CNTs and dispersed in a high temperature resin system to make the
face sheet materials and also coated on expandable thermoplastic microspheres for the fabrication
of foam core materials.
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Results: Thermal analysis of POSS-infused thermoplastic microspheres foam (TMF) showed an in-

crease in thermal stability in both nitrogen and oxygen atmospheres, 19% increase in thermal resi-
due were observed for 4 wt% GI-POSS TMF compared to neat TMF. Quasi-static compression re-
sults indicated significant increases (73%) in compressive modulus, and an increase (5%) in com-
pressive strength for the 1 wt% EC-POSS/CNTs resin system. The nanophased sandwich structure
constructed from the above resin system and the foam core system displayed an increase (9%) in
modulus over the neat sandwich structure.

Conclusion: The incorporation of POSS-nanofillier in the foam core and POSS-coated nanotubes
in the face sheet significantly improved the thermal and mechanical properties of sandwich struc-
ture. Furthermore, the sandwich structure that was constructed from nanophased resin system
showed an increase in modulus, with buckling in the foam core but no visible cracking.
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1. INTRODUCTION sandwich, the face sheets carry most of the load as they are
stiffer and stronger, while the lightweight core separates the
face sheets so that a higher bending stiffness of the com-
posite plate can be achieved. Polymer matrix composites are
one of the most common face materials used for sandwich

Sandwich structures have been used in aerospace, auto-
motive, and transportation applications due to incredibly
lightweight, high noise absorption, and stiffness features.
Composite sandwich structures consist of three main parts:

two thin, stiff, and strong faces separated by a thick, light, structures. These materials use a polymer based resin as a
and weaker core. Sandwich panel face sheets are the outer matrix material with some form of fibers embedded in the
layers of the sandwich structure and are usually constructed matrix, as reinforcement. Both thermosetting and thermo-
from glass or carbon fibers and a polymer based resin. In a plastic polymers can be used for the matrix material. Com-

mon polymer composite thermosetting matrix materials in-
clude polyester, vinyl ester and epoxy [1-4].
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dampening the impact energy as the stress waves propagate.
The core determines the extent of damage in a sandwich
composite. The core materials are often composed of balsa
wood, various types of honeycomb structures, lingo-cellu-
losic resources, and foam [5-7]. Each core has various advan-
tages and drawbacks. For example, balsa wood is a
lightweight core with high strength, but can rot or mold with
exposure to moisture. Honeycomb material is strong and
stiff, but is often more expensive and it can be tricky to
achieve a quality bond between the face sheets and core.
Foam is usually not as stiff as balsa, but is impervious to
moisture and has good insulating properties. Overall, the
core gives structure to the sandwich, and the face sheets pro-
tect the core [3]. Sandwich structures commonly use thermo-
plastic foams as core materials. Properties of thermoplastic
foams include an extremely low density, good insulating
properties, energy absorption, and relatively low cost, mak-
ing thermoplastic foams good candidates for applications in
boats, ships, high-performance aerospace vehicles, rail cars,
surfboards, and wind energy structures [1].

In recent years, researchers have placed emphasis on im-
proving the properties of polymers and polymeric foam ma-
terials by the addition of small amounts of nanoparticles
such as carbon nanotubes, nanofibers, TiO,, SiC, and nano-
clays [8-13]. Nanomaterials-infused polymeric composites
have gained interest due to their unique behavior in mechani-
cal and thermal properties over their pristine counterparts.
Recent studies have reported that nanoparticle-infused poly-
mer systems exhibit higher energy absorption capacity, en-
hanced mechanical and thermal properties compared to pure
polymer systems [14, 15]. Mahfuz et al. used acoustic cavita-
tion to infuse SiC and TiO, nanoparticles into polyurethane
foams [10-13]. These nanophased foams exhibited an in-
crease in thermal stability, strength, and stiffness under flex-
ural loading. We have shown that the infusion of closite clay
in phenolic foam increases the thermal and compressive
properties [16, 17].

Over the past few decades, carbon nanotubes (CNTs)
have received major attention as components of poly-
mer-based nanocomposites. CNTs have been used as high
strength, low weight nano-reinforcements for composites
[18, 19]. However, the poor dispersal properties of CNTs in
polymer resins and the weak interfacial bonding of CNTs
with polymer matrices have hampered the scope of CNT ap-
plications in practical devices [20, 21]. Therefore, modifica-
tion of the CNT surface and good dispersion of CNTs is re-
quired for industrial applications. Research in these areas
has focused on functionalization as a strategy to enhance
both dispersion and interfacial bonding. Methods that have
been used have involved covalent and noncovalent reactions
that included chemical modification using oxidation, direc-
t-fluorination, and amino-functionalization, and surface coat-
ing with various nanofillers as well as polymer wrapping of
CNTs [22-31].

Polyhedral Oligermic Silsesquioxanes (POSS), with gen-
eral structure of silicon-oxygen cage surrounded by organic
R group, are inorganic-organic hybrid materials that have re-
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ceived attention as a promising material. Silsesquioxanes are
organic silica compounds with the general formula being (R-
Si0, ;). POSS nanoparticles have diameters from one to
three nanometers and are analogues to the smallest possible
particles of silica. The characteristics and surface reactivities
can be altered by changing the functional groups (R) on a
POSS molecule. Possible functional groups include almost
any organic group such as methyl, isobutyl, cyclopentyl, or
cyclohexyl. This variety in functionalization is the source of
one of the main differences between POSS molecules and
customary fillers. Most nanoparticles, including CNTs, are
characteristically inert and have no direct interaction with
the polymers they fill. However, most of the inorganic nano-
particles are surface modified to promote interactions and
compatibility with the polymer. Infusion of covalently at-
tached POSS in polymers results in higher glass transition
temperatures (T,) as well as increased hardness, toughness,
fire-retardance, and corrosion inhibition [32-37].

In this work, POSS nanoparticles were sonochemically
attached to multi-walled carbon nanotubes and dispersed in
a high temperature epoxy resin system for the face sheet ma-
terials and POSS nanoparticles were sonochemically at-
tached to expandable thermoplastic microspheres and fabri-
cated into foam core materials. A sandwich structure was
constructed from the above resin and foam core systems that
exhibited significant improvement in properties as compared
to its constituents.

2. MATERIALS AND METHODS

2.1. Materials

Multi-walled carbon nanotubes (CNT, 10-20 nm in diam-
eter and 0.5-20 um in length) were purchased from Nanos-
tructured & Amorphous Materials Inc, USA. POSS nanoma-
terials EpoxyCyclohexyl (EC) POSS, and Glycidyllsooctyl
(GI) POSS were bought and used as received from Hybrid
Plastics, USA. The microspheres used in this research were
Expancel-092-DU-120, this dry unexpanded thermoplastic
polymer (particles sizes 28-38um) was received from Expan-
cel Inc. The polymeric matrix used in this investigation was
commercially available RenInfusion 8612 epoxy resin, ob-
tained from Freeman Manufacturing and Supply. RenInfu-
sion 8612 is a one-component, low-viscosity epoxy system
developed for use in the production of advanced composites
using vacuum-assisted resin transfer molding (VARTM),
resin transfer molding (RTM), Seemans Composite Resin In-
jection Molding Process (SCRIMP ), and other infusion pro-
cesses. Hexane was used as a solvent in the ultrasonic irradi-
ation steps and was purchased from Sigma-Aldrich.

2.2. Fabrication of Face Sheet Materials

2.2.1. Preparation of POSS Nanofiller Coated CNTs

The processing of the neat, EC- and GI-POSS coated
CNTs was as follows. One gram of POSS nanofiller and 1g
of CNTs were mixed in 70 ml of n-hexane and irradiated
with a high intensity ultrasonic horn for 3 hours at 5°C. The
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reaction product was thoroughly washed with double dis-
tilled water and then with pure ethanol. Finally, the products
were centrifuged at 10000 rpm and vacuum dried overnight
at room temperature.

2.2.2. Fabrication of a POSS Nanofiller Coated CNT-In-
fused Epoxy Resin System

Prior to curing, the RenInfusion 8612 epoxy resin was
mixed with known weight percentages of the different POSS
coated CNTs (0.5 and 1 wt %) using a Thinky hybrid de-
foaming mixer ARE-250 for 30 minutes. The final reaction
mixture was transferred into a compression stainless steel
mold for curing. The neat and nanophased samples were
cured at 93°C for 16 hours then post cured at 149°C for an ad-
ditional 2 hours in a mechanical convection oven. The mold
was allowed to cool to room temperature and the specimens
were removed from the mold, machined for smoothness, and
then assessed for thermal and mechanical characteristics.

2.3. Fabrication of Foam Core Materials

2.3.1. Preparation of POSS Nanoparticle Coated Expand-
able Thermoplastic Microspheres

The coating of expandable thermoplastic polymeric mi-
crospheres (TPMs) with POSS nanofiller was as follows.
Three weight fractions of 2%, 4% and 6% were prepared by
adding 2, 4, and 6 g of POSS nanoparticles to 98, 96, and 94
g, respectively, of TPM and mixed with 150 ml of n-hexane.
The mixtures were irradiated with a high intensity ultrasonic
horn (Ti-horn, 20 kHz - 100 W/cm®) for 30 minutes, the reac-
tion temperature was maintained using a circulated coolant
chiller at 5°C. The samples were vacuum dried at room tem-
perature for 12 hours and oven dried at 60°C for 1 hour to re-
move excess hexane that remained in the mixture.

2.3.2. Fabrication of Neat and Nanophased Foam Core
Materials

The POSS infused TPMs were fabricated into a foam
core panel using a Tetrahedron MTP-14 programmable com-
pression molder by heating to 190°C for 15 min under a pres-
sure of 15000 lbs. Molds were cooled to room temperature
to remove the foam core panel. The samples were cut to the
required dimensions for thermal and mechanical characteri-
zation.

2.4. Thermal Analysis

2.4.1. Thermogravimetric Analysis

In order to measure thermal stability of both face sheet
and foam core materials, thermogravimetric analysis (TGA)
was carried out on a Mettler Toledo TGA/SDTA 851¢ under
both nitrogen and oxygen rich atmospheres. Face sheet and
foam core samples ranged in weight between 10-15 mg.
The samples were heated to 800°C from room temperature at
a heating rate of 10°C/minute.
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2.4.2. Thermo Mechanical Analysis

Thermo mechanical analysis (TMA) of face sheet mate-
rials was carried out on a TMA 2940 (Manufacturer: TA In-
struments, Newark, DE). The samples were cut into small
pieces of dimensions 5 mm x 5 mm x Smm using a diamond
cutter and machined using a mechanical grinder to maintain
the specified sample dimensions according to the standard
ASTM E 831-06 [35]. Dimensional changes were measured
in the thickness direction. The temperature was ramped from
25 to 160°C at a rate of 5°C/minute.

2.5. Mechanical Analysis by Quasi-Static Compression

In order to investigate the quasi-static compression re-
sponse, the specimens were tested according to ASTM C
365-03 standard [39]. Experiments for the foam core mate-
rials were conducted on a 2.5 kN Zwick Roell Z 2.5 ma-
chine equipped with TestXpert data-acquisition system. The
machine was operated under displacement control mode at a
crosshead speed of 2.0 mm/minute, and all tests were per-
formed at room temperature. In order to investigate the
quasi-static compression response of the neat and
nanophased resin systems, as well as the final sandwich
structure, the specimens were tested in the thickness direc-
tion using a servo-hydraulically controlled Material Testing
System (MTS) machine. The capacity of the MTS machine
was approximately 10 kN. The test was carried out in dis-
placement control mode and the crosshead speed was 0.125
mmy/s.

2.6. Final Sandwich Composite Structure

2.6.1. Fabrication of sandwich structure

The fabrication of the neat and nanophased sandwich
composites was carried out using a High Temperature Vacu-
um Assisted Resin Infusion Molding. The details of the con-
struction are illustrated in Fig. (1). In this study, we have
used eight layers of satin weave carbon fiber 3.5 in x 5 to
achieve the required thickness of the composite. The follow-
ing sequence was followed to fabricate the neat and nano-
composite structures. Initially, a release ply porous Teflon
10 in x 10 in and breather fabric was placed on a glass sheet.
On top of the breather fabric a heating blanket that measured
10 in x 10 in and non-porous Teflon was applied on top of
the heater blanket. A 3.5 in x 5 in an aluminum sheet with
thermocouples wrapped in non-porous Teflon was applied to
the layer. Porous Teflon and four layers of the carbon fabric
were placed on the aluminum sheet. The core was then
placed, followed by the other four layers of carbon fabric.
Another non-porous Teflon sheet and then a distribution
mesh (to achieve uniform distribution of the resin) were
placed on top of the fabric. A piece of spiral wrapping was
placed on the opposite sides of the carbon fibers and clear
tubing was attached and sealed to one end of each spiral
wrapping. One tube (resin inlet) covered the mesh and bond-
ed with an adhesive spray. The entire system was enclosed
within the vacuum bagging in conjunction with RenInfusion
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Fig. (1). Schematic diagram showing fabrication of a sandwich nanocomposite structure. (4 higher resolution / colour version of this figure

is available in the electronic copy of the article).

resin injection and ejection tubing. The resin inlet tube was
clamped and placed into a 1-liter container of resin and the
resin outlet tube was attached to a trap in conjunction with
tubing attached to a vacuum pump (approximately 711.2
mm Hg); the system was debulked (removal of air) for ap-
proximately 30 minutes. The clamp to the resin inlet tube
was released and the resin was infused for a period of ~30
minutes to 1 hour). After infusion, the resin inlet tubing was
re-clamped and the pump was left on to allow excess resin
to be extracted. This system does not cure at room tempera-
ture; thus, the entire vacuum-bagged composite resin system
was cured at 93°C for 16 hours using a Witchitech HB-1 Hot
bonder with thermocouples to monitor the system tempera-
ture throughout the process and a heating blanket as the heat-
ing source.

2.6.2. Optical Microscopy of Sandwich Nanocomposite

Optical observations were performed using a Nikon Opti-
cal Microscope by Excell Technologies.

3. RESULTS AND DISCUSSION

3.1. Thermal Analysis

To test thermal stability of neat TMF and various percen-
tages of EC-POSS and GI-POSS infused TMF, TGA in nitro-
gen and oxygen atmospheres were studied. These experi-
ments were performed to determine the changes in weight
loss in relation to change in temperature and atmospheres.

3.1.1. Thermal Characterization of Neat TMF and POSS
Infused TMF in Nitrogen Atmosphere

(Fig. 2a-d) depict the TGA curves for neat TMF and 2,
4, and 6 wt% of EC-POSS reinforced TMF, respectively; the
results are summarized in Table 1. With the incorporation of
EC-POSS, the first weight loss of the neat TMF (due to the
loss of organic vapor) was delayed by 54°C. The second

weight loss at 299 °C is attributed to the decomposition of
the polymer, which is shifted to 303 °C, 309 °C, and 311 °C
with 2, 4, and 6 wt% loading of EC-POSS, respectively. The
decomposition of the polymer step was increased by 12°C
for 6 wt% EC-POSS infusion. The increase in thermal resi-
due was 6 and 8 wt%, respectively, for 2 and 4 wt% EC-
POSS compared to the neat TMF.

(Fig. 3a-d) depict the TGA curves of neat TMF and 2, 4,
and 6 wt% of GI-POSS reinforced TMF, respectively; the re-
sults are summarized in Table 1. Among these reinforced
composite foams, the 2 wt% GI-POSS TMF exhibited the
highest thermal residue at 41wt%. The first decomposition
step for 2 wt% GI-POSS TMF increased by 45°C compared
to the neat TMF. The 6 wt% GI-POSS TMF had the highest
increase in the first decomposition step of 69 °C.

3.1.2. Thermal characterization of neat TMF and POSS in-
fused TMF in oxygen atmosphere

Thermal oxidative degradation of plastics at elevated
temperatures is an inevitable event and for many polymers
this degradation can significantly limit the application ser-
vice life of a product [40]. Despite this limitation, the use of
a base polymer that is naturally highly resistant to thermal
degradation will enable plastic products to be used at elevat-
ed temperatures with confidence that these plastic products
will work as designed [41]. If the use of a naturally resistant
polymer is not possible, then the correct selection and use of
a relevant stabilizer package can also considerably extend
the service life of a polymer. This is especially important in
the case of polymer foam core sandwich composites. To test
the thermal oxidative stability of neat TMF and various per-
centages of EC-POSS or GI-POSS infused TMF com-
posites, TGA with an oxygen atmosphere was studied. Th-
ese experiments were performed to determine the changes in
weight loss in relation to change in temperature and oxygen
atmosphere.
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Fig. (3). TGA curves of (a) neat TMF (b) 2% GI-POSS TMF (¢) 4% GI-POSS TMF, and (d) 6% GI-POSS TMEF. (4 higher resolution /
colour version of this figure is available in the electronic copy of the article).

Table 1. TGA data for neat, EC-POSS and GI-POSS TMF.

T,.(°C)
Sample First Second Third AW (% at 800°C)

Neat TMF 147 299 406 34
2% EC- POSS TMF - 303 (12) 555(61)
4% EC- POSS TMF - 309 (15) 532(55)
6% EC- POSS TMF 195 311 (®) 523 (57)
2% GI- POSS TMF 197 290 409 41
4% GI- POSS TMF 191 291 408 36
6% GI- POSS TMF 192 292 409 38
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(Figs. 4a, 4b, 4c¢ and 4d) show the TGA curves of neat
TMF and 2, 4, and 6 wt% infusion of EC-POSS in TMF ob-
tained in an oxygen atmosphere, respectively; the results are
summarized in Table 2. The first weight loss related to or-
ganic vapor evaporation completely disappeared with neat
TMF and 2 wt%-6 wt% EC-POSS TMF. The second weight
loss temperature, which is determined from the peak of the
derivative curve, decreased (303°C) by the addition of 2wt%
EC-POSS and was regained by addition of 6 wt% of EC-
POSS in TMF. The decomposition of the polymer step in-
creased by - 13°C for 2 wt% of EC-POSS infusion and de-
creased by 19°C for 6 wt% of EC-POSS infusion in TMF.
The thermal residue increased from 11 to 18 wt% for 2 wt%
and 4 wt% infusion of EC-POSS as compared to the neat
TMF.

(Figs. 5a, 5b, 5¢ and 5d) show the TGA curves obtained
in oxygen atmosphere for neat TMF and 2%, 4% and 6%
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GI-POSS infused TMF, respectively; the results are sum-
marized in Table 2. As stated earlier, the loss of organic va-
por step completely disappeared for neat and 2 wt% GI-
POSS TMF. The second weight loss temperature decreased
(307°C) by the addition of 2wt% GI-POSS. With the addi-
tion of 4 wt% of GI-POSS in TMF, the weight loss tempera-
ture returned to 314°C. The decomposition of the polymer
step decreased by 15°C for 2 wt% and increased by 18°C for
4 wt% GI-POSS TMF. The thermal residue increased from
12 to 19 wt% for 2 to 4 wt% GI-POSS TMF compared to
the neat TMF. The 4% GI-POSS TMF exhibited the highest
thermal oxidative residue of all TMF specimens.

3.2. Thermo mechanical analysis (TMA)

Table 3 summarized the TMA results of neat TMF and
EC-POSS infused TMF. These results clearly showa 118
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Fig. (4). Thermal oxidative stability curves for (a) neat TMF (b) 2% EC-POSS TMF (¢) 4% EC-POSS TMF, and (d) 6% EC-POSS TMF. (4
higher resolution / colour version of this figure is available in the electronic copy of the article).

Table 2. Thermal oxidative stability data for neat, EC-POSS and GI- POSS TMF.

T, (°C)
Sample First Second Weight Loss Third AW (% at 800°C)

Neat TMF - 311 (13) 542 10

2% EC- POSS TMF - 303 (12) 555 11
4% EC- POSS TMF - 309 (15) 532 18
6% EC- POSS TMF 195 311 ®) 523 10
2 wt% GI- POSS TMF - 307 (14) 560 12
4 wt% GI- POSS TMF 196 314 - 527 19
6 wt% GI- POSS TMF 199 312 ®) 520 13
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Table 3. TMA data for neat and EC-POSS TMF.

Sample CTE Before Tg (um) A (%) Tg (°C) CTE After Tg A (%)
Neat TMF -3.738 106 1684 -
2 wt% EC-POSS TMF -5.864 -56.9 110 1274 24.3
4 wt% EC-POSS TMF -11.72 -214 110 983.3 41.6
6 wt% EC-POSS TMF -10.78 -188 110 863 48.7

and 48% decrease in CTE (Coefficient of Thermal Expan-
sion) for 2 and 6 wt% EC-POSS TMF, respectively, com-
pared to the neat TMF, with no change in T,. As expected,
the T, values measured for neat TMF and EC-POSS infused
TMF showed no significant changes. The T, values were

~106-110°C within the range of experimental error.

(Fig. 6) shows the reduced stress-strain curves for the
neat TMF and EC-POSS TMF. The test results are sum-
marized in Table 4. These results clearly show that the maxi-
mum increase in strength and modulus was ~ 33 and 120%,
respectively, for the 4 wt% EC-POSS TMF. The 6 wt% EC-
POSS TMF showed only a 28% increase in strength and a
73% increase in modulus, as compared to the neat TMF. Th-
ese results also show that the higher percentage (>6 wt %)
of EC-POSS TMF resulted in a decrease in properties. This
change may have been due to particle-particle interactions
rather than particle-polymer interactions.

The compressive properties studied for the EC-POSS
and GI-POSS systems with 2, 4, and 6 wt% infusion in TMF
showed an increase in strength and modulus for the 2 and 4
wt% infusions. The highest increase in strength and modulus
was exhibited by 4 wt% GI-POSS TMF. The 4 wt% EC-
POSS TMF showed a simultaneous increase in strength and

modulus. These results clearly show that the selection of the
best system depends on the required properties. Based on
this study and thermal stability study, the 4 wt% GI-POSS
TMF displayed the highest strength, highest modulus, and
better thermal stability among all the TMF systems. So, we
selected 4 wt% GI-POSS TMF to be used for the sandwich
foam core material.

12
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Fig. (6). Quasi-static compression curves for neat, EC-, and GI-
POSS TME. (4 higher resolution / colour version of this figure is
available in the electronic copy of the article).
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Table 4. Quasi-static compression data for neat, EC-POSS, and GI-POSS TMF.

Sample Reduced Compression Strength (kPa/kg *m™) |% Increase| Reduced Compression Modulus (MPa/kg *m”) |% Increase
Neat TMF 5.681 - 0.044 -
2 wt% EC- POSS TMF 6.772 19 0.071 61
4 wt% EC- POSS TMF 7.564 33 0.097 120
6 wt% EC- POSS TMF 7.252 28 0.076 73
2 wt% GI- POSS TMF 7.207 27 0.117 165
4 wt% GI- POSS TMF 9.163 61 0.130 195
6 wt% GI- POSS TMF 8.250 45 0.114 159

(Fig. 7) depicts the TMA results for Neat 8612, and 0.5
and 1 wt% CNTs and EC-POSS/CNTs infused in 8612; the
results are summarized in Table 5. These results clearly
show that 3.3, 19 and 16% decrease in CTE for 0.5 wt% EC-
POSS/CNTs and 1 wt% EC-POSS/CNTs infused systems as
compared to the neat 8612 system. The CTE values mea-
sured the T, temperature increased (from 18.3 to 18.86um)
slightly for 1.0% EC-POSS infused system. The T, values
measured for these systems showed no significant changes.
The T, values were ~88-98°C within the range of experimen-
tal errors. The 1% EC-POSS/CNTs system exhibited the
greatest decrease in CTE at -19%.
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Fig. (7). TMA curves for neat, EC-, and GI-POSS nanophased Ren-
Infusion 8612. (4 higher resolution / colour version of this figure is
available in the electronic copy of the article).

(Fig. 8) shows stress-strain curves for the neat 8612, pris-
tine CNTs, and EC-POSS/CNTs. The test results are sum-
marized in Table 6. For the EC-POSS CNTs, the modulus in-
creased for all of the samples. The highest increases were ob-
served with the 1 wt% EC-POSS CNTs system, with an in-
crease in strength and modulus of 5 and 73%, respectively,
compared to the neat sample values. The 1 wt% EC-POSS
system showed a similar increase in strength compared to
the 1 wt% EC-POSS/CNTs system. Small increases in the
strength were exhibited except for the 0.5 wt % EC-POSS
system, which shows -2% change in the strength.

(Fig. 8) shows stress-strain curves for the neat 8612, pris-
tine CNTs, GI-POSS/CNTs, and GI-POSS infused 8612
with the test results summarized in Table 6. All GI-POSS
CNT samples exhibited an increase in modulus. The greatest

increase in modulus of ~41% was exhibited by 1.0 wt% GI-
POSS/CNTs. The 1.0 wt% GI-POSS exhibited the highest in-
crease in strength at 4%. A similar trend was observed for
the EC-POSS nanophased systems. Decreases in strength
were observed for the 0.5 wt% GI-POSS CNTs and GI-
POSS as well as the 1 wt% GI-POSS CNTs.
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Fig. (8). Quasi-static compression curves for neat, EC-POSS, and
GI-POSS carbon nanotubes. (4 higher resolution / colour version
of this figure is available in the electronic copy of the article).

3.3. Neat and Nanophased Sandwich Panels

Neat and nanophased sandwich panels were constructed
after all TMF and nanophased resin system properties were
evaluated. From those results discussed previously, it was de-
termined that the 4wt% GI-POSS TMF exhibited the highest
strength, highest modulus and better thermal stability and
thus selected for the foam core material. For the nanophased
resin, 1 wt% EC POSS CNTs exhibited the best properties
to use as a face sheet of the sandwich structure. Because the
sample sizes were quite large, only optical micrographs
were taken for both panels. (Figs. 10 and 11) show optical
micrographs of the neat and nanophased panels before com-
pression evaluation.

The flatwise compressive properties of the sandwich pan-
els were determined according to the standard method
ASTM C365. A total of 5 square specimens with dimen-
sions of 25.4 mm (1 in) x 25.4 mm (1 in) were cut from the
sandwich panels. The specimens were tested using an MTS
machine with a total capacity of = 220 kips and monotonical-
ly loaded in compression up to failure. The typical stress-
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Table 5. TMA data for neat, EC-POSS, and GI-POSS nanophased RenInfusion 8612.

Sample CTE (nm) A (%) (T)°C

Neat Relnfusion 8612 18.3 - 95

0.5 wt% CNT+8612 26.1 +43 95

1.0 wt% CNT+8612 25.56 +39 92

0.5 wt% EC-POSS/CNT+8612 17.7 -3.3 90
1.0 wt% EC-POSS/CNT+8612 14.9 -19 97
0.5 wt% GI-POSS/CNT+8612 18.35 +0.2 82
1.0 wt% GI-POSS/CNT+8612 15.8 -14 96

Table 6. Quasi-static compression data for neat, EC-POSS, and GI-POSS RenlInfusion 8612.

Sample Max Compression Strength (MPa) % Increase Compression Modulus (MPa) % Increase
Neat RenInfusion 8612 21.92+0.16 - 354497 -
0.5 wt% PRCNTs 22.37+0.08 2 446+15 26
1.0 wt% PRCNTs 22.59+0.12 3 463+32 31
0.5 wt% EC-POSS/CNTs 22.10+0.05 1 532426 50
1.0 wt% EC-POSS/CNTs 22.99+0.01 5 61342 73
0.5 wt% GI-POSS CNTs 21.2+0.03 -3 364+44 3
1.0 wt% GI-POSS CNTs 21.3+0.05 -3 500425 41

strain relationship of the tested compression sandwich speci-
mens is shown in Fig. (9) and the data are summarized in
Table 7. Test results showed that the compressive modulus
for the neat sandwich panel was 15.96 MPa while the
nanophased sandwich panel had a compressive modulus of
17.35 MPa. The compressive strengths of the neat and
nanophased sandwich panels were 0.503 and 0.486 MPa, re-
spectively. The nanophased panel exhibited a slight decrease
0f 3% in the strength compared to the neat.
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Fig. (9). Average stress/strain curves for sandwich panels. (4 high-
er resolution / colour version of this figure is available in the elec-

tronic copy of the article).

Table 7. Compressive properties for sandwich panels.

Structure Compressive Strength | Compressive Modulus
(MPa) (MPa)
Neat Sandwich Panel 0.503 +0.023 15.961 +0.006
Nanophased Sandwich | 4o . 002 17.345 £0.005
Panel

Fig. (10). Neat sandwich panel before quasi-static compression
evaluation: (a) overall view; (b) side view; (¢) middle foam core;
(d) top face sheet view. (A4 higher resolution / colour version of
this figure is available in the electronic copy of the article).

Fig. (11). Nanophased sandwich panel before quasi-static compres-
sion evaluation: (a) overall view; (b) side view; (¢) middle foam
core; (d) top face sheet view. (4 higher resolution / colour version
of this figure is available in the electronic copy of the article).
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Following the compression tests, the failure modes in the
samples were revealed using a low power optical micros-
cope. From the micrographs presented in Figs. (12a, 12b,
and 12¢), it was apparent that several modes of failure were
observed in neat sandwich structures. The initial failure took
the form of a buckling failure in the uppermost skin of the
sandwich structure. A similar mode of failure was observed,
resulting from shear cracking through the depth of the core
material. If the core is very brittle, initial failure is likely to
take the form of shear cracking through the thickness of the
foam.

Fig. (12). Neat sandwich panel after quasi-static compression evalu-
ation: (a) overall view; (b) side 2 view with crack; (¢) higher mag-
nification of crack. (4 higher resolution / colour version of this fig-
ure is available in the electronic copy of the article).

In the case of the nanophased sandwich panel (Fig. 13),
only buckling in the foam core was observed. No cracks
were seen. This was an indication that the nanofillers could
have contributed to crack resistance in the materials.

Fig. (13). Nanophased sandwich panel after quasi-static compres-
sion evaluation: (a) overall view; (b) side 2 view; (¢) higher magni-
fication. (4 higher resolution / colour version of this figure is avail-
able in the electronic copy of the article).

CONCLUSION

A novel sonochemical method was adapted to incorpo-
rate CNTs and POSS nanoparticles into a sandwich com-
posite structure. Thermal analysis showed an increase in ther-
mal stability for the POSS infused TMFs. TMA analyses re-
vealed no significant change in the glass transition tempera-
ture, however, decreases in the CTE before and after the
glass transition temperature was observed. Increases in the
compressive strength and modulus were observed for
nanophased TMFs compared to the as-prepared TMF. Over-
all improvements in thermal and mechanical properties were
observed for 4 wt% GI-POSS TMF. Quasi-static compres-
sion results indicated significant increases (73%) in compres-
sive modulus, and an increase (5%) in compressive strength
for the 1 wt% EC-POSS/CNTs resin system. The
nanophased sandwich structure constructed from the 1 wt%
EC-POSS/CNTs resin system as a face sheet and the 4 wt%
GI-POSS TMF as a core material displayed an increase
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(9%) in modulus over the neat sandwich structure. Cracking
and buckling were observed in the neat sandwich composite.
The nanophased sandwich panel exhibited only buckling in
the foam core. Finally, the excellent mechanical and thermal
properties of the nanophased sandwich panels as compared
to neat sandwich panel suggested that nanophase panels
could serve as excellent candidates for applications in boats,
ships, high-performance aerospace vehicles, and rail cars
structures.
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