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ABSTRACT

In the initial phase of work reported here, straight vertically aligned carbon nanotube (VACNT) forest
ensembles are grown on silicon wafer substrate at various temperatures; including 720, 770 and 820 °C.
Flexural rigidity (storage modulus) and loss factor (damping) of the VACNT-Si wafer specimens were
measured with a dynamic mechanical analyzer in an oscillatory three-point bending mode. A Split
Hokinson Pressure Bar (SHPB) was used for determining the dynamic response under high strain-rate
compressive loading. In the second phase, dynamic mechanical behavior and energy absorption
characteristics of nano-enhanced functionally graded composites; consisting of 3 layers of vertically
aligned carbon nanotube (VACNT) forests grown on woven fiber-glass (FG) layer and embedded within
10 layers of woven FG, with polyester (PE) and polyurethane (PU) resin systems (FG/PE/VACNT and
FG/PU/VACNT), are investigated and compared with the baseline materials, FG/PE and FG/PU (i.e.
without VACNT).

1 Introduction

Nanometer-scale structures such as carbon nanotubes (CNTs) and nanowires with exceptional thermal,
electronic and mechanical properties are undergoing intense experimental and theoretical investigations
for a large range of possible applications. With the ready availability of freestanding VACNTS, integrating
high flexural rigidity and damping into structures is feasible. Increasing the energy dissipation
characteristics by introducing stiffness gradients through topological defects and entanglements of the
CNTs will also be beneficial in designing shock and impact resistant light-weight protection systems.
Development of novel, light-weight, high-strength, and high-temperature resistant materials has been the
focus of increased research for many applications [1]; such as aerospace and automobile structures, where
the material experiences severe thermal gradients, and requires high flexural rigidity and high vibration
damping. Due to the increasing demand of required conflicting properties, the newly developed
functionally graded materials (FGM) have been a broad research area on account of their tailored
properties [2, 3]. Investigation of carbon nanotubes’ (CNT) role in CNT-polymer composites and their
dynamic behavior can also help to develop such FGM [4]. CNT can enhance the mechanical properties of
FGM, due to their unique material properties, such as high stiffness, strength, and toughness [5, 6]. These
nano-enhanced FGM are being considered for blast/ballistic protective structures and other armor
applications. Zeng et al. [7] studied the mechanical properties of VACNT based sandwich composites
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using DMA. It was observed that VACNT based sandwich composites showed higher flexural rigidity and
damping compared to samples consisting of carbon fiber fabric stacks without VACNT.

In the first phase of work reported here, straight vertically aligned carbon nanotube (VACNT) forest
ensembles are grown on silicon wafer substrate using the well established chemical vapor deposition
(CVD) approach at various temperatures; including 720, 770 and 820 °C. Flexural rigidity (storage
modulus) and loss factor (damping) of the VACNT-Si wafer specimens were measured with a dynamic
mechanical analyzer in an oscillatory three-point bending mode. A Split Hokinson Pressure Bar (SHPB)
was used for determining the dynamic response under high strain-rate compressive loading. In the second
phase, dynamic mechanical behavior and energy absorption characteristics of nano-enhanced functionally
graded composites; consisting of 3 layers of vertically aligned carbon nanotube (VACNT) forests grown
on woven fiber-glass (FG) layer and embedded within 10 layers of woven FG, with polyester (PE) and
polyurethane (PU) resin systems (FG/PE/VACNT and FG/PU/VACNT); are investigated and compared
with the baseline materials FG/PE and FG/PU (i.e. without VACNT).

2 Materials and Test Methods

2.1 VACNT-Si Specimen Preparation: A well established Chemical Vapor Deposition approach [8 - 11]
has been used for the synthesis of VACNTS on silicon wafers. The VACNT forests used in this study are
grown using m-xylene as a source of carbon and ferrocene as the catalyst at various temperatures;
including 720, 770 and 820 °C.

Figure 1: Multiall A orests sthi ug the chemil ar deposition apprch grown at
()720 °C, (b) 770 °C, and (c) 820 °C (shown at two different magnifications) [21].

Figure 1 shows scanning electron micrographs of the VACNT forests grown at these three
temperatures, and at two different magnifications. It can clearly be observed that the vertical alignment
increases with process temperature. However, some variation in the mechanical properties of these CNTs
synthesized at different temperatures may be expected due to the thermal conditions these VACNTSs were
exposed to during the synthesis process.

2.2 Woven fiber-glass Composites with Embedded VACNT Layers Specimen Preparation: 10 layer
woven FG fabrics with PE resin (E15-8082) and 10 layer woven FG fabrics with PU resin (3475 Urethane
Casting) were prepared as baseline composites (FG/PE and FG/PU). Carbon nanotubes were grown on 12"
by 12" sheet of desized glass fabric. Three sheets of the fabric were arranged on each of three racks in a
steel chamber (187x18”x9”’) which was heated to about 650 °C. A solution of 4% by wt. ferrocene in m-
xylene was prepared to implement the floating catalyst fabrication of CNTs and fed through three inlet
manifolds, each of which was externally heated to about 350 °C to vaporize the solution. Nitrogen and
hydrogen, at a flow rate of 2000 and 300 cubic cm/min, respectively, carried the vapor into the reaction
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chamber containing the glass fabrics. The fabrics were processed for 60 minutes. The temperature in the
reaction chamber, however, fluctuated (£50°C) significantly around 600 °C during the CNT growth
process. A total ferrocene/catalyst solution of about 300-400 mL was used. FG/PE/VACNT and
FG/PU/VACNT specimens having 3 layers of VACNT grown/embedded within 10 layers of woven FG
along with two different resin systems (PE and PU) were fabricated, by hand lay-up and compression.
More details of the specimen preparation and fabrication are given in [12]. A schematic of the
FG/PE/VACNT and FG/PU/VACNT composites is shown in Figure 2.

10+3 layers FG/CNT composite fabrication

Compressed at 125K to 130K |bs
Fiber glass fabrics 4 layers

CNTs forest on Fiber glass fabrics
Fiber glass fabrics

s =
- —
===

Fiber glass/CNTs/Resin
composite sheet

Resin- PU/PE

Figure 2: Schematic of FG/PE/VACNT and FG/PU/VACNT samples with 10 layers of woven fiber-glass
+ 3 layers of embedded VACNT [12].

2.3. Dynamic Mechanical Analysis: The dynamic mechanical properties [7, 13] of pure Si wafer,
VACNT-SIi, FG/PE, FG/PU, FG/PE/VACNT and FG/PU/VACNT specimens were investigated using a
TA Instruments Model Q800 DMA [14]. Rectangular beam specimens; 60 mm in length, 10 mm in width,
and 6 mm in thickness, provided by ERDC-CERL [15] were used for this study. Mechanical properties
such as storage modulus (flexural stiffness), loss modulus (energy dissipation), Tan & (inherent damping),
and glass transition temperature (Tg4) were obtained in the three-point oscillatory bending mode. Roller
pins on each side (with a span of 50 mm) were used to support the specimens, and force applied in the
middle of the span. All the specimens were subjected to 1 Hz single frequency with 10 pm mid-span
displacement amplitude. A temperature ramp from ambient (30°C) to 200 °C was implemented, and the
temperature was elevated with 2 °C/min steps up to the final temperature. Poisson’s ratio of 0.3 is input as
a constant parameter for all samples.
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2.4 SHPB Compression Tests: High strain-rate compression tests were conducted on the pure Si wafer,
VACNT-Si, FG/PE, FG/PU, FG/PE/VACNT, and FG/PU/VACNT specimens using a modified SHPB in
the Blast and Impact Dynamics Lab at the University of Mississippi, MS. Aluminum bars of 19.02 mm
diameter were used as striker, incident and transmission bars. Square specimens were cut precisely and
tested with compression SHPB apparatus to evaluate the dynamic mechanical properties such as
compressive strength, specific energy absorption, and rate of specific energy absorption. Polyurea pulse
shaper was used to minimize the wave dispersion and for achieving the required stress equilibrium [16].
Glycerin was also used for holding specimens in between incident and transmission bar ends to minimize
the interfacial friction.

3 Results and Discussion

3.1.1 DMA Response of VACNT-Si Specimens: Three specimens each of pure Si wafer and VACNT-Si
were tested in the DMA under three-point oscillatory flexural load over a temperature range from ambient
(30 °C) to 120 °C. The flexural rigidity and damping of these specimens were investigated in terms of the
required force (F, line force at mid-span to achieve 10 um amplitude - Figures 3 (a) and (b)), ‘apparent’
storage modulus (E- Figures 3 (c) and (d)), and the damping loss factor (tang, ratio of dissipated energy
to stored energy - Figures 3 (e) and (f)).

As can be observed, these values remain constant over the 120 °C test temperature range; without a
demonstrated peak of loss factor along with drop in storage modulus, which is more typical for
viscoelastic materials around their glass transition temperature [7, 13]. Both the required force and
‘apparent’ storage modulus show a negligible drop for the VACNT-Si specimens, but still within
experimental scatter. This could perhaps be attributed to some degradation and/or chemical erosion of
specimen surface during the growth of VACNTS at an elevated 820 °C. On the other hand, damping loss
factor (tano) shows a remarkable increase of 1800 % for the samples with VACNTSs grown on pure Si
wafer (Figures 3(e) and 3(f)). Interfacial friction between individual VACNTSs (with very large surface
area to diameter), caused by their entanglements under cyclic deformation, is believed to be the primary
energy dissipation mechanism for such high improvement in loss factor [20].
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Figure 3: DMA results for three specimens each of pure Si wafer and VACNT-Si (processed at 820 °C)
analyzed over a temperature range from ambient (30 °C) to 120 °C; ((a) and (b)) the required line force F
at mid-span to achieve 10 um amplitude; ((c) and (d)) the ‘apparent’ storage modulus, E’; and ((e) and (f))
associated damping loss factor, tand [20].
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3.1.2 SHPB Response of VACNT-Si Specimens The combination of soft VACNT forest layer with hard
Silicon wafer presented novel challenges for SHPB testing. The VACNT forest layer is typical of an open-
cell foam structure consisting of well arranged one-dimensional units [17]. Various energy absorption
mechanisms such as localized higher mode buckling of VACNTSs under static compressive loading and
nano-indentation along with surface entanglement and vander-walls interactions with neighboring
nanotubes have been reported in literature [18, 19]. To the authors’ knowledge, this type of layered
material combination with such a contrast in properties has not been tested using SHPB [21] for analyzing
the high strain-rate dynamic response.
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Figure 4: Specific energy absorption of pure Si-wafer and VACNT-Si (processed at 720 °C, 770
°C and 820 °C) [21].

It was once again observed that the VACNT-Si specimens processed at 770 °C and 820 °C showed a
larger increase in specific energy absorption (Figure 4) compared with those processed at 720 °C. It was
concluded that around 770 °C may be the optimal processing temperature for attaining the highest
damping and specific energy absorption, in terms of height and alignment/entanglement of the VACNTS
grown on Si-wafer substrate [21].

3.2.1DMA Response of Woven fiber-glass Composites with Embedded VACNT Layers: The DMA
experiments were conducted on FG/PE, FG/PU, FG/PE/VACNT, and FG/PU/VACNT samples (three
samples each) to investigate the effects of embedded VACNT layers on specimens’ dynamic mechanical
behavior. The graphs for the storage modulus (flexural stiffness), loss modulus (energy dissipation), and
damping loss factor (tan 6, ratio of dissipated energy to stored energy) for FG/PE and FG/PE/VACNT
specimens are presented in Figure 5 As can be seen, at room temperature (RT) FG/PE/VACNT samples
exhibited 40% drop in storage modulus compared to the baseline FG/PE samples. The tan 6 of
FG/PE/VACNT specimens over the test temperature range from 32° C to 200° C (or frequency, by the
time-temperature correspondence principle for viscoelastic materials) appeared to be consistently higher
(by about 60%), but it was found to be similar as baseline FG/PE at T4 (120° C). The loss modulus of
FG/PE/VACNT was higher at RT compared to the baseline FG/PE, but it was much lower at T4(120° C).
The average bulk density of FG/PE/VACNT was slightly lower than the FG/PE specimens. Glass

transition temperature was almost same for both composites (120° C).
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Figure 5: DMA response of 10 layer woven fiber-glass with PE resin (FG/PE), and 10 layer woven fiber-
glass with PE resin along with embedded 3 layers of VACNT (FG/PE/VACNT); (a) storage modulus, (b)
storage modulus at RT, (c) damping loss factor, (d) damping loss factor at T,(e) loss modulus, (f) loss
modulus at RT, (g) loss modulus at Tg, and (h) average bulk density of specimens (three each) [12].
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Figure 6: DMA response of 10 layer woven fiber-glass with PU resin (FG/PU), and 10 layer woven fiber-
glass with PU resin along with embedded 3 layers of VACNT (FG/PU/VACNT); (a) storage modulus, (b)
storage modulus at RT, (c) damping loss factor, (d) damping loss factor at T,(€) loss modulus, (f) loss
modulus at RT, (g) loss modulus at Ty, and (h) average bulk density of specimens (three each) [12].
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In Figure 6, the dynamic mechanical behavior of FG/PU/VACNT and FG/PU specimens are compared.
It was found that the storage modulus of FG/PU/VACNT increased (from about 18 GPa to 31 GPa at RT)
in comparison with the baseline FG/PU samples. Additionally, FG/PU/VACNT exhibited higher loss
modulus both at RT and T4 The average bulk density and T4 also increased. However, a significant drop
in inherent damping (tan 8) was observed at T4 with the addition of VACNT layers (FG/PU/VACNT). In
contrast to previous investigation of VACNT grown on silicon wafer substrate [20], the addition of
VACNT layers did not show an increase in damping loss factor (tan &) in FG/PE/VACNT and
FG/PU/VACNT samples. However, a significant drop in damping has been observed in FG/PU/NVACNT
samples. The hand lay-up with subsequent pressurization of the green samples may be the major factor in
reduction of damping. Increased binding of the polymers with the VACNT surface under pressure may
also be contributing to the reduced damping.

3.2.2 SHPB Response of Woven fiber-glass Composites with Embedded VACNT Layers: The
compression SHPB apparatus was used to evaluate the energy absorption characteristics of FG/PE,
FG/PU, FG/PE/VACNT, and FG/PU/VACNT specimens. A typical SHPB compression response for
FG/PE and FG/PE/VVACNT specimens at strain rate of 700 to 800 /s is shown in Figure 7. FG/PE/VACNT
displayed higher specific energy absorption and rate of specific energy compared to the baseline FG/PE.
However, compressive strength in FG/PE/VACNT was marginally lower than baseline FG/PE.
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Figure 7: SHPB compression test response of FG/PE and FG/PE/VACNT composites evaluated over
strain rate of 700 to 800 /s; (a) stress-strain curve of FG/PE and FG/PE/VACNT, (b) compressive strength,
(c) average specific energy absorption, and (d) rate of specific energy absorption [12].
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SHPB compression tests were also performed on baseline FG/PU and FG/PU/VACNT specimens at
strain rate of 600 to 800 /s. Figure 8 shows typical stress-strain response of FG/PU and FG/PU/VACNT,
and compares them in terms of average compressive strength, specific energy absorption, and rate of
specific energy. FG/PU/VACNT exhibited higher specific energy absorption and rate of specific energy
with respect to the baseline FG/PU. It was also found that the average compressive strength of
FG/PU/VACNT increased about 30 % (from 214 MPa to 270 MPa) with respect to FG/PU.
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Figure 8: SHPB compression test response of FG/PU and FG/PU/VACNT composites evaluated over
strain rate of 700 to 800 /s; (a) stress-strain curve of FG/PU and FG/PU/VACNT, (b) compressive
strength, (c) average specific energy absorption, and (d) rate of specific energy absorption [12].

4  Conclusion

4.1 VACNT-Si: The dynamic mechanical behavior and high-strain rate dynamic response
characteristics of a functionally graded material system consisting of vertically aligned carbon nanotube
ensembles grown on a silicon wafer substrate (VACNT-Si), have been investigated. The functionally
graded VACNT-Si exhibited significantly higher damping without sacrificing the flexural rigidity.
Interfacial friction between individual VACNTSs caused by their entanglements under cyclic deformation
is believed to be the primary energy dissipation mechanism for such a large improvement in loss factor. In
the case of high strain-rate compressive loading, a large increase in the specific energy absorption was
observed for VACNT-Si layered specimens, as compared with pure Si wafer.

4.2 Woven fiber-glass Composites with Embedded VACNT Layers: Dynamic mechanical behavior and
energy absorption characteristics of 10 layer woven fiber-glass fabric with two different resin systems (PE
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and PU) have been investigated as the baseline; and effects of embedding VACNT layers within these
baseline composites were studied. From DMA response, FG/PE/VVACNT exhibited a significantly lower
flexural stiffness at ambient temperature along with higher damping loss factor over the investigated
temperature range with respect to baseline FG/PE. However damping loss factor was found to be similar
as the baseline FG/PE at T4 FG/PU/VACNT showed a significantly higher flexural stiffness at ambient
temperature along with lower damping loss factor over the investigated temperature range compared to the
baseline FG/PU. The loss modulus at RT increased with the addition of VACNT forest layers in both
baseline composites (FG/PE and FG/PU), but only FG/PU/VACNT showed an increased loss modulus at
Ty From SHPB response, FG/PE/VACNT and FG/PU/VACNT showed improved specific energy
absorption and rate of specific energy absorption compared to the baseline FG/PE and FG/PU.
Compressive strength of FG/PU/VACNT increased by about 30 % with the addition of VACNT forest
layers.
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