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PROJECT SUMMARY

Fiber-reinforced polymer (FRP) composites are increasingly being used in naval platforms for
improving stealth and reducing topside weight, corrosion mitigation, fatigue, maintenance and operational
costs. FRP composites are presently being used in US Navy Ships such as the Osprey class mine hunter,
and for topside structures on large warships such as the Advanced Enclosed Mast System (AEMS). The
navy also has plans to integrate more composites into the new generation CV(X) and DD(X) ship class
designs. Structures in these applications are often subjected to high strain rates due to impact by hard
objects, mine blasts, projectile penetration and collisions. ONR sponsored research currently underway is
focused on developing hybrid composite systems with nanoparticles such as clay nanomers and carbon
nanotube dispersions for enhancing their multi-functionality. Vibration response, damping, acoustic
impedance and the performance of these nanoparticle-enhanced composites and foams in cold regions
under freeze-thaw conditions are some important factors which need to be addressed. Ultimate goal is the
development of composite panels with low-cost fire resistant foams sandwiched in between nanoparticle-
enhanced face sheets; forming structures that offer optimal flexural rigidity, vibration damping and impact
energy absorption along with reduced weight.

Main objectives of this research are to characterize: (a) the vibration and acoustic response; (b)
low-velocity impact and high-strain energy absorption; (c) effects of freeze-thaw cycling; and (d)
molecular dynamic simulations of nanoparticle-enhanced composites and fly-ash based foams that are
being considered for future generation naval structures or the retrofitting of existing ones. In this study,
the flexural/extensional dynamic modulus, damping, low-velocity impact and high-strain (Hopkinson bar)
response of nylon 6,6 thermoplastic reinforced with multi-wall carbon nano tubes (MWCNT) were
characterized. Preliminary investigations were also conducted on Derakane 411-350 vinyl ester thermoset
reinforced with Cloisite 30B nanoclay and exfoliated graphite nanoplatelets (xGnP). Molecular Dynamic
(MD) simulations are used for obtaining the elastic constants (C;) of SWCNT, MWCNT and nylon 6,6
nanocomposites.

North Carolina A&T State University (NC AT) under a joint program with the Office of Naval
Research has developed a process for producing low-cost syntactic foams Eco-Core® from fly ash, a waste
product generated by the utility industry. In the event of a fire this foam material will generate little or no
smoke and emit no toxic gases, a factor that would be of great importance for naval and other military
applications as well as building constructions. Eco-Core foam samples supplied by NC AT were
characterized for their vibration and acoustic response, and low-velocity impact energy absorption.

The project deliverables and their execution, in order of priority, are summarized here. Detailed
descriptions of the work performed are given in following sections.



1) DYNAMIC MODULUS AND DAMPING: Dynamic flexural/extensional modulus and damping of nylon
6,6 thermoplastic reinforced with multi-wall carbon nano tubes (MWCNT); Derakane 411-350 vinyl-ester
thermoset reinforced with Cloisite 30-B nanoclay and exfoliated graphite platelets (xGnP ); and fly ash
based Eco-Core foams were characterized using the non-destructive impulse-frequency response
vibration technique.

2) IMPACT AND ENERGY ABSORPTION: Low-velocity impact failure load and energy absorption of
nylon 6,6 thermoplastic reinforced with multi-wall carbon nano tubes (MWCNT); Derakane 411-350
vinyl-ester thermoset reinforced with Cloisite 30-B nanoclay and exfoliated graphite platelets (xGnP );
and fly ash based Eco-Core foams were characterized with a Dynatup Model 8250 instrumented impact
test system for both notched and un-notched specimens.

3) FREEZE-THAW EFFECTS: EIS was used to examine the effects of freeze-thaw cycling and moisture
ingression on nylon 6,6 thermoplastic reinforced with multi-wall carbon nano tubes (MWCNT) over a 45
and 90 day time period.

4) MOLECULAR DYNAMICS OF NANOPARTICLE-ENHANCED PLASTICS: Material Studio
Software® has been used for performing molecular dynamic simulations of nylon 6,6 reinforced with
single- and multi-wall carbon nano tubes; estimating mechanical properties of nano-composite
constituents (i.e. matrix, reinforcements and interface) and studying the effects of varying type and
weight-fraction of nano-reinforcement.

5) ACOUSTIC IMPEDANCE OF NANOPARTICLE-ENHANCED PLASTICS AND FOAMS: Sound
absorption coefficients of nylon 6,6 thermoplastic reinforced with multi-wall carbon nano tubes
(MWCNT), and fly ash based Eco-Core foams were characterized with a B&K Type 4002 Standing Wave
Apparatus.

COLLABORATION WITH UNIVERSITY OF NEW ORLEANS (UNO): Small samples of nylon 6,6
thermoplastic reinforced with multi-wall carbon nano tubes (MWCNT) were subjected to high-strain rate
compression testing using a Split-Hopkinson Pressure Bar (SHPB) apparatus.

SIGNIFICANCE OF RESEARCH AND NAVY RELEVANCE: This research will aid in the development
of nano-multifunctional materials and sandwich structures that offer optimal flexural rigidity, vibration
damping and impact energy absorption along with reduced weight; contributing towards building lighter,
stronger and faster ships for the US Navy. Research conducted in this project will also impact the
development of composite materials technology in homeland security and civil-infrastructure areas. The
research was conducted in close coordination with private industry and government agencies including
Northrup Grumman Ship Systems (NGSS) and the Army Corps of Engineers Research and Development
Center (ERDC). Both NGSS and ERDC are located in the State of Mississippi and have maintained strong
connections with our research team at Ole Miss.

Preliminary work undertaken on this project has been beneficial for a larger one-million dollar
congressional initiative on Blast/Shock/Impact Resistant Composites for Naval Structures; a collaborative
effort between the University of Mississippi, Michigan State University and University of New Orleans.
Results of this research have also been successfully leveraged for a 765K project on ‘Nanoparticle
Reinforced Composites for Critical Infrastructure Protection’” from the Department of Homeland Security
(DHS).
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INTRODUCTION:

For this research, several 12” x 12" x 0.375” thick nylon 6,6 thermoplastic plates
reinforced with 1.25, 2.5, 5 and 10 wt. percent multi-wall carbon nano tubes (MWCNT-from
Hyperion Catalysis) were prepared by Ensinger Inc. using a proprietary pressure extrusion
process. A higher 20 wt. percent MWCNT resulted in fractured plates.

Derakane 411-350 vinyl ester thermoset plates reinforced with 1.25 and 2.5 wt.
percent MWCNT were attempted by Dr. Larry Drzal’s research group at Michigan State
University Composite Materials and Structures Center, our collaborator on this project. The
high viscosity of CNT-vinyl ester resin hampered removal of entrapped air, and plaques with
acceptable quality were not produced. It was also concluded that the CNTs themselves may
poison the vinyl ester reaction, leading to unacceptable material properties. 117x117x0.4”
thick Derakane 411-350 vinyl ester thermoset plates reinforced with 1.25 and 2.5 wt. percent
Cloisite 30B nanoclay and exfoliated graphite nanoplatelets (xGnP) were successfully
fabricated at Michigan State University.

Eco-Core foam plates supplied by North Carolina A & T State University were
designated as OM11, OM12, OM16, OM21, OM18 and OMI19. Plates OM11 and OM12
consist of fly ash with phenolic resin (no added fibers) + 1 ply phenolic resin-coated glass
fiber veil (on top/bottom surface). Plate OM16 consists of fly ash w/phenolic resin (0% wt.
0.125-in chopped glass fiber) and no covering. Plate OM21 consisted of fly ash with phenolic
resin (+ 6% wt. 0.125-in chopped glass fibers) and no covering. Plates OM18 & OMI19
consisted of fly ash with phenolic resin (+ 6% wt. 0.125-in chopped glass fibers) and 1-ply
covering of phenolic resin-coated glass fiber veil (on top/bottom surface).

All the nylon 6,6 nanocomposite configurations have been subjected to environmental
aging for 90 days. The specimens were subjected to freeze-thaw cycling from 10 to 50° F at 6
cycles per day according to ASTM standard C666-97 Procedure-A (Freezing in water and
thawing in water). The specimens were tested after 45 and 90 days aging period.

For identifying the specimens, a uniform coding system was used. The codification
for nanocomposites consists of 8 digits with each digit representing a specific purpose. The
codification scheme for nanocomposites is explained in Figure 1. The Eco-Core foams plates
were supplied with four digit identifications, a three digits extension is given to identify them

as explained in Figure 2.



L———» Type of matrix

>

L— Type of testing

Specimen ID
(01~99)

A — Acoustic
D — Dynamic Test
E - EIS

Plate from which specimen was cut

Lb Wt fraction of nano Reinforcement

L% Type of nano reinforcement

(5 Plates specified as A~E and remaining as J)

A

T — Tap Test
S — Static Test
U -RUS

H — Hopkinsons Bar Test
I — Impact Testing
R — Rheology/ DMA

00 — 0% Reinforcement

12 — 1.25% Reinforcement
25 — 2.5% Reinforcement
50 — 5% Reinforcement

10 — 10% Reinforcement
20 — 20% Reinforcement

M - MWCNT

\ 4

C — Nano Clay

G — Graphite Platelets

N — Nylon

"| V = Vinyl Ester

Figure 1: Codification of nanocomposite specimens

OM 11 I 01
Specimen ID
(01~99)
Type of testing —_—>

Lp Identification of plate

L » Type of material

A — Acoustic

D — Dynamic testing

E - EIS

H — Hopkinsons Bar Test
I — Impact Testing

R — Rheology/ DMA

T — Tap Test

S — Static Test

U -RUS

11 —Plate 1 (in Eco-Core)
12 — Plate 2 (in Eco-Core)
16 — Plate 3 (in Eco-Core)
21 — Plate 4 (in Eco-Core)
18 — Plate 5 (in Eco-Core)
19 — Plate 6 (in Eco-Core)

L

OM - Eco-Core Foam

Figure 2: Codification of Eco-Core Foam specimens
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Plate Vibration Signature Analysis:

A vibration signature analysis was initially performed to check the quality of the
supplied nanoparticle enhanced plates of each configuration. The resonant frequencies for all
the plates were recorded over a span of 0 to 800 Hz. The resonant frequencies of the plates
are obtained with the Fast Fourier Transform (FFT) based on impulse-frequency response
vibration technique [1.1-1.3]. The plates are tapped in a free-free condition achieved by
hanging them with nylon wires on a steel frame. The experimental setup is shown in Figure
3. The hammer is of PCB Pizeotronics model 086BOI with an internal load cell. A steel tip
is chosen as it gave clear resonant peaks. The output is measured with a PCB Pizeotronics
309A sn5406 accelerometer. The location of accelerometer is chosen at 32 mm from one of
the plate corners after examining the node lines for free-free condition such that this point
does not coincide with the nodal lines [1.4]. If the accelerometer is placed at one of the nodal
lines then associated frequency of that nodal line will not appear in the response spectrum.
The hammer and accelerometer are connected to a two channel HP36550A spectrum
analyzer via PCB 482A04 amplifier. The driving point measurements are taken by tapping
the hammer adjacent to the accelerometer. The resonant frequencies of the plate appear as
peaks on the analyzer screen. A typical Frequency Response Function (FRF) output for a

pure nylon plate is shown in Figure 4.

Hammer

Nylon Wires

Accelerometer

Figure 3: Free-free experimental setup for vibration tap test.
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No significant variation was observed between different plates of each configuration
indicating consistency in manufacturing process. An important point to note is that the
frequencies for nylon 6,6 and vinyl ester nanocomposites shifted upward with reinforcement
which could be attributed to the plates becoming stiffer with reinforcement (Figures 5 and 6).
Also, the shift is more prominent at higher frequencies than the lower.

In the observed span eight peaks are observed for all the nylon nanocomposites
except the 10 wt. percent reinforced plates which showed seven. The numerical values of the
resonant frequencies are listed in Table 1. Note that the initial frequencies of 1.25 wt. percent
plates are higher than the corresponding frequencies of 0 and 2.5 wt. percent. The 1.25 wt.

percent plates are manufactured in a different batch than the others. Table 2 lists the detailed

Figure 4: Typical frequency response of pure nylon 6,6 plates.

nylon 6,6 nanocomposites results for each plate.

Table 1: Resonant frequencies for nylon 6,6/ MWCNT nanocomposite plates.

Plate 1 2 3 4 5 6 7 8
0 % 22.00 | 126.80 | 182.00 | 250.00 | 322.80 | 596.40 | 639.20 | 750.80
1.25% | 28.00 | 135.60 | 190.40 | 261.60 | 337.20 | 621.60 | 666.00 | 782.40
2.50% |22.00 | 132.40 | 190.80 | 261.20 | 339.20 | 626.80 | 671.60 | 785.60
5.00% | 22.00 | 134.00 | 193.50 | 261.50 | 341.00 | 628.00 | 678.00 | 791.50
10.00% | 23.50 | 139.00 | 200.50 | 267.00 | 352.00 | 642.00 | 699.50
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Figure 5: Resonant frequency shift for MWCNT reinforced nylon 6,6 nanocomposites.

Table 2: Resonant frequencies from Signature Analysis for Nylon6,6 nanocomposite plates.
Plate ID 1 2 3 4 5 6 7 8

NMOOA | 22 | 126 | 180 | 248 | 320 | 592 | 634 | 746
NMOOB | 22 | 126 | 182 | 250 | 322 | 600 | 638 | 750
NMOOC | 22 | 126 | 182 | 250 | 322 | 596 | 638 | 750
NMOOD | 22 | 128 | 182 | 252 | 324 | 602 | 642 | 754
NMOOE | 22 | 128 | 184 | 250 | 326 | 592 | 644 | 754
NMI2A | 28 | 136 | 190 | 262 | 336 | 620 | 666 | 782
NMI2B | 28 | 136 | 190 | 262 | 338 | 622 | 666 | 784
NMI2C | 28 | 136 | 192 | 262 | 338 | 624 | 670 | 786
NMI2D | 28 | 136 | 190 | 262 | 338 | 624 | 666 | 784
NMI2E | 28 | 134 | 190 | 260 | 336 | 618 | 662 | 776
NM25A | 22 | 134 | 192 | 262 | 340 | 628 | 674 | 786
NM25B | 22 | 132 | 190 | 262 | 340 | 626 | 672 | 786
NM25C | 22 | 132 | 190 | 262 | 338 | 626 | 672 | 786
NM25D | 22 | 132 | 192 | 260 | 338 | 628 | 672 | 784
NM25E | 22 | 132 | 190 | 260 | 340 | 626 | 668 | 786
NMS50A | 22 | 134 | 194 | 262 | 342 | 628 | 678 | 792
NM50B | 22 | 134 | 194 | 262 | 340 | 628 | 680 | 792
NM50C | 22 | 134 | 194 | 260 | 342 | 628 | 678 | 792
NM50D | 22 | 134 | 192 | 262 | 340 | 628 | 676 | 790
NMIOA | 22 | 138 | 200 | 266 | 352 | 638 | 698
NMIOB | 22 | 138 | 200 | 266 | 350 | 640 | 696
NMIOC | 22 | 138 | 200 | 268 | 352 | 648 | 698
NMIOD | 28 | 142 | 202 | 268 | 354 | 642 | 706




The resonant frequencies for vinyl ester nanocomposite plates reinforced with
nanoclay and graphite platelets over the chosen span of 800 Hz are shown in Figure 6. The
shift in the resonant frequency is observed more for graphite platelets reinforced plates as
compared to nanoclay ones. Note these plates are 10 inch square which is shorter then the
11.5 inch sqaure nylon 6,6 composite plates. The values of the observed resonances are listed
in Table 3. The values are an average data for two plates from each configuration. Table 4
lists the data from signature analysis of nanocomposites plates.

Table 3: Vinyl ester nanocomposite plates signature analysis results.
Plate ID 1 2 3 3 6 7
Pure Vinyl ester | 24.00 | 160.00 | 234.00 | 310.00 | 412.00 | 750.00
VE+1.25%Clay | 22.00 | 175.00 | 255.00 | 337.00 | 449.00
VE+2.5%Clay 24.00 | 175.00 | 256.00 | 339.00 | 453.00
VE+1.25%Graphite | 22.00 | 178.00 | 261.00 | 339.00 | 460.00
VE+2.5%Graphite | 22.00 | 195.00 | 285.00 | 366.00 | 500.00

Resonant frequencies of vinyl ester nanocomposite
plates
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Figure 6: Resonant Frequency of vinyl ester reinforced with Graphite platelets and nano clay
(Note: These plates are 10”x107x0.47).



Table 4: Resonant frequencies for each vinyl ester nanocomposite plates.

Plate ID

1

2 3

4

5] 6

VCO0A

24

160 | 234

310

412 | 750

VCI2A

22

176 | 256

338

450

VCI12B

22

174 | 254

336

448

VC25A

24

176 | 256

340

454

VC25B

24

174 | 256

338

452

VGI2A

22

178 | 260

338

458

VGI2B

22

178 | 262

340

462

VG25A

pp

194 | 284

364

498

VG25B

22

196 | 286

368

502

Among Eco-Core foams, OM12 showed the highest frequencies. Over the chosen

span of 800 Hz OM16 and OM2I1 recorded 6 resonant frequenices while all the others

showed only 5 resonances. Figure 7 shows the frequency pattern of Eco-Core foam plates

signature analysis. Table 5 lists the results for each plate.

Table 5: Eco-Core foam signature analysis results.

Peak No. 1 2 3 4 5 6
OMl11 34 | 214 | 302 352 822
OM12 34 | 220 | 312 364 534
OM21 28 180 | 256 290 446 | 760
OM18 30 | 204 | 290 340 504
OM16 32 194 | 272 308 464 | 786
OMI19 30 | 206 | 296 348 510

Resonant frequencies of EcoCore foam plates

aooM11
800 1 gom12
700 1 pom21
600 { TOOM18
500 4 BOM16

BoOM19

Frequency (Hz)
S
3

3
Resonant

4
Peak

5

Figure 7: Resonant Frequency of Eco-Core foam plates.
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1.0 DYNAMIC PROPERTY MEASUREMENTS

Long samples 254 mm x 254 mm x 9.5 mm (10”x17x3/8”) are cut from different
plates of each configuration for flexural and extensional dynamic property characterization.
Same samples are used for both the measurements as the experimentation technique involved
is a non destructive technique and three specimens of each configuration are tested. Samples
of 17x17x3/8” are cut for density measurements, with two samples from each configuration.

The experimental procedure used for measuring the dynamic storage modulus,
dynamic loss modulus and damping of the nanocomposites used for this research is a non-
destructive vibration response technique applied for the study of traditional composites
dynamic properties in the past [1.1, 1.3]. This technique has an advantage of determining the

dynamic properties without destroying the specimens being tested.

1.1 Density measurement

Densities of different materials are calculated based on the mass-volume relation:

D = M/ V where D is density of material, M is the mass of the sample and V is the volume
of the sample. A 17x17x3/8” sample was used for density measurements. The dimensions for
each specimen are measured using vernier calipers with a least count of 0.01 mm.
Dimensions of the prepared samples are taken along both ends and averaged. The wt of the
specimen is measured using OHAUS precision scale. The density obtained is averaged for
two samples from each configuration of nanocomposites. The density measured
experimentally is entered as input for the modulus and damping computations.

Volume and density calculations for nylon 6,6 and vinyl ester nanocomposites are
listed in Tables 1.1.1 and 1.1.3 with the averaged density values. For nanocomposites the
addition of reinforcements showed a consistent increase in densities. Experimentally
calculated densities compared with the theoretical prediction as per the rule of mixtures [1.5],

are within 5% variation as shown in Figures 1.1.1 and 1.1.3.



p. =

L Y
p»/' pm
Where

w, weight fraction of fiber

P, density of fiber

w,, weight fraction of matrix or polymer

p,, density of polymer

For Eco-Core foams the measured densities were similar to those supplied by the

manufacturer. Thus these manufacturer supplied densities listed in Table 1.1.4 are used in
dynamic measurements. For nanocomposites the experimentally measured densities are used.
The densities for nylon 6,6 nanocomposites after 45 and 90 days aging are listed in Table
1.1.2. The variation of density with aging is shown in Figure 1.1.2. A consistent increase in

density with aging is observed.

Densities of nylon 6,6 nanocomposites

1400 A OExperimental
B Theoretical

1200 -
1000 -

800

600 -

Density (Kg/m?3)

400

200

0.00% 1.25% 2.50% 5.00% 10.0% 20.0%
MWCNT  MWCNT  MWCNT  MWCNT MWCNT MWCNT

MWCNT reinforcement %

Figure 1.1.1: Densities of nylon 6,6 nanocomposites and theoretical predictions.



Table 1.1.1: Experimental density calculations for nylon 6,6/MWCNT nanocomposites.

Sample Length | Width | Thick | Volume | Wt | Density | Avg density | Nano

mm mm Mm | mm’ g |kgm’ Kg/m’ %

NMOOCEO1 | 25.44 | 25.39 | 10.05 | 6491.86 | 7.38 | 1172.89
NMOOAEO2 | 25.51 | 25.58 | 10.00 | 6525.74 | 7.45 | 1105.80

1139.34 0.0%

NMI2CEOl | 2498 |25.19 [9.86 |6204.37 | 7.12 | 1147.58
NMI2CEO1 | 25.05 |25.10 [9.92 |6236.60 | 7.12 | 1141.65

1144.61 1.25%

NM25CEO!1 | 25.54 | 25.54 [9.96 |6494.07 | 7.53 | 1180.48
NM25AEQ2 | 25.38 | 25.71 [9.96 |6497.81 | 7.32 | 1127.06

1153.77 2.5%

NMS50CEO1 | 25.66 | 25.37 [9.91 |6449.83 | 7.60 | 1207.22

NMSOAE02 | 2556 12543 [9.91 [ 644505 | 7.51 | 112842 | 116782 | 5.0%

NMI0CEOI | 25.36 | 25.59 |9.80 |6355.66 | 7.60 | 1241.89

NMI0AEO2 | 25.68 |25.20 |9.84 |6367.48 | 7.57 | 1152.40 ——— Kb

NM20JEOI |25.28 |25.18 |9.77 |6216.07 | 7.86 | 1281.18

1251.59 20.0%

NM20JEO2 | 2540 |25.02 |9.85 |6256.81 | 7.84 | 1222.00

Density comparison of nylon 6,6 nanocmomposite after

and before aging
1300

OUnaged 045 Days 090 Days
1250 - 14

1200 I

1150

Density (Kg/m3)

1100

1050

0.00% 1.25% 250% 5.00% 10.0% 20.0%
MWCNT MWCNT MWCNT MWCNT MWCNT MWCNT

MWCNT reinforcement %

Figure 1.1.2: Density variations of nylon 6,6 nanocomposites with 45 and 90 days aging.

Table 1.1.2: Densities of nylon 6,6 nanocomposite configurations with environmental aging.
Configuration Unaged | 45 Days | 90 Days
0.00% MWCNT 1139.34 | 1153.98 | 1171.95
1.25% MWCNT 1144.61 | 1149.25 | 1150.26
2.50% MWCNT 1153.77 | 1172.26 | 1182.30
5.00% MWCNT 1167.82 | 1176.29 | 1192.64
10.0% MWCNT 1197.14 | 1208.26 | 1215.19
20.0% MWCNT 1251.59 | 1261.91 | 1265.44
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Table 1.1.3: Experimental density calculations for vinyl ester nanocomposites.

Sample Length | Width | Thick | Volume | Wt Density | Avg Nano
density %
mm mm mm mm® g kg/m3 kg/m3
VCO0OAEOlI | 25.40 |25.64 10.17 |6623.27 | 7.35 1109.72 1112.44 0.00%
VCO0AEQ2 | 25.63 | 25.54 10.11 | 6617.91 | 7.38 1115.16 :
VCI12AEQl | 25.66 |25.78 10.14 | 6707.76 | 7.48 1115:13 1132.99 1.25%
VCI12BE02 | 25.60 |24.84 10.18 | 6473.50 | 7.45 1150.85 i Clay
VC25AEQl | 25.46 |25.72 10.17 | 6659.63 | 7.62 1144.21 1139.65 2.5%
VC25BE02 | 25.55 |25.59 10.20 | 6669.01 | 7.57 1135.10 : Clay
VGI12AEOQO]1 | 25.37 |25.55 10.26 | 6650.57 | 7.38 1109.68 1117.29 1.25%
VGI2BE02 |25.71 |2549 |10.16 | 6658.33 [7.49 [1124.91 hal e i
VG25AEOQ0]l | 25.64 |25.23 10.13 | 6553.07 | 7.46 1138.40 1133.58 2.§% 2
VG25BE02 |25.65 |25.68 | 10.02 |6600.09 |7.45 [1128.77 i) Db, st
Densities of vinyl ester nanocomposites
1400 { OExperimental

=~1200 { ™Theoretical

» -

S, 1000 A

X, 800

-g 600 -

8 400 -

200
0

VE

CLAY

Nanocompsoite Type

CLAY

VE+1.25% VE +25% VE+1.25% VE+25%

GRAPHITE GRAPHITE

Figure 1.1.3: Densities of vinyl ester nanocomposites with theoretical predictions.

Table 1.1.4: Eco-Core foam densities provided by the supplier(NCAT University).

Foam ID Density (Kg/m’)
OMl1 490
OM12 500
OMI16 460
OM21 490
OM18 530
OM19 530
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The densities of nylon 6,6 reinforced with MWCNT and vinyl ester reinforced with
Cloisite nanoclay and graphite platelets are shown in Figure 1.1.4. As can be observed, the
densities of vinyl ester reinforced with graphite platelets and nanoclay is lower than their

counterpart nylon 6,6 reinforced with MWCNT.

Densities Of nanocomposutes
1160.00 -
1150.00 -
= 1140.00
3
g 1130.00
Z 112000
e
& 1110.00
1100.00
1090.00 : :
0% 1.25% 2.50%
—&—\/E+Nanoclay 1112.44 1132.99 1139.65
VE+Graphite 1112.44 1117.29 1133.58
—a—Nylon6,6 +MWCNT 1139.34 1144.61 1153.77

Figure 1.1.4: Comparison of densities of nanocomposites.

The experimental and theoretical densities of nylon 6,6 and vinyl ester
nanocomposites along with their wt and corresponding volume fractions are listed in Tables

1.1.5 and 1.1.6.

Table 1.1.5: Comparison of theoretical and experimental densities of nylon 6,6
nanocomposites along with their corresponding wt and volume fractions.

Reinforcement | Experimental | Theoretical WT VOL

wt. percent Kg/m® Kg/m® FRAC | FRAC
0.0 1139.34 1140.00 0.000 0.000
1.25 1144.61 1145.94 0.0125 0.007
2.5 1153.77 1151.95 0.025 0.015
5.0 1167.82 1164.16 0.050 0.030
10.0 1197.14 1189.36 0.100 0.061
20.0 1251.59 1243.20 0.200 0.128




Table 1.1.6: Comparison of theoretical and experimental densities of vinyl ester
nanocomposites along with their corresponding wt and volume fractions.

Reinforcement | Experimental | Theoretical | WT VOL
wt. percent Kg/m3 Kg/m3 FRAC FRAC

0 1112.44 1050.00 0 0.000
0.0125 clay 1132.99 1057.18 | 0.0125 0.006
0.025 clay 1139.65 1064.46 0.025 0.012
0.0125 graphite 1117.29 1055.90 | 0.0125 0.007
0.025 graphite 1133.58 1061.88 0.025 0.014

The volume fractions for all the configurations of nanocomposites under study are

back calculated using the rule of mixtures of the densities [1.5]:

p(‘ :vf‘pf +vm'pm

v, =l-v,.

Rearranging
=P Pw

= =0y

where

‘)

p. density of composite
p,, density of polymer
P, density of fiber

v, volume fraction of fiber

v,, volume fraction of polymer



1.2 Dynamic Flexural Property Measurements:

Non-destructive vibration response technique has been used to measure the dynamic
flexural modulus and damping of the nanocomposites under study. The sample is clamped at
one end in a vise. The accelerometer is placed at the free-end and the specimen is excited by
impacting with a hammer with a load cell. The hammer and accelerometer are connected to
the spectrum analyzer via an amplifier. The experimental setup for dynamic flexural
measurements is shown in Figure 1.2.1. Note that the resonant frequencies obtained by this
setup are of flexural mode. The spectrum analyzer is hooked to a computer with in-house
developed software “ICARUS” which calculates the dynamic modulus & loss factor based
on the specimen dimensions and curve fitting the resonant peak data obtained from the
spectrum analyzer [1.1, 1.2]. The specimens are first tapped and a frequency response
function is obtained on a broad span of 1600 Hz. The first fundamental peak is then zoomed
with 50 Hz span for the final calculations. Loss factor is calculated based on the 3 dB half-
power bandwidth of the frequency peak and the dynamic modulus is calculated from the
resonant frequency. The frequency spectrum is averaged three times on the analyzer before
feeding it to “ICARUS”. The software has provision for averaging the modulus and loss
factor for two tests. Three samples from each configuration of nanocomposites are tested.

The storage modulus is computed using the natural frequency formulae:

27l \ pA

where L is the length of beam, n the mode number, A, is the eigenvalue for nth mode and f,

is the nth mode frequency, E is the effective Young’s modulus of beam material, I is the
moment of inertia of beam cross-section about its neutral axis, A is the cross-sectional area of

beam, p is mass density of beam material. The eigenvalues depend on the boundary

conditions [1.2], which is a cantilever configuration in this case.



Hammer

Accelerometer

Figure 1.2.1: Experimental setup for dynamic flexural measurements

The nylon 6,6 showed a slight increase in resonant frequencies with increase in
MWCNT reinforcement till 2.5 wt. percent after which it slightly dropped. The flexural
dynamic modulus also follows the trend of the resonant frequency. The 20 wt. percent
reinforced composites had the highest modulus but these plates had cracked during the
extrusion process suggesting the increase in brittle nature at higher reinforcements, thus not
practical. Also not much change in the resonant frequency is observed between 2.5 and 10
wt. percent composites. Thus the primary range of interest could be from 0 to 2.5 wt. percent
loadings. Figure 1.2.2 shows the variation of resonant frequency with increase in

reinforcements and Figure 1.2.3 shows the flexural dynamic modulus.



Resonant frequency of nylon 6,6 nanocomposites
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Figure 1.2.2: Resonant frequency of nylon 6,6/MWCNT nanocomposites.

Flexural dynamic modulus of nylon 6,6 nanocomposites
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Figure 1.2.3: Flexural dynamic modulus of nylon 6,6/ MWCNT nanocomposites.
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Flexural loss factor for nylon 6,6 nanocomposites
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Figure 1.2.4: Loss factor (damping) for nylon 6,6 nanocomposites in flexural mode.

Flexural loss modulus for nylon 6,6 nano composites
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Figure 1.2.5: Flexural loss modulus of nylon 6,6 nanocomposites
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For nylon 6,6 the damping first decreased till 2.5 wt. percent addition of MWCNT but
then again increased with further additions of MWCNT as shown in Figure 1.2.4. The 20 wt.
percent nanocomposite showed an abruptly low damping. The flexural loss modulus
followed the trend of loss factor as shown in Figure 1.2.5. Table 1.2.1 lists the detailed
results for nylon 6,6 nanocomposites flexural test results. All the data have been averaged for
three samples from each configuration of composites.

Table 1.2.1: Flexural dynamic properties of nylon 6,6/MWCNT nanocomposites.

Flexural
Resonant ; Loss
Sample ID frequency lFlexural dypanic modulus
(Hz) oss factor | modulus (GPa)
(GPa)

NMOOADO1 48.56 3.60E-02 2.64 0.10
NMOOADO2 48.75 3.27E-02 2.76 0.09
NMO00OCDO03 49.38 3.10E-02 2.88 0.09
0 % Average 48.90 3.32E-02 2.76 0.09
NMI12ADO01 48.63 3.19E-02 2.83 0.09
NM12AD02 50.75 3.48E-02 3.09 0.11
NMI12ADO03 50.75 3.23E-02 3.09 0.10
1.25 % Average 50.04 3.30E-02 3.00 0.10
NM25ADO01 51.88 2.75E-02 3.22 0.09
NM25AD02 51.12 2.45E-02 3.13 0.08
NM25CDO03 50.62 2.83E-02 3.07 0.09
2.5% Average 51.21 2.68E-02 3.14 0.08
NMS0ADO1 49.31 3.33E-02 3.00 0.10
NMS0ADO02 50.50 2.67E-02 3.08 0.08
NMS50CDO03 50.00 2.70E-02 2.98 0.08
5.0% Average 49.94 2.90E-02 3.02 0.09
NMI10ADO1 52.44 2.92E-02 3.47 0.10
NM10ADO02 51.31 3.03E-02 3.33 0.10
NM10CDO03 51.88 2.97E-02 3.40 0.10
10 % Average 51.88 2.97E-02 3.40 0.10
NM20JDO1 56.37 2.51E-02 4.15 0.10
NM20JD02 56.50 2.59E-02 4.16 0.11
NM20JD03 5556 - | 2.65E-02 3.43 0.09
20 % Average 56.14 2.58E-02 3.91 0.10

A drop in resonant frequency and flexural dynamic modulus is observed after
subjecting the nylon 6,6 nanocomposites to environmental aging for all the configurations. A

further drop is observed after 90 days aging for pure nylon 6,6 and 1.25 wt. percent
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nanocomposites while for all the other configurations a marginal increase is observed after
90 days aging as compared to 45 days aging as shown in Figures 1.2.6 and 1.2.7. The
numerical values of these results are listed in Tables 1.2.2 and 1.2.3 for 45 days and 90 days
aging respectively.

Loss factor consistently increased with aging for all the configurations as shown in
Figure 1.2.8. Loss modulus (Figure 1.2.9) increased for 90 days aging as compared to non
aged samples for all the configuration. For 45 days aging the loss modulus decreased for pure
nylon 6,6 and 2.5 wt. percent while a slight increase is observed for all the other

configurations.

Table 1.2.2: Nylon 6,6 nanocomposites 45 days environmental aging results for dynamic
flexural tests.

Sample ID Resonant | Flexural | Flexural Loss
Frequency loss dynamic | modulus
(Hz) factor modulus (GPa)
(GPa)
NMOOADO1 41.38 3.39E-02 1.93 0.07
NMOOADO2 40.31 3.42E-02 1.83 0.06
NMO00CDO3 37.44 4.34E-02 1.58 0.07
0 % Average 39.71 3.72E-02 1.78 0.07
NM12ADO01 42.31 5.57E-02 2.07 0.12
NM12AD02 41.19 5.97E-02 193 0.12
NM12ADO03 38.44 6.05E-02 1.67 0.10
1.25 % Average 40.65 5.86E-02 1.89 0.11
NM25ADO1 44.69 3.29E-02 2.34 0.08
NM25AD02 42.31 3.66E-02 2.13 0.08
NM25CD03 42.63 3.93E-02 2.12 0.08
2.5% Average 43.21 3.63E-02 2.20 0.08
NMS0ADOI 43.00 4.65E-02 2.26 0.11
NMS50ADO02 44.63 3.77E-02 2.43 0.09
NMS0CDO03 43.44 3.77E-02 2.35 0.09
5.0% Average 43.69 4.06E-02 2.35 0.09
NM10ADO1 43.63 4.23E-02 243 0.10
NM10ADO02 41.69 4.88E-02 2.17 0.11
NM10CDO3 44.94 3.97E-02 2.48 0.10
10 % Average 43.42 4.36E-02 2.36 0.10
NM20JDO1 50.44 3.89E-02 3.39 0.13
NM20JD02 49.88 2.96E-02 3.38 0.10
NM20JD03 50.75 3.54E-02 3.32 0.12
20 % Average 50.36 3.46E-02 3.36 0.12
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Resonant frequency of Nylon 6,6 nanocomposites
after and before aging
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Figure 1.2.6: Resonant frequencies comparison for nylon 6,6 nanocomposites for 45 and 90
days environmental aging.

Flexural dynamic modulus of Nylon 6,6 nanocomposites
after and before aging
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Figure 1.2.7: Flexural dynamic modulus comparison for nylon 6,6 nanocomposites for 45
and 90 days environmental aging.
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Flexural loss factor of Nylon 6,6 nanocomposites
after and before aging
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Figure 1.2.8: Flexural loss factor comparison for nylon 6,6 nanocomposites for 45 and 90
days environmental aging.

Flexural loss modulus for Nylon6,6 nanocomposites
after and before aging
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Figure 1.2.9: Flexural loss modulus comparison for nylon 6,6 nanocomposites for 45 and 90
days environmental aging.
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Table 1.2.3: Nylon 6,6 nanocomposites 90 days environmental aging results for dynamic
flexural tests.

Sample ID Resonant | Flexural | Flexural Loss
frequency loss dynamic | modulus
(Hz) factor modulus (GPa)
(GPa)

NMOOADOI 35.50 7.43E-02 1.39 0.10
NMOOADO2 38.50 6.74E-02 1.64 0.11
NMO0OCDO03 85.15 8.53E-02 1.41 0.12
0 % Average 36.58 7.57E-02 1.48 0.11
NMI12ADO1 34.00 1.08E-01 1.39 0.15
NMI12AD02 33.44 1.08E-01 1.35 0.15
NM12CD03 33.00 1.08E-01 1.31 0.14
1.25 % 33.48 1.08E-01 1.35 0.15
NM25ADO1 45.37 6.35E-02 2.27 0.14
NM25AD02 44.75 6.09E-02 2.34 0.14
NM25CD03 42.38 7.53E-02 2.04 0.15
2.5% Average 44.17 6.66E-02 2.22 0.15
NMS0ADO1 44.38 6.91E-02 2.26 0.16
NMS0ADO2 43.88 6.35E-02 2.21 0.14
NMS50CDO03 44.25 6.48E-02 2.29 0.15
5.0% Average 44.17 6.58E-02 2.26 0.15
NM10ADO1 47.19 6.46E-02 2.74 0.18
NMI10ADO2 44.56 6.47E-02 2.39 0.15
NM10CDO03 45.00 6.45E-02 2.28 0.15
10 % Average 45.58 6.46E-02 2.47 0.16
NM20JDO1 51.50 5.96E-02 325 0.19
NM20JD02 56.13 5.11E-02 3.93 0.20
NM20JD03 54.25 5.71E-02 3.70 0.21
20 % Average 53.96 5.59E-02 3.63 0.20

For vinyl ester nanocomposites the resonant frequencies for nanoclay reinforcements
are lower while for graphite platelets reinforcements they are higher than the virgin polymer.
2.5 wt. percent composites showed higher frequency then their corresponding 1.25 wt.
percent ones. The flexural dynamic modulus showed the same trends as the resonant
frequencies. The 2.5 wt. percent graphite platelets reinforced composites showed a 33%
increase in modulus with their virgin polymer. All the results are shown in Figures 1.2.10 and

L2 TL
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Figure 1.2.10: Resonant frequencies of vinyl ester nanocomposites.
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Figure 1.2.11: Flexural dynamic modulus of vinyl ester nanocomposites.
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The loss factor did not show much variation with adding of different reinforcements
to vinyl ester. The loss modulus observed is lower for nanoclay reinforcements and higher
for graphite platelets reinforcements then the virgin polymer. The 2.5 wt. percent graphite
platelets composites showed about 20% increase in loss modulus then the virgin polymer.
Since both the loss modulus and flexural dynamic modulus are significantly high for graphite
platelet nanocomposites, they show potential for dynamic applications. Figure 1.2.12 and
Figure 1.2.13 shows the results for flexural loss factor and loss modulus of vinyl ester
nanocomposites. Table 1.2.4 lists all the results of dynamic flexural test for vinyl ester

nanocomposites with nanoclay and graphite reinforcements.

Table 1.2.4: Results of vinyl ester nanocomposites dynamic flexural tests.

Flexural
Resonant : Loss
Sample ID frequency lFlexural A modulus
(Hz) oss factor | modulus (GPa)
(GPa)
VCO0OADOI 48.50 3.88E-02 2.68 0.10
VCO0ADO2 47.69 4.66E-02 2.60 0.12
VCO0ADO3 45.94 5.04E-02 2.41 0.12
Pure Vinyl ester 47.38 4.52E-02 2.56 0.12
VCI12ADOI 45.06 3.83E-02 2.36 0.09
VCI12ADO02 43.44 4.01E-02 2.19 0.09
VCI12ADO03 43.31 4.00E-02 2.18 0.09
1.25% Nanoclay 43.94 3.95E-02 2.24 0.09
VC25ADO1 45.44 3.67E-02 2.41 0.09
VC25ADO02 50.88 4.14E-02 3.03 0.13
VC25CDO03 43.56 3.80E-02 2.22 0.08
2.5% Nanoclay 46.63 3.87E-02 2.55 0.10
VGI12ADO1 46.12 4.15E-02 2.49 0.10
VG12BDO02 48.25 4.19E-02 2,72 0.11
VG12BDO03 50.38 4.42E-02 2.97 0.13
1.25% Graphite 48.25 4.25E-02 2.73 0.12
VG25ADO01 53.75 3.77E-02 345 0.13
VG25BDO02 58.25 3.96E-02 4.03 0.16
VG25BDO03 52.00 4.40E-02 3001 0.14
2.5% Graphite 54.67 4.04E-02 3.56 0.14
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Flexural loss factor for vinyl ester nanocomposites
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Figure 1.2.12: Flexural loss factor of vinyl ester nanocomposites.
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Figure 1.2.13: Flexural loss modulus of vinyl ester nanocomposites.
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Vinyl ester with 2.5 wt. percent graphite platelets shows the highest flexural dynamic

modulus, loss factor and loss modulus among the 0-2.5 wt. percent nanocomposite

configurations under study. The comparison is shown in Figures 1.2.14-1.2.17.
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Figure 1.2.14: Resonant frequenices for nanocomposites in flexural mode.
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Figure 1.2.15: Flexural dynamic modulus for different nanocomposites.
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Figure 1.2.16: Flexural loss factor for different nanocomposites.

Flexural Loss Modulus

0.16
0.14
0.12
0.10
0.08
0.06
0.04

Flexural loss modulus (Gpa)

0.02
0.00

—g—\/E+Nanoclay
VE+Graphite
—a&—Nylon6,6+MWCNT

.—\<><:

0% 1.25% 2.50%
0.12 l 0.09 0.10
0.12 ! 0.12 0.14
0.09 | 0.10 A 0.08

Figure 1.2.17: Flexural loss modulus for different nanocomposites.
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The Eco-Core foam samples showed higher frequencies than nylon 6,6 and vinyl
ester nanocomposites which is due to they being lighter. The resonant frequency and flexural
dynamic modulus for all the Eco-Core foams is shown in Figures 1.2.18 and 1.2.19. It is
observed that among all foams, OM19 has the highest modulus. The loss modulus (Figure
1.2.21) is also highest for the OM19. The loss factor for all the foams is shown in Figure
1.2.20. OM16 has the highest loss factor but the flexural dynamic modulus for the same is
much lower as compared to OM19. The loss factor of OMI19 is slightly less than OM16.

Table 1.2.5 lists all the results for flexural dynamic tests.

Table 1.2.5: Eco-Core foam dynamic test results for flexural dynamic test.

Sample ID Resonant | Flexural | Flexural | Flexural
Frequency | loss dynamic | loss
(Hz) factor modulus | modulus
(GPa) (GPa)
OM11DO01 71.50 5.79E-03 | 2.62 0.015
OM11D02 72.88 5.61E-03 |2.72 0.015
OM11 Average 72.19 5.70E-03 | 2.67 0.015
OM12D01 1356 6.13E-03 | 3.00 0.018
OM12D02 76.50 6.18E-03 | 3.06 0.019
OM12 Average 76.03 6.15E-03 | 3.03 0.019
OM16DO01 67.37 1.82E-02 |2.19 0.040
OM16D02 65.06 2.86E-02 |2.04 0.058
OM16 Average 66.22 2.34E-02 | 2.11 0.049
OM18DO01 69.63 1.71E-02 | 2.69 0.046
OM18D02 70.00 21702 |2.72 0.059
OM18 Average 69.82 1.94E-02 | 2.70 0.052
OMI19DO01 78.19 1.72E-02 | 3.39 0.059
OM19D02 77.38 1.82E-02 | 3.32 0.061
OM19 Average 7119 1.77E-02 | 3.36 0.060
OM21DO01 64.38 2.09E-02 |2.13 0.044
OM21D02 64.62 2.08E-02 |2.14 0.045
OM21 Average 64.50 2.08E-02 | 2.13 0.044
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Figure 1.2.18: Resonant frequency of Eco-Core Foams.
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Figure 1.2.19: Flexural dynamic modulus of Eco-Core Foams.
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Flexural loss factor of EcoCore Foams
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1.3 Dynamic Extensional Property Measurements:

The same (10”x17x3/8”) flexural samples are also used for computing the dynamic
extensional modulus and damping. In this setup, the sample is tested in a free-free condition
supported by nylon wires as shown in Figure 1.3.1. Two extra masses are clamped at the
ends of the sample with the help of screws for lowering the resonant frequencies. The
accelerometer is placed at one end of the sample and an impact is given at the other end. The
connections to the analyzer and ICARUS are same as in the flexural measurements. In
addition to the specimen dimensions the values of the two masses are also provided as input
to the ICARUS which has an algorithm for taking into account the effect of end masses in
computing the extensional modulus [1.2, 1.3]. Data is averaged for two tests with three
specimens tested from each configuration plate.

The modulus for a free-free setup with end masses at both ends of a vibrating beam is
given by [1.2]:
an’Lpf,’

/1 2

n

E =

where eigen value A, is given by transcendental equation:

(m, +m,)ApIA,

tanA, = S 2
mm,A,~ —(Apl)”

In the above equations / is the length of beam, m,,m, are end masses, A is area of specimen

cross-section and p is the material mass density.
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Hammer

Accelerometer

Figure 1.3.1: Experimental setup of extensional modulus and damping measurements

The resonant frequencies showed an upward shift as MWCNTs are added to nylon
6,6, but after 5 wt. percent the values are constant. The extensional dynamic modulus showed
the same trend as the resonant frequencies. An increase in modulus of about 30% is observed
from pure polymer to 5 wt. percent loadings. Figures 1.3.2 and 1.3.3 show the resonant
frequency and dynamic extensional modulus for nylon 6,6 nanocomposites. The loss factor
and loss modulus first dropped from 0 to 5 wt. percent loadings then again increased with
further loadings. The 1.25 wt. percent composites had very low damping and loss modulus
against the trend observed. Figures 1.3.4 and 1.3.5 show the results for nylon 6,6/ MWCNT

nanocomposites. All the results are summarized in Table 1.3.1.
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Table 1.3.1: Extensional dynamic properties of nylon 6,6 /MWCNT nanocomposites.

Extensional

Resonant % : Loss

Sample ID Frequency l?xtensmnal Uyl modulus

(Hz) oss factor modulus (GPa)
(GPa)

NMOOADO1 1003.00 2.48E-02 2.92 0.07
NMOOADO2 973.00 4.85E-02 2.75 0.13
NMO0O0OCDO03 1030.00 1.80E-02 3.12 0.06
0 % Average 1002.00 3.04E-02 2.93 0.09
NM12ADO01 1075.00 9.09E-03 3.35 0.03
NM12AD02 1059.00 1.26E-02 3.26 0.04
NM12AD03 1081.00 9.37E-03 3.39 0.03
1.25 % Average 1071.67 1.04E-02 3.34 0.03
NM25ADO01 1128.00 1.11E-02 3.75 0.04
NM25AD02 1102.00 1.47E-02 3.58 0.05
NM25CDO03 1010.00 2.09E-02 3.01 0.06
2.5% Average 1080.00 1.56E-02 3.45 0.05
NMS50ADO1 1128.00 1.21E-02 3.78 0.05
NMS5S0ADO02 1108.00 1.32E-02 3.62 0.05
NMS50CDO03 1096.00 1.75E-02 3.63 0.06
5.0% Average 1110.67 1.43E-02 3.67 0.05
NM10ADO1 1153.00 1.64E-02 3.96 0.06
NM10ADO02 1071.00 1.74E-02 3.41 0.06
NM10CDO03 1103.00 1.70E-02 3.70 0.06
10 % Average 1109.00 1.69E-02 3.69 0.06
NM20JDO1 1099.00 3.24E-02 3.64 0.12
NM20JD02 1084.00 2.26E-02 3.48 0.08
NM20JD03 1158.00 2.08E-02 4.05 0.08
20 % Average 1113.67 2.52E-02 3.72 0.09
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Figure 1.3.2: Resonant frequencies for nylon 6,6/MWCNT extensional dynamic tests.
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Figure 1.3.3: Extensional dynamic modulus for Nylon6,6 /MWCNT nanocomposites.
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Extensional loss factor of nylon 6,6 nanocomposites
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Figure 1.3.4: Extensional loss factor for nylon 6,6/MWNCT nanocomposites.
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Figure 1.3.5: Extensional loss modulus of nylon 6,6/ MWCNT nanocomposites
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Figures 1.3.6 and 1.3.7 show the variation of resonant frequencies and dynamic
modulus for nylon 6,6 nanocomposites with environmental aging. It is observed that all the
configurations showed a decrease in modulus with aging except for 20 wt. percent
nanocomposite for 45 days. Also for 90 days aging the modulus further decreased except the
5 wt. percent configurations which showed a slight increase in modulus. The loss factor and
loss modulus (Figures 1.3.8 and 1.3.9) both increased with aging. Tables 1.3.1, 1.3.2 and
1.3.3 list the extensional dynamic test results for unaged, 45 days aged and 90 days aged

MWCNT/nylon 6,6 nanocomposites respectively.

Table 1.3.2: Extensional dynamic properties of nylon 6,6 /MWCNT nanocomposites after 45
days of environmental aging.

Sample ID Resonant | Loss Extensional | Loss
frequency | factor dynamic modulus
(Hz) modulus (GPa)
(GPa)

NMOOADO1 955.30 3.33E-02 | 2.60 0.09
NMOOADO2 925.40 4.18E-02 | 245 0.10
NMO00CDO03 939.30 3.78E-02 | 2.51 0.09
0 % Average 940.00 3.76E-02 | 2.52 0.09
NMI12ADO01 931.70 7.23E-02 | 2.60 0.19
NM12ADO02 941.50 4.89E-02 | 2.64 0.13
NMI12ADO03 1007.00 297E-02 |[2.99 0.09
1.25 % Average | 960.07 S5.03E-02 | 2.74 0.14
NM25ADO01 1063.00 2.65E-02 | 3.26 0.09
NM25AD02 1008.00 3.14E-02 | 2.92 0.09
NM25CD03 981.10 4.17E-02 | 2.77 0.12
2.5% Average 1017.37 3.32E-02 | 2.98 0.10
NMS0ADO1 1099.00 2.94E-02 | 3.50 0.10
NMS0ADO02 1054.00 2.55E-02 | 3.22 0.08
NMS50CDO03 1092.00 2.587r-2 3.46 0.09
5.0% Average 1081.67 2.74E-02 | 3.39 0.09
NMI10ADO1 1094.00 2.96E-02 | 3.48 0.10
NMI10ADO2 1074.00 3.69E-02 | 3.36 0.12
NM10CDO03 1065.00 3.03E-02 | 3.3l 0.10
10 % Average 1077.67 3.23E-02 | 3.38 0.11

NM20JDO1 1208.00 2.17E-02 | 4.25 0.09
NM20JD02 1133.00 2.03E-02 |3.75 0.08
NM20JDO03 1172.00 2.80E-02 | 4.02 0.11

20 % Average 1171.00 2.33E-02 | 4.01 0.09
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Resonant frequency of Nylon 6,6 nanocomposites after
and before aging

OUnaged Values 045 days aged 090 Days aged

51000 e Ml ﬁ++ i —E“'f}--l_ B2

Resonant fr

0.0% 1.25% 2.5% 5.0% 10 % 20 %
MWCNT MWCNT MWCNT MWCNT MWCNT MWCNT
MWCNT reinforcement %

Figure 1.3.6: Extensional resonant frequency of nylon 6,6/MWCNT nanocomposites with
aging
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Figure 1.3.7: Extensional dynamic modulus of nylon 6,6/MWCNT nanocomposites with
aging
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Extensional loss factor of Nylon 6,6 nanocomposites
after and before aging
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Figure 1.3.8: Extensional loss factor of nylon 6,6/MWCNT nanocomposites with aging
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Figure 1.3.9: Extensional loss modulus of nylon 6,6/MWCNT nanocomposites with aging
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Table 1.3.3: Extensional dynamic properties of nylon 6,6 /MWCNT nanocomposites after 90
days of environmental aging.

Sample ID Resonant | Loss Extensional | Loss
frequency | factor dynamic modulus
(Hz) modulus (GPa)
(GPa)
NMOOADOI 883.60 5.57E-02 |2.18 0.12
NMO0OADO2 921.90 4.25E-02 |2.37 0.10
NMO0O0OCDO3 873.20 5.94E-02 |2.13 0.13
0% Average 892.90 5.25E-02 | 2.23 0.12
NM12ADO1 822.40 8.81E-02 1.97 0.17
NM12AD02 814.70 8.59E-02 1.93 0.17
NM12ADO03 841.30 8.55E-02 | 2.06 0.18
1.25 % Average | 826.13 8.65E-02 | 1.98 0.17
NM25ADO1 1053.00 3.17E-02 | 3.08 0.10
NM25AD02 1036.00 3.21E-02 | 3.04 0.10
NM25CD03 1017.00 3.85E-02 | 3.00 0.12
2.5% Average 1035.33 341E-02 | 3.04 0.10
NMS0ADO1 1027.00 5.29E-02 | 3.06 0.16
NMS0ADO2 1032.00 3.77E-02 | 3.10 0.12
NMS50CDO03 975.30 6.66E-02 | 2.79 0.19
5.0% Average 1011.43 5.24E-02 | 2.98 0.15
NMI10ADO1 1090.00 3.78E-02 | 3.46 0.13
NM10ADO02 985.40 6.86E-02 | 2.86 0.20
NM10CDO03 947.60 4.98E-02 |2.51 0.13
10% Average 1007.67 5.21E-02 |2.94 0.15
NM20JDO1 1171.00 3.33E-02 |4.01 0.13
NM20JD02 1161.00 3.80E-02 |3.92 0.15
NM20JD03 1069.00 6.01E-02 | 3.36 0.20
20% Average 1133.67 4.38E-02 | 3.76 0.16

For vinyl ester nanocomposites the resonant frequencies as well as the dynamic
extensional modulus increased with reinforcements of nanoclay and graphite platelets. The
shift is more for graphite platelets than for the nanoclay. This trend is the same as observed
before in flexural mode. The 2.5 wt. percent graphite reinforced composites dynamic
modulus increased by about 55% with just 2.5 wt. percent reinforcements. The results are
shown in Figures 1.3.10 and 1.3.11. The loss factor (damping) on the other hand remained
the same for 1.25 wt. percent reinforcements but dropped for 2.5 wt. percent reinforcements
as shown in Figures 1.3.12 and 1.3.13. The Table 1.3.4 lists all the extensional tests results

for vinyl ester nanocomposites.
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Resonant frequency of vinyl ester nanocomposites
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Figure 1.3.10: Resonant frequencies for vinyl ester nanocomposites extensional dynamic

tests.
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Figure 1.3.11: Extensional dynamic modulus for vinyl ester nanocomposites.
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Figure 1.3.12: Extensional loss factor for vinyl ester nanocomposites.
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Figure 1.3.13: Extensional loss modulus for vinyl ester nanocomposites.
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Table 1.3.4: Extensional dynamic properties of vinyl ester nanocomposites.

Extensional
Resonant 2 . Loss
Extensional | dynamic
Sample ID frequency loes Pk odul modulus
(Hz) oss factor modulus (GPa)
(GPa)

VCOOADOI 1008.00 2.80E-02 2.92 0.08
VCO0ADO2 965.40 3.23E-02 2.68 0.09
VCO0ADO3 964.60 3.75E-02 2.67 0.10
Pure Vinyl Ester 979.33 3.26E-02 2.76 0.09
VCI12ADO1 1024.00 3.56E-02 3.02 0.11
VCI12ADO02 1028.00 3.13E-02 3.04 0.10
VCI12ADO03 1055.00 3.23E-02 3.20 0.10
1.25% Nanoclay 1035.67 3.31E-02 3.09 0.10
VC25ADO01 1093.00 1.77E-02 3.44 0.06
VC25ADO02 1073.00 2.74E-02 3.31 0.09
VC25CDO03 1055.00 2.86E-02 3.20 0.09
2.5% Nanoclay 1073.67 2.46E-02 3.32 0.08
VG12ADO1 992.50 3.28E-02 2.83 0.09
VG12BD02 1098.00 2.56E-02 3.50 0.09
VG12ADO03 1117.00 2.36E-02 3.62 0.09
1.25% Graphite 1069.17 2.73E-02 3.31 0.09
VG25AD01 1204.00 1.59E-02 421 0.07
VG25AD02 1219.00 1.59E-02 431 0.07
VG25CDO03 1204.00 1.56E-02 421 0.07
2.5% Graphite 1209.00 1.58E-02 4.24 0.07

The three nanocomposites under study namely vinyl ester reinforced with nanoclay,
vinyl ester reinforced with graphite platelets and nylon 6,6 reinforced with MWCNT is
compared based on the experimental observations made. The vinyl ester with nanoclay
showed an increase in frequenices in extensional mode as shown in Figure 1.3.14. The 2.5
wt. percent graphite composites shows a prominent increase in resonant frequency in
extensional modes. The extensional modulus (Figure 1.3.15) follows the trend of flexural
modulus for all the configurations showing an increase with increasing reinforcements. The
loss factor and loss modulus (Figures 1.3.16 and 1.3.17) were highest for vinyl
ester/nanoclay composites. The vinyl ester with 2.5 wt. percent graphite platelets had the
highest dynamic extnesional modulus with a slight higher damping then 2.5 wt. percent
MWCNT/nylon 6,6 nanocompsite. It is to be noted that this is the lightest among all the 2.5

wt. percent nanocomposite configurations studied here.
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Figure 1.3.14: Comparison of resonant frequencies of nanocomposites.
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Figure 1.3.15: Comparison of extensional dynamic modulus of nanocomposites.



Extensional Loss Factor
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Figure 1.3.16: Comparison of extensional loss factor of nanocomposites.
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Figure 1.3.17: Comparison of extensional loss modulus of nanocomposites.
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The extensional properties of Eco-Core foams are shown in Figures 1.3.18 - 1.3.21.
Among all the foams tested here OM19 has the most promising properties for dynamic
applications. It has the highest extensional dynamic modulus as well as the highest loss
factor. The loss modulus of this is prominently higher than the other foams studied here. The

numerical values are listed in Table 1.3.5.

Table 1.3.5: Extensional dynamic properties of Eco-Core foams.

Sample ID Resonant | Extensional | Extensional | Extensional
frequency | loss factor | dynamic loss
(Hz) modulus modulus
(GPa) (GPa)
OM11DO1 992.60 7.19E-03 2.78 0.020
OMI11D02 975.90 8.50E-03 2.68 0.023
OMI11 Average | 984.25 7.85E-03 2.73 0.021
OM12D01 973.80 5.59E-03 2.67 0.015
OM12D02 994.10 5.72E-03 2.79 0.016
OM12 Average | 983.95 5.65E-03 2.73 0.015
OM16DO01 973.90 5.62E-03 2.65 0.015
OM16D02 984.40 6.13E-03 2.71 0.017
OM16 Average | 979.15 5.87E-03 2.68 0.016
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