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OBJECTIVE

Develop stronger, safer and more cost-effectivactires for the new generation naval ships;
especially nanoparticle reinforced glass/carbolymetic based composites and structural foams fastpl
shock and impact mitigation.

TECHNICAL APPROACH

Focus of research is on marine composite strugtupasticularly lightweight glass/carbon
polymeric based composites, and innovative condeptthe mitigation of blast, shock and impact effe
Sandwich composites with balsa and foam cores aeseptly being featured in number of navy
applications such as in surface ship deck strustusglar mast and boat hulls. In our work, othev aad
emerging cores including YCOR® (an engineered three-dimensional fiber reinforceanalge
tolerant core) anthefire resistant Eco-Cofeare also being explored in sandwich constructions.

Technical approach includes researching low-cast fésistant nanoclay and exfoliated graphite
platelet reinforced glass and carbon polymeric dhasemposites with fly ash and 3-D fiber reinforced
foams; investigating their response to low-veloditypact, ballistic, shock and blast loads; dynamic
mechanical analysis for modulus, damping, creepstamesds relaxation; developing constitutive modeld
computer simulations; accelerated testing for lterga durability; and evaluating their radar-absogband
EM-shielding characteristics for improved stealtid gafety.

RECENT ACCOMPLISHMENTS

During Year-I of this project, several 4’ x 8' x2B” thick sandwich composite panels made up of
0.125" thick E-glass (90/0, 45/-45, 90/0, 45/-48/® face skins with 2" thick TYCOR, PVC foam and
balsa cores and Dow 510A-40 brominated vinyl esdsin were designed and fabricated by the VARTM
process. Some of these large size panels werecsedbjéo blast load waveforms and peak reflected
pressures simulating terrorist threats at the ERB@st Load Simulator (BLS) facility in Vicksbur®|S.
Smaller samples are also being analyzed in shobk, tballistic, and low-velocity tests. Results of
preliminary investigations along with molecular dymics modeling and computer simulations are given i
References 1 and 2. The Year Il research effortamodmplishments on blast loading of large sandwich
composite panels; low velocity punch-shear charisties of nanocaly and graphite platelet reinfdrce
vinyl ester, laminated face sheets and sandwichposites; shock tube testing for design optimization
NDE and mechanical property characterization; c¢tuiste modeling and computer simulations are
described in the following sections:

1) Blast Testing: Two large 4’ x 4’ panels were subjected to blastdl waveforms and peak reflected
pressures simulating terrorist threats. Trial blasts, simulating an approximate threat level lodud
27,000 Ibs TNT at 184 feet, were conducted at tiRDE-Blast Load Simulator (BLS) facility in
Vicksburg, MS. One 4’ x 4’ E-glass/TYCOR sandwmémnel, with all-sides bolted and subjected to about
80 psi peak pressure and 1000 psi-ms impulse, atalsreached and there were no visible signs of gama
[1]. Another 4’ x 3’ E-glass/TYCOR sandwich compespanel, bolted at top/bottom and two sides free,
was subjected to 70 psi peak pressure and 900 psmmpulse loading. As seen in Figure 1, this panel
offered significant resistance to the blast loathyaermanent deformation and only localized shedopt
damage at the bolt regions. Balsa and PVC foara sandwich composite panels with E-glass, Owens
Corning HPG glass and T700 FOE treated carbondlaeets are currently undergoing blast tests.
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Figurel. E-glass/TYCOR sandwich composite pandgedat top/bottom and two-sides free, after blest t

2. Punch-shear Characteristics of Nanopatrticle Refiorced Vinyl ester Plates, Laminated Face Sheets
and Sandwich Composites:.Low velocity punch-shear response of nanopartieiaforced vinyl ester
plates, laminated face sheets, and sandwich coteposiere analyzed on 4"x 4" square plate specimens
with all around fixed circular boundary conditionceimpacted by a hemispherical-head plunger wittedd
mass. Impact load, displacement and energy plotggalith visual inspection of post-damage specimens
depicted the punch-shear characteristics of themmpasites. Test results show more than 10%
improvement in impact energy absorption with additof 2.5 wt. pct. graphite platelets to pure viagter
(Figure 2). Maximum improvement in energy absomtfabout 40%) was observed with Owens Corning
HP ShieldStrantiglass fabric face sheets compared to the E-giagsaster (Figure 3).
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Figure 2. Total energy absorbed by nanoparticle
reinforced vinyl ester plates during low velocity
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A third set of low velocity punch-shea~
experiments showed that PVC and Balsa ct
sandwich composites absorbed more or less 200
same energy (Figure 4). TYCOR has glass fik
reinforced webs embedded in the foam co & '°° ]
The punch-shear energy absorption at t & ,,, |
intersection of webs was observed to be dou
that in foam region. Response along web li 50 A
was an average of that at other two locatiol

Total energy absorption of sandwich
comp osites

Ener

. . . . O
Spatial non-uniformity of the core resulted i E-glass/E-glass/ E-glass/E-glass/ E-glass/ E-glass
larger data scatter, with the average responst Tycor PVC Balsa Eco  Eco  Eco
TYCOR sandwich similar to that of PVC foar 00 45 45
wtpct whpct. wtpet.
and Balsa wood. Fly ash based Eco-Cc mE - oc2

sandwiched in between E-glass/vinyl ester face
sheets showed approximately 85% more energy
absorption than with TYCOR, Balsa wood and
PVC foam cores [3].

Figure 4. Total energy absorbed by sandwich
composites during low velocity punch-shear.

3. Shock Response of Nanoclay and Graphite PlatelBeinforced Vinyl ester NanocompositesShock
tube tests were conducted at Univeristy of Rhod@nts (Dr. Arun Shukla) on nanoclay and graphite
platelet reinforced Derakane 411-350 (non-bromihatend 510A-40 (brominated) vinyl ester composite
panels of dimensions 254 mm x 101.6 mm x 9.9 mm X4’ x 0.39”). The panels were held under simply
supported conditions and subjected to about 12{8251.4 kPa) peak pressure. Quasi-static and dynami
approaches were adopted for analyzing the materggonse to shock loading [4]. Figure 5 shows the
energy absorbed up to failure for nanoclay and lgtayplatelet reinforced non-brominated 411-350 and
brominated 510A-40 vinyl ester resin systems atuald@0 psi peak pressure shock loading. As can be
observed, bromination while significantly improvirthe shock resistance of pure vinyl ester has a
deleterious effect, however, with the addition ahaclay and graphite platelets.
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Figure 5. Shock response of the nanoclay and geaplatelet reinforced non-brominated 411-350 and
brominated 510A-40 vinyl ester resin systems.



4. Constitutive Modeling and Computer Simulations:The objective of this phase of study is to develop
computational-based design tools to optimize a widege of materials for naval applications. For
achieving this goal, multi-scale modeling rangingni quantum to continuum, have been adopted [1].

Analysis of sandwich composite beams subjected tdabt loading: The focus here is to develop
computationally-efficient models that can replicatgh reasonable accuracy the experimental regilts
mid-point deflections and failure mechanisms fardseich composite beams subjected to air blast twadi
ANSYS AUTODYN, an explicit hydrocode that uses findifference, finite volume, and finite element
techniques to solve a wide variety of non-lineanatyic problems in solids, fluids, gases, and their
interactions, was used to model and analyze thévsah composite beams under blast loading. Threegy
of sandwich composites were investigated in thgeaech.Each sandwich composite was made of two
faces and one core. The faces were made of E-giagsn fibers with vinyl ester matrix and the corasw
made of three different materials: TYCOR, Balsa BMLC. All specimens have the same 12" long and 4”
wide dimensions, and similar b.c. as used in thaelstiube experiments. Each case was loaded with the
same pressure time-history obtained from shock texgeriments. AUTODYN analysis shows good
agreement of midpoint-deflection (Figure 6) witle taxperimental shock response data, especialllgein t
elastic range, for sandwich composite beam madb hélsa core material. AUTODYN output of the
deformed shape with balsa core is shown in Figure 7
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Figure 6: Mid-point deflection of sandwich  Figure 7: Side view of the deformed sandwich
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Figure 8:Mid-point deflection of sandwich Figure 9:Mid-point deflection of sandwich
composite beam with PVC core. composite beam with TYCOR core

On the other hand, a large difference between @mpatal and numerical results was obtained in
the case of PVC core material (Figure 8). Thislattributed to using incorrect equation of stsitesngth
or failure models; and due to uncertainty of usemtemial properties. These factors are currentlyeund
investigation. Figure 9 shows the mid-point deftattfor sandwich composite beam with TYCOR core
material. Good agreement between experimental anterical results is achieved in the first part o t
curve. After that more deflection is noticed nuroally at the same applied pressure. Ongoing relsearc
work includes: modeling other core materials, obiaj iso-damage curves for range of pressure and
impulse values, and developing computational-bassihn charts.



Spall Crack Simulation Using Hybrid Lattice Particle Modeling (HLPM): Spall crack occurs inside
material body when a plate of material flyer imgaghto another plate at high speeds. Failure aaistee
interaction of tension and compression waves. & isighly dynamic problem with fragmentation, and
offers a challenge to numerical models. Hybrididatparticle modeling (HLPM) has been developed and
adopted for this study. The HLPM combines the sgjifes of conventional lattice theory and an oridinal
developed particle modeling (PM) technique. HLPMptays the interaction potentials of either linear
(quadratic) or nonlinear (Lennard-Jones or polyramiype with the axial/angular spring linkage in a
regular or irregular lattice system. The definedrgpconstants are then mapped into the adoptéideat
system, which are in turn matched with the materigbntinuum-level elastic moduli, strength and
Poisson's ratio [6-9].

High performance scalable computing and simulations A literature search is being performed to
identify constitutive/damage theories suitable describing the dynamic response of cellular, foard a
nanoparticle based lightweight materials. Most n®dad theories are based on the quasi-staticrigadi
response of advanced composites and strain raeetefion strength and damage evolution are not
addressed. Our efforts are focused on developnier@vw models or the modification of existing models
accurately capture strain rate effects on defoonatind failure processes. The latest version oDibB
parallel Lagrangian code - EPIC has been officialbguired from Army and installed on University of
Mississippi computer platform. For baseline compates, an existing mechanics based strength moilel w
be implemented into the EPIC code to simulate blgberiments on composite panels for Navy
applications. A PhD student (female American citizbas been specifically recruited to accomplish th
task.

Other ongoing research by University of Mississippestigators include: effects of geometric and
simulation parameters on the elastic moduli of mwidtlled carbon nanotubes using molecular dynamics
approach [10]; a first-principles estimation of thlgock response of nanoreinforced composite mégeria
[11]; creep and stress relaxation modeling [12] #redeffects of bromination on viscoelastic resgojis]
of nanoclay and graphite platelet reinforced viesfer; determination of power law attenuation goefiits
[14] and the electromagnetic characteristics [B},0f carbon nanotubes.

5. Shock Tube Pressure Tes{®r. Dahsin Liu, Michigan State University)

Smaller beam specimens cut from the larger sandadachposite panels were subjected to high-pressure
shock tube testing in a simply- supported conditidme specimens were trimmed to 12” long and 4"ewid
During the shock testing, each specimen was simsbhported with 8.5"span. Three types of sandwich
composites were investigated. Each simply-suppospetimen was loaded with a pressure wave at the
center of its 8.5” span. The pressure wave haduwaeter of 3.15” and maximum pressure around 1.B5 ks
Besides pressure, the deformation history of comtgapecimens was also important to determine their
resistance and energy absorption characteristitggixspeed movie camera was used to record thgeisna
of specimen deformation along with an innovativegér sensor technique for acquiring quantitative
measurements. The high-speed movie camera (4k $fae@ond) at an oblique angle from the specimen
surface could measure the deformation and damagmsses of composite specimens up to some extent.
The 16-pin finger sensor installed behind the bside of each specimen could measure the specimen
deformation when the fingers contacted the spedmen

Figure 10 shows photographs of the TYCOR, balsa,RArC core sandwich composite beams after
shock loading along with their pressure-displacdrhétories obtained from finger sensors. Repredivet
energy absorption for each sandwich composite beathin the 0.5” circumference enclosed by finger
sensors, was approximated by integrating the amdaruhese curves. They are about 49 J for Tyebd 4
for Balsa and 46 J for the PVC foam (up to 52 mspldicement). The energy absorption is highest for
TYCOR due likely to its rigidity from the reinfomg webs. Both TYCOR and balsa appeared to have more
internal damage compared to the PVC
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Figure 10. Photographs of (a) TYCOR, (b) balsa, @h&VC core sandwich composite beams after shock
loading along with their pressure-displacementonies obtained from finger sensors

6. Optimizing TYCOR® Panel Design for Improved Blast Resistance:
(Dr. Rob Banerjee and Dr. Elias Tobia, WebCore Tebigies)

The improvement of dynamic resistance and energgigition of sandwich structures using TYCOR as an
engineered core is one of the goals of this nassdarch program. This phase, targets the expeament
performance of using TYCOR core to design a liglgiweand volumetrically-efficient composite struatu
with multifunctional structural load carrying anditigation capability to absorb and dissipate thghhi
energy impact induced by blast impulses. The efféstructural core layout is being assessed amndiest.

A series of physical and mechanical tests wereopadd and evaluated. The Table in Figure 11 shows
strength benchmark data of TYCOR sandwich compgsteel that was blast tested at ERDC with the
top/bottom fixed and other two sides free b.c (Sgere 1).



Core Strength Properties TYCOR Test Method

158C1 E1T1VAQ tested panel (TYCOR 158C1)
C, (psi) Compression strength 999 ASTM-C 365 a
EZ (psi) Modulus 70459 % Sudden collapse
T, (psi) Tension strength 365 ASTM-C 297 § / -
3 |
E, (psi) Modulus 8811 g / L. —
N Q
S, 7 (psi) Shear strength 525 ASTM-C 273 Sé Gradual collapse
G, (psi) Shear modulus 25295 S \k
S, (psi) Shear strength 435 ASTM-C 273
G, (psi) Shear modulus 24750

Displacement (in)

Figure 11: Core compression test of ductile vatlbrilYCOR panel

The next generation blast-resistant panel will WsebCore’s innovative 3-D design architecture
and stitching technology with advanced materiatduising energy-absorbing viscoelastic foams. Fidure
also shows the effect of highly ductile panel wihlight weight unidirectional design controllingeth
collapse mode. The next candidate panel will hargicuous unidirectional webs along the main spah w
transverse stitching. The unidirectional webs tdkis plastic deformation in the core at the ihisimge of
loading, while the transverse stitching offers hagimpressibility characteristics intended to mitgthe
remaining high dynamic loads. This core crushingatality will play an efficient role to maintainlarger
face sheet separation at a certain stage unddr btas therefore, a higher bend resistance. THis\ier
can be achieved by refining the web weight, whideng a highly ductile foam (such as ZOTEK foam) to
engage the face sheet stretching contributionrfergy absorption.

7. NDE, Mechanical Property Characterization, and Birn-through Fire Tests of Eco-Core:
(Dr. Uday Vaidya and Dr. Selvum Pillay, Universtdi/Alabama - Birmingham)

UAB supported the University of Mississippi undersab-contract effort in 2008-2009 Year Il period.
During Year 1, various panels suggested by Ole Misge been fabricated via VARTM and delivered as
needed. This progress briefing summarizes threetasks; (a) NDE tap tests of blast panels; (b)
Mechanical property characterization of laminateefaheets; and (c) Burn-through fire testing of-Ecoe
sandwich panels.

Nondestructive tap testing to assess blast damadeaminated face sheets and sandwich composite panels
with E-glass vinyl ester and nanographene plate@@#ens Corning HPG glass, T700 FOE treated carbon
face sheets have been evaluated by tap testinglesinictive evaluation (NDE). The blast exposed and
corresponding control panels have been evaluat#édr A thorough study of the panels it was deteechin
that there are obvious effects of blast loadinge Phblse width was almost constant across the gantgie
control panels. The blast panel readings show @s&rdn pulse width indicative of through thickness
damage. The pulse width increased by 6.76% foraBsgl/E with nanographene panel, 1.26% for the
HPG/VE, 6.2% for the T700 carbon/VE laminated faeets. For the E-glass/VE sandwich panels there
was 32.8% on blast side, and 28.7% from oppositblast side. These studies provide a means of
quantifying blast damage in various panels nonrdesvely. The higher values of blast tested sactwi
panels are more related to the interface damageebetface sheets and core, which was extensiver unde
blast.

Mechanical Property Characterization Studies: The face sheet constituents namely E-glass/VE, E-
glass/VE with nanographene platelets, Owens Cornbi§s-glass/VE and T700 carbon/VE were



characterized to generate the mechanical propddiethese materials. These data sets will be ased
input by Ole Miss in their modeling studies. StalddASTM tests were adopted in generating the tensil
and inter-laminar shear data on these materialsarSkension and Poisson’s ratio tests were coadumt
E-Glass (GVE), HPG glass (GHVE), and FOE CarbonEL\5 layers were infused with vinyl ester (VE)
resin. The average thickness was 2.70 mm for ca@®dg, 2.73 mm for GHVE, and 3.30 mm for GVE.
The nanographene treated samples were not testaddm=of the inadequate filament level wet-out. The
processing issues are being addressed to incrbasélament level wet-out of the nanographene VE
specimens. The E-glass/VE and Carbon/VE had corhfgarasponse in shear. HPG glass is very compliant
in the shear mode with high elongation charactesishence it performs well in impact. The tensiata
indicates that HPG has significantly higher stranan E-glass, with tensile modulus comparabl&-to
glass. The T700 FOE treated carbon performed asceeqh - highest strength and modulus in tension.

Burn-Through Fire Testing of Eco-Core Sandwich Panks: Burn-through fire tests were conducted on
12" x 12" x 2.25” thick sandwich panels with E-giagnyl ester face skins bonded to the NC AT EcoeCo
both without and with some JM3 and OC2 choppedsglédeer reinforcement mixed in the fly ash based
core with phenolic resin. Experimental conditionsrevset based on the David Taylor Research Center
[DTRC] Burn-Through Test, MIL-STD-2031(Navy adoptsthndard). It was observed that the maximum
back face temperature for Eco-Core specimens wittlmapped glass fiber reinforcement reached abdut 7
°C, where as for those with chopped glass fibevwgag between 68 °C to 77 °C. No significant mass, lo
damage, discoloration or delamination on back fagesobserved.

8. Nanoreinforcement Modification of Composites:
(Dr. Larry Drzal, Michigan State University)

9. Fly Ash Based Eco-core Structural Foams:
(Dr. Kunigal Shivakumar, North Carolina A & T Uni\ssty)



TRANSITIONS

These research investigations have been leveragdd av concurrent grant: Nano-Particle
Reinforced Composites for Critical Infrastructum®tection, from the Department of Homeland Security
Southeast Region Research Initiative (DHS-SERR®ythrop Grumman Ship Building (NGSB) Advanced
Capabilities Group is facilitating this researcliodf on development of advanced ship panel concepts
WebCore Technologies Inc., a small-scale industridayton, OH is working closely with University of
Mississippi to develop affordable and durable TYC@Bmposite sandwich panels for navy ship structural
applications. TYCOR is currently being used in several military andneeercial applications including
refrigerated cargo floor for Navy cargo ships, Aorce tactical shelters, Air Force runway matting,
vehicular bridge decks, railcar floors and winctoe blades.

NAVY RELEVANCE

Producing stronger, safer and more cost-effectiegfqyms for the new generation naval ships
requires innovative designs, new materials, andraddible/efficient processing and characterization
technologies. This research will advance the dgaént of blast, shock and impact resistant comp®sit
for navy ship structural applications; to achiewttdr mobility, survivability, stealth, safety, aatllower
cost.
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