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OBJECTIVE

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

TECHNICAL APPROACH

Focus of research is on marine composite strugtupasticularly lightweight glass/carbon
polymeric based composites, and innovative concégptshe mitigation of blast/shock/impact effects.
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 the present wevkrs
new and emerging cores have been explored in sahdegnstruction. Different core types have been
considered including; (a) Tycor (TYCGRrom Webcore Technologies) is an engineered ttieensional
fiber reinforced damage tolerant core for sandvathictures has the potential to provide improveasiol
and ballistic resistance. In this core, glass fibeeinforced through the thickness of closed foelm sheets
to produce a web and truss structure; (b) Eco-soa@ emerging fire resistant sandwich core. Faimage
in ship structures is of significant concern. THwn-through resistance and heat insulation chematts
of Eco-core makes it an attractive fire resistasrer (c) Balsa wood which is a traditional core enial
being used in present generation ship structuralsaBs a natural material, and is prone to loaaiktion in
properties due to cell size and cell thicknessatams; and (d) Polyvinyl chloride (PVC) foam cavhich
is being used in present generation ship strucforasdar mast enclosures and boat hulls.

Our research approach includes the characterizafidaw-cost fire resistant exfoliated graphite
nanoplatelet reinforced glass/carbon polymeric thasmmposites with fly ash and 3-D fiber reinforced
foams; investigating their response to low-velodiypact, ballistic, shock and blast loads; dynamic
mechanical analysis for modulus, damping, creepstameds relaxation; developing constitutive modeld
computer simulations; accelerated testing for lmrga durability; radar-absorbing and EM-shielding
characteristics for improved stealth/safety.

RECENT ACCOMPLISHMENTS

E-glass / vinyl ester sandwich composite panelsewisigned and fabricated by the VARTM
process as per Northrop Grumman Ship Building aesmecs. The 4’ x 8 x 2.32” thick sandwich panels
are made up of 0.16” thick E-glass (90/0, 45/-46/09 45/-45), 90/0) face skins with Dow 510A-40
brominated vinyl ester resin and 2" thick Tycor, ®\foam and balsa cores. Two large panels were
subjected to blast load waveforms and peak reflegtessures simulating terrorist threats. Triabbtasts,
simulating an approximate threat level of abou0@®@,lbs TNT at 184 feet, were conducted at the ERDC
Blast Load Simulator (BLS) facility in Vicksburg, 8 One 4’ x 4’ E-glass/Tycor panel (with all-around
bolted b.c.) subjected to 80 psi pressure level measreached, and there are no visible signs ofade.
Another 64" x 34" E-glass/ Balsa core panel (twaesi pinned and two-sides free b.c.) subjected datab
60 psi slid through the supports and was complatatpaged, with E-glass face skin on blast sidersitga
into two halves at the middle. Instrumentation,adatquisition and specimen clamping issues aregbein
resolved for future full-scale blast experimentmaBer samples cut from the larger sandwich paagsts
undergoing shock tube and ballistic tests.



AUTODYN computer simulations of the response of posite structures/panels to blast loads,
particle dynamics model of the impact event, anfirg-principle shock model were developed. The
modulus, damping and glass transition temperativengl ester reinforced with graphite nano plateland
nanoclay have been characterized. Low-velocity thphigh-strain rate Hopkinson bar and shock-tube
tests were performed on these nanopatrticle reietbspecimens. Their radar-absorbing and EM shigldin
characteristics were also evaluated. 12" x 12" xtltk fly ash based Eco-core foam panels were
manufactured and their static properties determiteoither details of these research investigatianes
given in the following sections.

1. Dynamic Mechanical Analysis:A TA Instrumentdviodel Q800DMA has been used for characterizing
the dynamic modulus, loss factog, €reep and stress relaxation properties of grajpiatelet and nanoclay
reinforced composites [1] proposed for naval shipcsural applications. Peaks of the tan deltaass|
modulus curves are found to be sensitive indicadbrglass transition temperature and are associaitid
the impact properties of elastomeric materials. Timee-temperature superposition principle is also
employed for characterizing the long-term behawionanocomposites. From DMA testing, it was obsarve
(Figure 1) that the storage modulus of pure nylghi$ greater than that of pure vinyl ester, whesehe
glass transition temperature and loss factor agbehifor pure vinyl ester compared to pure nylod. 6,
Storage modulus increased with increasing reinfoes# in all the cases. It was also observed tlahge
modulus and glass transition temperature of 2.5e#icent graphite platelet reinforced vinyl estemore
than that of nanoclay reinforced vinyl ester, whides factor is higher for the 2.5 wt. percent rcay
reinforced vinyl ester.
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Figure 1. Storage modulus, damping and glassiti@msemperature for nylon 6,6 with MWCNTSs; and
vinyl ester reinforced with nanoclay and graphitgedets.

2. Low-velocity Impact and Shock Responsd:ow-velocity impact tests were performed in a dvegight
instrumented impact test system (Dynatup Model 32b@ the test method used was comparable to that o
ASTM D6110-06. From low-velocity impact testingstobserved (Figure 2) that for un-notched specgnen
the energy absorption of pure vinyl ester almostitied when reinforced with 2.5 wt. percent CloigGB
nanoclay and exfoliated graphite nano plateletsH@jvever, notched specimens showed a 50% decirease
energy absorption for 2.5 wt. percent nanoclay artb% decrease with 2.5 wt. percent graphite gatel
reinforcements, suggesting notch sensitivity.
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Figure 2. Energy absorbed by notched and un-notphealvinyl ester, and with nanoclay and
graphite platelet reinforcements under low-veloaitpact.

Shock tube tests were conducted at the UniverisBhode Island on plates of dimension 254 mm x
101.6 mm x 9.9 mm (10" x 4” x .39"). The nanocomipmgpanels were held under simply supported
conditions so as to minimize damage due to grippimg) clamping. The span of the simply supportetepla
was 152 mm (6”) and the overhangs measured 50.8(Zimfrom along each end. The center of the
specimen was kept in line with the center of theckhube. The ratio of the loading diameter to span
was 0.5. The specimens were blast loaded from %iteok the shock tube on the face opposite to the
supports [3]. One panel from each configuration si#gected to 70 psi (482.3 kPa) and another afp$20
(827.4 kPa) peak pressure. Samples subjected p3i7@82.3 kPa) peak pressure did not fracture,adnd
the samples subjected to 120 psi (827.4 kPa) pessyre shattered into pieces(Figures 3 and 4).
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Figure 3. Real time image of 2.5 wt. % graphite Figure 4. Deflection vs. time obtained from
platelet/vinyl ester specimen subjected to 120 psi  high speed images for pure vinyl ester and
peak pressure in shock tube [3] nanocomposites<3].

For analyzing the material response to shock l@adjoasi-static and dynamic approaches were
adopted. In quasi-static method, the energy abddspeach specimen is obtained by correlating tide m
span deflection with the pressure in terms of feamdoad. Pressure at respective time intervals wa
converted to transverse load exerted on the spedoyenultiplying it with the effective area of tideiven



section (3" diameter). Transient loads thus obthiwere plotted against the respective mid-span
deflections. Energy absorbed was then computedmwitherical integration up to the point of maximum
deflection (failure) [3]. The energy absorbed upeatiture for 120 psi peak pressure shock loadimgpftaoe
vinyl ester and nanoclay and graphite plateletfoed®d composites is shown in Figure 5. As per this
approach, the 2.5 wt. percent graphite platelefoeied vinyl ester appears to absorb maximum gngpg
to failure. It was also observed that shock tulspoase of nanocomposites showed a similar tretlthasf
the low-velocity impact tests. Results of shoclettdsts are inconclusive at this stage as onlysarmgple
was tested in each case.
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Figure 5. Energy absorption of pure vinyl ester anc Figure 6. Centerline displacement from the
nanocomposites subjected to 120 psi (827.4 kPa) shock model of a sample beam subjected to
pressur in shock tube three pLses with 2% damping.

3. First-Principle Shock Model: Main purpose of this work is to obtain the respoon$ea structure
experiencing an arbitrary shock load through maslysis. The selected model is an Euler-Bernoulli
beam with both torsional and lateral springs aertds so that the boundary conditions are adjiestdible
beam is also connected to a foundation to whicle lexsitation can be applied. Model input includes t
gross properties of Young's modulus, material dgnsind physical geometry. The excitation forceetim
history, or the shock pressure pulse, is discrétinéo sufficiently small time steps to capture thighest
expected frequency content. Closed form equati@we libeen employed to derive the eigenproblem that
generates the structure's mode shapes and nakgakhcies. A discrete number of orthonormalizedeno
shapes are used to obtain the time history respgis@amount of damping is also estimated for eachenod
in the simulation. As shown in Figure 6, this methmaptures the transient behavior, specificallgath
abrupt change in force. The approach is to matctksktube experiments using gross parameters of the
composite materials and actual pressure pulsestgtgence studies will be important to ensure captdir
the complex shock response. An additional Hertelament will be added into this beam model to sataul
any structural contact or as a preliminary modelffiaid resistance. Eventually the impact dynanots
beam subjected to shock in a fluid environment bélexamined. The goal is to mimic a shock loa on
segment of ship hull underwater.

4. AUTODYN Simulations: Finite element analysis of fluid structure interact(FSI) has been used to
study blast resistance of sandwich composites. Gengially available hydrodynamic software AUTODYN
11.0 was used utilizing an arbitrary Lagrangiandgahn (ALE) formulation. Data has been collected to
establish P-1 and iso-damage curves for sandwiafiposites made up of 0.16” thick E-glass (90/0,48/-
90/0, 45/-45), 90/0) face skins and 2" thick Tyédoam. Mechanical properties of the foam and tha ski
used in this study are summarized in Table 1.



Table 1: Properties of Tycor foam and E-glass yhaster skins

Foam properties

Skin properties of 0o Lamina of E-glass / vinyl estr
(v=0.65).

Ultimate

Stiffness Average strength .
strain

Stiffness

Average strength

Two cases of sandwich composites were simulatgdBgan high and 36 in
width sandwich composite panel with fixed all-ardumoundary condition
and (b) 52 in high and 34 in sandwich compositeepaimply supported at
two ends and free at the other two ends. Scherohtltese cases are show
in Figure 7. In the first case, 1040 eight tetrabkdolid elements were use
to build the core and 10400 shell elements werel usebuild ten layers
skins. In the second case, 1040 eight nodes teftralhsolid elements were
used to build the foam core and 10400 eight noekesttedral solid element:
were used to build ten layers skins. Charges of Ex{dlosive with different
weights (5lb, 10 Ib, 20 Ib, and 50 Ib) were plaegd fixed distance of 3ir
from the face of the panels and detonated. Timeotyisof midpoint

displacement and the incident pressure were red@ta gauge point place:
at the center of the panels. Typical recorded noiditpdisplacements anc
damage maps are shown in Figures 8 and 9.
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Figure 7: Schematic of the
AUTODYN models used.
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Figure 9: AUTODYN simulation of damage region fogkss / Tycor sandwich composite under 20Ib
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5. Nanoreinforcement Modification of CompositegDr. Larry Drzal, Michigan State University)

The goal is to develop a fundamental understandiintige interaction of graphite nanoplatelets with
macro reinforcing fibers and polymer matrices, aod these interactions affect the mechanical ptogser
and durability (fire, blast and environmental) ahoparticle modified polymer composites. The oljest
of of this project are: (1) quantify the effect mdnoparticle concentration and dispersion a) arcaml
between individual reinforcing fibers (intralamipaand b) between lamina in both unidirectional and
woven fiber lamina (interlaminar). (2) optimize timeprovement in mechanical properties and duraghift
a carbon fiber (or glass fiber) vinyl ester, nyland polyurea matrix composite systems utilizing the
addition of clay or exfoliated graphite nanoplatele

The nanoparticles that have shown beneficial ptgperprovement in the first year of this study
has been the exfoliated graphite. Research wittdsginued on brominated vinyl ester resin and pagu
matrix systems. Both E-glass fibers and carborrdilvéll be sized with exfoliated graphite nanoplete
for compatibility with these matrix systems tow awdven mat form. Furthermore, 1 mil thick films
containing orientated graphite nanoplatelets wellgspepared and laminated into composite panelsigiro
compression molding to investigate fracture andrggneabsorption mechanisms and fire protection
capability.The same material with suitable modiimas will also be inserted between lamina in
unidirectional composite panels to investigaterth@e as a composite toughening agent.

6. High- Strain Rate Testing/Analysis Dr. David Hui, University of New Orleans):

Split-Hopkinson Pressure Bar (SHPB) tests wereoperEd on nanoclay and graphite platelet
reinforced vinyl ester specimens with a set-up iting of striker bar, incident bar, and transnossbar,
all made of maraging steel with a diameter of I8 (0.5”). Length of striker, incident and transss
bar is 762 mm (307), 1219.2 mm (48”) and 2438.4 (@®") long respectively. Circular specimen of dia.
9.9 mm (0.39") and thickness of 4.5 mm (0.18") andwiched in between the incident bar and the
transmission bar. Strain gauges mounted on incio@nand transmission bar were used as signalatat
and the energy absorbed by samples was computadHier outputs.

Figure 10 shows the energy absorption of pure vester and nanocomposites at approximate
strain rates of 2500 and 3500 per second. It shbeldoted that data at 3500 per second for the?d..25
nanoclay/vinyl ester specimen is not availableh& time and more SHPB tests are in progress. Energ
absorption is observed to be increasing with irgirgpstrain rates for pure vinyl ester as well @& \&.5
wt. percent graphite platelet and nanoclay reirdorent. In SHPB testing, the energy absorption sHiame
increase of 50% with increasing strain rate forepuinyl ester, while it reduced by 30% with 1.25 wt



percent reinforcement of graphite platelet. Reicdoment of 2.5 wt. percent nanoclay in vinyl esteveed
a 30% increase in energy absorption for both straies compared to pure vinyl ester. Further tgsbin
samples with the SHPB apparatus is in progress.
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Figure 10. Energy absorption from SHPB tests oépimyl ester and with nanoclay and graphite
platelets, at 2500 and 3500 per second strain.rates

7. VARTM Fabrication of Sandwich Composites and Bdistic Characterization:
(Dr. Uday Vaidya, University of Alabama - Birmingna

For this project UAB has fabricated large 8 ft ¥ 4andwich panels representative of ship
structures using the vacuum assisted resin transtéding (VARTM) process. In VARTM, single-sided
flat plate tooling is adopted in conjunction witcuum and infusion lines. The preform (i.e. fabric
facesheet layers and the core) are encapsulatedacuum bag. Resin is infused with the aid of uatu
until full wet-out of the facesheets occurs. Thedseich panels utilized 5 layers for each facesheasde of
E-glass fabric facesheets of a combination of plagave [0/90] and [+/-45] angle ply architecture.
Specifically the lay-up for each facesheet wasallsws: E-glass fiber (90/0, 45/-45, 90/0, 45/-48/0)
and vinyl ester resin. The sandwich panel lay-up wa-infused (simultaneous wet-out of the top and
bottom facesheet) with low viscosity, room tempematcure 510A-40 brominated vinyl ester resin syste
Two 4ft x 8 ft sandwich panels with 2 “ thick Tyc@nd one panel each with balsa wood and PVC foam
core, were fabricated. In all cases the areal tdeon$ithe sandwich panels is maintained as closeatth
other as possible.

Ballistic tests compared the damage initiated diisbtia events on three sandwich structures with
equivalent E-glass face sheets but with differasre anaterials, namely Tycor, Balsa and Foam care. |
order to compare the role of the core materialas decided that the ballistic event should fulbynetrate
the structure. To this end NIJ level lll was chosenthe threat level. Testing was conducted using a
Universal Receiver equipped with a barrel to laudc0 caliber M80 ball round projectile(s). Projiest
were loaded to meet NIJ standard velocities foewll Il impact. Other 0.30 caliber projectiles wer
manufactured to impact at lower velocities in aerapt to determine the velocity threshold at wheolne
differences would be realized, however the prdestcould not be ‘loaded down’ to a safe level to
establish this threshold.

Results of the ballistic tests conducted on alldgach samples are shown in Table 2. The
measurement of exit velocities from PVC foam andadrycore sandwich panels was limited in most cases,
due to extensive debris resulting from dislodgeck gaarticles. These cores, when damaged at higadimp



velocities, break up into very fine particles, gradticles exit the panel. The exit of a large nunmifehese
particles passes through the exit chronographscandes them to default. This has been observed in
previous tests using brittle core materials as.wé#diwever comparing the damage zones on the baek fa
(exit side) of the panels, the PVC had very minideinage on the exit face implying that the leastuanh

of energy has been absorbed. The balsa core engagesojectile to a higher degree and hence higher
interaction between the core and the face shebtsb@ck face damage is larger compared to the RV ¢
panel. The Tycor foam core provides the most ictera (Figure 11), if the projectile strikes at the
intersection of a web i.e. the stiffening elemeoftthe core. The damage zone size reduces if thjeqtiie
strikes one (either x or y) element of the corehdf projectile strikes between the stiffening edats of the
core, the damage on the back face is very similadh¢ PVC foam core. Further evaluation of theetgst
panels need to be conducted for more conclusivdysiaa for example tap testing, cross section
microscopy, etc. Also post-mortem studies will ereaé effects of damage interaction from multisite
impacts and their effect on residual strength efgandwich panels.

Table 2: Results of NIJ level 1l ballistic tests sandwich panels with different core materials.

E1B3VFP1 E1P2VEP1 E1T1VDP1
[ E-glass / Balsa Sandwich] [ E-glass /PVC Sandwich] | [ E-glass /Tycor Sandwich]
Shot Striking Residual Striking Residual Striking Residual
ID Velocity Velocity Velocity Velocity Velocity Velocity
ft/s (m/s) ft/s (m/s) ft/s (m/s) ft/s (m/s) ft/s (m/s) ft/s (m/s)
1 2919 (890) 2871 (875) 2935 (895) 2927 (89R) 2A22%) 2443 (745)
2 - 2897 (883) 2950 (899) 2865 (873 2898 (883) -
3 2911 (887) 2890 (881) 2961 (903) - 2969 (90pb) -
4 2888 (880) 2843 (867) 2970 (905) - 3007 (91]7) -
5 2951 (899) - 2978 (908) - 2948 (899) -
6 2885 (879) -

Shot locations (Front view) Shot locations (Front view) | Shot locations (Front view)

Figure 11. Front, back, and side views of thgldss / Tycor sandwich panel after projectile pextien.



8. Fly Ash Based Eco-core Structural Foamd)r. Kunigal Shivakumar, North Carolina A&T):

The current manufacturing capability of Eco-coreesstricted to panel sizes of 6 x 6 x 1 in and 12 x
12x 1 in. Northrop Grumman Ship System suggestatittiey use 2 in thick cores in their ship strugesur
application. Accordingly, the eco-core process wssled-up to manufacture 2 in thick panels.
Processability of different fibers such as choped milled from different vendors namely Johns
Maniville, Owens Corning, Fibertech, PPG was euadand based on this study 4.5% weight of JM3 and
OC2 were chosen as reinforcement for baseline em-@Six panels each of baseline (no fiber), JM3
reinforced, and OC2 reinforced eco-core were fabeid and shipped to University of Mississippi. Rane
size was 14 x 14 x 2 in as molded and trimmed t& 12 x 2 in. Separately, 1/2 in thick panels wagde
and characterized for compression, tension, sffieaure and fracture properties. Table 3 listsdherage
value with standard deviation based on five testedples.

Table 3.Mechanical Properties of Eco-cores
Property Baseline Eco-Core - IM3 Eco-Core - OC2
4.5 wt.% 4.5 wt.%
Density, g/cc 0.53 (0.02%) 0.52 (0.02) 0.52 (0.01)
Compression
Strength, E psi 3,169 (193) 2,177 (159) 2,544 (320)
Modulus, E, msi 0.17 (0.02) 0.16 (0.01) 0.12 (0.02)
Tension
Strength, E psi 756 (94) 881 (48) 1,152 (211)
Modulus, E msi 0.38 (0.01) 0.37 (0.02) 0.40 (0.04)
Shear
Strength, E psi 740 (59) 777 (56) 678 (116)
Flexural
Strength, E, psi 1,665 (129) 1,145 (191) 1,433 (136)
Modulus, &, msi 0.42 (0.02) 0.35 (0.03) 0.39 (0.02)
Fracture toughness, K
A 291 (36) 419 (92) 292.5 (8)
psi-in
*Standard deviation Note: Based on 1/2" thick panel test

TRANSITIONS

These research investigations have been leveragdd av concurrent grant: Nano-Particle
Reinforced Composites for Critical Infrastructur@tection, from the Department of Homeland Security
Southeast Region Research Initiative (DHS-SERRIprthrop Grumman Ship Building (NGSB) -
Advanced Capabilities Group (ACG) facilitated thesearch effort on development of advanced shiglpan
concepts. Webcore Technologies Inc., a small-sodlgstry in Dayton, OH worked closely with Univeysi
of Mississippi to develop affordable and durableCKR composite sandwich panels for ship structural



applications. TYCOR is currently being used in salvenilitary and commercial 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, andrddible/efficient processing and characterization
technologies. This research will advance the deweént of blast/shock/impact resistant composite
structures for naval ship applications to achiegttds mobility, survivability, stealth, safety, aatllower
cost.
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