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ABSTRACT

Composite sandwich structures have been extensmmlgloyed in aerospace
structures, ship building, infrastructure, etc. du¢heir light weight and high strength to
weight ratio. The understanding of their behavioder impact and environmental
conditions is extremely important for the designl amanufacturing of these engineering
structures since these problems are directly mlate structural integrity and safety
requirements. Vacuum assisted resin transfer mplfARTM) is one of the commonly
used low cost composite manufacturing processdguifethane (PU) resin system has
been observed to have better mechanical propeatidshigher impact strength when
compared to conventional resin systems such aggt@llyand vinyl ester. This study has
two parts, part one investigates the damage behaticomposite sandwich structures
manufactured using the VARTM process with polyuagth resin and two different foam
cores, rigid PU 6 Ib density and Webcore (TYCOR-M3pectively, under transverse
impacts at low velocities. Part two explores howisture permeation can deteriorate
composite sandwich material structures. This padcdbes an investigation of the

mechanical degradation of the composite sandwicittsire exposed to moisture.
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1. INTRODUCTION

Composites are being considered as an alternatigertventional materials such
as aluminum and steel due to their high specifiengfth, high specific modulus, and
corrosion and wear resistance, low thermal condiigtand improved fatigue life. Due to
these improved properties, composites have numeapp$ications in the aerospace,
automotive, infrastructure, sports and medical stdes [1]. The constituent materials in
the composite are fibers and the matrix. Fiberfoeaements are the major load carrying
components whereas polymer matrix is used for taal Itransfer as well as barrier
against adverse environments between the fiberth i increasing use of composites,
to achieve their optimum performance, a thorougteustanding of material and damage
behavior of these composites is necessary [2-4].

Sandwich composite structures, consisting of two, tiiber-reinforced composite
face sheets bonded to a foam core, are widely isadrospace, marine and many other
engineering applications [5-6]. The function of fhee sheets is to carry bending and in-
plane forces, while the role of the core is to gdransverse shear loads and to help
prevent face-sheet buckling. The combination dfiektlightweight core and thin, stiff
face sheets results in exceptionally lightweighticttures. However, these sandwich
composite structures do have disadvantages. Otleeofain drawbacks of the high-
performance structures is the delamination betwbkerfaceplate and the core. Another
main disadvantage is that their load carrying gbdan be significantly reduced by the
presence of moisture in the polymer foam core. Bhengh the composite face sheets

lower the rate of moisture diffusion into the caitegy do not prevent moisture diffusion



from occurring [7]. Moisture diffusion is extremedjow, thin parts may reach moisture
equilibrium while thick parts will never become ljulsoaked within their service life.

Moisture absorption in polymer composites can affiee mechanical properties of a part
by degrading the fiber matrix interface, micro-d&iag the matrix, changing the stress
state, and altering the glass transition tempezd@H9]. In order to ensure reliability of

the structure and to determine the time that thehasism can be in a real life

environment before moisture absorption damagesctstial integrity, the appropriate

physical tests are conducted that will analyzeetifiects of the moisture absorption in the
structure.

The Vacuum Assisted Resin Transfer Molding (VARTppcess was utilized in
the manufacturing of the composite specimens. VARpidcess is one of the most
widely used composite manufacturing processes dpedl in recent years for several
engineering applications due to advantages oveverdional RTM by eliminating the
costs associated with matched-metal mold makintie® emission, and high injection
pressures [10]. In this process the polymer resninfused through the fiber

reinforcements using vacuum pressure. Figure lotvslthe VARTM arrangement.

Vacuum Bag

Vacuum
Distribution Medium ~ Connection
) g b Resin Outlet
Fesin Preform
Inlet
2 F Y
- = A ~
[ - u fi

Figure 1.1 VARTM Schematic



1.2 POLYURETHANE

Although the reaction between isocyal and hydroxyl compounds wi
originally identifiedin the 19th Century, the foundations of the polyh@ees industr
were laid in the late 1930s with the discovery,yo Bayer, of the chemistry of tl
polyaddition reaction between diisocyanate ands to form polyurethane. The fir
commercial applications of polyurethane polymeosimidable elastomers, coatings ¢
adhesives, were developed between 1945 and 19bivéd by flexible foams in 195
and rigid foams in 1957. Since that time they hiagen finding use in an ev-increasing
number of applications and polyurethanes are nawmdoplaying a vital role in mar
industries.Polyether polyols offered technical and commereadantages such as Ic
cost, ease of handling, and better hydrolytibility over polyester polyols and quick
replaced them in the manufacture of polyuretharmelg PU is any polymer consisting
a chain of organic units joined by urethane linRE. polymers are formed by chemi:
reaction between a monomer containinocyanate functional groups and anot
monomer containing alcohol groups in the preserfca oatalyst or he: Figure 1.2

shows the chemical structure of polyureth

H O
R-N=C=0 + R?Q0-H —> R'-N-C-0-R?

Figurel.2 Chemical Makeup of Polyurethane

Polyurethane (PU) resisystems are an important and very versatile cldas
polymer materials with desirable properties, susthigh abrasion resistance and img

properties, excellent shock absorption, flexibilyd elasticity 11-15 when compare:



to conventionally used resin systems such as astdr, polyester and vinyl alcohol. The
success of PU is due to its ability to be producedarious forms from flexible to rigid
structures. In addition, PU can be processed atdmgsures and temperatures in low-
cost molds. PU composites are finding an increassommercial applications due to the
increasing demand for lightweight, durable and effgtctive compounds [16-17].

1.2.1 Advantages of PU Composite€omposites manufactured from PU resins
have superior tensile strength, impact resistaaed,abrasion resistance compared with
composites based on unsaturated polyester and estet resins. PU composites are also
said to be attractive for their processing advaedadhe curing times are much faster
than for polyester. They contain no styrene andefbes do not generate large amounts
of volatile organic compounds. The superior tougisngf PU composites pays off in post
manufacturing operations such as drilling, maclgnand assemblindittle or no micro-
cracking is observed compared with traditional th@set composites [18].

1.2.2 Limitations of PU CompositesThere are two major challenges when
using PU resin in vacuum infusion processes: Ongaisitaining a relatively constant
and low viscosity for a long period of time. Thesed challenge is moisture sensitivity,
as the isocyanate portion of the reacting compa@niemids to react with water to produce
carbon dioxide, which causes foaming [19].

In this current endeavor, glass fiber reinforcechdsach composites were
fabricated using woven E-glass fibers compatibléh AU resins (obtained from Ownes
Corning) for each face sheet with thermoset poljhaiee PU 840871 resin system
(obtained from Bayer Material Science) and rigidypcethane and low density matted

foams were used for the core. This paper consfste&@ parts. In the first part of this



paper, the performance evaluation of the sandwaachposites was conducted using low
velocity impact tests at three different energyels\30J, 40J and 50J) and the results
were compared. The second part discusses the @gigracdf mechanical properties in
sandwich composites exposed to moisture determimedow velocity impact and

flexural tests.



2. BACKGROUND

2.1 COMPOSITE MATERIALS

Composite materials consist of at least two sulestsnncluding reinforcement
fibers and the matrix. The reinforcing materialsigffer and stronger providing the
strength for the composite material. The contirruoumatrix is the binder or resin and
holds the fibers together [20]. The resin reseadcis a polymer matrix, a liquid resin
converted into a hard and brittle solid through noleal cross-linking. Polymer
composites can be separated into two categoridsermpplastics and thermosets.
Thermoplastics can be softened and hardened thrayghc heating and cooling
respectively. Thermosets, however, cannot changgesmon-destructively after the
application of heat or chemicals. The polyurethaasin system discussed in this paper is
a thermoplastic polymer matrix. There are many sypereinforcement fibers currently
available. Some commonly used fibers include: glaaramid, and carbon. The
reinforcement fibers are generally available inftren of a tow or a band. A woven form
of the reinforcement is also used in certain cadepending on the application of the
composite [21].

The authors of the textbodknalysis and Performance of Fiber Composites Third
Edition, Ararwal, Broutman, and Chandrashekara subdividadposite materials into
two basic types: fiber-reinforced or fibrous compes and particle-reinforced
composites or particulate composites and then sigdsdl those classifications further.
Particulate composites are commonly made of snatliges, such as in the case of

particleboard, and can have an orientation thaditlser random or preferred. Fibrous



composites can be multilayer (angle-ply) or singlger meaning that the composites
have the same properties and orientation. Siagkerlcomposites can be reinforced with
discontinuous fibers (fibers cut into small piecesontinuous fibers (fibers with few or
no breaks). Properties of composites composedrdfraious fibers are higher than those
with discontinuous fibers as a result of fewer kssia the fibers.

Orientation of discontinuous fiber-reinforced corapes can be either random or
controlled to give strength in desired directior@ontinuous-fiber reinforced composites
can be either unidirectional, all the fibers aremiated in one direction, or bidirectional,
two directions such as in woven fabrics. Composii#erials used in the aerospace
industry are mostly multiphase materials made fremforcing fibers, usually carbon or
glass, pre-impregnated (pre-preg) with polymer mmteor resin system that are
combined and cured to create a stronger substaoge [

Multilayered composites are constructed out of mowe layers of plies called
lamina stacked on top of each other. Within a pihg fibers can be unidirectional,
bidirectional or in other forms less commonly usédaterial properties in bidirectional
lamina maintain higher strength along the direiohthe fibers, whereas perpendicular
to the fiber, the matrix properties dominate, thhs, strength is less in the perpendicular
direction.

Most composite structures are not loaded in a sidglection, so the laminate
structure must be stacked with the lamina’s filmersntated at different angles in order to
support the loading. The unique load cases foh eatnponent determine the layup,

number of layers required, and the fiber orientatmf the laminates. Composite



laminates are preferred over more traditional ntesuch as aluminum because of the

high strength to weight ratios and the high temijpeesatolerance [20].



3. MATERIALS AND METHODS

3.1 POLYURETHANE RESIN SYSTEM

Polyurethane (PU) resin systems are an importahtary versatile class of
polymer materials. The PU resin system was seldoted used in the VARTM process
as they have higher performance characteristisgas in Table 3.1 and are less difficult
to work with during fabrication when compared taeentional resin systems such as
polyester and vinyl ester. PU resin systems arergdly characterized as aromatic and
aliphatic. Aliphatic PU has lower mechanical prdjgsrthan the aromatic resin system
due to its chemical structure. The properties efrttaterials used in this study can be

found in Table 3.2.

Table 3.1 Impact Properties of Polyurethane aneQOflonventional Resins

i Unsaturated
Property Vinyl Ester Polyurethane
Polyester
Maximum Load
3260 3047 4088
(N)
Energy to Max
18.2 11.4 24.8
Load ((N-M))
Total Energy (N-
M) oy ( 29.3 27.7 38.4

Source:Processing and Characterization of Pultruded Petilane Composites by Michael

Connolly, John King, Trent Shidaker and Aaron Dunffduntsman)[14]
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Table 3.2 Approximate Material Properties for Féand Resin

Glass fibers: PU 840871
Property _
WR18/3010 Resin system
E (GPa) 20.6 2.65
p (g/cn?) 2.56 2.23
Fiber diameter (um) 16 -

3.2 FOAM CORES

For part one, two different foam cores were usedhm manufacture of the
sandwich composite parts. Both foams had a thickné2 inches. One foam core was a
rigid polyurethane based foam and the other wasftafiber reinforced foam. The soft
foam, TYCOR-W, was reinforced by a glass fiber that had perpendicular to the plane
channels. Once the resin was infused into the paese channels lined with the mat

allowed for the creation of thin support lines nafrto the facesheets.

3.3 FABRICATION OF SANDWICH COMPOSITES

The VARTM process was used in the fabrication ¢ gandwich composite
samples. For part one, two 9 inch x 6 inch sandwiomposite parts with 4-ply
faceplates were manufactured with each of the B floam cores. The reinforcement
material used in creating these composite sampla®ven E-glass fiber compatible with
PU resins. Woven fiber composites (WFC) offer po&dly improved performance over
unidirectional tape composites because the wovmar 8tructure pnades obstruction to
matrix splitting and delamination growth [9]. The mold was cleaned and heated for two
hours at 100 [1C to remove any moisture. After the mold cooled|aet tape and resin

dam
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tape were set on the mold and three coats ofselegent were applied to the mold
within the boundaries of the resin daspe. Meanwhile the containers for the resin, peel
ply, distribution medium, foam core and fabric were heated to about 80 [1C for two hours

to remove any moisture. After the material was é@athe peel ply, distribution medium,
foam core and fabric were laid up onto the molde U 840871 resin consists of two
components, component A and B, which were measouedn different containers to
achieve a ratio of 92 to 100 parts, respectivelype Gnlet and two outlets (vacuum
pressure tube) are set up and two vacuum bags placed over the part, inlet and
outlets. During this setup, the two containersesim were degassed for 4-5 hours. Just
before infusion, component A was poured into thegonent B container and was then
mixed until the resin was homogeneous. The vacuas twrned on and the inlet was
clamped to ensure no air could escape from thewachag. The pressure in both
vacuum bags was held at 29 inches of Hg. The inle¢ was positioned in the resin
container and the clamp was removed to begin iafusihe flow was controlled by use
of a C-clamp. Infusion takes about 15-20 minuted @mce full saturation of the part was
reached, the inlet and vacuum tubes were clamplee.impregnated part was left for
about 15-18 hours to cure and for the post cueeptrt was removed from the mold and

placed in the oven for one hour at @@nd then four hours at 80 [1 C.

3.4 IMPACT TEST

A Dynatup Instron Model 9250 Impact Testing machin#h impulse control and
data system was used to perform the low velocityaich tests. At the beginning of a test,
the impactor is secured with a hook at the dediedght. When the release mechanism is

activated, the impactor unhooks and falls down. dhep height can be varied by the
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control system adjusting the position of the impadiefore the test start. A 0.5 inch
hemispherical hardened steel tup is connectedegantipactor of the drop tower which
impacts the specimens with a mass of 6.5 kg. Fer ltw velocity impact tests,
specimens were clamped during the test runs irtaré concentric with the axis of drop
tower passing through the tup. The low velocity atiptest fixture is made of steel with a
1.75 inch x 1.75 inch opening to ensure that teedpecimens are clamped along all four
edges. For part one, the sandwich composites fdr @mm core were cut into 3 inch by
3 inch samples. The impact tests were conductéutet different energy levels of 30 J,

40J, and 50J and (3) specimens of each core wsszltat each energy level.
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4. PART | : LOW VELOCITY IMPACT RESPONSE AND
CHARACTERIZATION OF FOAM CORE SANDWICH
STRUCTURES

4.1PU RIGID 2 INCH FOAM SANDWICH COMPOSITES IMPACT RES ULTS
AND ANALYSIS

Section 4.1 investigates the impact behavior otimech PU rigid foam core
sandwich composites. To determine the behavidne@tandwich composite under
impact loading at each energy level, three (3)eddht relationships are discussed: Load
vs Time, Load vs Deflection, and Energy vs Time.

Figure 4.1 shows the load carrying ability of tipec@mens over time at an energy
level of 30 J. The tup did not penetrate the faeesland the damage was minor. The
maximum load produced within these samples was tab@l00 N. There was little
difference in the behavior of the three samples.

Figure 4.2 represents the load produced on tharspas over time at an energy
level of 40 J. The maximum load produced withinsthesamples was about 5,100 N.
After impact, the tup did not penetrate the faceshef samples 2 and 3, but caused a
greater amount of damage than at the 30 J enevgl ldowever, there was penetration
of the facing into the core of sample 1. The weilglst much of its energy to the
faceplate so the load was reduced significantlye Thloaded region represents the load
carried by the foam. Energy was absorbed at a aonsate until there was insufficient
energy to continue through the core and the remgianergy was absorbed by the foam

bringing the load to zero.
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In Figure 4.3, the correlation between the loadlensample and time at 50 J of
energy. The behaviors of all the samples were senjlar. The impact weight penetrated
each sample’s facing, but did not have enough grergnpact the bottom faceplate. As
the tup impacts the core, it was able to penetatieut 0.75 inches into the foam,
however, the weight was unable to retain enouginggrtarough the unloading region to

strike the bottom facing and the remaining energg absorbed by the foam.
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Figure 4.1 Load vs Time 30 J Impact of PU Rigid &aich Composite
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Figure 4.3 Load vs Time 50 J Impact of PU Rigid &=ich Composite
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Figure 4.4 illustrates the relationship between libeed and deflection of the
specimens at 30 J. The variation between the safmgbddlection is minimal with all of
the samples falling within a range of just 0.3 ahaélimeter or 0.0118 of an inch. After
the initial impact, there was a large deflectiorthe facesheet and as the impact weight
recoiled and impacted the samples again, the spesirsaw another, although smaller,
increase in the deflection. At that point, the gydnad diminished enough to where the
weight could not produce enough load to further aigenthe specimens. Since there was
no penetration of the facings, the remaining enevgy absorbed by the weight until the
load on the samples decreased to zero.

Figure 4.5 demonstrates the relationship betweendad and the deflection of
the samples at 40 J. The deflections of these smwpére larger than those of the 30 J
samples since a higher energy level would natugaibguce a larger load resulting in a
larger deflection. The maximum deflection withirese samples was 17 mm (0.67 in)
and the minimum deflection was about 11 mm (0.483The large deflection in sample
1 was due to the complete penetration of the fatephto the foam. In sample 2, there
was no penetration so the facesheet absorbed nfutie éoad from the impact weight
until there was not enough energy to continue pecodua load powerful enough to
further damage the faceplate resulting in the uhesergy being transferred back to the
weight reducing the load to zero. The impact wejgdntially penetrated the facesheet of
sample 3. This partial penetration allowed for @yéa deflection than in sample 2, but
less than that of sample 1. Since the faceplate paaally intact, there was energy

transferred back to the impactor similar to san2ple
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Figure 4.6 shows how the load relates to the diédleof the samples at 50 J. The
tup penetrated each sample’s facesheet resultingrge deflections. The maximum
deflection was about 24 mm (0.945 in) and the mummwas about 22 mm (0.866 in).
These three samples at 50 J demonstrated a simeitevior to that of sample 1 at 40 J,
but had a larger deflection due to the higher gnkgel. Since the foam absorbed energy
at a constant rate, the load remained the same tbectup entered the core, but the
deflection continued to increase until the energiiw the impactor was insufficient to

penetrate deeper into the foam.
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Figure 4.4 Load vs Deflection 30 J Impact of PUiRi§andwich Composite
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Figure 4.7 displays the energy absorbed by theirsiees over time at an energy
level of 30 J. The energy absorbed by all threéhefe samples was about 25 J. There
was no penetration of the facesheets so the samplesnot able to absorb all the energy
and the remaining energy was transferred backetovikight.

Figure 4.8 shows the energy absorption within @i@Ees over time. Since the
tup penetrated the facesheet of sample 1, theeefflitdoules of energy was absorbed by
the sample. The tup did not penetrate the facesifestmple 2 so it was only able to
absorb about 33 Joules from the impact weight. Oue partial penetration in sample
3, most of the energy, about 39 J, was absorbéldebgample.

Figure 4.9 represents the energy absorption withensamples at 50 J. Since the
energy level was too great for the faceplates tallea the energy was dispersed through

the foam core.
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Figure 4.7 Energy vs Time 30 J Impact of PU Rigeh@vich Composite
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Figure 4.9 Energy vs Time 50 J Impact of PU Rigish@vich Composite
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4.2WEBCORE (TYCOR-W) 2 INCH FOAM SANDWICH COMPOSITE
IMPACT RESULTS AND ANALYSIS

Section 4.2 investigates the impact behavior otiech Webcore foam core
sandwich composites. To determine the behavidne@sandwich composite under
impact loading at all three energy levels, thréed{Berent relationships are discussed:
Load vs Time, Load vs Deflection, and Energy vs & 30J, 40J and 50J.

Figure 4.10 displays the load in the specimen twee. Sample 1 was able to carry a
load of about 5,700N and the other two were ablgatadle about 5,500 N. Sample 1 was
impacted on a support channel and did not have rdanfage on the facesheet, but there
was buckling and breaking in the supports through foam. The load in this sample
linearly decreased because load was distributesugjfr the support channels by the
faceplate. The faceplates of sample 2 and 3 were robust than the faceplate of sample
1 and even though the load exerted on samples 23amas slightly smaller, the
faceplates were able to absorb more of the loadeaddred a larger amount of damage
than sample 1.

In Figure 4.11, the relationship between the Idadample can withstand over time
at 40 J. The largest load handled by the threeimges was about 6,300 N and the
smallest was about 5,200 N. Sample 1 was ablertdl@a higher load than the other two
samples because the weight impacted the intersecfibwo support lines allowing the
specimen to withstand a larger load. As the tupeprated through the faceplate into the
foam of sample 3, it created a region of unloadieresenting the load carried by the
foam. The load remained almost constant in theaddd region due to the foam'’s ability
to absorb energy at a constant rate. The weighhai have enough energy to reach the

second facesheet so the remaining energy was &asbylthe foam.
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Figure 4.12 displays the load exerted on the sanpler time at an energy level of
50 J. There was not much discrepancy between gxénmam and minimum loads in the
specimens. The minimum was about 6,000 N and thenmuan was 6,200 N. Sample 1
was struck on a support line and much of the load tkansferred through the channels
causing them to buckle and break. The faceplatarbég fail at 5,000 N, but continued
to carry load until 6,000 N. Since the facesheet wat penetrated, the load was
dissipated through the support channels and syedddreased to zero. The facesheet of
sample 2 was penetrated completely, and showenhitasibehavior to sample 1 where
the faceplate began to fail before the maximum laad reached. Sample 3 endured
similar damage, but did not show the same facedladate as sample 1 and 2. The
faceplate began to fail at the maximum load. Tipepenetrated the foam core in samples

2 and 3 leading to the unloaded regions.
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Figure 4.10 Load vs Time 30 J Impact of Webcored8ach Composite
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Figure 4.11 Load vs Time 40 J Impact of Webcored@ach Composite
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Figure 4.12 Load vs Time 50 J Impact of Webcored@ach Composite
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Figure 4.13 shows the relationship between the twathe sample and induced
deflection. There was a significant difference lesw the lowest and highest deflection.
Since there was little damage done to the facesifesstmple 1, the facesheet acted as a
distribution medium and load was dispersed thrahghsupports causing them to buckle
resulting in a large deflection. Sample 2 saw simiésults as sample 1, but the facesheet
was able to carry more of the load before it wasridhuted to the supports. Sample 3 had
the most damage in the facesheet so there wasdittho load sent through the supports
so the deflection was less.

Figure 4.14 displays the deflection with respedhi load on the sample at 40 J.
Although sample 1 was able to handle the largest,ld endured the smallest deflection
of about 11 mm (0.433 in) due to the location theght struck the specimen. The tup
struck directly on the intersection of two supplines which allowed the sample to
effectively resist deformation causing the specinberhave a lower deflection. The
faceplate of sample 2 was partially pentrated afigral impact resulting in a larger
deflection. The impact weight completely penetratied facesheet of sample 3 after
initial impact causing the largest deflection.

The relationship between the load on the specinnentiae amount of deflection
within it is shown in Figure 4.15. There was angfigant difference in deflection
between the first sample and the other two. Samplad a deflection of 12.5 mm (0.492
in) while samples 2 and 3 saw a deflection of adoid mm (0.67 in) and 19 (0.748 in)
mm respectively. These large deflections were #wult of the penetration of the
facesheet whereas the facesheet of sample 1 remanteoken. Once the tup impacted

the foam core, the load remained almost constantthe foam was still being displaced
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until the impactor did not have the energy needecbhtinue and the foam absorbed the

remaining energy. Since sample 1 was not penejrétsaw a smaller deflection and

energy was transferred back to the impact weight.
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Figure 4.13 Load vs Deflection 30 J Impact of Webc®andwich Composite
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Figure 4.14 Load vs Deflection 40 J Impact of WebcBandwich Composite
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Figure 4.16 displays the energy absorbed over tBaenple 1 and 2 absorbed
about 26 J while sample 3 absorbed about 22 J. IBa@ngiosorbed less energy since the
facesheet absorbed most of the energy at initighohand little energy was dispersed
through the supports so that remaining energy was ® return to the weight. In
samples 1 and 2, the facesheet did not absorb els emergy as sample 3, but acted more
as a distribution medium that sent the energy ¢ostipports resulting in higher energy
absorption.

Figure 4.17 displays the energy absorbed by theplemnmover time. Sample 1
almost absorbed all the energy from the impactot,since much of the energy wasn’t
absorbed by the facesheet, and dispersed to thmidmes in the foam, the specimen
was able to absorb a greater amount of energyaimnpke 2, the facesheet was not
damaged enough for the tup to contact the foarhesgpecimen was only able to absorb
about 36 J of energy while the remaining energy igagned to the impactor. The third
sample’s faceplate was completely penetrated sthallenergy was absorbed by the
sample’s core.

Figure 4.18 shows the amount of energy absorbethéysamples over time.
Sample 1 was able to absorb about 42 J where Her two samples absorbed all the
energy from the impactor. Samples 2 and 3 were tabdsorb all the energy due to the
penetration of the faceplates. Sample 1, howevas mot penetrated so as the sample

exerted a force back on the weight resulting intthasfer of energy back to the weight.
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Figure 4.16 Energy vs Time 30 J Impact of Webcameddvich Composite
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Figure 4.17 Energy vs Time 40 J Impact of Webcameddvich Composite
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Figure 4.18 Energy vs Time 50 J Impact of Webcameddvich Composite

4.3COMPARISON OF PU RIGID AND WEBCORE (TYCOR-W) SANDWI CH
COMPOSITES

The average of each of the three (3) samples tastealch energy level for each foam
core was determined and is illustrated in Figurd® 4hrough 4.27. Table 4.1 quantifies
these figures. The Webcore compsite samples wdeetalwithstand higher loads than
that of the rigid samples. Even though the Webd&oaen core was composed of a softer
foam, the extra support produced by the glass fibarforcment allowd the Webcore
specimens to handle greater loads. The webcore @sitap were able to carry about 14%
more load than the rigid composites at the higaestgy level.

According to Table 4.1, the Webcore samples wele & absorb slightly more
energy at 30 and 40 Joules. At 50 Joules, the faadh sandwich composite absorbed
more energy than the Webcore, but at the expenstheofcomplete failure of the

facing.The fact that less energy was absorbed é&y\tabcore specimen shows that it has
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the potential to withstand a higher energy levepact without penetration of the
faceplate.

The deflection experienced by the rigid samples wase than that of the
webcore specimens. For both sandwich composite80aand 40 J of energy, the
displacements were very similar, only about a 6iffer@nce between each. However at
50 J, the PU rigid foam composite had a signifigahigher displacement, about 28 %,
than the Webcore sample as shown in Table 4.1.

After the failure of the faceplate, the impactoused more damage to the PU
rigid foam core than to the Webcore foam core. Singport channels gave the Webcore
composite a higher resistance to impact and whenntipactor pentrated the foam, the
channels were able to limit the damage within tloeecto 26% and the depth of
penetration to 0.563 inches. The PU rigid foanhalgh dense, was not as robust with it
only being able to limit the depth of penetratior0t75 inches, about 25% more than the
Webcore, and the damage to the rigid sample was a8P2% increase when compared
to the Webcore.

Even though the foam was less dense in the welooon@osite, the resin infused
support channels added a significant amount of masgsing them to weigh more than
the rigid core composite samples. The Webcore spa® also had a more unpredicable
impact behavior than the rigid core because olverging strength depending on where

the sample was impacted.
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Table 4.1 Average Weight and Low Velocity ImpacsRlés

31

E-glass/PU Rigid Foam E-glass/Webcore Foam
Impact Level 30J 40 J 50J 30J 40 J 50J
Contact Force (N) | 5133.03| 5076.00| 5277.70| 5588.63| 5853.93| 6115.23
Energy Absorbed (J)| 25.50 37.40 50 26.57| 38.49 48.24
Displacement (mm) | 9.29 13.62 22.59 8.75 14.47 16.20
Percent Damage (%) 37.5 25.7
Weight (g) 67.04 72.74
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Figure 4.19 Average 30J Load vs Time of Rigid anebdbre Composites
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Figure 4.20 Average 40J Load vs Time of Rigid anebdbre Composites
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Figure 4.21 Average 50J Load vs Time of Rigid anebdbre Composites
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Figure 4.22 Average 30J Load vs Deflection of Rigmdl Webcore Composites
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Figure 4.23 Average 40J Load vs Deflection of R Webcore Composites
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Figure 4.24 Average 50J Load vs Deflection of Rl Webcore Composites
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Figure 4.25 Average 30J Energy vs Time of Rigid Webcore Composites
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Figure 4.27 Average 50J Energy vs Time of Rigid Webcore Composites
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4.4 PART | CONCLUSIONS
Upon a thorough analysis of the PU rigid and Webddry COR-W) foam core

sandwich composite, Webcore was determined to éesdiperior choice of core when
under impact. The webcore composite was more radiusigher energy levels than the
rigid. The PU rigid foam composite saw a signifitamarger displacement, about 28%
more, at a higher energy level than the Webcoreposite. The Webcore foam was able
to absorb about 14% more load on average due poduchannels. After failure of the
faceplate, the Webcore composite had 12% less danhage to the core than the rigid.
The only undesirable property of the Webcore wad the PU rigid foam composite

weighed about 5 grams less on average.
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5. PART Il: THE EFFECTS OF MOISTURE EXPOSURE ON THE
MECHANICAL PROPERTIES OF FOAM CORE SANDWICH
STRUCTURES

5.1 TESTING PROCEDURE

5.1.1 Manufacturing Method. The VARTM process was used in the fabrication
of the sandwich composite samples. Four 10 incl mah sandwich composite samples
were manufactured with 3-ply faceplates using arich foam core. Woven E-glass fiber
compatible with PU resin systems is the reinforaeimeaterial that composes the
faceplates of the sandwich composite.

5.1.2 Moisture ExposureTwo dry impact and flexure samples were weighed,
tested and used for reference. The remaining imgpatflexure samples were immersed
in distilled water. After a 15 day period, two iagh and flexure samples were removed
from the water, weighed and tested. This processoeatinued for up to 90 days. At the
end of each 15 day period, impact and flexure t@ste performed on these wet samples
to determine the degradation of the mechanicaletegs as compared to the dry
samples.

5.1.3 Impact TestA Dynatup Instron Model 9250 Impact Testing machani
impulse control and data system was used to pertioenfow velocity impact tests. The
low velocity impact test fixture is made of steethwa 1.75 inch x 1.75 inch opening to
ensure that the test specimens are clamped albfayiakedges. Each 10 inch x 10 inch
sample was cut into 3 inch x 3 inch impact samatebsthree (3) samples were tested
after each 15 day period. The tests were condwttad energy level of 30J for both the

dry and wet samples. Section 5.2 investigatesnipact behavior of the 0.5 inch PU
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rigid foam core sandwich composites after moisaxgosure. To determine the behavior
of the sandwich composite under impact loadingaahesnergy level, three (3) different
relationships are discussed: Load vs Time, LoaDeffection, and Energy vs Time.

5.1.4 Flexure TestThe flexure experiments were performed on the saidw
composite according to ASTM standard (D7250-12peesvely [22]. The three-point
bending test was adopted to characterize the f#¢xuoperties of the sandwich
composites. In this test, a flat specimen was sirappported at two ends and was loaded
by a central load. Three (3) specimens were testeshch run. Table 5.1 gives the

specimen dimensions and loading rates of the test.

Table 5.1 Three-point Bending Specimen Data

Crosshead
Speed (in/min)

Sample # 0.04 4" x 1" x 0.5" 3-point

Specimen Label Geometry Fixture Type
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5.2 IMPACT RESULTS AND ANALYSIS OF THE PU RIGID 0.5
INCH FOAM SANDWICH COMPOSITES

Section 5.2 investigates the impact behavior of @t inch PU rigid foam core
sandwich composites. To determine the behaviohefsandwich composites, dry and
wet samples, under impact loading at 30 J, thredifferent relationships are discussed:
Load vs Time, Load vs Deflection, and Energy vs &im

5.2.1 Dry Impact Sample Analysis.Figures 5.1 through 5.3 demonstrate the
behavior of the dry sample under impact loadinge @y sample was used as a reference
for the wet samples to determine the degradatianefproperties of the samples due to
continuous moisture exposure over time. The samvpkeable to carry about a maximum
load of 4,000 N. The facesheet began to fail imewetly after the maximum load was
reached, but did not completely fail for about &eot4 milliseconds. The facesheet was
not penetrated by the impactor resulting in thaedfer of energy from the facesheet to the
impactor. The maximum deflection within this sampies about 13 mm (0.512 in). Even
though the foam core was rigid, the specimen was ritaking it more susceptible to
enduring a larger deflection. Since the facesheet mot penetrated, most of the energy
was absorbed by the facing also resulting in eeladgflection. The energy absorbed by
the composite was about 35 J. The maximum was &utso the specimen absorbed
much of the energy from the impact weight, but lneeahe facesheet was not penetrated,
there was some energy transferred back to the itmpda Figures 5.4 through 5.18
below, the impact behaviors of the five wet samplegler impact loading are

demonstrated.
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Figure 5.14 Energy vs Time of First Impact Run (\8ample 1)
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5.2.2 Dry and Moisture Impact Comparison.The degradation within the PU
rigid foam core sandwich structures can be clesebn in Table 5.2. Figures 19 through
21 demonstrate the behaviors of both dry and waptss under impact loading. Table
5.2 quantifies the properties determined from thpdct test. The dry sample was used as
the reference to compare the wet samples agaidgtéomine this loss of structural
integrity. The wet samples 1 and 2 exhibited theeeied pattern of degradation behavior
as compared to the dry sample. Although wet sathpi¢egrity had decreased when
compared to the dry sample, it still exhibited &efiroperties than those of wet sample 2,
which was immersed for 15 days longer. The loadtedeon wet samples 1 and 2 was
about 6% less than the load carried by the dry ganfpose two samples also endured a
significantly greater displacement and absorbezssdr amount of energy. Wet sample 3,
however, was able to carry a larger load than tiiesample due to the moisture inability
to completely saturate the center of the faceskdedre the impactor struck the sample.
This would allow the specimen to endure a largad Ilthan the first two wet samples and
quite possibly the dry sample, although the maxinhog of the dry sample and the wet
sample 3 only have about a 1% difference betweem thit also had a lower
displacement than the previous two wet samplesaatsde effect of the location where
the impact weight made contact being less saturateglthird impact run seems to be
where the behavior of the sample begins to sholaage in behavior. Wet samples 4
and 5 behaved as expected when compared to tleanhple, but they did see slightly
smaller displacements, 4% and 5% respectively.stéwedard deviation of the impact
properties can be found in Table 5.2. The deviatmithe impact properties were

relatively small showing that most of the valudbvigthin an acceptable range.



Table 5.2 Moisture Impact Test Results

Sample e Impact | Moisture | Contact | Energy Displace
Condigon Date Level | Absorbed | Force | Absorbed ment
) (%) (N) J) (mm)
bry 10/1/20 30 0.00 4,074 34.57 12.90
Sample 12
et 10/1/20 30 3.03 3,823 25.66 14.85
Sample 1 12
Wet 10/15/2
Sample 2 012 30 3.17 3,848 29.21 16.15
Wet 10/31/2
Sample 3 012 30 4.24 4,150 27.46 13.98
Wet 11/16/2
Sample 4 | 012 30 11.09 3,180 24.74 12.40
Wet 11/29/2
Sample 5 012 30 10.12 3,596 27.45 12.25
Standard Deviation of Wet 353 399 14 156 148
Samples
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Figure 5.19 Load vs Time of the Dry and Wet Im@@amples
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5.3 FLEXURAL RESULTS AND ANALYSIS OF PU RIGID 0.5 INCH FOAM
SANDWICH COMPOSITES

The bending test presents a case where the steies across the thickness of
specimen, shown in Figu5.22, during the threpeint bending test. The stress chan
from compression at the point where the loadingldouches the specimen, markas
point “Compression”, to tension on the oppositdase of the specimen, marked as p

“Tension”.

compression

tension

iZore
%

Faceplates

Figure 5.22 Three-point Bending Schematic

In addition, shear stresses act along the lengtthefspecimen. The core
facingscan fracture under these three types of stresggndig upon their properti
under such stresseshd interface between tHfacingsand the core can also fractt
under shear stresses. Hence, crack originatiortibmsaand propagation directions \

help in determining the typof stresses that cause failure.
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Figure 5.23 Stress-Strain Curves for Flexure Test

The Stress-Strain curves for each run of core samimdeomposites for the test are
shown in Figure 5.23. Some of the general obsemsatifrom these curves and the
observations of the samples during deformatiorlisted below, and will be discussed in
the following sections.

1. The load decreases sharply after the end of tlséi@lagion due to failure

initiation in the sandwich composites.

2. Some of the samples show complete fracture, whetbass show a plateau

region after this decrease in the load.

3. The failure initiates on the tensile side of the@men.

Within the elastic region of the displacement, wehero significant damage is
induced, the responses of the specimens to theedplplads are quite similar. This is

visible in the form of nearly the same slope in ¢astic region of the load-displacement
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curves for different samples. It is observed thet failure starts in the form of crack
initiation on the tensile side of the specimen las displacement increases. This crack

tends to grow towards the compression side of pleeisen.

Table 5.3 Moisture Flexure Test Results

Ao Aol Maximum | Displacement
Sample Condition | Strength Failure Load (N) p(mm)
(MPa) Strain (%)

Dry Sample 20 2.53 382 2.45
Wet Sample 1 9.73 6.30 262 8.38
Wet Sample 2 8.063 2.18 217 3.45
Wet Sample 3 6.061 2.70 220 3.79
Wet Sample 4 6.9 2.80 224 3.86

Standard
Deviation of Wet 1.38 1.64 18.21 2.03
Samples

There was a significant difference between the mara strength of the dry
sample and the wet samples. After the first 15 plyod, wet sample 1 was tested and
only had a flexural strength of about 10 MPa. Waehgle 1 was only immersed in the
water for 15 days, but the sample had a large dseref about 50% in strength as shown
in Table 5.3. The rate of degradation slowed froaet sample 1 to wet sample 2 from a
50% decrease to a 17% decrease. The strength westio decrease from sample to
sample except from wet sample 3 to wet sample 4. 3&mple 4 had a slightly higher
strength, about 12% higher, than the sample 3.s Wais due to the flexure specimen
reaching full saturation. The difference betweemas 2 and 3 was obviously greater

than the difference between samples 3 and 4 shavatghe samples were beginning to
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reach moisture equilibrium. The standard deviatbthe wet samples, shown in Table
5.3, was determined. The deviations of the sampére small showing that the values of

each flexure property tend to be close to the noédineir respective property.

5.4 PART Il CONCLUSIONS

Moisture exposure has a significant effect on tleefggmance of sandwich
composites. Degradation of the impact and flexama@es increased as the longer the
specimens were immersed in the water. When the Isampach the point of complete
saturation, the properties do not continue to dsge The percent difference between
flexure samples 1 and 2 is about 17%, but the rdiffee between samples 2 and 3 and
samples 3 and 4 were both about 1%. The flexurgkesnmad a dramatic 50% decrease
in strength from the dry sample to sample 1. Thaatiens of the impact and flexure
properties were relatively small showing that nafsthe values fell within an acceptable

range.
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6. CONCLUSIONS

Key conclusions from Part | and Part Il are sumeeatibelow:

» The PU rigid foam composite saw a significantlygkardisplacement, about 28%

more, at a higher energy level than the Webconeposite

» The Webcore foam sandwich composite was able toralabout 14% more load

on average due the support channels.

» After failure of the faceplate, the Webcore compmobiad 12% less damage done

to the core than the rigid.

> Degradation of the impact and flexure samples as®d the longer the specimens

were immersed in the water.

» When the samples reach the point of complete dainrahe properties do not
continue to decrease. The percent difference leetilexure strength in samples
1 and 2 was about 17% and the difference betwesttbngths of sample 2 and

3 and samples 3 and 4 were both about 1%.

» The deviations of the impact and flexure propentvese relatively small showing

that most of the values fell within an acceptahlege.
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