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| mpact Response and Ener gy Absor ption of Single Phase Syntactic Foam

Thong M. Pharh Wensu Chef Jim Kingstori, and Hong Hab
Abstract

This study experimentally investigates the statid anpact response of a new single phase
syntactic foam which has been newly developedrfgact energy absorption. The syntactic
foam had different densities ranging from 172 k§im366 kg/midepending on the thickness
and composition of the coating layers. The impasponse and impact energy absorption
were investigated by using instrumented drop-weigipact tests. Under static loads, the
mechanical properties of the syntactic foam inglgdithe compressive strength, the yield
stress, and Young’s modulus increased with theityelmst the rate of increment decreased at
higher densities. There were two types of progvesiilures of the syntactic foam under
impact loads. The failure propagation was examiaad found to be dependent on the
material density and the impact velocity. Intergglly, the densification only occurred in the
low-density specimens while this phenomenon wasobserved for the specimens with the
density greater than 288 kginThe impact energy absorption capacity increaigfsantly
with the density and the wall thickness of the mapheres.
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I ntroduction

Syntactic foam made of engineered composite splii@sype of porous material with good
crush strength and energy absorption capacity, iwhés attracted an increasing interest and
attention from scientific and engineering commusiti The syntactic foam material can be
used for engineering applications across a rangénddstries such as mining, marine,
transportation, civil, defence and aerospace in dieits characteristics of low density, good
thermal efficiency, high strength-to-weight ratiodaimpact resistance capacity [1]. The
specific applications include road barriers, samtiwstructure, open pit edge protection and
aerospace structure [2, 3] etc. By applying theasgtic foam material for the roadside barrier,
the impact force can be significantly reduced wiiie energy absorption capacity remains
[4]. Sandwich structure made of syntactic foam @ anaterial can be used as protective
layers for vehicles against impact and blast Ig&disin open pit mines, the syntactic foam
material can be applied to the edge protectionckvhilows the narrower open pit haul roads
while remaining the safety requirement for trucs For marine applications, the syntactic
foam is able to provide buoyancy due to its ligkigiht and withstand high water pressure for

deep-sea exploration [7, 8] .

Syntactic foam is a kind of composite material abhcan be classified into one-phase, two-
phase and three-phase foams [7, 9]. Typical synté&mam consists of filler and a binder

matrix. The fillers can be made of glass, metatawec, cenosphere in the forms of micro-
sphere or macro-sphere [10-12]. The binder matax be made of polymeric binders and
metals [13-15]. One-phase foam is formed by bon@ingineered composite sphere matrix,
which is made from EPS (Expanded Polystyrene) beadsed with epoxy resin matrix or

fibre reinforced epoxy using “rolling ball method7, 16]. The coated EPS beads can be

cured and post-cured to shrink the EPS beads itisgdspheres to produce hollow structures.
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The hollow engineered composite spheres are theddaband form into one-phase foam.
Without curing process, the EPS beads can be alsorunk and fill inside the spheres, which
is a variant of one-phase foam. To improve the raeicial properties of syntactic foam, the
micro-spheres and macro-spheres made of varidessfitan be added and mixed with binder
matrix to form two-phase and three-phase syntéatims [10, 11]. Zhi et al. [17] investigated
the interfacial bond properties of syntactic foarade of fibres, fillers and matrix using
microbond test and numerical simulation. It wasnibahat the fibre diameter has the largest
effect on the interfacial shear strength of symtaiciam, followed by the volume fraction and

size of the fillers.

The mechanical properties of syntactic foam madteaae been reported in the literature. The
syntactic foam material shows superior mechanioabgrties in lieu of the composite action
by filler and matrix. The compressive stress of bgenous EPS (Expanded Polystyrene)
only foams with density of 13.5 kgfand 28 kg/m at 10% strain are 0.089 MPa and 0.191
MPa, respectively [18], which is well below the gqumessive strength of normal syntactic
foam. As reported by Swetha and Kumar [10], thengjth of the syntactic foam decreased
with the increase in microsphere content. The gnafgsorption capacity peaked when the
content of microsphere was up to 40%. As obserwe&im and Khamis [19], the impact
performance enhanced while the fracture toughnedslexural strength decreased with the
increasing volume fraction of the microsphere ia siyntactic foam. However, Wouterson et
al. [20] reported the opposite results, i.e. thistence of the microsphere of syntactic foam
improved the fracture toughness while decreasedirttfpact resistance capacity. Further
studies have shown that particles of very thin svédlad to decease in properties as the
particle volume fraction is increased. However,\aba critical wall thickness, increase in
particle fraction leads to improved syntactic foproperties [2]. To improve the mechanical

behaviour and enhance impact energy absorptiorcitgperumb rubber has been added into
3
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syntactic foam [21-23]. It was found that the oimrolume fraction of the crumb rubber
ranged between 10% and 20% in terms of fracturghioess. The effect on its energy
absorption capacity and fracture toughness by gddinmb rubber into the syntactic foam
was investigated under quasi-static and impactsloadhe previous study [9]. It should be
noted that syntactic foam as lightweight composhas many applications and dynamic
behaviours of syntactic foam material are worthdgituy due to its great potential
applications in impact resistance and protecticaire extreme loads. Syntactic foam can be
pre-cast in factories or cast in-situ to almost aagnmon shapes. For instance, this material
has been used to fill in the edge protectors fdickes in the previous study by Durkin et al.

[6] and this application has been used in miné&astern Australia.

In the existing literature, dynamic properties wfitaictic foams and/or polymeric foams have
been experimentally investigated. For instanceygSet al. [24] investigated mechanical
properties of epoxy syntactic foam at intermedsdtain rate by using modified MTS material
tester and modified split Hopkinson pressure ba#RB). It was reported that the failure
strength of syntactic foam exhibited strain-rat@edelency. Li et al. [25] conducted the
compressive tests on glass micro balloon synté@éims by using hydraulic loading machine
for medium strain rate and SHPB for high straif na to 40008 The stress-strain response
was obtained and the compressive properties egdilsitrain rate dependency. Additionally,
the microscopic observations from testing combimeth numerical simulations revealed
failure mode and failure mechanism of syntactiaio®uellet et al. [26] also investigated the
compressive properties of polymeric foams undesgstatic, medium and high strain rate by
using SHPB. It was found that the strain rate éffdlecame pronounced at the rate above
1000 §". Peter and Woldesenbet [27] investigated the effémanoclay on the high strain
rate mechanical properties of syntactic foams. Righ strain rate tests were conducted by

using SHPB. The authors found that the inclusiod%f nanoclay volume fraction yield the
4
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optimum enhancement in peak stress and moduluanafatay syntactic foam properties. Viot
et al. [28] examined the material properties oftagtic foam under high rate loadings. The
effects of the microsphere volume fraction, prajeanass, and drop height on the energy
absorption were investigated. The authors obsesiguificant effects of the microsphere
volume fraction and drop height and marginal infice of the projectile mass on the energy
absorption. The energy absorption mechanism inslade visco-plastic deformation of the
matrix and the fracture of the glass bubble stmectiihe failure of the glass bubble mainly
governed the energy absorption when its volumetitnacwas high while the resin
deformation primarily controlled the energy absmmptof low volume fraction syntactic
foams. In addition, Shams et al. [29] developedi@oamechanical model for the simulation
of syntactic foams under high strain rate loadse Ploposed numerical model enables the
predication of syntactic foam behaviour at a widage of strain rates and various micro
balloon configurations. The above-mentioned exgsgérperimental and numerical studies on
the dynamic properties of various syntactic foams e referred for the dynamic properties

investigations of new single-phase syntactic foaoppsed in this study.

This study aims to propose a new single-phase syntibam with high energy absorption
capacity. The effects of material density and whiltkness of spheres on both the strength
and energy absorption are examined for the purpbsgeriving the optimal material designs
for various applications. In this paper, the meatenbehaviours of four types of single-
phase syntactic foam materials (with four densiteéd72, 288, 318, and 366 kginwere
investigated subjected to quasi-static and impeadd. The specimens were made of the same
mother materials but they had different coatingefaywhich result in varied densities. The
mechanical properties and static/impact energy rabisa of the syntactic foams were
experimentally examined. Furthermore, differentetypof the failure propagation under

impact tests were discussed based on quantitaialgsees and analytical solutions.
5
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Specimen manufacturing

In this study, the single phase syntactic matewak prepared and fabricated by the company
Matrix, Australia [30]. The syntactic foam was madesngineered composite macro-spheres.
The macro-spheres were formed from spherical, lewsily EPS (Expanded Polystyrene)
beads coated using rolling ball method [7, 16] vétyers of short-fibre reinforced composite,
which is a combination of mineral fibre (i.e. wdtanite) and epoxy resin as shown in Fig. 1.
The compressive strength and modulus of the epegin rwere 100 MPa and 2750 MPa,
respectively. After applying multiple coats of shfibre reinforced composite, the macro-
spheres were extracted from the process followed bgal coating of epoxy resin without
mineral fibre. The sticky (for fingers) macro-spé®mith certain viscosity were then poured
into a suitable cavity based upon the volume ahraad the estimated macro-sphere surface
area. In this study, the packing density was 60% &sature of randomly packed spherical
particles [31]. After that, the epoxy resin wasezliat 68C for 4 hours to set the material into
its final form. It is worth noting that the epoxgated macro-spheres can be cured to shrink
the EPS beads inside the macro-spheres to prodaltmvhmacro-sphere structures. The
hollow macro-spheres, which had the average dianoét8.5 mm and coating thickness of
35.1~40.1um, were evenly distributed in the foam. The varygcwating thicknesses are
corresponding to different densities. The syntaftiam was estimated to have a density of
172~366 kg/m3. It is noted that the density, stierand stiffness of macro-spheres and

syntactic foam can be tailored to meet with thein@mnents of various applications.
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Figure 1 Single-phase syntactic foam material

The mechanical properties of the single phase feane investigated under static and impact
loads. There were two sizes of cylindrical specisi@rthis study including100x180 mm for
the impact tests angb0Ox100 mm for the static tests. These specimensvaadd densities,
which were 172 kg/rh 288 kg/mi, 318 kg/ni, and 366 kg/m resulted from different coating
layers and thicknesses. As mentioned previoushy,sfrecimens could have the EPS beads

shrunk or fully filled in the spheres, dependingtioa different curing processes.
Static mechanical properties

The compressive strength of the one phase syntiam was investigated by conducting
standard compression tests. The tested cylindershieadiameter of 50 mm and the height of
100 mm. There were four different groups with diéiet densities which were considered in
the static tests. Each group contained five idahpecimens which had the densities of 172
kg/m®, 288 kg/mi, 318 kg/ni, and 366 kg/r) respectively. These specimens were prepared in
separate molds with the same dimension. The sstessr curves of the tested cylinder are
presented in Figs. 2-4 and the test results aepted in Table 1. The stress-strain curves of

the tested specimens were linear up to the yielgioigts before fluctuating around their



154

155

156

157

158

159

160

161

162

163

164

maximum stress. After reaching the yielding poistsgess of the specimens dropped owing to
the crushing of one layer of coated EPS spheres. prbgressive failure of one layer of
coated EPS spheres led to a local reduction ofsthess-strain curves. The stress of the
specimens then increased again when the damagadréached the densification level of the
material. The progressive failure of the specimam#inued until very large deformation and
the compression tests were stopped at the axahstf 35% because of the limit of the

testing machine.

0.7 1

Axial stress (MPa)

Axial strain (%)

Fig. 2. Stress-strain relationship of the singlagghsyntactic foanp(= 172 kg/nf)
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Fig. 3. Stress-strain relationship of the singlagghsyntactic foanp(= 288 kg/m)
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Fig. 4. Stress-strain relationship of the singlagghsyntactic foanp(= 366 kg/m)

In addition, the yield strain of these specimergs bt show a considerable variation among
the tested specimens with density between 172 & kg/n?. The vyield strain of the
specimens was 0.89%, 1.10%, 1.05%, and 1.58% gomeing to the densities of 172 kg/m
288 kg/nt, 318 kg/ni, and 366 kg/r) respectively. On the other hand, the yield stress
increased significantly with the density of the dpeens with the yield stress of 0.51 MPa,
1.14 MPa, 1.41 MPa, and 1.91 MPa, respectively.s€guently, the maximum stress of the
specimens also increased significantly with theemailt density. The Young’s modulus of the
material increased significantly from 63 MPa to MBa when the density changed from 172
kg/m® to 288 kg/mi. However, the rate of increase in Young's modudfishe material with
further increase in density slowed down with 119aMeY o= 288 kg/ni to 142 MPa fopo =

366 kg/nt. Besides, the energy absorption computed by e ander the load-displacement
curves is also presented in Table 1. Briefly, theddystrain, yield stress, Young’'s modulus,
and energy absorption varied in a different mavmgn the change in coating and density.
Thus, a desirable character can be achieved ainghddsbased on the experimental results as

above.
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The average plateau stress of these foam can ioeatsd by adopting an empirical model.

The plateau stresso(;) related to relative densityi) can be described by the following

S

form [32].
oyl _ » 1.5
Oy,s - a (Ps) (1)

where o, - plateau stressy, .- strength of epoxy resirp - density of the foamp,-density

of the epoxy resin; and is the coefficient to be calibrated from the expental results. In
this study, the strength of epoxy resin was 100 MPa& density of the epoxy resin was about
1150 kg/m. The density of the foams werk72 kg/nf, 288 kg/mi and 366 kg/m
respectively.

Under quasi-static load, the foams with the densit§72 kg/mi, 288 kg/ni and 366 kg/m

had the average plateau stress J of 0.55 MPa, 1.10 MPa and 1.90 MPa, respectivasy,

shown in Figs. 2-4. The coefficient for the singhlease syntactic foam was 0.096. The ratio of

o . .
plateau stress to epoxy strength-{-) can be well predicted by the empirical formula
y,.S

1.5
2P = 0.096 (pﬁ) . The predicted average plateau stresses for Hragavith the density of

Oy,s

172 kg/ni, 288 kg/mt and 366 kg/rhare 0.56 MPa, 1.20 MPa and 1.72 MPa, respectively.
I mpact response
Drop-weight tests

The instrumented drop-weight tests were utilizednteestigate the impact behavior of the
single phase syntactic foam. The drop-weight apparacluded a solid steel projectile which
was dropped from the designated height to the fojhe specimens. There were two steel

projectiles used in this study, including the heawgjectile weighing 100 kg and another

10
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light projectile of 28.26 kg as shown in Fig. 5.eTheavy projectile had a smooth flat bottom
with a radius of 50 mm while the light projectilasvsteel cylinder with the radius of 75 mm
and flat bottom. The heavy projectile was usedhm test of most of the specimens except
Specimen 172_3 which was impacted by the lightgmtdg. The small projectile was used to
investigate the effect of higher impact velocity tyopping from a greater height. The
projectiles were falling onto the specimen top with plastic guiding tube as shown in Fig. 6.
The specimens were placed on the top of a loadwdetth was used to measure the impact
force and was fixed on a strong floor. The reasoplace the load cell at the bottom of the
specimens was explained in the study by Pham amd[B&. A high-speed camera, which
was set to capture 50400 frames per second, wak tosenonitor the failure processes,
displacements, velocities, and accelerations ofptiogectile and the specimens. The above
frame rate was chosen based on the experiencegtimprevious study in which lower frame
rate was not able to sufficiently capture the f&lyprocess. The data acquisition system
recorded data at a sampling rate of 1 MHz as recamded in the previous study by Pham
and Hao [33]. In the latter study, the authors stigated the effect of different sampling rates
on the recorded data and suggested that a sammgliagless than 1 MHz may not vyield

accurate results in this circumstance.

. A o BT
Large projectile Small projectile

Fig. 5. Shape of the two steel projectiles
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Fig. 6. Drop-weight test apparatus

Failure propagation and stress evolution

There were two different types of the failure prgg@on observed in the testing. The first
failure mode, which was observed when testing specs with light densityd = 172 or 288
kg/m?’), initiated from the bottom of the specimens anoppgated upward to the top of the
specimens. These specimens were tested under gaiyop heights from 0.63, 0.95 to 1.29
m. The top of the specimens was not damaged tetiehd of the impact events as shown in
Fig. 7. The whole impact duration was about 60-8lisaconds for all the specimens. The
second failure mode occurred with higher densitycgpens o = 366 kg/mi, drop heights
from 0.95-1.29 m), for which failure also initiatatlithe bottom but the failure soon occurred
at the top about 2-3 ms later. The failure thermppgated to the midheight from both ends as
shown in Fig. 8. The failure propagation of thecimens with density of 318 kgfshowed a
mixed modes of the failure propagation. The diffieesin the failure mode can be explained
by the stress evolution in these specimens. Thessstevolution was estimated based on a

solution presented by Johnson [34] and adoptedhiaynRet al. [35].

12



The specimen top -
Damage propagated remained undamaged
upwards

Damage mitiated

24.11 ms 38.23 ms

0 ms. 4.68 nis

238
239 Fig. 7. Progressive failure of Specimen 172_1
240
Damage propagated
Damage lmtiated ﬁ'om both ends
0 ms 2.97 ms 6.78 ms 16.82 ms
241
242 Fig. 8. Progressive failure of Specimen 366_3

243 The analytical solution examined the stress evatutif a short cylinder on a frictionless flat
244  rigid base. The rigid projectile impacts the cylndrom the top with a speed The stress
245 evolution in the cylinder is dependent on the @asahd plastic wave speeds, the material

246 properties, and the impact velocity. The wave speath be estimated as follows:
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wherecy andc; are the elastic and plastic wave speeds, respbgtivandP are respectively
Young’'s modulus and the plastic modulus of the nteandpy, is the density of the material

in its unstrained state. The stress wave propagaitna the stress evolution in the specimens
are presented in Fig. 9. It is noted thiats the yield stress of the material. Based on the
analytical solution and the material propertieg, stress evolution of the tested specimens is
calculated and shown in Fig. 10. As shown in tlgeire, when the projectile impacted the
specimens, the stress at the top of the specimasssmaller than the material strength and
thus did not cause any damage to the specimehs aatly instant. Accordingly, stress at the
bottom of the specimens (Zone 2) initiated the dganaf all the specimens as described in
Fig. 10, for example, the stress in Zone 2 of Speos 172, 288, and 366 was 0.63 MPa, 1.38
MPa, and 2.51 MPa which were greater than the mhtstirength (from static tests: 0.61
MPa, 1.30 MPa, and 2.26 MPa), respectively. A qgtetite analysis was carried out to
explain why these specimens failed in different n&aas. It is noted that the stress evolution in
these specimens is estimated based on the equatiessnted in Fig. 9 and more details

about the derivation of these equations can bedauthe study by Johnson [34].
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Fig. 10. Stress evolution of the tested specimens

After the failure initiation, the progressive dareagf the tested specimens was different as
mentioned previously. The specimens with low dgngit< 288 kg/ni) showed the damage
started and propagated from the bottom upwardswhéd specimen top remained undamaged
before the end of impact events. Meanwhile, theghspecimens in Group 366 exhibited a
consistent failure mode in which the damage simelbasly propagated from the top and
bottom towards the midheight of the specimens. dhae two possible reasons for this
variation of the failure mode. Firstly, specimenishwow density p < 288 kg/m) showed a
high level of densification as shown in Fig. 7 veh8pecimens 366 did not show a high level
of densification since the failed fragments flewt @as shown in Fig. 8. The damage of the

low-density specimens absorbed relatively more ohg@ergy normalized with its density
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than those of Specimens 366. As a result, therewesker reflected stress wave to form
stress at Zone 3 (Fig. 9) of the low-density specisnthan that of Specimens 366 according
to the corresponding coming stress wave. The hegellof the densification of the low-
density specimens, which led to the damage jugiggated from the bottom upwards, is also
shown in the impact force time histories (preseritedhe following section). Secondly,
because of the nature of the material and the itgelocity, the stress at Zone 3 of these
specimens is different. The increase of the sire€ene 3 compared to that in Zone 2 shows
the vulnerability of a specimen to damage at thpeatfber the failure of the bottom. It means
that the smaller difference between the stress&@ome 3 compared to Zone 2, the easier to
show damage in Zone 3. In Fig. 10, for instance difference between Zone 3 and Zone 2 of
Specimens 172 ((0.77-0.63)/0.63 = 22%) is gredtan tthat of Specimens 366 ((2.87-
2.51)/2.51 = 14%). This progressive failure of #ivegle syntactic foam is obviously different
from the failure of concrete material, for instan&ham and Hao [33] presented similar
impact tests on concrete cylinders and the conspeimens always failed at the impact end

associated with the first drop.

I mpact force time histories

Impact force time histories of the tested specinvesi® derived from the load cell record and
presented in Figs. 11-13. It is noted that the hparces from the specimens which were not
shown in these figures were lost owing malfunctainthe data acquisition system during
testing. The impact force time history of Specimd&2_2 (Fig. 11) showed a constant impact
force at about 7.5 kN for a duration of approxinha® ms (from 90 ms to 130 ms). During
this period, the progressive failure occurred whiie densification did not exist. However,
the densification appeared afterward and led tgrafecant increase of the impact force up to

27 kN, which confirms the above explanation of khgh level of densification of the low-

16



303 density specimens. On the other hand, the impacke ftime histories of higher-density
304 specimens did not show a densification processs(Fig-13) in which the impact force of
305 Specimens 288 and 366 did not show a considerafiideethce. It means that increasing the
306 density (from 288 kg/thto 366 kg/m)) did not lead to an enhancement of the impacteforc
307 The impact force of these specimens reached thespdaabout 10-15 MPa, then fluctuated

308 around 8-10 MPa before dropping to zero.
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313 Fig. 12. Impact force time histories of Specime@8 2
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317

318 To examine the dynamic compressive strength ofested specimens, the compressive stress
319 was calculated from the impact force time histoaad presented in Fig. 14. It is interesting
320 that the dynamic strength of all the tested specgweas not much different from that under
321 static tests with the exception of Specimen 172ft& ahe densification. This response is
322 beneficial when the material is used as a sacdfiager in protective structures. For example,
323 if this material with density of 318 kgfhis used in a sacrificed layer, its peak dynanmiesst
324 s greater than 2 MPa and then reduces to a platiesout 1 MPa which is even smaller than
325 the static strength. This response will reducearipact force that transfers from a collision to
326 the protected structures. The excellent abilityal$orbing impact energy is confirmed from
327 the tests since this material was able to stopkfOorojectile dropping from 1.3 m ( result in
328 1.3 kJ impact energy) while the similar impact gyecannot be absorbed by a similar size
329 concrete cylinder with the compressive strengtll®fMPa as presented by Pham and Hao

330 [33]. In the same test setup and specimen sizegthdual velocity of the projectile was zero
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for some specimens in this study while the corredpw residual velocity was greater than

zero after impacting the concrete specimens astexpby Pham and Hao [33].
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Fig. 14. Impact forces vs static strengths
Energy absorption

The energy absorption capacity of the tested spmwins investigated from the impact energy
and the residual energy. The impact energy is ihetik energy of the projectile just prior to
the impact event and is calculated from the impa&tbcity and the projectile weight. The
residual energy is estimated from the projectileghveand the residual velocity which has
two possibilities including rebounding velocity aresidual velocity. The rebound velocity is
in the opposite direction to the impact velocitythat it is negative. The testing results and

the energy absorption of the tested specimensrasemted in Table 2.

It is obvious that specimens with EPS fully fillinge macro spheres show better ability to
absorb impact energy. For example, Specimen 28Bsdrlaed 1.3 kJ and the specimen was

totally damaged while the specimen 288b_1 was cetelyl damaged with the energy of 0.8
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kJ. It is noted that the damage level was estimbtesid on the percentage of the crushed
material as compared to the total volume. The marinenergy absorption for Groups 172
and 288 was 732 J and 1291 J as shown in Table thelmeantime, the energy absorption
capacity of Groups 318 and 366 could not be prgpgsecified since the specimens did not
fully damage under 1123 J and 1357 J impact ererggspectively. The experimental results
have shown that the energy absorption capacitgasgad with the specimen’s density. As can
be seen that Specimens 366 were able to absorbimpeaet energy than that of Specimens
288 but the maximum impact forces of these two gsowere quite similar (Figs. 12-13). It
means that if these two groups are used as aisadrifiyer, the peak impact force transfers

from a collision to the protected structures wél éimilar but the material with = 366 kg/ni

will be able to absorb more impact energy thanehmish o = 288 kg/ni.

In order to investigate the impact energy transfémo the load cell, the impact force versus
axial displacement curves are presented in Fig.Ftém the figure, it can be seen that
Specimen 172 transferred more energy to the lokditcs noted that this transferring energy
is different from the energy absorption and thesoeafor this observation can be explained as
follows. For Specimens 288 and 318, the densibcatiid not occur because of the relatively
high density of the specimens and fragmentationthef specimens. As a result, these
specimens could not transfer the remaining enexgy the projectile to the load cell. On the

other hand, the densification in Specimen 172 dethdre energy absorption.
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Conclusions

The static/impact response and the energy absorpfiaghe newly developed single phase

syntactic foam has been investigated and the fatigfindings can be drawn:

1. The mechanical properties of the syntactic foarnuging the compressive strength, the
yield stress, and the modulus increased with tmesitlebut this change slowed down

with higher densities.

2. The failure propagation of the tested specimensdeaendent on the material density
and the impact velocity. The damage of the low-dgrspecimen propagated from the
bottom upwards to the top while the damage of figa-bdensity specimen propagated

from two ends towards the midheight.

3. A quantitative analysis of the stress evolutiorthia single phase syntactic foam can be

used to predict the progressive failure of the spens.
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4. The densification occurred in low density speciménsg did not happen in higher
density specimens. Therefore, using high densitgcispens together with FRP

confinement to achieve the densification phenomesioecommended.

5. The impact energy absorption increased signifigantith the density and the wall

thickness of the macrospheres.

Finally, the single phase syntactic foam is lightl dnas excellent ability to absorb impact
energy. Therefore, this material is recommendedséarificed layers in protective structures

or core layers for composite structures.
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495 Table 1. Experimental results under static loads

Young's  Energy (up to

Density Yield strain  Yield stress  Maximum modulus 3506 strain)

(kg/m?) (%) (MPa) stress (MPa) (MPa) (N.m)
172_1 0.69 0.43 0.62 74.2 36.1
172 2 1.32 0.54 0.63 50.9 375
172_3 0.84 0.42 0.61 70.0 35.8
172_4 0.98 0.50 0.58 65.2 34.9
172_5 0.90 0.49 0.63 75.5 36.0
Mean 0.94 0.48 0.61 67.2 36.1
288 1 0.97 1.14 1.36 118.6 70.7
288 2 0.91 1.10 1.30 131.8 69.0
288_3 0.82 1.07 1.34 142.2 70.0
288 4 1.15 1.16 1.34 80.5 66.6
288 5 0.86 0.88 1.24 120.8 65.1
Mean 0.93 1.05 1.30 118.8 67.7
318 1 1.11 1.524 1.76 134.3 106.3
318 2 1.06 1.463 1.67 124.2 99.3
318 _3 1.05 1.28 1.71 123.2 99.2
318 4 0.99 1.279 1.68 145.0 101.3
318 5 1.05 1.497 1.75 136.8 106.9
Mean 1.05 1.41 1.71 132.7 103.6
366_1 1.66 2.14 2.27 143.4 132.8
366_2 1.68 1.60 2.26 126.0 131.3
366_3 1.63 2.18 2.24 137.6 131.1
366_4 1.61 1.80 2.23 159.2 128.1
366_5 1.63 1.82 2.32 142.0 133.6
Mean 1.58 1.91 2.26 141.6 131.5
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Table 2. Experimental results of drop-weight impasts

_ Dr_op Density Impa_ct Resid_ual Energ_y Damage
Specimen height (kg/m?) velocity velocity Absorption level Note
(m) (m/s)  (mls) Q)
172 1 0.63 156 3.57 1.51 523 90%
172 2 0.95 152 4.39 2.15 732 100%
1723 129 156 506  -0.84 352 minor 25:26Kkg
projectile
288 1 1.29 226 5.14 0.78 1291 100%
288 2 0.63 230 3.57 0 637 40%
288_3 0.95 234 4.34 0 942 80%
288b_1 1.29 188 5.02 3 813 100% EPS
288b_2 0.63 195 3.26 0 531 80% shrunk
318 1 0.95 219 4.47 0 999 90% EPS
318 2 0.95 223 4.74 0 1123 80% shrunk
366_1 1.29 269 5.16 0 1331 70%
366_2 1.29 265 5.21 0 1357 70%
366_3 0.95 265 4.56 0 1040 <50%
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