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a b s t r a c t

Thermoplastic resins are widely used in consumer products and industrial components. There is a sig-
nificant interest in weight reduction of many of those components. Although glass hollow particle filled
lightweight syntactic foams with thermoset matrices have been studied in detail, studies on thermo-
plastic syntactic foams are scarce. The present study is focused on developing a compression molding
based processing method for glass microballoon/high density polyethylene (GMB/HDPE) syntactic foams
and studying their mechanical properties to develop structure-property correlations. Blending of GMB in
HDPE is carried out using a Brabender mixer with processing parameters optimized for minimal filler
breakage. Flexural and tensile test specimens are compression molded with 20, 40 and 60 vol% of GMB.
Particle fracture increases with increasing GMB content due to increased particle to particle interaction
during processing. Additionally, increasing wall thickness makes GMBs stronger and results in reduced
particle fracture. Flexural modulus increases while strength decreases with increasing filler content.
Tensile strength decreases with increasing filler content, while tensile modulus is relatively unchanged.
GMB volume fraction has a more prominent effect than the wall thickness on the mechanical properties
of syntactic foams. Specific moduli of GMB/HDPE foams are superior while specific strength is compa-
rable to neat HDPE.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Syntactic foams are lightweight composite materials in which
hollow particles are embedded in a matrix resin [1,2]. These closed
cell foams are widely used in structural applications including
buoys, submarine buoyancy modules, underwater vehicle struc-
tures, thermoforming plugs, and aircraft components [3]. Ther-
mosetting syntactic foamswith epoxy and vinyl estermatrices have
been studied for mechanical, thermal and electrical properties in a
wide range of published literature [4e10]. Theoretical models and
simulations studies are also available on these materials studying
parameters such as particle-matrix interfacial effects, debonding,
particle failure effects on properties of syntactic foams, and failure
(M. Doddamani), steven.
(N. Gupta).
modes under complex loading conditions. Initial studies were
mostly focused on determining the effect of particle volume frac-
tion on mechanical properties of thermoset matrix syntactic foams
[11e13]. However, a combination of GMB wall thickness and vol-
ume fraction has resulted in greater control over the properties of
syntactic foams [1].

Despite the availability of wide range of literature on thermoset
syntactic foams, studies on thermoplastic matrix syntactic foams
are relatively scarce. Given the differences in the basic nature of the
materials, thermoplastic resins and their composites require
different processing methods and the test protocols; therefore,
detailed studies on processing and structure-property correlations
of thermoplastic matrix syntactic foams are desired. An overview of
some of the thermoplastic matrix syntactic foams can be found in
chapters of a recent book [14,15].

Injection molding and compression molding are the two widely
used processing methods for thermoplastic resins. Injection
molding has been used previously for fabricating HDPE matrix
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Nomenclature

d Flexural specimen thickness
K Bulk modulus of syntactic foams
Km Bulk modulus of matrix resin
Ki Bulk modulus of GMB material
r0 Outer radius of GMBs
L Flexural specimen span length
Ef Flexural modulus
h Radius ratio of GMBs
rt Theoretical density of syntactic foams
rg Density of glass
suf Ultimate flexural strength
εuf Strain at ultimate flexural stress
suT Ultimate tensile strength
εuT Strain at ultimate tensile stress

F Volume fraction of GMBs
m Slope of the elastic part of the flexural load-deflection

curve
G Shear modulus of syntactic foams
Gm Shear modulus of matrix resin
Gi Shear modulus of GMB material
Ef Flexural modulus
b Flexural specimen width
Et Tensile Modulus
rTPD True particle density of GMBs
re Measured density of syntactic foams
w Wall thickness of GMBs
sff Flexural fracture strength
εff Flexural fracture strain
sfT Tensile fracture strength
εfT Tensile fracture strain

Fig. 1. Particle size analysis of GMBs used in the present study.
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syntactic foams [16e22], while the present study intends to explore
the compression molding process for this purpose. The existing
studies used fly ash cenosphere as fillers. Cenospheres possess
defects such as surface irregularities, porosity in their walls and
non-uniform wall thickness, which compromise their mechanical
properties. Syntactic foams intended for load bearing or critical
applications tend to use high quality engineered GMBs as fillers due
to higher quality and better predictability of properties.

Most of the existing work investigated thermoplastic matrix
syntactic foams with up to 30 wt% of particles [23e25], mainly due
to the difficulty of fabricating high quality foams with higher par-
ticle loading. High particle content can help in lowering the syn-
tactic foam density. The present work deals with reinforcing HDPE
with up to 60 vol% of GMBs. Such higher filler loading is expected to
help in understanding the limitations of the processing method.
GMBs are used in as received condition because coating of particles
has shown to increase the clustering effects, change particle size
distribution, and the coating thickness variation may introduce
another variable in the study [25]. The present work includes initial
mixing of GMBs with HDPE using a Brabender mixer followed by
compression molding. Flexural and tensile properties are studied
for the molded specimens. Generalization of the experimental data
is carried out using a theoretical model so that the results of this
study can be extended to a wider range of particle wall thicknesses
and volume fractions.
2. Experimental methods

2.1. Materials

HDPE (180M50 grade, 20 g/10 min melt flow index), procured
from Indian Oil Corporation Ltd., Mumbai, India, is used as the
matrix material. Borosilicate GMBs (Trelleborg Offshore, USA) are
used as fillers. Particle size analysis of the GMBs is presented in
Fig. 1. Details of the measurement technique are given in Ref. [18].
The size distribution is monomodal, and less than 1% of particles
are observed to be larger than 125 mm for all GMB types used in this
work. Table 1 presents the properties of three different types of
GMBs used in this work. These particles differ in density due to
variation inwall thickness for nearly the samemean outer diameter
(Table 1). The average diameters of GMBs are found to be 53, 50 and
45 mm, which are in a close range, eliminating particle size as a
study parameter. The radius ratio for the GMBs is estimated by
assuming uniform fully dense walls using [26].
h ¼
 
1� rTPD

rg

!1 =

3

(1)

where rg is taken as 2540 kg/m3 [27]. The wall thickness of the
GMBs is estimated using [28].

w ¼ r0ð1� hÞ (2)

where w varies between 0.716 and 1.080 mm for the GMBs utilized
in the present work.

2.2. Sample preparation

A Brabender (Fig. 2a) is used for preparing GMB/HDPE blends.
The mixture is then compression molded to form sheets. Specifi-
cations of the Brabender and compression molding machine are
presented in Table 2. The cast specimens are named according to
the convention HYYY-ZZ, where H denotes the HDPE matrix, YYY
and ZZ are the true particle density in kg/m3 and GMB vol%,
respectively. Nine types of syntactic foams having three types of
GMBs with filler loadings of 20, 40 and 60 vol% are fabricated.

During syntactic foam fabrication, HDPE is first plasticized at
160 �C [17] in the Brabender for 5min. GMB are added to themelt in



Table 1
Properties of the GMBs used in the study.

GMB type Average GMB diameter (mm) True particle density (kg/m3) w
(mm)

h

SID200 53 200 0.716 0.973
SID270 50 270 0.925 0.963
SID350 45 350 1.080 0.952

Fig. 2. (a) Brabender, (b) blending mechanism and (c) pellets of GMB/HDPE syntactic foam.

Table 2
Specifications of Brabender and compression molding machine.

Brabender Compression molding

Make Western Company Keltron, Germany Santec Automation Pvt. Ltd., India
Model 16 CME SPL SP - 30
Product Mixer 50 HT SAIPL
Voltage (V) 240 þ PE 415
Frequency 50/60 e

Power (kW) 3.88 3.7
Ampere (A) 16.2 e

Max. pressure (bar) e 200
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themass ratio of 4:1 (HDPE:GMB) andmixed for twomoreminutes.
This process is repeated until the entire quantity of GMBs is mixed
thoroughly in HDPE. Mixing takes place in the confined chamber
comprising of two screws (Fig. 2b). Screw rotation speed needs to
be optimized to minimize the GMB breakage by high shear mixing.
The published literature utilizing Brabender blending has not
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reported screw speed optimization [23]. An optimization study is
first conducted for the screw rotation speed, which is then fixed for
fabricating all nine types of foams. Neat HDPE samples are also
prepared under the similar processing conditions for comparison.

GMB/HDPE syntactic foam pellets from Brabender are shown in
Fig. 2c. These pellets are hot pressed in a compression molding
machine. The pressure-temperature cycle used in compression
molding is presented in Fig. 3a. A polyethylene sheet is laid into the
compression mold cavity initially for easier removal of the cast
sheet. Weighed GMB/HDPE lumps (80 g) are loaded into the mold
cavity of dimension of 165 � 165 � 3.2 mm3 and are covered by
another polyethylene sheet from above. At the start of the pressure-
temperature cycle, pressure is set at 50 bar to disperse the GMB/
HDPE lumps uniformly into the mold cavity and then the cycle is
executed as presented in Fig. 3a [23]. Once the temperature reaches
the peak value of 160 �C, pressure is re-applied to consolidate the
blend in sheet form. This condition is held for 10 min, after which a
30-min cooling cycle is initiated. Finally, cast sheets of GMB/HDPE
are removed from the mold. Fig. 3b shows a GMB/HDPE sheet,
which is sectioned to produce specimens for the flexural and tensile
tests.
2.3. Density measurement

Density of all fabricated specimens is measured according to
ASTM D792-13. The densities of five specimens are measured and
the average values with standard deviations are reported. The
density of neat HDPE is measured to be 0.959 ± 0.002 g/cm3, which
is used in rule of mixtures to calculate theoretical density of syn-
tactic foams.
2.4. Flexural and tensile testing

A computer controlled Zwick universal testing machine (Zwick
Roell Z020, USA) having a load cell capacity of 20 kN is utilized for
Fig. 3. (a) Pressure-temperature cycle utilized to prepare samples and (b) a molded
GMB/HDPE sheet.
flexural and tensile testing. ASTM D790-10 standard is adopted for
flexural testing in the three-point bend configuration using spec-
imen dimensions of 127 � 12.7 � 3.2 mm3. The crosshead
displacement rate is maintained at 1.54 mm/min and a pre-load of
0.1 MPa is applied before the test. Specimens have a span length of
52 mm to maintain 16:1 span length/thickness ratio. Five speci-
mens are tested and the average values of the measured properties
are presented. Tests are terminated at 10% strain if the specimen
does not fracture. The flexural modulus (Ef) is calculated using

Ef ¼
L3m
4bd3

(3)

The flexural stress (sfM) is estimated by

sfM ¼ 3PL
2bd2

(4)

where P is the load at a given point on the load-deflection curve (N).
An Instron 4467 Universal Testing Machine with a 30 kN load

cell is used to perform tensile tests on specimens of dimensions
127 � 12.7 � 3.2 mm3. Tests are conducted at three different strain
rates of 1.6 � 10�5 s�1, 1.6 � 10�4 s�1 and 1.6 � 10�3 s�1 and the
strain is captured using a clip-on Instron extensometer of gauge
length 50.8 mm (2 inch). The load data is acquired by Bluehill 2.0
software which is then used to calculate stress values. Five speci-
mens for each material type are tested and average values are
reported.

2.5. Imaging

A JSM 6380LA, JEOL (Japan) scanning electron microscope is
used for microstructure observations. All the specimens are sputter
coated with gold using a JFC-1600 auto fine coater (JEOL, Japan).

3. Results

3.1. Process development

A pilot study is conducted for finding the optimal screw speed in
the Brabender to minimize GMB breakage. HDPE reinforced with
60 vol% of thin walled GMBs (H200-60) is chosen for this study as
thin walled particles in high volume fraction results in increased
fracture due to particle-particle interaction. It is expected that the
conditions optimized for this compositionwould be useful for other
less sensitive compositions. The Brabender screw speed is gradually
decreased from 40 to 10 rpm as per the results obtained in Table 3.
Density is a strong indication of foam quality because particle
fracture leads to higher density than expected. It is observed that
the density trend starts to saturate between 20 and 10 rpm.
Therefore, 10 rpm is selected for processing syntactic foams. Slower
speeds may further reduce the GMB breakage but such benefit is
expected to be very small based on this trend and the processing
time would increase drastically.

Further observations of specimen quality are presented in Fig. 4,
where specimen micrographs processed at 10 and 40 rpm are
Table 3
Density of H200-60 syntactic foam used in pilot study of screw rotation
optimization.

Syntactic foam type Screw rotation speed (rpm) Density
(g/cm3)

H200-60 40 0.713 ± 0.007
30 0.651 ± 0.006
20 0.625 ± 0.004
10 0.608 ± 0.002



Fig. 4. Scanning electron micrograph of as molded freeze fractured H200-60 syntactic foam for (a) 10 and (b) 40 rpm screw rotation acquired at same magnifications. Higher GMB
failure is seen in the syntactic foam developed at higher screw speed.
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compared. Higher particle fracture is observed at 40 rpm screw
speed in this figure, whereas most particles appear to be intact for
the specimen processed at 10 rpm. Density based estimates show
42.6 vol%. GMB fracture at 40 rpm speed compared to only 17.8 vol%
GMB fracture at 10 rpm. It is expected that GMBs with thicker walls
would fracture less because of their higher strength.

A micrograph of a freeze fractured surface of molded H200-60
syntactic foam is presented in Fig. 5. Natural surface compatibility
between GMB and HDPE is seen to be poor. Flexural and tensile
properties strongly depend on the interfacial bonding characteris-
tics to transfer load from the matrix to the particle. Though
improvement in the GMB-HDPE interfacial bonding is desired for
practical applications, such surface treatment of constituents can
adversely affect the flow characteristics of HDPE around GMB,
increasing localized stresses leading to greater particle fracture
during syntactic foam fabrication [17]. Further, any inconsistency in
surface treatment will affect both the flexural and tensile response,
making the effect of wall thickness difficult to interpret in the
present study [5,16].

Table 4 presents experimental and theoretical densities of
developed syntactic foams. For all particles types, GMB failure is
observed to be the highest for syntactic foams containing 60 vol%
GMBs. Particle failure forms glass debris, which are embedded in
the matrix. Although fractured particles do not provide the
reduction in density as planned, they still help in replacing more
Fig. 5. Freeze fractured surface of as molded (a) H200-60 at lower magnification showing a l
magnification image showing poor interfacial adhesion between the constituents.
expensive HDPE resin. Fig. 5 shows uniform distribution of GMBs
affirming the good quality of GMB/HDPE syntactic foam sample
processed through the adopted route.

3.2. Flexural behavior

A representative stress-strain curve for neat HDPE is presented
in Fig. 6a. The test is stopped because the specimen did not fail
before 10% strain. The flexural modulus of HDPE is measured to be
672 MPa. The measured properties of syntactic foams will be
compared with the HDPE resin properties to observe the effect of
presence of GMBs in syntactic foams.

Fig. 6bed presents a set of representative stress-strain graphs of
GMB/HDPE syntactic foams. The plastic strain of HDPE resin helps
in obtaining plastic deformation in the syntactic foam specimens.
As the particle volume fraction increases, the fracture strain is also
observed to decrease. The mechanical properties calculated from
these graphs are presented in Table 5. It is observed that for the
syntactic foams containing the same type of particles, modulus
increases, while strength and failure strength decrease as the GMB
volume fraction is increased. Thicker walled GMBs exhibit higher
modulus for all filler loadings (Table 5). Modulus for H200, H270
and H350 syntactic foams is observed to be 5e42%, 15e45% and
16e73% respectively higher than HDPE with varying filler content.

Specific modulus for H350-60 is observed to be 147% higher
arge number of intact particles with uniform distribution in HDPE matrix and (b) higher



Table 4
Composition, nomenclature, density and GMB failure in fabricated syntactic foams.

GMB density (kg/m3) F
(vol%)

Syntactic foam nomenclature rt
(g/cm3)

re
(g/cm3)

GMB failure
(vol. %)

200 20 H200-20 0.800 0.847 ± 0.008 5.55
40 H200-40 0.650 0.712 ± 0.014 8.71
60 H200-60 0.500 0.608 ± 0.002 17.76

270 20 H270-20 0.814 0.845 ± 0.003 3.67
40 H270-40 0.678 0.727 ± 0.001 6.74
60 H270-60 0.542 0.642 ± 0.003 15.58

350 20 H350-20 0.830 0.853 ± 0.003 2.70
40 H350-40 0.710 0.741 ± 0.004 4.18
60 H350-60 0.590 0.672 ± 0.005 12.20

Fig. 6. Representative stress-strain curves of syntactic foams with varying wall thickness having (a) 20 (b) 40 and (c) 60 vol% GMBs. Note that (a) has different X and Y-scales than
the other parts of the figure.
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compared to neat HDPE (Fig. 7a), implying a weight and cost saving
potential from these materials. Flexural strength is found to
decrease with increasing GMB content and wall thickness. Specific
strength (Fig. 7b) of syntactic foams containing H200 GMBs was
higher than that of the neat resin. Other types of particles showed
decreasing specific strength with increasing GMB content. It is
likely that fracture of thin walled GMBs in H200 syntactic foams
results in stress relaxation and delays failure. Volume fraction is
more influential than wall thickness variation in affecting the
flexural response of GMB/HDPE syntactic foams as per the experi-
mental results. Effective load transfer between the constituents is a
function of interfacial bonding which is observed to be poor be-
tween HDPE and GMBs (Fig. 5b). Due to the poor interfacial
bonding, the matrix tends to flow around particles and provides
large deformation. The four types of syntactic foams presented in
Fig. 8 show no signs of particle crushing on the fracture surface
during flexural failure.

3.3. Tensile behavior

The stress-strain behavior of HDPE resin at different strain rates
is presented in Fig. 9. Modulus, yield strength and ultimate tensile
strength extracted from the stress-strain graphs are presented in
Table 6. HDPE specimens show failure strains of 9.3, 8.3 and 4.4% for
strain rates of 1.6� 10�5, 1.6� 10�4 and 1.6� 10�3 s�1, respectively.
The syntactic foams have lower fracture strains for all GMB volume
fractions and strain rates. Failure strain reduces with increasing
filler content but no clear trend in fracture strain is observed with
change in wall thickness. Ultimate tensile strength (UTS) for foams
is lower than the neat resin and decreases with increasing filler



Table 5
Flexural properties of neat HDPE and their syntactic foams.

Foam type Ef
(MPa)

suf
(MPa)

εuf

(%)
sff
(MPa)

εff

(%)

HDPE 672.12 ± 20.2 30.66 ± 0.70 7.62 ± 0.42 e e

H200-20 707.51 ± 23.8 27.47 ± 0.36 5.87 ± 0.25 21.55 ± 0.41 5.97 ± 0.02
H200-40 798.49 ± 28.8 23.21 ± 0.59 4.17 ± 0.24 19.71 ± 0.59 4.72 ± 0.03
H200-60 951.32 ± 39.9 21.01 ± 0.67 2.51 ± 0.06 18.62 ± 0.71 2.53 ± 0.04
H270-20 769.77 ± 20.6 27.09 ± 0.42 5.34 ± 0.16 18.78 ± 0.51 5.35 ± 0.03
H270-40 864.93 ± 32.4 21.35 ± 0.46 3.04 ± 0.21 16.82 ± 0.63 4.28 ± 0.02
H270-60 972.51 ± 35.4 16.19 ± 0.61 2.39 ± 0.19 15.17 ± 0.55 2.09 ± 0.04
H350-20 781.32 ± 19.6 25.63 ± 0.43 5.17 ± 0.29 18.68 ± 0.98 5.87 ± 0.03
H350-40 1091.78 ± 20.9 19.42 ± 1.09 2.91 ± 0.11 15.82 ± 0.94 2.83 ± 0.03
H350-60 1165.73 ± 39.9 15.23 ± 1.15 1.28 ± 0.15 14.46 ± 0.78 1.27 ± 0.02

Fig. 7. Experimentally measured specific flexural (a) modulus and (b) strength of HDPE and their syntactic foams.
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content at all strain rates (Table 6). Higher filler content reduces the
matrix content (effective load bearing constituent) resulting in
lower tensile strength. Foams exhibit higher UTS with increasing
strain rate for same wall thickness and volume fraction, which is
attributed to the strain rate sensitivity of the matrix resin.

Effect of wall thickness on the modulus of syntactic foams with
the same GMB volume fraction is greater at lower strain rates
compared to higher ones (Table 6). For 1.6 � 10�5 s�1 strain rate,
variation in modulus due to hollow particle wall thickness is 7, 22
and 28% for 20, 40 and 60% volume fractions, respectively. In
contrast, it is found to be 29, 6 and 6% for 1.6 � 10�4 s�1 strain rate
and 0, 8 and 12% for 1.6 � 10�3 s�1. A general increasing trend is
seen in the specific modulus of syntactic foams with GMB wall
thickness at all strain rates. For higher strain rates, the variation in
specific modulus with GMB wall thickness is not high enough to
prescribe the use of any particular wall thickness for an application.
Although there is no apparent trend in specific yield strength with
wall thickness, syntactic foams showed better specific properties
than the neat resin. The fracture strength of all the syntactic foams
is up to 3.1, 2.6 and 3.4 times lower than that of the neat HDPE at
strain rates 1.6 � 10�5, 1.6 � 10�4 and 1.6 � 10�3 s�1, respectively.

Failure patterns of neat HDPE and H200 specimens after tensile
testing are presented in Fig. 10. H270 and H350 syntactic foams
exhibited a similar failure pattern. Compression molded neat HDPE
specimens fracture in brittle mode with no measurable necking.
This behavior is different than that observed for injection molded
neat HDPE samples [16,17]. Since HDPE is a partially crystalline
polymer, the dual pressure-temperature cycle over a longer period
of time (Fig. 3a) in compression molding compared to very short
cycle time in injection molding likely affects the failure mode from
ductile to brittle behavior by affecting the crystallinity.
Fracture surfaces of four types of syntactic foams are shown in
Fig. 11. In all cases, no significant particle crushing is observed, only
matrix deformation is visible. Higher plastic deformation is ob-
tained in foams with thicker walled particles at higher filler con-
tents (Fig. 11d).
4. Discussion

4.1. Theoretical modeling

A theoretical model proposed by Bardella and Genna (BGmodel)
is used to estimate the elastic modulus of syntactic foams [12]. This
model uses a homogenization scheme to estimate the bulk
modulus and shear modulus of the composite. The modulus of the
matrix material is taken from the experimental data and the Pois-
son's ratio is taken as 0.425 [16]. Modulus of 60 GPa and Poisson's
ratio of 0.21 GMB are taken for GMB material [27]. The bulk
modulus of syntactic foams is determined by

K ¼ Km
dð1þ FgÞ þ kð1� FÞg
dð1� FÞ þ kðgþ FÞ (5)

where g ¼ 4Gm
3Km

, d ¼ 4Gi
3Km

ð1� h3Þ and k ¼ 4Gi
3Ki

þ h3. Shear modulus is

calculated using the equations in Ref. [12]. The elastic modulus of
syntactic foams is determined as by

ET ¼ 9KG
3K þ G

(6)

Fig. 12 presents comparisons of experimental values of flexural
modulus with BG model predictions. The model shows an



Fig. 8. Fracture features of (a) H200-20 (b) H200-60 (c) H350-20 and (d) H350-60 syntactic foams after flexure test. Particles are not broken or crushed on the fracture surface. Large
deformation of matrix resin is evident in these micrographs.
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increasing trend of modulus with increase in GMB content and
decrease in radius ratio. BG model results are in the range of 2e17%
for flexural modulus with the experimental values of all the syn-
tactic foams. The predictions of tensile models are not compared
with experimental data because the tests are conducted at multiple
strain rate, while strain rate is not a parameter in the theoretical
model.

4.2. Property map

Flexural and tensile properties are plotted with respect to
density for HDPE composites containing different reinforcements
Fig. 9. Representative stress strain curves of neat HDPE for varying strain rates.
in Fig. 13 [16,29e36] and Fig. 14 [16,29e31,37e41], respectively.
Data are extracted from published literature and are plotted with
respect to density in these figures to compare with the results
obtained in the present study. It can be observed from the figures
that composites with higher modulus also have higher density as a
general trend for solid particle filled composites. However, the
advantage of hollow particle filler is evident from this figure.
H350-60 outperformed wood powder and cenosphere filled HDPE
composites for flexural modulus. H200-20 exhibited superior
flexural strength compared to wood powder, cenosphere, natural
and hemp fiber HDPE composites with density reduction of almost
1.5 times for GMB/HDPE syntactic foams developed in the present
study. H350-60 has much lower density with higher tensile
modulus compared to wood, lignocellulose and calcium carbonate
HDPE composites. Tensile strength for H350-20 is higher than
cenosphere, b-tricalcium phosphate, scrap rubber powder; and
comparable to lignocellulose with 1.18e1.3 times lower density.
Choice of appropriate constituent materials and concentrations,
the flexural and tensile properties can be tailored over a wide
range as seen from Figs. 13 and 14. It is desired to have higher
mechanical properties for lower densities, where syntactic foams
can provide advantage as their specific strength and specific
modulus would be comparable to several composites having
higher absolute properties.

5. Conclusions

Compression molding is a widely used method for



Table 6
Tensile properties of neat HDPE and syntactic foams at varying strain rates.

Foam type ET (MPa) sy(MPa) suf (MPa)

1.6 � 10�5 s�1 1.6 � 10�5 s�1 1.6 � 10�5 s�1 1.6 � 10�4 s�1 1.6 � 10�3 s�1 1.6 � 10�5 s�1 1.6 � 10�5 s�1 1.6 � 10�4 s�1 1.6 � 10�3 s�1

H 762 ± 15 7.0 ± 0.4 7.0 ± 0.4 8.4 ± 0.2 12.4 ± 0.9 7.0 ± 0.4 15.0 ± 1.6 17.3 ± 1.6 19.9 ± 1.6
H200-20 825 ± 29 7.3 ± 0.7 7.3 ± 0.7 9.9 ± 0.3 10.8 ± 0.4 7.3 ± 0.7 10.9 ± 1.2 12.5 ± 1.1 12.0 ± 1.2
H200-40 726 ± 71 7.5 ± 0.3 7.5 ± 0.3 8.3 ± 0.7 11.0 ± 0.8 7.5 ± 0.3 9.3 ± 0.2 10.2 ± 0.5 11.6 ± 1.5
H200-60 678 ± 58 7.2 ± 1.2 7.2 ± 1.2 9.5 ± 0.1 9.2 ± 0.9 7.2 ± 1.2 7.4 ± 1.3 9.9 ± 0.2 9.4 ± 1.1
H270-20 784 ± 70 7.9 ± 0.6 7.9 ± 0.6 9.6 ± 0.2 11.6 ± 0.5 7.9 ± 0.6 10.3 ± 0.3 12.3 ± 0.3 13.8 ± 1.2
H270-40 824 ± 50 8.0 ± 0.5 8.0 ± 0.5 10.9 ± 0.7 12.9 ± 0.2 8.0 ± 0.5 9.0 ± 0.6 11.2 ± 0.6 12.9 ± 0.2
H270-60 968 ± 114 5.7 ± 0.7 5.7 ± 0.7 7.0 ± 0.4 6.0 ± 0.7 5.7 ± 0.7 4.9 ± 0.4 6.7 ± 0.6 5.8 ± 0.5
H350-20 923 ± 85 8.0 ± 0.6 8.0 ± 0.6 9.4 ± 0.7 12.7 ± 0.6 8.0 ± 0.6 9.9 ± 3.0 12.5 ± 0.4 13.5 ± 1.3
H350-40 1195 ± 59 7.4 ± 0.8 7.4 ± 0.8 7.7 ± 0.2 9.7 ± 0.8 7.4 ± 0.8 7.1 ± 0.1 7.9 ± 0.1 10.1 ± 0.5
H350-60 1369 ± 104 6.6 ± 1.1 6.6 ± 1.1 7.3 ± 0.7 9.3 ± 0.4 6.6 ± 1.1 7.3 ± 1.1 7.4 ± 0.6 9.3 ± 0.4

Fig. 10. Representative specimens of neat HDPE and syntactic foams after tensile test
at 1.6 � 10�3 s�1 strain rate.

Fig. 11. Fracture features of (a) H200-20 (b) H200-60 (c) H350-20 and (d) H350-60 syntactic foams after tensile test 1.6 � 10�3 s�1 strain rate.

Fig. 12. Comparison of experimental values with theoretical models for flexural
modulus.
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Fig. 13. (a) Flexural modulus and (b) strength of HDPE composites plotted against density from available studies [16,29e36].
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Fig. 14. (a) Tensile modulus and (b) strength of HDPE composites plotted against density [16,29e31,37e41].
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manufacturing thermoplastic composites. However, this method
has not been applied to fabricate thermoplastic syntactic foams
because particle may fracture under compressive load during
fabrication. Process optimization resulted in reduction in particle
fracture in syntactic foams manufactured by this method. The
fabricated syntactic foams are characterized for flexural and tensile
response. The main conclusions can be summarized as:

� Measured density of all the syntactic foams is lower than neat
HDPE resin signifying potential weight saving.

� Extensive plastic deformation of HDPE is observed from the
micrographs at higher filler loadings in thicker walled particles.
Flexural modulus and strength are found to increase and
decrease respectively with increasing GMB content for syntactic
foams. The highest modulus and strength are recorded for
H350-60 and H200-20 respectively. Specific modulus and
strength of H350-60 and H200-60 are observed to be 147 and 8%
higher compared to neat HDPE samples. Flexural properties are
sensitive to volume fraction variations as compared to wall
thickness variation.

� Tensile modulus is found to be relatively insensitive to GMBwall
thickness. UTS decreases with increasing filler content.
Compared to neat HDPE, syntactic foams fracture at lower
strain. The fracture strength of all the developed syntactic foams
is 1.5e3 times lower than that of the neat HDPE. Highest specific
modulus observed for H200-60 is 0.64 MPa/kg/m3. No clear
trend is observed for specific strength.
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