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A simple procedure was established to fabricate polyurethane-cenosphere particulate
composite materials. Composites having four different volume fractions of cenospheres
(hollow ceramic microspheres) ranging from 10 to 40% in increments of 10% were
prepared and their mechanical properties were evaluated. A predictive model to estimate
the fracture toughness of the composite was developed. The dynamic constitutive behavior
of the composite in compression was investigated using the split Hopkinson pressure bar
(SHPB) technique in conjunction with high-speed photography. The results of the material
characterization indicated that addition of cenospheres decreased the density of the
composite. The quasi-static stiffness, both in tension and compression, and the quasi-static

fracture toughness of the composite increased with addition of cenospheres. The high
strain rate constitutive behavior of 100% polyurethane showed monotonic stiffening
whereas the composite at higher cenosphere volume fractions (40%) exhibited a
stiffening-softening-stiffening behavior. Scanning Electron Microscopy (SEM) studies were
also carried out to determine the failure mechanisms of the composite. © 2003 Kluwer

Academic Publishers

1. Introduction

Polyurethane composites, originally developed as an
alternative material to rubber composites, have supe-
rior mechanical properties. Considerable work has been
done on fabrication and quasi-static evaluation of vari-
ous types of polyurethane composite materials. Yilzmer
et al. [1] studied the mechanical-dilatational behav-
ior of glass-bead-filled polyurethane as a function of
filler content, particle size, and surface treatment of the
filler. Chehab et al. [2] conducted an experimental in-
vestigation of dynamic mechanical relaxation behavior
and tensile stress-strain behavior of polyurethane/mica
composite as a function of filler concentration and sur-
face area of the filler. Rozman et al. [3] studied the effect
of adding oil palm empty fruit bunch to polyurethane on
tensile properties. Recently, Torro-Palau et al. [4] stud-
ied the effect of four different types of silica in ther-
moplastic polyurethane on the rheological, mechani-
cal and adhesion properties of the composite. Molnar
et al. [5] investigated the impact resistance and fracture
characteristics of multi-component polypropylene par-
ticulate composites. Recently, Cardoso et al. [6] used
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ceramic-microballons as reinforcements in thermoset-
ting polyester resin to develop lightweight compos-
ites. They investigated the effect of particle size and
particle surface treatment on constitutive properties of
these composites. The effect of particle size and vol-
ume fraction on the fracture toughness of polyester
resin, reinforced with micrometer and nanometer
sized aluminum particles, was investigated by Singh
etal. [7].

Literature also reveals that there has been exten-
sive work done on dynamic characterization of various
types of elastomers. Very recently, Sharma et al. [8]
used high-speed photography along with the split
Hopkinson pressure bar (SHPB) technique to study the
dynamic constitutive behavior of soft materials includ-
ing polyurethane. Chen et al. [9] also used SHPB along
with high speed imaging to investigate the dynamic
constitute behavior of silicon rubber. However, fabrica-
tion and characterization of lightweight polyurethane
elastomer based composite materials are not yet re-
ported. This paper discusses the fabrication and detailed
quasi-static and dynamic mechanical characterization
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of lightweight polyurethane-cenosphere particulate
composites.

A simple procedure was established to fabricate con-
sistent quality composites. Composites having volume
fractions of cenospheres ranging from 10 to 40% in
increments of 10% were prepared. A detailed quasi-
static characterization of constitutive behavior and frac-
ture toughness was performed to identify the effect
of particle strengthening on Young’s modulus, tensile
strength, % elongation at break and fracture toughness.
High-speed photography in conjunction with the split
Hopkinson pressure bar (SHPB) technique was used to
characterize the dynamic constitutive behavior in com-
pression at two different strain rates. A fractographic
analysis of fractured specimens was also performed to
identify the failure mechanisms.

2. Fabrication procedure
The thermoset and cross-linked elastomer, polyure-
thane, used as matrix in this study consisted of two
parts: Part A (resin) and Part B (Hardener). The specific
gravity of both parts is 1.16 and the mix ratio was 1:1.
The basic rationale in using this type of urethane is that
it is flexible and easy to use. Due these characteristics,
this polyurethane has many naval applications such as
vibration isolation and shock absorption. The viscosity
of this urethane is very low and this makes it suitable for
mixing the particles up to 40% volume fraction without
air entrapment. Cenospheres [10—12] were used as the
particle reinforcement. Cenospheres are silica-alumina
micro spheres ranging from 10 to 300 wm in diameter.
These hollow spheres are a by-product of the fly ash,
obtained from coal-fired power plants. Since fly ash is
a waste product any use of it is beneficial for the envi-
ronment. The physical and chemical properties of the
cenospheres used in this study are provided in Table I.
As polyurethane is a soft material, it is difficult to
make the test specimens by machining. Suitable molds
were therefore made to cast the standard test speci-
mens required for characterization of the composite.
A silicone blend mold-releasing agent was applied to
the molds for easy removal of specimens from the
mold. As the polymerization process of polyurethane
is very sensitive to moisture, cenospheres were first air-
dried at 100°C for an hour. Since part A is highly vis-
cous compared to part B, the entire cenospheres were
added to part B first. Part A, and part B with particles
were degassed separately to remove the entrapped air.
Both parts were then mixed thoroughly and degassed
again to remove any air entrapped during mixing. The
mix was then poured into suitable molds to make the

TABLE I Properties of cenospheres®

Physical properties Chemical composition (%)

Specific gravity 0.67 Silica, SiOy 64.4
Bulk density 375 kg/m3 Alumina, Al,O3 294
Size range 10-300 um Tron oxide, Fe; O3 4.3
Mean size 127 um Titania, TiO, 1.0
Wall thickness 0.1 diameter Organic matter 0.9

#Product information for LV01-SG from Sphere Services Inc.
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TABLE II Massdensity of the composite for various volume fractions
of cenospheres

Mass density of the composite

Volume fraction of cenospheres (kg/m?)
0 1090
10 1050
20 990
30 950
40 900

desired test specimens. Proper care was taken not to
induce any air bubbles while pouring the mix into the
molds. The reason for degassing before mixing both
parts was to reduce the degassing time after mixing,
as polyurethane has a short gelation time of 25 min-
utes. The specimens were cured at room temperature
for 24 hours in the mold. Subsequently they were taken
out from the mold and cured at room temperature for
10 days to achieve complete polymerization.

3. Mass density characterization

Mass density of the composite was determined for all
volume fractions. Table II shows the variation of mass
density as a function of cenosphere volume fraction.
Owing to the low specific gravity of cenospheres, the
density of the composite decreases by 20% as the vol-
ume fraction of cenospheres is increased to 40%. The
composites having cenosphere volume fraction of 20%
and more float in water.

4. Quasi-static characterization
4.1. Constitutive response in tension
Tensile tests were carried out according to ASTM D412
test method using an Instron material testing system.
Five different samples of each volume fraction were
tested. Constitutive behavior and various tensile prop-
erties such as Young’s modulus, tensile strength, spe-
cific tensile strength and % elongation at break were
determined for the four volume fractions and for 100%
polyurethane. Fig. 1 shows typical stress-strain plots
of the composites as a function of volume fraction of
cenospheres. These plots show an initial linear region
followed by a nonlinear region. The extent of the lin-
ear portion of the curve increases as the volume frac-
tion of the cenospheres increases. This is due to the
reinforcement effect provided by the cenospheres. It
can also be observed from the plot that the composites
at higher volume fractions, exhibit significant soften-
ing in the nonlinear region of the stress-strain curve.
This is attributed to the debonding of the matrix from
the particles, widely known as dewetting. The effect of
dewetting is predominant at higher volume fractions.
The Young’s modulus of the composites determined
from the initial linear portion of the stress-strain plot
is shown in Fig. 2. Addition of cenospheres increases
the stiffness of the composite. The Young’s modulus
of the composite having 40% volume fraction of ceno-
spheres is five times that of polyurethane. The increase
in Young’s modulus with addition of cenospheres is
due to the restriction imposed by the relatively rigid
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Figure 1 Quasi-static tensile constitutive behavior as a function of volume fraction (V),) of cenospheres.
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Figure 2 Effect of particle reinforcement on tensile Young’s modulus.

cenospheres on deformation of the matrix. These
Young’s modulus values were compared with estimates
obtained using the theoretical model proposed by Guth
[13], given in Equation 1

Ec=E, (1+25V,+14.1V;) (D

where V), is volume fraction of the particles in the
composite and E, and E,, are the Young’s modulus of
composite and matrix respectively. Though this model
is typically used for lower volume fractions, the pre-
dictions compare well with those obtained using other
models up to 30% filler volume fractions as shown by
Bergstrom [14]. As shown in Fig. 2, the estimates deter-
mined using Equation 1 have a maximum deviation of
12% from experimental data. The deviation at higher
volume fractions occurs because the model does not
consider multiple particle interactions.

The effect of addition of cenospheres on tensile
strength is shown in Fig. 3. The tensile strength in-
creases up to 20% volume fraction of cenospheres and
decreases with further addition of cenospheres. There
are two major competing phenomena affecting the ten-
sile strength. The increase in the tensile strength of the
composite is due to load sharing by the cenospheres.
At the same time, introduction of these rigid particles
in a soft matrix causes localized stress intensification.
As the volume fraction of cenospheres increases, the
stress concentration increases. These high stresses ini-
tiate debonding or dewetting of the matrix from the
particles. Once dewetting occurs, load sharing by the
cenospheres decreases. The debonded region acts es-
sentially as a void and reduces the tensile strength. The
effect of dewetting on tensile strength is predominant
only at higher volume fractions. Yilmazer and Farris [1]

1633



3.6

® Tensile strength
A Specific tensile strength %

32F §

%

24

Tensile Strength (MPa)

2.0
00/( 1 1 1

350

— 300

— 250

— 200

— 150

— 100

Specific Tensile Strength (m)

— 50

1,

1 1

0 10 20

30 40 50

Volume Fraction (%)

Figure 3 Tensile strength and specific tensile strength as a function of volume fraction of cenospheres.

also observed a similar trend for tensile strength with
the addition of rigid particles to an elastomer matrix.
The variation of the specific tensile strength (ratio of
tensile strength to weight density) as a function of the
volume fraction of cenospheres, shown in Fig. 3 indi-
cates that the specific tensile strength of composite is
more than that of polyurethane for all volume fractions.
An SEM image of the failure surface for a compos-
ite containing 40% cenospheres is shown in Fig. 4. The
clean surfaces of the unbroken cenospheres and impres-
sions of the pop-outs of cenospheres indicate that the
primary failure mode is matrix dewetting and matrix
failure. The void between the matrix and cenospheres
shown in the micrograph is due to partial dewetting.
Fig. 5 shows the effect of particle reinforcement on
percentage elongation at break. The percentage elon-
gation at break decreases with addition of cenospheres.
As mentioned earlier, the failure of the composite was
primarily through matrix failure and dewetting. Thus,

Void formation due to
dewetting of matrix

Figure 4 SEM image of tensile fracture surface composite having 40%
volume fraction of cenospheres.
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for the composite to fail, the local strains in the matrix
should reach the failure strain of polyurethane. Addition
of cenospheres decreases the composite failure strain
because of two reasons. First, the overall stiffenening
and the load sharing provided by the rigid cenospheres
causes the localized matrix strain to reach the failure
strain of polyurethane at relatively low overall com-
posite strains. Additionally, as the cenosphere volume
fraction increases, dewetting (prior to failure) and the
associated effetcs of voids become predominant lead-
ing to a further reduction in the failure strain of the
composite. For all the volume fractions, the failed test
specimens did not indicate any permanent deformation.

4.2. Constitutive response in compression

Five different samples of each volume fraction were
tested for compression behavior according to ASTM
D575 test method. Specimens were loaded up to 50%
axial engineering strain. Quasi-static constitutive be-
havior and Young’s modulus as a function of ceno-
sphere volume fraction were determined. Fig. 6 shows
typical engineering stress-strain behavior of the com-
posite as a function of volume fraction of cenospheres.
The Young’s modulus was determined by considering
the initial linear portion up to 0.4% engineering strain
as shown in Fig. 7. The Young’s modulus as a function
of volume fraction of cenospheres, shown in Fig. 8, in-
dicates that the estimates obtained using Guth’s [13]
predictive model given in Equation 1 have a maxi-
mum deviation of 8% from experimental results. The
increase of Young’s modulus is due to the constraint im-
posed by the cenospheres on matrix deformation. The
softening behavior at higher strain values in the stress-
strain response for 40% volume fraction is attributed to
the debonding of cenospheres, which is predominant at
higher volume fraction. Unlike the tensile specimens,
the specimens tested in compression did not recover
their initial dimensions upon unloading and permanent
deformations of 3 to 5% were measured. It was also
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Figure 8 Effect of particle reinforcement on Young’s modulus under quasi-static compression.

noticed that all the specimens were intact without any
cracking.

4.3. Fracture characterization
4.3.1. Experimental determination
of fracture toughness

Quasi-static fracture toughness was determined using
single-edge notch tension (SENT) specimen configu-
ration shown in Fig. 9. A fine razor blade was used
to make an initial crack of root radius 20 um, which
is six times smaller than the mean diameter of ceno-
spheres. Fig. 10 represents the load-load point displace-
ment plots as a function of volume fraction for the crack
length used in this study. It was observed that for all vol-
ume fractions the load-displacement plot is linear up to
the fracture initiation load. Hence linear elastic fracture
mechanics was used to determine the quasi-static frac-
ture toughness. Five samples of each volume fraction

(6
3 mm

50mm

Figure 9 Single edge notch specimen for measuring fracture toughness.
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were tested to obtain the fracture toughness (Kic) us-
ing an Instron material testing system. Fig. 11 shows the
effect of cenosphere reinforcement on fracture tough-
ness. The fracture toughness of the composite having
40% volume fraction of cenospheres is twice that of
polyurethane. There are three reasons for the increase
in fracture toughness. (1) The reinforcement of ma-
trix increases load carrying capacity of the composite,
thus increasing the fracture initiation load and fracture
toughness. (2) Presence of the higher stresses near the
crack tip causes dewetting, which results in blunting of
the crack. Additionally, dewetting in the fracture pro-
cess zone around the crack tip can result in some stress
relief before the onset of crack propagation. (3) The
cenospheres that have not debonded from the matrix
could also increase the fracture initiation load through
crack bridging and crack pinning mechanisms in the
fracture process zone.

4.3.2. Predictive model to estimate
fracture toughness

There have been extensive number of both theoretical
and empirical models developed to determine Young’s
modulus and stress-strain behavior of elastomer matrix
particulate composite materials, however, there is no
predictive model available in the literature to estimate
fracture toughness of the elastomer matrix particulate
composite. Recently, El-Hadek and Trippur [15] devel-
oped a theoretical model for estimating tensile strength
of porous materials based on strain energy concept.
Based on the same theory, an attempt has been made
in this paper to develop a theoretical model to estimate
fracture toughness of elastomer matrix rigid particulate
composite material. Fig. 12 shows a strip of a partic-
ulate composite material of thickness ¢, width b and
length L. There are two basic assumptions used in this
model: (1) the particles are rigid and they do not deform
and (2) the overall strain energy of the composite is
equal to the strain energy stored in the matrix. By
considering the loading of the strip as a plane strain
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Figure 11 Effect of particle reinforcement on fracture toughness.

problem, for linear elastic material behavior, the strain
energy can be written as

1 1 1 1
AL(E Uc£c> =A'L <§Ux8x + E(fy‘c")’ + Etx_\’yxy>m ()

where A is nominal cross-sectional area of the com-
posite and A’ is average reduced cross-sectional area

of the matrix excluding the particle areas normal to
the far-field stress applied in the x-direction. o, and
&. are the stress and strain in the composite in the di-
rection of loading. The contribution to the strain en-
ergy from the second and third terms in the right hand
side of Equation 2 is much smaller compared to that
of the first term and, hence can be neglected. A simple
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Figure 12 A finite strip of particulate composite under uniaxial tension.
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Figure 13 The finite elements mesh for 40% volume fraction of cenospheres, where the element size is 20 um.

elasto-static finite element analysis was performed us-
ing the finite element analysis program, ABAQUS-
Standard, to verify this approximation. The model used
for this verification is shown in Fig. 13. Due to sym-
metry, only a fourth of the strip was used in the anal-
ysis. Two-dimensional plane strain annular cylindrical
particles were considered instead of three-dimensional
hollow spherical particles for simplicity. The dimen-
sions of the annular particles used in this study are:
outside diameter of 130 um and thickness of 13 um
(analogous to the dimensions of cenospheres). The par-
ticles have a higher Young’s modulus of 220 GPa,
as determined by Rohatgi and Guo [16]. It was ob-
served from the results of finite element analysis that
both normal and shear strains of the particles are very
small compared to those of the matrix. Hence the
two assumptions made in the predictive model are
valid.

A ratio of the strain energy component U= ax &x)
to the total strain energy (U = 2(0x extoyey —I—nysxy))
was computed for four different volume fractions of
particles ranging from 10 to 40% in increments of
10%. The results showed that U’/U is in the range
of 0.96-0.88 for the volume fractions (10 to 40%) of
particles used.

The simplified Equation 2 can now be written as,

R e R L)
AL | =-o.ec |=AL{=06,) =AL\| =(0,){em)
2 2 m 2

3

where (0,,), (¢,,) are the average stress and strain in the
matrix in the direction of loading.

Considering one dimensional stress distribution and
linear elasticity, Equation 3 can be written as below,

A5)=Go=(5) @

(AL) Ey,

1638

From Equation 4 the stress in the composite can be
related to the stress in the matrix as

S, | L 5
- - Vp E_m Om ( )
where V), is the volume fraction of the particles in
the composite and E, andE,, are the Young’s mod-
ulus of the composite and matrix respectively. From
Equation 5, the failure stress of the composite can be de-
termined by knowing the failure stress of the matrix us-
ing the constant parameters V), E. and E,,. Equation 5
can be further represented in terms of the critical frac-
ture load (P.) as shown below.

—AC,/I Vv, ECP (6)
T A WE, "

where A, and A,, are the nominal cross-sectional areas
of the composite and matrix respectively.

The fracture toughness (Kj). of the finite SENT
geometry [17] can be determined by using the

relation.
P. a )
tJw w

where ¢, w, a are thickness, width and crack length of
the specimen respectively.

By considering the critical load obtained in
Equation 6 as the critical load at which fracture occurs
and substituting Equation 6 in Equation 7, gives

(K1)e =

(Ko =4 J— mtf (a) @®)

where A,,/A. is the matrix fraction of the composite
for unit length, which is (1 — V,,).



The above equation can be simplified to represent the
fracture toughness of the composite in terms of fracture
toughness of the matrix (Kj),,.

1 | E.
(Kp)e = \/T—Vp E, (KDm 9

4.3.3. Comparison of experimental results
with estimates of predictive model

A comparison of the fracture toughness estimated by
Equation 9 with those obtained from the experiments
shown in Fig. 11 indicates that the estimates of predic-
tive model matches well with the experimental results
up to 20% volume fraction of cenospheres. The predic-
tive model over estimates the fracture toughness for vol-
ume fractions beyond 20%. The deviation of the model
estimates from experimental results beyond 20% vol-
ume fraction is primarily due to several reasons. First,
E, itself has a large error bar £5% at higher volume
fractions introducing an error in the fracture toughness
estimates. Second, ignoring the second and third terms
in the strain energy Equation 2 and assuming one di-
mensional stress state in Equation 3 also introduce an
error in the estimates.

5. Dynamic characterization

5.1. Experimental procedure

The experimental setup consisting of SHPB and high-
speed imaging system shown in Fig. 14 was used to
study the dynamic constitutive behavior. The SHPB
consists of a striker bar, an incident bar and a trans-
mission bar, all made of Aluminum 7075-T651. The
specimen (6 mm diameter and 3 mm thickness) was
placed between the incident and transmission bars. To
minimize frictional effects, a thin layer of molybdenum
disulfide lubricant was applied between the specimen
and the contacting bar end faces. On the impact sur-
face of incident bar, two layers of paper (pulse shaper)
were attached with a thin layer of vacuum grease. This
filters out any high-frequency components in the inci-
dent pulse. When the striker bar impacts the incident
bar, an elastic compressive stress pulse, referred as inci-
dent pulse, is generated and propagates along the inci-
dent bar towards the specimen. When the incident pulse

Incident pulse Transmitted pulse

C Reflected pulse c
Striker Bar
) = S6 [, osa |
> Incident Bar Transmission Bar
v [ ]
Specimen
Pulse Shaper Imacon-200
High-speed

camera

SG: Strain Gage

Figure 14 Experimental setup used for dynamic characterization.

reaches the specimen, part of the pulse is reflected back
into the incident bar due to the impedance mismatch at
the bar-specimen interface. The remaining part of the
pulse is transmitted into the specimen and, eventually,
into the transmission bar. Axial strain gages mounted
on the surface of the incident and transmission bars pro-
vide time-resolved measures of the elastic strain pulses
in the bars. A LeCroy model 6810 data acquisition mod-
ule was used to acquire the data. Two different strain
rates were achieved by varying the impact velocity. Us-
ing one-dimensional wave theory [18], the stress (o)
and strain (&;) histories in the specimen can be gener-
ated from the reflected and transmitted strains (&, &) as

) t
& = b / g (1) dt
ls 0

E
= ]"2 (10)
Pb

Ap
o5 (1) = EbA—é‘t ()

N

where, [, is the specimen length and c; is the wave speed
in the bar material. A, and A, are the cross-sectional
areas of the bar and specimen respectively. E; and pp
are the Young’s modulus and density of the bar material
respectively.

AnImacon-200 high-speed imaging system was used
to capture real-time strains of material deformation un-
der dynamic loading. This camera is capable of taking
16 pictures at a framing rate as high as 200 million
frames/sec with exposure times as low as 5 ns. The
incident pulse was used to trigger both the data acqui-
sition system and the camera. Since the incident pulse
takes 110 us to reach the specimen, an initial delay of
the same duration was set in the camera to start captur-
ing the real time deformation of the specimen. All the
images were taken with an inter-frame time of 10 us
and exposure time of 250 ns.

5.2. Experimental results

5.2.1. Dynamic constitutive behavior

The dynamic constitutive behavior was determined
at two different strain rates 3000/s and 5000/s.
Fig. 15 shows typical incident, reflected and transmit-
ted strain pulses from an experiment for polyurethane-
cenosphere composite. The reflected pulse was used
to compute the axial strain history, and the transmit-
ted pulse was used to compute the stress history in the
specimen using Equation 10. The true stress-strain re-
sponse at an average strain rate of 5000/s is shown in
Fig. 16 for all volume fractions. The stress-strain plot
for higher volume fractions (30 and 40% cenospheres)
exhibits three regions. In the initial region (up to 10%
strain) the stiffness is considerably higher than that of
polyurethane. In the second region (10 to 40% strain),
the material softens as indicated by the reducing slope
of the stress strain curve (which eventually becomes
close to zero for 40% volume fraction). In the third re-
gion (above 40% strains), the material regains some of
the stiffness and the slope of this portion of the curve ap-
proaches that of the polyurethane stress-strain curve. At
higher volume fractions, after reaching a critical load,
dewetting of the matrix from the cenospheres happens
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Figure 15 Typical strain-time records for polyurethane-cenosphere composite.
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Figure 16 True stress-strain behavior as a function of volume fraction (V,,) of cenospheres for an average strain rate of 5000/s.

spontaneously in the radial direction. This relaxes the
constraint on matrix deformation altogether, leading to
the softening behavior. However, as the specimen de-
forms further, the cenospheres will continue to share
load by localized direct contact, leading to regaining
some of the stiffness.

Fig. 17 shows the true stress-strain behavior as a
function of strain rate for polyurethane. It can be seen
that there is significant difference between the quasi-
static and dynamic constitutive behaviors, indicating
that polyurethane by itself is highly rate sensitive. How-
ever, the two high strain rate responses are very close
to each other. The quasi-static and dynamic response
for 40% cenospheres, shown in Fig. 18, indicates that,
there is again a dramatic difference between the quasi-
static and dynamic constitutive behaviors. Unlike the
dynamic response of polyurethane (see Fig. 17), the re-
sponse of the composite having 40% volume fraction
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of cenospheres at the two high strain rates do not fall
on each other especially in the initial region. In this ini-
tial region, the composite stiffness increases with strain
rate. The two factors responsible for the increase of
stiffness with strain rate at higher volume fractions
are 1) rate sensitivity of the matrix and 2) constraint
imposed by the cenospheres. The constraint imposed
by the cenospheres increases with strain rate as the
cenospheres have less time available to pack themselves
during the deformation process.

Post test inspection of the samples indicated multi-
ple cracks in the 30% and 40% volume fraction sam-
ples, whereas no such damage was observed for the
other volume fractions. The damaged test specimens
were inspected in an optical microscope for delamina-
tion and crushing of cenospheres. There was evidence
of debonding of spheres from the matrix, however no
broken or crushed spheres were noticed.
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Figure 17 True stress-strain behavior as a function of strain rate for 100% polyurethane.
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Figure 18 True stress-strain behavior as a function of strain rate for composite of 40% volume fraction of cenospheres.

It is important to point out that the oscillations
in stress-strain responses are due to the presence of
high frequency components in the strain pulses ob-
tained from the Split Hopkinson Pressure Bar tech-
nique. Young’s modulus and any other quantities were
not measured from these graphs. Simply a qualitative
comparison of dynamic constitutive behavior as a func-
tion of volume fraction has been performed.

5.2.2. Real-time deformations
of high-speed imaging system

It is important to ensure that the specimen under-
goes homogeneous deformation during high strain rate
loading especially when testing soft materials like
polyurethane, which has a high impedance mismatch
with the aluminum bars. Tapering of the specimen in-
dicates non-homogeneous state of deformation [9]. The

deformation of the specimen was recorded in real-time
using the Imacon-200 high-speed camera. The real-
time deformation of a specimen, having 20% volume
fraction of cenospheres, is shown in Fig. 19. In the sec-
ond frame (10 us) the stress wave has just started load-
ing the specimen. Some tapering of the specimen can
be observed in the third and fourth frames because the
stress wave takes at least two reverberations within the
specimen before an equilibrium stress state is achieved.
The specimen achieves almost uniform deformation in
frame no. 5, i.e., after 40 us. It can be observed from
the rest of the frames that deformation remains uni-
form throughout the process of dynamic loading. Such
homogeneous deformation of the specimen also indi-
cates an equilibrium stress state in the specimen. Simi-
lar observations of uniform deformation were made for
composites of all volume fractions. Slight barreling of
the specimen due to the frictional effects between the
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Figure 19 Photograph of real time deformation of polyurethane-cenosphere composite specimen under dynamic loading.
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Figure 20 Plot of axial strains obtained from high-speed camera and SHPB.

specimen surface and bars can also be noticed in frames
9 to 12. In spite of applying sufficient lubricant barrel-
ing of the specimen could not be eliminated completely.
Since the real time deformations are available from the
photographs, true strains in the specimen were deter-
mined from them using the image analysis software
of the high-speed imaging system. A comparison of
the true strains obtained from high-speed imaging and
SHPB is shown in Fig. 20. It can be observed from the
plot that the real-time strains obtained from the high-
speed camera match well with the SHPB strains.

6. Conclusions

A simple fabrication procedure to make consistent qual-
ity polyurethane-cenosphere particulate composite ma-
terial was established and a detailed quasi-static and
dynamic characterization of the composites was per-
formed. The results of the characterization indicate the
following:
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e Addition of cenospheres decreases the mass den-

sity of the composite. Adding 40% by volume of
cenospheres reduces the density by 20%.

The quasi-static Young’s modulus both in tension
and compression increases by 400% as the volume
fraction of the cenospheres increases to 40%.
Quasi-static tensile strength increases up to 20%
volume fraction of the cenospheres and decreases
with further addition of cenospheres. However, the
specific tensile strength of the composite is more
than that of polyurethane for all volume fractions.
The tensile percentage elongation at break de-
creases from 60% to 10% as the volume fraction
of cenospheres is increased to 40%.

Addition of 40% volume fraction of cenospheres
increases the quasi-static fracture toughness of the
composite by 100%.

A predictive model to estimate the composite frac-
ture toughness was developed. The estimates of
fracture toughness using this model match well



with experimental results up to a cenosphere vol-
ume fraction of 20%.

e The dynamic constitutive behavior of the com-
posite in compression was significantly different
from the quasi-static response. At higher strain
rates polyurethane exhibited monotonic stiffen-
ing behavior where as the composite at higher
volume fractions exhibited a stiffening-softening-
stiffening behavior.
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