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Syntactic foams are closed cell structured foam materials and present improved properties for lightweight
and high performance material requests. They have been widely used in naval, aeronautical, aerospace, civil,
industrial, and automotive engineering applications on account of their good acoustical attenuation, excellent
strength to weight ratio, vibration isolation, dielectric properties. In this study, a novel high strain rate sensitive
syntactic foam was developed. A rigid polyurethane resin was used as a binder material. Glass bubbles were used
as an additive for producing cell structure. Elastomeric silicone rubber resin were used to change elastic properties
of the foam as an additional binder material. Quasistatic compression properties and high strain rate compression
properties were obtained by using Instron Universal Tensile-Compression Machine and Split Hopkinson Pressure
Bar experimental setup respectively. The results show that developed foams are low dense and very high strain
rate sensitive materials. Consequently, developed foam can be used for the blast, impact or ballistic mitigation

purpose as a coating material.
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1. Introduction

Syntactic foams are a class of closed-cell foam which
is manufactured by filling a polymeric matrix with hol-
low spheres called microspheres or micro balloons [1, 2].
They have been widely used in several engineering appli-
cations due to their low moisture absorption, good ther-
mal insulation, and excellent strength to weight ratio,
vibration isolation, and low radar cross-section proper-
ties [3-5]. As a class of advanced lightweight compos-
ites, syntactic foams have been widely employed in more
and more engineering applications, e.g., civil, automo-
bile, aeronautical, marine equipment for deep sea oper-
ations [6], aircraft components, spacecraft solid rocket
booster nose cones fillings, thermal insulation for deep
sea pipelines [7-9], core materials of sandwiches [10, 11],
and structural components in aerospace industry [12].

There are limited number of the study found in the
open literature about polyurethane (PU) based syntactic
foams. Pellegrino et al. [13-15] presented that the PU
based syntactic foam'’s strain rate sensitivity was superior
to that of solid PU and conventional PU foams of similar
density. However, higher content of the bubbles worsen
the compression properties owing to an increased amount
of defects in the structure of the filled polyurethane [14].

Polyurea is a special type of elastomer which is widely
used as a coating material in transportation, pipelines,
steel buildings or marine constructions. More recently,
polyurea is also considered for the blast or ballistic mit-
igation because of its strong strain rate dependence and
becomes stiffer with increasing loading rate [16-20].
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In this study, novel high strain rate sensitive PU based
syntactic foams with silicone rubber toughening were
developed. Quasi-static and high strain rate compres-
sion experiments were performed. The results were dis-
cussed with respect to glass bubble weight percentage.
The results are also compared with the polyurea impact
resistive coating material properties obtained from the
literature.

2. Materials and method

The syntactic foams used in this study were produced
by using rigid PU resin with the incorporation of silicone
rubber resin and glass bubbles (GBs). GBs (Fig. 1a)
were obtained from 3M Company with the product code
A20/1000. The GBs have 0.2 g/cm?® density and av-
erage 105 pm particle size [21]. The PU resin is two-
part (A and B) Smooth-On Task 3® resin. This low-
cost semirigid urethane casting resins can cure quickly
to semirigid plastics. These plastics are easy-to-use (mix
ratio is 1A:1B by volume) and have low viscosities for
minimal bubble entrapment. PU resin physical proper-
ties were given in Table I [22]. A liquid silicone rubber
resin (MoldStar30®) was used as a viscoelastic additive,
obtained by mixing two supplied components (A and B)
which are mixed 1A:1B by volume. This easy to use
platinum cured silicone features relatively low viscosities
(according to ASTM D2393,/12500 cps) and vacuum de-
gassing is not required for most applications. The pot
life is 45 min and cure time is 6 h at room tempera-
ture. MoldStar30® has 30 Shore A hardness. Tensile
strength (ASTM D412) is 2.90 MPa and elasticity mod-
ulus is 0.66 MPa [23]. Close-cell structure was obtained
after incorporation of GBs.

The syntactic foams were produced by carefully mix-
ing PU resin, silicone rubber, and GBs by hand. After
mixing for 20 min, the mixture was filled into wax molds.
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Fig. 1. (a) Glass bubbles A20/1000 [21], (b) quasi-
static compression specimen syntactic foam type A,
(¢) postmortem picture of the quasi-static compressed
specimen.

The specimen was designed to be cylindrical with a di-
ameter of 25 mm and a height of 17 mm for quasi-static
compression experiments (Fig. 1b). Specimens for high
strain rate experiments were cylindrical with a diame-
ter 8.5 mm and 4 mm height. Three different type of
syntactic foams were produced by mixing different weight
percentages of GBs with PU resin. All produced matrix
and syntactic foam mixtures contain constant 10% weight
percentage of silicone rubber.

TABLE I
Polyurethane casting resin physical properties [22].

Pot life [min] [23°C] (ASTM D2471) 20
Cure time [min] [23°C] 90
Tensile strength [MPa] (ASTM D-638) 45.85
Tensile modulus [GPa] (ASTM D-638) 2
Elongation at break [%] (ASTM D-638) 6
Flexural strength [MPa] (ASTM D-790) 65.5
Flexural modulus [MPa] (ASTM D-790) 1986

Compressive strength [MPa] (ASTM D-695) 57.2
Compressive modulus [MPa| (ASTM D-695) 538

Shrinkage in/in (ASTM D2566) 0.0025

Density [g/cm?®] (ASTM D-1475) 1.12
Hardness (shore D) 80

Viscosity [cps|] (ASTM D-2393) 150

The studied materials can be described as below:
matrix: silicone rubber mixed PU resin,
syntactic foam type A: 10% GB incorporated into matrix,
syntactic foam type B: 30% GB incorporated into matrix,
syntactic foam type C: 50% GB incorporated into matrix.

The density of the foam was obtained by weighing a
specimen on a weight scale and calculating the volume
based on the specimen geometry. The weight scale had an
instrument sensitivity of 0.0001 g. Quasi-static compres-
sion specimens were tested by using an Instron Univer-
sal 5585 tension/compression test machine at 1 mm,/min
crosshead speed. High strain rate properties were ob-
tained by using split Hopkinson pressure bar (SHPB)
experimental setup (Fig. 2) [24]. All experiments were
performed at room temperature. The microstructures of
the specimens were investigated using scanning electron
microscopy (SEM) images.
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Fig. 2. Schematic illustration of the used SHPB [24].

3. Results and discussion

Developed syntactic foam densities decreased with
the addition of GBs. In the syntactic foam type B,
containing 30% GBs by weight, the density decreased
by 77.5%. The quasi-static compression experiments
were performed on the syntactic foams to obtain influ-
ence of GBs amount on compression strength and energy
absorbing capabilities. The selected GBs have a low fail-
ure compression strength (6.90 MPa) [21]. They collapse
during the syntactic foam compression. Because of this,
the foams’ stress versus strain plots shows more plateau
regions, suggesting greater energy absorbing properties
(Fig. 1c).

The variations of the quasi-static compression behavior
are given in Fig. 2 for the syntactic foams. It can be
observed in Fig. 2 that the quasi-static compression yield
strengths were reduced by incorporating the GBs into
the PU resin based matrix. However, plateau regions
were extended due to collapsing GBs inside the produced
syntactic foams. Moreover, elastomeric silicone rubber
addition also decreased the yield strength of the PU, but
it availed more extension performance.

The comparative results were given in Table II.

Figure 3 shows experimental results of quasi-static
and high strain rate compression loaded specimens.
The quasi-static compression stress—strain behaviors of
the produced syntactic foams were given in Fig. 3a.
In this figure, the matrix material shows higher com-
pression strength than the PU based syntactic foams.
It is an expected result because GB incorporation pro-
duces empty cells inside the matrix. These empty cells
reduce the strength of the composite, cause matrix weak-
ness and stress concentrations. The high strain rate
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TABLE II

Quasi-static compression experimental results of the de-
veloped foams.

. Density Comp. yield| Comp. Elongation

Materials (ke /m?] strength | mod. %]

& [MPa] | [MPal ¢

matrix 952 40 696 65

syntactic foam |y og | 117 454 73
type A

syntactic foam 252 85 553 76
type B

syntactic foam| 376 75 |20694| 77
type C

polyurea [20] | 1000 5.38 8.9 61.9

compression experimental results were given in Fig. 3b.
The high strain rate experiments were performed to un-
derstand strain rate sensitivity of the developed foams.
The true stress—true strain behaviors of syntactic foam
type B (30% GB incorporated into the matrix) and ma-
trix materials can be seen in this figure. Although the
GB incorporation into the matrix reduced the yield stress
in the quasi-static compression loading case, the yield
stress increased by GB incorporation into the matrix in
the high strain rate loading case. By comparing both
figures (Fig. 3a and b), it can be said that the devel-
oped syntactic foam materials showed very high strain
rate sensitivity and yield strengths increased almost eight
times by GB incorporation into the matrix. These results
can be explained by GBs fractures and collapsing cells.
This fracture triggered the deformation mechanisms in
the developed syntactic foams.
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Fig. 3. Experimental results: (a) quasi-static compres-
sion experiments, (b) split Hopkinson pressure bar com-
pression experiments.

Fig. 4.

Fracture surfaces of syntactic foam type B
specimen at strain rate 2800 1/s: (a) 500%, (b) 1000x.

In Fig. 4, the postmortem SEM images were shown
after 2800 1/s strain rate compression experiment sub-
jected to the syntactic foam type B specimens. The fig-
ures demonstrate the fracture of the GBs and failure of
the material at different magnifications.

4. Conclusions

In this study, a novel syntactic foam by incorpora-
tion of GBs into PU resin with elastomeric silicone rub-
ber toughening were developed. Developed materials
were shown as very high strain rate sensitive compression
properties. Obtained results can be summarized below:

1. The PU syntactic foams display a particular strain
rate sensitivity superior to that of silicone rubber
toughened rigid PU and the polyurea impact re-
sistive covers, indicating that the embedded glass
micro balloons trigger the deformation mechanisms
which enhance the response at high strain rate.

2. During compression tests, the plateau (crush) re-
gions improved by introducing higher amounts of
GBs. The fracture of GBs inside the matrix in-
creased the energy absorption capability of the ma-
trix. This GB fracture mechanism produces an
empty deformable cell with broken GB wall pieces.

3. Developed syntactic foam type B material has eight
times higher strength under high strain rates than
quasi-static loading case.
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