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Abstract

Silicone foam is used as a shock mitigation material in a variety of systems to protect internal components from being
damaged during external shock or impact loading. Characterizing the shock mitigation response of silicone foam under a
variety of scenarios is a critical step in designing and/or evaluating new shock mitigation systems. In this study, a Kolsky
bar with pre-compression capability was used with a passive radial confinement tube to subject the sample to various levels
of pre-strain followed by impact loading. The effects of both pre-strain and impact velocity on impact energy dissipation
behavior were investigated for silicone foam. The energy dissipation response of silicone foam is compared to a silicone rub-
ber manufactured using the same processing methods to understand the energy dissipation characteristics of silicone foams
transitioning to a silicone rubber. The final density of the foam or rubber plays a key role in both the total energy dissipation
ratio in the time domain and the energy dissipation ratio as a function of frequency in the frequency domain.
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Introduction

In addition to high-g acceleration, high frequency is a key
factor that can cause potential damage to internal electron-
ics in scenarios ranging from portable electronics to defense
applications [1, 2]. Selection of a shock mitigation material
is typically dictated by the ability of the material to dissipate
impact energy in total or over a range of frequencies for a
specific application. Rubbers in both the solid and foamed
state have been extensively utilized as shock mitigation
materials [3—5]. Silicone rubber and foams are examples
that are used in shock mitigation designs for different exter-
nal loading environments. Depending on the configuration,
silicone rubber or foam may be subjected to different stress-
states, strain rates, and temperatures, all of which could
change the shock mitigation behavior. Compared to dense
silicone rubber, silicone foam is less stiff and much more
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compressible, and may also be pre-strained in compression
during the installation and assembly process. Due to low
stiffness and nonlinear stress—strain response [6, 7], the sili-
cone foam may exhibit completely different shock mitiga-
tion performance when pre-strained. Furthermore, the shock
mitigation performance of silicone foam may also depend
on the level of pre-strain. If silicone foam is subjected to a
relatively large pre-strain, the material may become densi-
fied and behave like a nearly incompressible silicone rubber.
A transition in Poisson’s ratio from 0.22 to 0.47 in a silicone
foam with ~50% porosity has been observed to occur at
roughly 0.5 engineering strain, which is considered to be
the densification strain [8]. Such a drastic change in densi-
fication state could significantly change the impact energy
dissipation capability in both the time and the frequency
domains. The relationship between densification state and
impact energy dissipation for foam material is yet unstudied.
Therefore, experimental and analytical investigation of the
shock mitigation response of both silicone foam and rub-
ber in assembly-like mechanical environments is required to
improve design and specify installation/assembly procedures
in vibration control and shock-resistant packaging.

The overall energy absorption capacity of a foam mate-
rial is usually evaluated with the maximum absorbed energy
per volume prior to densification [9]. While total energy
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absorption capacity of the material is important, the energy
absorption capabilities of foam materials may be frequency
dependent, meaning that foam materials may absorb differ-
ent amounts of energy at different frequencies. Few studies
have investigated the frequency-domain energy dissipation
behavior of materials under impact loading. Frequency-
domain energy dissipation for unconfined polymethylene
diisocyanate (PMDI) based rigid polyurethane foam using
a Kolsky compression bar was first investigated by Song
and Nelson [10]. Their results showed that the PMDI foam
had a characteristic energy dissipation cutoff frequency of
1.5 kHz. Recently, Sanborn et al. [11] studied the frequency
domain energy dissipation properties of a confined silicone
foam using a similar Kolsky compression bar setup. In that
study, passively confined silicone foam was subjected to
increasing levels of quasi-statically applied pre-strain before
impact loading using a Kolsky compression bar. Sanborn
et al. [11] showed that up to 33.5% pre-strain, the silicone
foam dissipated more than 99% of the impact energy over
the frequency range. The cutoff frequency of the silicone
foam was observed to decrease from 2.65 kHz to 2 kHz
when the pre-strain decreased from 23.3 to 13%. However,
only one impact velocity was investigated in that study, and
the silicone foam may dissipate impact energy differently at
different loading speeds and higher amounts of pre-strain
due to significant nonlinear stress—strain behavior and strain-
rate effects [11]. Therefore, the effect of impact speed on
energy dissipation needs to be investigated.

Changing the impact speed may not only induce a strain
rate effect in the material but may also affect the densifica-
tion state of the foam. For a constant loading duration, a
higher impact speed generates higher specimen strain and
results in higher density of the foam material under inves-
tigation. The increased foam density may totally change
the shock mitigation capacity, particularly when the foam

(a)

Magnification 100 x

Fig. 1 Optical micrograph of a silicone foam and b silicone rubber
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material is densified to an incompressible state. In addi-
tion, adding pre-strain to the silicone foam material prior
to dynamic loading further increases the final density. The
final density could be an important parameter to investigate
the transitional characteristic of impact energy dissipation
from compressible foam materials to fully dense and nearly
incompressible rubber. The effect of final density caused by
impact speed and/or pre-strain on impact energy dissipation
for foam materials has not yet been fully investigated.

In this study, we followed a similar procedure presented
in an earlier work [11] to investigate the shock mitigation
behavior of pre-strained silicone foams and un-pre-strained
silicone rubber to understand the effect of impact speed
on energy dissipation. The energy dissipation behavior of
silicone foam is compared to a solid silicone rubber that
comprises the foam matrix to reveal the difference of impact
energy dissipation characteristics between solid and foamed
materials. The data are also used to determine the effect of
final density on impact energy dissipation during the transi-
tion process from a foam to a solid rubber material.

Specimens and Experimental Setup

The silicone foam and silicone rubber under investigation
were processed using the same chemistry; however, in the
case of silicone foam, plastic pellets were introduced into the
mixture during processing to give the material porosity and
were subsequently removed using a wash-out process. This
addition and removal of pellets to the processing resulted in
an average cell size in the material of approximately 0.5 mm
(Fig. 1a). The pellet mixture was not added to one batch
during processing which resulted in a solid silicone rubber
(Fig. 1b). Comparing the density of the two materials, the
open-cell silicone foam had a non-compressed density of
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608 +21.85 kg/m> while the silicone rubber had a density
of 1153 kg/m3. More accurately, both the silicone foam and
silicone rubber were made of the same silicone rubber, but in
the different forms: foamed and solid. Silicone foam can be
more accurately termed “silicone rubber foam,” but “silicone
foam” is used throughout the paper for brevity.

In this study, the silicone foam was subjected to pre-
strains of 0, 13, 23.3 and 33.5% in compression prior to
dynamic compressive loading while the silicone rubber was
subjected to a non-pre-strained condition. The specimen
information, pre-strain level, and impact speed are detailed
in Table 1.

A Kolsky bar with pre-load capability as discussed in
[11] was used to apply dynamic loading to the specimens. To
briefly summarize, the Kolsky bar setup, as shown in Fig. 2,
used a tapered tungsten striker which impacted the end of the
incident bar and created a loading pulse that propagated along
the incident bar to load the specimen sandwiched between the
incident and transmission bars. The tungsten striker was used
to apply a wide range of frequencies to the sample [11, 12].
The specimen was confined in a steel tube that had an inner
diameter the same as the specimen diameter. This design and
configuration provided passive confinement such that the spec-
imen was deformed in a nearly one-dimensional strain state
which is close to the state experienced by the silicone foam/
rubber in real shock mitigation applications. In addition, to
simulate the possible static pre-compression subjected to the
silicone foam/rubber during the assembly process, a variety
of pre-strain levels were quasi-statically applied to the speci-
men prior to impact loading. A linear laser and detector sys-
tem, which was used for specimen displacement measurement
in Kolsky tension bar experiments, was slightly modified to

Table 1 Materials and specimen geometries

measure the amount of engineering pre-strain quasi-statically
applied to the specimens (Fig. 2) [11, 13]. More experimental
setup details have been presented in reference [11].

The Kolsky compression bar tests followed the standard
data acquisition procedure using strain gages. After the inci-
dent (¢,), reflected (¢,) and transmitted (g,) pulses are acquired,
the incident (E)), reflected (E,), and transmitted (E,) energies
can be calculated [10, 14, 15]

E (1) = AyCyE, / g,(t)*dt (1)
0
t

E. (1) =A0C0E0/ e, (1)’dt 2
0

E(t) = AyC,E, / g,(0)dt 3)
0

where A, is the cross-sectional area of the pressure bars; C,
and E, are one-dimensional elastic wave speed and Young’s
modulus of the bar material. In this study, the incident and
transmission bars were made of the same material (maraging
C300 steel) and had a common diameter of 25.4 mm. The
total absolute dissipated energy (A) and energy dissipation
ratio () in the specimen over the duration of loading (7) are
calculated as [10]

T
A = E(1) — E,(t) — E(t) = AyCoE, / [, — €, — £,(0)*] dt
0
)

AWy [0 -6, —e ]
E() - E,\1) J [e:? = €,

®

Material Initial density (kg/m3) Diameter (mm) Thickness (mm) Applied pre-strain (%) Impact speed (m/s)
Silicone foam 608 +21.85 25.37+0.08 5.25 0, 13,23.3,33.5 5.6,12.8
Silicone rubber 1153 25.37+0.08 1.93 0 5.6,12.8,22.4
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Fig.2 Kolsky compression bar for passive confinement frequency-based silicone foam and rubber experiments
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In the frequency domain, the incident (S;), reflected (S,),
and transmitted (S,) energy spectrum density are [10, 11]

S{f) = AyCoEo|BAP| (6)
S,(f) = AyCoEo|B, ()| %
S, = AyCoEo|B, ()| ®)

where B/(f), B,(f), and B/f) are the magnitudes of the Fou-
rier transforms of the incident, reflected, and transmitted
pulses, respectively. The energy dissipation ratio as a func-
tion of frequency is thus computed as [10, 11]

|B.(O|*
|B.(O|* - B,

df)y=1- 9)

Results and Discussion

The incident and transmission bar strain gage histories from
a typical experiment on the silicone foam are shown in
Fig. 3a. As shown in Fig. 3a, the transmission bar strain was
approximately 600 times lower than the incident bar strain
due to the very soft silicone foam specimen. Therefore, a
pair of semiconductor strain gages with approximately 80
times higher sensitivity than the foil resistive strain gages
on the incident bar were used to record the weak transmitted
signal with high resolution. Figure 3b. shows a typical signal
recorded from an experiment on the silicone rubber using
the same input conditions as Fig. 3a. Unlike for silicone
foam experiments (Fig. 3a), the semiconductor strain gages
were not required for the silicone rubber experiments due to

(a) 3000 10
‘S 2000 | 7
g |
3 ’ 15
o
© 1000 [ } 7
g |
< L
g o0 e 0
(42}
g
+— -1000 1 | b
& \
o | 1-5
] |
£ 2000 - \ 1
— Incident Signal !
—— Transmission Signal
-3000 ' ! ! ! ! ! -10
-200 0 200 400 600 800 1000 1200
Time (us)

Transmission Bar Strain (microstrain)

a higher transmission signal which was on the same order as
the incident signal. This indicates that the silicone rubber is
difficult to compress when radially confined, meaning that
most of the impact energy was transferred through the mate-
rial into the transmission bar.

The stress-time histories of the silicone foam subjected to
the four different pre-strain levels at the same impact speed
(12.8 m/s) are shown in Fig. 4. The maximum stress at
33.5% pre-strain was about 300 times higher than the maxi-
mum stress measured under the same impact conditions for
0 and 13% pre-strain (Fig. 4b). This is because the foam
specimens were deformed to higher total strains when they
were subjected to higher (quasi-static) pre-strain levels. The
strain rates were also higher due to smaller initial thickness
in the foam specimens subjected to higher pre-strain levels
even though the impact speed was the same. The response at
each of the pre-strains was repeatable with slight differences
in the amount of peak stress recorded, as shown in Fig. 4.

The stress-time histories for confined, non-pre-strained
silicone rubber are shown in Fig. 5 at three different impact
velocities. With increasing impact velocity, the stress ampli-
tude in the silicone rubber significantly increased. The shape
of the stress history of silicone rubber is like that of sili-
cone foam, but the stress amplitudes of the silicone rubber
were higher than those of the silicone foam. Furthermore,
the peak stress observed for silicone rubber at the lowest
speed (5.6 m/s) is close to the stress history of silicone foam
pre-strained to 33.5% impacted at 12.8 m/s. This suggests
that the silicone foam pre-strained to 33.5% subjected to a
higher impact velocity may have reached a similar state of
densification perhaps approaching the solid silicone rubber.

The incident, reflected, and transmitted strains in the pres-
sure bars were used with Egs. 5 and 6 to calculate the total
dissipated energy through the pre-strained silicone foams and
non-pre-strained silicone rubber at different impact velocities.
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Fig.3 Original records from experiments on confined a non-compressed silicone foam and b non-compressed silicone rubber using the same

impact speed of 12.8 m/s
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Fig.4 a Stress-time histories of the confined silicone foam at various pre-strains. Note that stress levels for 0 and 13% pre-strains are orders of
magnitude lower than 23.3 and 33.5% pre-strains. b Stress-time histories of the confined silicone foam at low pre-strain levels
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Fig.5 Stress-time histories for silicone rubber at three different
impact velocities

The calculation results are summarized in Table 2. Table 2
also contains values of specific energy dissipated by the
foam based upon the initial volume of the foam specimens.
As shown in both Table 2, for the silicone foam, there is no
difference in the energy dissipation ratios for the silicone
foams pre-strained to 0 and 13.3% which are close to 1 and
independent of impact velocity. This means the silicone foam
exhibited superior energy dissipation capability when not or
only slightly pre-strained. This could indicate that the silicone
foam might not be fully densified during impact loading at
those pre-strain levels. With increasing pre-strain, the energy
dissipation ratio of the silicone foam decreased, particularly at
the higher impact velocity of 12.8 m/s. A reason for this could

be that at a higher impact velocity and a larger pre-strain, the
silicone foam may become fully densified and act as a nearly
incompressible silicone rubber, which would significantly
reduce the energy dissipation capacity. The high rate, uncon-
fined compressive stress—strain behavior of the same silicone
foam material indicates that densification begins at roughly
50% engineering strain [8] indicated by a sharp upturn in the
stress—strain response. Similarly, the Poisson’s ratio of silicone
foam transitions from compressible to nearly incompressible
after being densified [8]. While the confined response is most
likely different, especially in terms of the Poisson’s ratio, the
material may densify at a similar strain level whenever cell
collapse occurs. This assumption can be tested by looking at
the energy dissipation ratio for the silicone rubber, also shown
in Table 2. The silicone rubber exhibited only 25% energy
dissipation ratio independent of impact velocity. Hence, the
silicone foam may reach this apparent lower limit of energy
dissipation of the silicone rubber if compressed beyond the
densification strain.

Since the densification state of silicone foams appears to
be an important parameter with regards to energy dissipation
capability, the densification state can be described as a final
density of the material after impact loading. After impact, the
total specimen strain becomes

Etotal = gpre + 6dynamic (1 1)
where ¢,,, is the pre-strain applied to the specimen prior to
dynamic loading, €, 18 strain generated in the specimen

during dynamic loading, which is calculated with [16]

t

Co

6dynamic - L (gi —& = Et)dt (12)

s
o

@ Springer



56

Journal of Dynamic Behavior of Materials (2019) 5:51-58

Table 2 Energy dissipated by

ratio of the silicone foam significantly dropped to approxi-

o Impact Applied pre- Total engineer- Input energy (J)  Specific energy (J/cc) ~ Average energy
Sl.hCOIlC foam gpd rubber under speed strain (%) ing strain (%) dissipation ratio
different conditions (m/s)

Foam

5.6 0 15.8+0.13 1.04+£0.27 0.38£0.10 0.9999

5.6 13 28.8+0.12 1.64+£0.21 0.70+£0.09 0.9999

5.6 233 39.1+0.18 1.49+0.69 0.72+£0.34 0.9996

5.6 335 48.8+0.11 1.77+£0.25 0.99+0.14 0.9943

12.8 0 37.2+0.01 18.99+2.49 7.16£0.94 0.9999

12.8 13 50.1+0.28 21.49+2.78 9.31£1.20 0.9996

12.8 233 54.3+0.71 24.13+1.05 11.85+0.52 0.8466

12.8 335 553+1.17 41.69+0.56 23.62+0.77 0.5865

Rubber

5.6 0 12.0+0.73 20.42+0.56 20.93+0.57 0.2563

12.8 0 24.5+4.22 103.86+9.95 106.45+10.19 0.2735

224 0 304+3.22 225.20+1.84 230.82+1.89 0.2570
1.2 ‘ \ rubber), at which the energy dissipation ratio drastically
1 : g::z:::; ?03/2/0 changes. When the final density of silicone foam was lower
1 — * Pre-strain 23.3%)| than the critical density, the silicone foam exhibited superior
i & ;:rg:]‘:‘” 33.5% energy dissipation capability: nearly all input energy was
08k — =128 m/s ] dissipated. However, when the final density of silicone foam
‘: 7iﬁ-4 m/s was higher than the critical density, the energy dissipation

|
|

Silicone Foam

Energy Dissipation Ratio
o
o

02r 1
\ Initial Density of Silicone Rubber
0 | | |
500 1000 1500 2000 2500

Final Density (kg/m 3)

Fig. 6 Relationship between total energy dissipation ratio in the fre-
quency-domain and final density of the specimen

where L, is the specimen length. Since the specimen is
constrained by the confinement tube, the specimen diam-
eter remained constant throughout the experiment. Knowing
the initial density, the final density was calculated using the
dimensions of the deformed volume, which simplifies to

Pinitial

pﬁnal = (1 (13)

- 5mml)

Figure 6 shows the relationship between energy dissipa-
tion ratio and final density of both silicone foam and rubber.
The initial density of silicone rubber (1153 kg/m?) is also
presented as a dashed line in Fig. 6. As shown in Fig. 6, there
appears to be a critical density between 1200 and 1400 kg/
m? (slightly higher than the initial density of solid silicone

@ Springer

mately 0.6 and approached 0.25, which is the energy dis-
sipation ratio for silicone rubber, as indicated with the solid
‘Fit’ line in Fig. 6. This indicates that there is a transitional
process of energy dissipation from the silicone foam to sili-
cone rubber. In addition, the energy dissipation ratio for the
silicone rubber depends on neither final density nor impact
velocity within the range conducted in this study.

Using the strain—time histories of the incident, reflected,
and transmitted pulses and Eqgs. 6-9, the energy dissipation
ratios as a function of frequency for all experiments were
calculated. Figure 7 shows typical frequency-domain energy
dissipation ratio behavior for the silicone foam pre-strained
to 33.5% at two impact velocities: 5.6 and 12.8 m/s. At each
condition, three experiments were repeated. Due to discon-
tinuities in frequency spectrum, the energy dissipation ratio
was investigated in the frequency domain up to 10 kHz. At
the lower impact velocity (5.6 m/s), the pre-strained sili-
cone foam exhibited a high energy dissipation ratio (0.99)
at frequencies up to 400 Hz. However, at the higher impact
velocity (12.8 m/s), about 80% of energy was dissipated at
frequencies below 400 Hz. The energy dissipation ratio then
dropped with increasing frequency to roughly 50% at 2 kHz.
This indicates that different impact velocities generated dif-
ferent densification states in the silicone foam and, therefore,
the energy dissipation ratio was reduced. The frequency-
domain energy dissipation ratio can be compared with the
time-domain energy dissipation shown in Table 2. A total
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Fig.7 Energy dissipation ratio for 33.5% pre-strain samples at two
velocities

energy dissipation ratio of 0.5865 (Table 2) was calculated
in the time-domain analysis (Eq. 2). In the frequency domain
analysis, this energy dissipation ratio was apparently not uni-
formly distributed to all frequencies. Instead, more energy
than the total ratio of 0.5865 was dissipated at low frequen-
cies below 1.5 kHz and less energy than the total ratio of
0.5865 was dissipated at higher frequencies than 1.5 kHz.
Although the time-domain stress histories of silicone
rubber and foam were similar under some conditions, the
energy dissipation behavior of silicone rubber does not
resemble the energy dissipation behavior of silicone foam,
as shown in Fig. 8. The low-frequency energy dissipation
ratio for silicone rubber ranged from 0.2 to 0.38 at different

—56mis
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Fig.8 Energy dissipation behavior of silicone rubber at three differ-
ent impact velocities

speeds, which was not sensitive to impact velocity. Overall,
the energy dissipation ratio of the silicone rubber was not
uniformly distributed over the entire frequency range. The
energy dissipation ratio for the silicone rubber seemed to
be uniformly distributed over frequencies below 1 kHz, and
slightly increased to approximately 0.3-0.42 at frequencies
of approximately 3 kHz. The energy dissipation ratio then
decreased with increasing frequency.

Figure 9 shows energy dissipation ratio behavior for sili-
cone foam and rubber at individual frequencies of 100 Hz,
500 Hz, and 1000 Hz for all experiments. Overall, the
behavior is similar to the total energy dissipation ratio-final
density behavior shown in Fig. 6. However, the behavior
at different frequencies is a bit different compared to the
total energy dissipation ratio. For example, the data points
at approximately 1350 kg/m?® at 12.8 m/s speed show a
slightly decreasing energy dissipation ratio when frequency
increased from 100 to 1000 Hz. This decrease in energy dis-
sipation ratio with increasing frequency seems to be limited
to the critical density range from 1200 to 1400 kg/m?; above
and below this density range the energy dissipation ratios
from 100 to 1000 Hz are nearly identical. This information
can be used to determine foam pre-strain in shock mitiga-
tion applications based on energy dissipation/transmission
requirements at different frequencies.

Conclusion

A Kolsky compression bar was used to characterize the
shock mitigation response of silicone foam and rubber. Sili-
cone foam samples were subjected to various levels of pre-
strain and impacted at higher velocities than in a similar

1.2 T
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1 . o o ‘” * 1000 Hz |
4 =56 m/s
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Fig.9 Energy dissipation ratio at different frequencies and impact
velocities for silicone foam and rubber as a function of final density
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previous study. Silicone foam was found to be an excellent
dissipator of impact energy. At 5.6 m/s impact speed, regard-
less of pre-strain, the silicone foam dissipated nearly 100%
of the impact energy. When the impact speed was increased
to 12.8 m/s, the silicone foam dissipated nearly 100% of the
impact energy at small pre-strains, but as the pre-strain was
increased, the energy dissipation ratio dropped to as low as
0.59 on average. The total energy dissipation ratio for sili-
cone rubber was approximately 0.25, meaning that approxi-
mately 75% of the impact energy was transmitted through
the material. In the frequency domain, the low-frequency
energy dissipated by silicone rubber ranged from 0.2 to 0.38,
indicating that at low-frequency energy was transmitted
more compared to higher frequency energy. No relationship
between impact velocity and low-frequency energy dissipa-
tion was apparent for the silicone rubber.

This work suggests that densification state of the foam
is a driving factor for increasing energy dissipation capa-
bility in silicone-based rubbers and foams. A relationship
between energy dissipation ratio and final density of the
specimen was found. A critical density of approximately
1200-1400 kg/m® was discovered where below that den-
sity, the silicone foam dissipated nearly 100% of the energy,
regardless of impact speed. When specimen densities higher
than 1200-1400 kg/m? were reached, the energy dissipa-
tion ratio began to decrease, suggesting that if higher foam
density was achieved by either higher pre-strain or higher
dynamic strain during loading, the energy dissipation ratio
would approach that of silicone rubber, or approximately
0.25. This relationship between energy dissipation ratio and
final density may be used as a guideline for design in new
systems.
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