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Preface

Challenges in Mechanics of Time-Dependent Materials represents one of nine volumes of technical papers presented at the
SEM 2017 Annual Conference and Exposition on Experimental and Applied Mechanics organized by the Society for
Experimental Mechanics and held in Indianapolis, IN, in June 12-15, 2017. The complete proceedings also includes the
following volumes: Dynamic Behavior of Materials; Advancement of Optical Methods in Experimental Mechanics;
Mechanics of Biological Systems, Materials and other topics in Experimental and Applied Mechanics;, Micro- and
Nanomechanics; Mechanics of Composite, Hybrid and Multifunctional Materials; Fracture, Fatigue, Failure and Damage
Evolution; Residual Stress, Thermomechanics & Infrared Imaging, Hybrid Techniques and Inverse Problems; and Mechan-
ics of Additive and Advanced Manufacturing.

Each collection presents early findings from experimental and computational investigations on an important area within
experimental mechanics, the mechanics of time-dependent materials being one of these areas.

This track was organized to address constitutive, time (or rate)-dependent constitutive, and fracture/failure behavior of a
broad range of materials systems, including prominent research in both experimental and applied mechanics. Papers
concentrating on both modeling and experimental aspects of time-dependent materials are included.

The track organizers thank the presenters, authors, and session chairs for their participation and contribution to this track.
The support and assistance from the SEM staff is also greatly appreciated.

Evanston, IL, USA Alex Arzoumanidis
Ithaca, NY, USA Meredith Silberstein
Lowell, MA, USA Alireza Amirkhizi
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Topic: A Biomimetic Composite for Space Vehicle/Habitat Design
By

Ashok Kumar Ghosh ’, Ramon Martinez " and Carl M. Cady ?
1- Mechanical Engineering Department, New Mexico Tech
2- Material Science in Radiation and Dynamic Extremes, Los Alamos National Lab.

Abstract:

There are plenty of literature dealing with studies that demonstrate how Noise and
Vibration can interfere with space crew’s ability to perform critical mission functions especially
at the time of launch, launch abort, and reentry. Space habitat like the ISS functions as
spaceflight crew’s home; their workshop; office; and laboratory. All these activities result in a
complex noise/vibration environment. This paper discusses the stiffness characteristics of a time
dependent composite that has a soft middle porous layer, infused with a compatible fluid and is
covered with thin sheets of skin layers on both the faces. Tests demonstrated that this design
could lead to improvement in product performance, designed for acoustics /vibration isolation
environment. The design has the flexibility to adapt its characteristics to suit various end
application environments.

1.0 Introduction

Space Habitat like the ISS functions as spaceflight crew’s home; their workshop; office; and
laboratory. All these activities generate a complex noise/vibration environment that has two
distinct characteristics: a) continuous (from pumps, fans, compressors, avionics, and others), and
b) intermittent (from exercise equipment, carbon-di-oxide removal system, etc.). [1]

In nature, shape and structure evolve from the struggle for better performance. Human “Skull
Structure” encloses/protects our brain, performs similar function as that by space Vehicle/Habitat
structure. Proposed composite is a Fluid Filled Cellular Composite (FFCC) Structure that has a
soft middle open-cell porous layer, which can be infused with a compatible fluid like water and
is covered with thin sheets on both the faces. Extensive tests demonstrated that the FFCC design
can lead to dramatic improvement in products, designed for acoustics/vibration isolation; impact
& explosive resistance; radiation shielding; and thermal management characteristics. Above all,
the FFCC design has the flexibility to adapt its characteristics to suit end application
environment.

Dawson et al. [2-4] developed an improved relation between the permeability, porosity and
compressive strain of open-cell foams filled with Newtonian and non-Newtonian liquid
subjected to compressive strains. Fluid flow through an open-cell foam usually contributes to the
elastic moduli if the fluid has a high viscosity or if the strain-rate is exceptionally high, Tyler et
al. [5]. Cell fluids contribute to the strength of open cell foams in a completely different way.
Ghosh et al [6] have demonstrated that it is possible to engineer FFCC to attenuate vibration in a
wide frequency range. Chalasani [7] compared the ride performance limits of active and passive
suspensions using a quarter car model.



1.1

Idealization

The FFCC has a sandwiched construction with skin layers (Kevlar) at both the faces together
with a core layer of open-cell, quick-recovery, super-resilient polyurethane foam material with
interstitial pores filled with a compatible fluid. Cells in the core layer have wide variation in
shape and size. The unique morphology of this core layer will make the FFCC valuable for
various end applications.
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Figure 1: (left) Human Skull showing compact and cancellous bones (right) Idealized Skull wall
section showing core and exterior/interior skin layers.

Description on these layers is given below:

L

IIL.

I1I.

IV.

Layer 1 (Exterior) — A thin flexible film that will protect the inner layers from UV
radiation.

Layer 2 (Outer skin layer) - A fiber reinforced plastic layer/s made from fabric of high
strength long fiber such as Kevlar, fiberglass, carbon fiber, ballistic nylon or Nomex.
Selection of the right material was determined using a Quality Function Deployment
(QFD) analysis. Once the materials are selected, their characterization took place
following ASTM D 3039 & D3515 specifications to determine the anisotropic elastic
constants E;, E2, w12 , wp; and Gy, values.

Layer 3 (Core layer) — A cellular structure that has morphology similar to skull’s
cancellous structure. A quick recovery open-cell polyurethane (PUF) with stress-strain
behavior similar to Cancellous bone is used.

Layer 4 (Inner skin layer) — This layer can be same as layer 2 or different. Selection will
be done using QFD analysis.

Layer 5 (Innermost layer) — Similar to layer 1 but the material for this layer will be
selected to provide thermal and visual comfort to the astronauts. It may be a stress-
sensitive layer that will indicate over-stress in the system.

Current investigation deals with core layer.

1.2

Core Layer

PORON® microcellular urethane foam is a product manufactured by Rogers Corporation that
was developed in 1980s for industrial and electronics applications. It is a fine pitch open cell



urethane foam with average cell size is approximately 100 microns. Typical compressive
strength at 25% deflection based on test done at a compression rate of 0.2 inch/min (i.e. 0.085
mm/sec) is 21kPa (refer to column 3 of the data sheet). Corresponding values for soft and firm
foams are 41 kPa, and 69 kPa respectively.

1.3 Cell Morphology

Using Scanning Electron Microscopy (SEM), this study analyzes the morphology of the cells
that form the porous structure. SEM analysis was performed at the Material Engineering
Department at New Mexico Tech using Hitachi S-4100 Field Emission SEM. Figure 2 has the
SEM pictures of cells cut by the cutting plane for very soft (VS) and Soft (S) foams used in this
study. Cell size distribution parameters for VS and S are given in the boxes below each picture.
Total number, #, of cells in a given area is inversely proportional to the stiffness of the overall
foam structure. Lesser number of cells means larger wall thickness of the cells and higher
stiffness. Cells near the upper and lower surfaces are smaller than the ones at the middle due to
mold wall effects during the foaming process. Densities for VS, S and F foams measured as 235
kg/m’, 245 kg/m’ and 265 kg/m’ respectively.

Very Soft Soft

Total number of cells=32 Total number of cells=46
Biggest Cell = 250 um Biggest Cell = 250 um
Smallest Cell= 40 um Smallest Cell= 40 uym
Largest hole in cell = 75 um Largest hole in cell = 75 um

Figure 2: PU Foam Cell Size distribution as seen under SEM

Magnified view of a typical cell is given in figure 3 (left). Cell size distribution in a quantitative
scale is plotted and given in figure 3(right). In the same area, there were 32 and 46 cells for very
soft and soft foam respectively. Average diameters of cells for soft and very soft foam are
132pum and 172pm respectively. Largest interconnected hole diameter was found to be around
75um for both the foams. The transport properties of the foams will depend on both cell size
distribution and diameter of the interconnected holes.
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Figure 3: (left) Magnified view of a single cell of the foam (magnification 500) [6]; (right) Cell
size distribution

2.0 PU Foam Mechanics

The engineering stress-strain behavior of typical PU foam under compression is given in figure
4. g41s the densification strain (DS), the value of which will vary with the softness of the foam.
The DS values are provided in table 1. Conforming to Manufacturer’s indicator, authors have
used the same indicator to compare different foams. Engineering stress corresponding to
compression of 25% obtained from test performed at strain rate of 0.01 s will be defined as
“compression resistance (CR)” and the same value will be used to validate manufacturer
specified data. Table 1 demonstrates the validation of the current test values for all the three
foams. Area between the curve and the x-axis in figure 4 represents the amount of energy
absorbed per unit volume during the compression process, which is an indicator of toughness of
the sample.

1.4

Thickness of the sample=6.06mm
1.2 25% thickness = 1.515 mm
Corresponding engineering strain = 0.25
Engineering stress (CR) = 0.138 MPa

[

o
o

Strain
correspondi
CR = ng to 25%

0.138MPa L compression

Engineering Stress (MPa)
o
(4]

02 T T T Il &4, Densification
Toughness (TT) = Area Strain (DS)
0 w
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Engineering Strain (mm/mm)

Figure 4: A typical engineering stress-strain loading curve under compression.



2.1 Test Setup

Rectangular samples are cut from five different foam plates and tested under compression using
MTS 880 universal testing machine. Four different strain rates (0.001, 0.01, 0.1 and 1.0 s'l) are
investigated. Figure 5 (Top) shows the testing machine with the sample holder supported on the
bottom platen of the machine. Sample holder is carefully designed and fabricated so that the
same holder can be used for multiple tests. The construction details of the sample holder are
given in figure 5 (Bottom). Three plates, top, middle and bottom, will create two closed
chambers. Top closed chamber located between the top and middle plates will house the sample.
Arrangement is made to pressurize the fluid in the sample. Bottom closed chamber is primarily
to create a region where air will be at a different pressure from the ambient pressure. Thus, it is
possible to characterize the sample by exposing its two faces at two different pressure
environments.

Bottom
Plate

Test sample will
be placed in the
gap

o /\ EO ! '|

Isometric

< view

Figure 5: (Top) Sample holder is placed on the bottom platen of the MTS 880 testing machine;
(Bottom) Construction details of the sample holder.



An important characteristic of FFCC structure is its attenuation of acoustic energy. When
FFCC structures are exposed to acoustic loads, two mechanisms contribute towards absorption of
the acoustic energy significantly better than that in a homogenous material: a) losses due to
viscous flow through pores, and b) internal friction. Individual contribution of each will depend
on parameters like: a) characteristics of the porous structure, b) characteristics of the infused
fluid, and c) characteristics of the loads. Low (250 Hz to 1 kHz) frequency acoustic transmission
loss (TL) of FFCC is found to be 25% higher than that for a homogenous material having the
same mass per unit area.

After 3 cycles of loading and unloading, amount of water that is drawn in the interstitial pores is
determined by weighing the samples before and after the tests. From the difference in their
weights, and knowing initial volume and density of solid foam, amount of fluid in the interstitial
pores is calculated and the same are plotted in figure 6. Both very soft and soft foams were tested
under 3-cycles of loading unloading at three different strain rates 0.01, 0.1 and 1.0 sec ' in water
medium. Very soft foam is almost insensitive to compression rate whereas the soft foam needs
slower rate for higher replacement of air with water at room temperature.

Interstitial Water after 3-cycle of loading-unloading at B3

different compression strain rates 80
— 75
- — —
=70~
-
ot
5 65
=
>
2 60
°
I
=
2 “&=Soft Foam ; 55
s S
2
= ==Very Soft Foam 50
5
45
ES
4
35
0.01 01 1

Strain Rate (1/s)

Figure 6: Interstitial water absorption with strain rate and foam type
2.6  Observations and discussion

Table 1 gives the mechanical characteristics of firm, soft and very soft foams, and comparison
with the manufacturer supplied product data. Column 1 has the sample identification numbers.
Column 2 defines the foam type (FT); Sample dimensions (SD) are given in column 3. Column 4
gives the strain rate (SR) used in current test; densification strain (DS), €4, is given in column 5;
25% deformation (D) given in column 6; corresponding engineering strain, 25% ¢ is given in
column 7 and column 8§ has compression resistance, CR and the last column has % difference



from Manufacturer’s data (MD). Percentage difference in CR values demonstrates that the
testing process adopted is acceptable.

Table 1: Validation of experimental values with manufacturer’s data

ID| FT SD, SR(s") | DS,eq | 25% | 25%¢ CR, | % diff.
# (mm) (m/m) | D, mm kPa MD

1 Very 20.85 x 0.01 0.80594 1.59 | 0.25023 | 22.05 +5.0
Soft | 25.77x6.

(VS) 36
2 | Soft |20.35x26 | 0.01 | 0.70403 | 1.6125 | 0.24989 | 44.09 | +7.5
(S) | .25x6.45
3 | Firm | 21.17x26 | 0.01 | 0.73435 | 1.545 | 025041 | 85.14 | +23
(F) | .61x6.18

Figure 7 has plots showing how compression resistance (CR) values vary with successive
loading cycles. Two strain rates are tabulated with one being 10 times than that of the other. The
compression resistance, CR, is highest for cycle 1 and falls for each subsequent cycle. This is
due to the Mullin’s effect. After 2" cycle, foams reach steady state and become insensitive to

changes in subsequent cycles.

90
=0=1_VS_A_10-2
80 «@=4 VS_A_10-3
2_S_A_10-2
70 ==5_S_A_10-3
=3 F_A_10-2
E 60 6_F_A_10-3
2 50
B
w
-4
© 40
30
20 ¥ - -3
10
1 2 3

Loading Cycle

Figure 7: Variation of Compression Resistance with loading cycles and strain rate in air media

2.7 Conclusions

Sensitivity of CR values to strain rate decreases with the softness of the foam. Thus, it is easier to
compress foam at a slower rate. Typically, polymers show-strengthening effect as a function of
increased strain rate. It is likely that the minimal change in strain rates was not large enough to
exhibit significant differences in the case of lower density foams but were more apparent in the
case of the higher density foams.
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