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ABSTRACT: In this study, a highly porous and interconnected foam structure was fabricated using compression molding combined
with particulate-leaching technique. The foamed structures were fabricated with polylactide (PLA) and polyethylene glycol (PEG)
with salt as the particulate. The pore size of the foam structure is controlled by the particulates size and higher interconnectivity is
achieved by the co-continuous blending morphology of the PLA matrix with the water-soluble PEG. PLA is a fully bio-based thermo-
plastic polymer and is derived from renewable resources, such as cornstarch or sugarcanes. PEG is also fully biodegradable polymer
produced from ethylene. Fabricated foams were characterized for cellular, acoustic, and mechanical properties. The acoustic perform-
ance of the foams was studied by measuring the normal incident absorption coefficient in accordance with the ASTM E1050 stand-
ard. The results show open porosity as high as 88% was achieved and the effect of water-soluble polymer on cellular properties and
acoustic and mechanical performance of the foams was studied. As a result of the secondary porous structure formed into cell walls
by water soluble polymer, the overall absorption of fabricated PLA foams was increased to above 90% while the average absorption
of the foams remained unchanged. In addition, the resulting acoustic foams are benign and environmentally friendly. © 2013 Wiley
Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39518.
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INTRODUCTION

Open-cell foams have the capability to damp acoustic energy by
allowing fluid to flow through the cells and dissipate its energy.
Such structures are also lightweight and are widely used as
sound absorbers. Although such foams are good absorbers at
higher frequencies with absorption coefficients above 0.95, they
show limited acoustic absorption at lower frequencies. Another
issue is that the existing foams are fabricated from petroleum-
based polymers. In the case of cross-linked polymer chains, the
resulting foams will be nonrecyclable and therefore will be land-
filled after their end of life. On the other hand, the recyclable
foams such as polypropylene foams are often too expensive to
recycle and even without considering the carbon dioxide genera-
tion from recycling operation in an incineration plant, there is
no economic interest in reusing these foams. The solution is to
fabricate open-cell foams from bio-based polymers for noise
control applications. Bio-based polymers are fabricated from
renewable resources such as plants and microorganisms, these
polymers break down into water, carbon dioxide, and biomass
in contact with heat and humidity.

© 2013 Wiley Periodicals, Inc.
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Polylactic acid (PLA) is a thermoplastic polyester synthesized by
fermenting the raw plant material that has been fixed inside the
living plants by photosynthesis. Because it is derived from
plants, it can be produced using small amounts of fossil fuel. In
recent years, the interest in bio-based polymers has increased
and PLA has found numerous applications in different indus-
tries. PLA possesses properties that lie between those of polysty-
rene (PS) and polyethylene terephthalate (PET)' and, as a bio-
based alternative, it is expected to replace these commodity
polymers. Its production cost is expected to decrease further as
the markets for the material expand.

In a previous study,” acoustic performance of PLA open-cell
foams fabricated by particulate leaching was compared with
existing Polyurethane (PU) open-cell foam currently used for
sound absorption. Fabricated PLA foams showed better acoustic
performance at lower frequencies and higher average absorption
than PU foams, but the overall acoustic performance of PLA
foams needs to be improved. To improve acoustic absorption of
PLA foams while also studying the relation between cell mor-
phology and acoustic properties of polymeric open-cell foams,
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Figure 1. Schematic of particulate-leaching technique. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com].

water-soluble polymers were used to decrease flow resistivity
and hence improve the acoustic absorption of these foams. Salt
and water-soluble polymers were used as the particulates in the
polymer matrix. The idea is to form the larger cell structure
with leaching out the salt particles while leaching the water-
soluble polymer creates additional micro voids in the foam
matrix resulting in a bimodal foam structure. Different weight
percentages of water-soluble polymer were examined for two
different amounts of PLA. The water-soluble polymer used in
this study is low-molecular-weight-polyethylene glycol (PEG).
Bio-based foams fabricated through this study have the poten-
tial to replace the current petrochemical-based foams.

BACKGROUND AND LITERATURE SURVEY

There are several methods to fabricate open-cell structures for
noise control including polymer expansion with pressurized gas
and chemical blowing agents, emulsion freeze drying, thermally
induced phase separation (TIPS), particulate leaching/solvent
casting, and 3D printing technique.”™ One relatively new method
for open-cell foaming is particulate leaching or salt leaching. This
method involves the addition of an inhomogeneous domain into
the polymer matrix at the beginning. Solid particles, such as
sodium chloride and potassium chloride crystals, are introduced
into the polymer matrix at the beginning of the process. These
particles will later be dissolved out of the matrix by a solvent,
thereby resulting in a porous cellular network throughout the
entire polymer matrix.” This technology has been commonly
used in the production of highly porous bio-scaffolds.'® Recent
research has tried to apply the particulate-leaching technique to
noncontinuous batch-foaming processes. The incorporation of
this technique into the rotational foam molding process has also
been investigated in the literature.'>'?

As a sound wave travels through an open-cell structure, its
energy is absorbed by several dissipative processes such as vis-
cous and thermal effects as well as structural vibration in case
of elastic frames. In this study, the effect of a double-porosity
medium on acoustic and nonacoustic properties will be investi-
gated. The idea is to form a microporous structure in the foam
matrix. Therefore, while the larger cells allow the sound wave to
enter the foam, the secondary porous structure in the cell walls
increases the damping effect of the overall frame. Such a struc-
ture is called bimodal for having two porous modes.

To fabricate a bimodal structure with particulate leaching
method, water-soluble polymer can be used to form the
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microporous structure in addition to the main porous frame
formed by larger particulates. Water-soluble polymers are widely
used to make highly porous scaffolds for tissue engineering pur-
poses.'>!* Pertinent methods generally use solvents, particulate
leaching, co-continuous blends (water-soluble polymers), gas
foaming, or some combination of these. Kramschuster and
Turng'® used PLA and polyvinyl alcohol (PVOH) with salt as
the particulate and gas foaming with carbon dioxide to fabricate
bio-based scaffolds. Kim et al.'® fabricated polymeric membrane
with a fine porous structure from PS, PEG, and solvent solu-
tions by exploiting the phase separation induced in the course
of dry casting. In this study, PEG was used to fabricate highly
porous open-cell foams for the first time to study the effect of
bimodal structures on sound absorption of PLA foams.

Another aspect of this study is to improve the knowledge on
the relation between cell morphology and acoustic properties of
open-cell foams. To be able to control cell structure of the
foams, particulate leaching combined with compression mold-
ing was used to fabricate open-cell foams. In this fabrication
method, salt and water-soluble polymer were used as leachable
particulates. This fabrication method provides the possibility of
monitoring cellular properties of the foam closely by changing
fabrication parameters and therefore it is suitable for investigat-
ing the cell structure of the foams.

Fabrication of PLA Open-Cell Foams

Fabrication process used in this study is the combination of
particulate-leaching  technique and compression-molding
method.? Figure 1 shows the schematic of particulate-leaching
technique. This is an ideal approach to investigate the effect of
fabrication parameters on acoustic performance of the resulting
open-cell foams. In this fabrication method, PLA, PEG, and salt
blend is transferred into a compression molder and heated to
180°C for 10 min. Then the sample is compressed at 15 MPa
for an additional 10 min. Afterwards, the dye is cooled to room
temperature to remove samples. The samples will then be
leached in water for 72 h. The water should be changed fre-
quently to avoid saturation. The final stage is drying the sample
in 35°C for 24 h. The geometry of samples is cylindrical with
approximately 10 mm in thickness and 29 mm in diameter.

Because the melt temperature of salt is above the molding tem-
perature, it does not melt during molding process. PEG on the
other hand, melts at relatively low temperatures and therefore
bonds with PLA matrix during the fabrication process. To make
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Table 1. Composition (wt %) of Foams with 10% and15% PLA

Material composition (wt %)

10% PLA 15% PLA
PEG 0% 1% 2% 3% 0% 15% 3% 4.5%
Salt 90% 89% 88% 87% 85% 83.5% 82% 80.5%

sure that all the salt is leached silver nitrate (AgNOs3) solution
was used to evaluate the leaching procedure. If water contains a
Cl ion, a white residue will be generated in the presence of an
Ag" ion. Thus, if no white residue was observed when the
AgNOj; solution was dropped into the leaching solution sample,
the foam samples can be considered to be completely leached.
To insure that all the salt was leached out of the foam samples,
the samples were weighted before leaching and after drying. The
final sample weight has to be less than the weight of the poly-
mer used to fabricate the foam.

In order to study the effect of water-soluble polymer on cellular
structure and consequently the acoustic performance of the
resulting foams, different amounts of water-soluble polymer
were compared while keeping the weight percent of the PLA
constant. For PLA containing 10% and 15% of the total weight
of the material, PEG to PLA weight ratios of 0, 0.1, 0.2, and 0.3
were examined, we will refer to these combinations as foams
with 0%, 10%, 20%, and 30% PEG through this article. Table I
shows the weight percentage of PLA, PEG, and salt used for dif-
ferent foam samples. Fabricated foams were characterized in
terms of their cellular, mechanical, and acoustic properties.

EXPERIMENT

Experimental Material

Two bio-based polymers were used to fabricate foam samples.
PLA is a bio-based thermoplastic polymer, which is derived
from renewable resources, such as cornstarch or sugarcanes. The
PLA powder used in this study was provided by ICO Polymers.
The powder has spherical particles, which are 20 um in diame-
ter. The density of PLA is 1.24 g/cm3, melt flow index is 15 g/
10 min, glass-transition temperature is 60°C, and its melt tem-
perature is 150°C.

PEG is a bio-based water-soluble polymer. PEG was manufac-
tured by Wako Pure Chemical Industries, Ltd. Melt temperature
of PEG is around 30°C and the molecular weight of PEG is
approximately 2000. PEG was in the form of platelets, which
was grinded by mortar and pestle and the PEG powder was
then sieved to less than 250 um. Salt used in this study was
commercially available sodium chloride. The salt particles were
cubic and were sieved into 250-500 pm.

CHARACTERIZATION METHODS AND MEASURED
PROPERTIES

In order to characterize fabricated foam samples, different ther-
mal (differential scanning calorimetry, cellular (porosity, average
pore size, and cell density), mechanical (yield stress and elastic
modulus), and acoustic (sound absorption coefficient and static
airflow resistivity) properties were measured.
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Thermal Properties

Thermal characteristics of PLA and PEG were determined by
differential scanning calorimetry (DSC 2000, TA Instruments)
using a heat—cool-heat cycle between 10°C and 200°C with a
heating and cooling rate of 5°C/min.

Differential scanning calorimetry (DSC) is a thermal analysis
technique used to determine the glass-transition temperature
(Tg), crystallization temperature (7Tc), melting temperature
(Tm), and the enthalpies associated with the crystallization and
melting. It can also be used to measure the percent of crystallin-
ity within the sample. The DSC system measures the difference
in the heat required to increase the temperature of a sample
and a reference as a function of temperature. The reference is
an empty aluminum pan. The temperatures of the empty pan
and a pan containing sample are kept identical to one another
by controlling the amount of heat flowing into each system to
maintain a constant heating or cooling rate. When the tempera-
ture at which a phase transition occurs for a particular material,
a peak will be observed on the thermograph. Glass-transition
points, melting temperatures, and degree of crystallinity were
determined for PLA, PEG, and blends of the two polymers
from the thermograms.

Enthalpies of these processes can be calculated by measuring the
area under the peaks to determine the percent crystallinity of
the sample using eq. (1)'”'%:

AH,,—AH, .
meom (1)

%Crystallinity =
where AH,, is the heat of melting, AH, is the heat of cold crys-
tallization, and AH? is a reference value which represents the
heat of melting if the polymer was 100% crystalline. The degree
of crystallinity is one of the most important properties of a
polymer sample because it influences all the mechanical proper-
ties such as tensile strength, modulus, elongation, and impact
strength.'” Reference melt enthalpies for 100% crystalline PLA
of 93.7 I/gzo and PEG of 202.41 ]/g21 are used to calculate the
percent of crystallinity.

Thermogravimetric analysis (TGA) was also performed for pure
PLA and PEG as well as different PLA-PEG blends. TGA meas-
ures the amount and rate of change in the weight of a material
as a function of temperature or time in a controlled atmos-
phere. TGA was performed by TGA Q 50 from TA instruments.
The sample was heated from room temperature to 600°C using
the temperature ramp at 20°C/min under nitrogen.*

Cell Morphology

Cell morphology of foam samples was examined using images
obtained from a JEOL JSM 6060 scanning electron microscope
(SEM) and the Image] software. Samples were frozen in liquid
nitrogen and fractured to obtain a clean cross section, sputter
coated with platinum, and micrographs were taken in the SEM.
The fractured surface was examined at multiple regions for
irregularities in the cellular structure. The average of approxi-
mately 20 pores was taken as the average cell size for each set of
foam samples. Cell density of the samples was estimated using
the following correlation:
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Physical Properties

Porosity and airflow resistivity are two of the most important
macroscopic properties, which directly influence the acoustic
behavior of a medium. The open-cell content of a foam mate-
rial is the percentage of the material that is interconnected with
the ambient environment. Porosity of foam samples was meas-
ured by a gas pycnometer (Quantachrome Instrument Ultra-
Foam 1000) in accordance with the ASTM D6226 standard. The
pycnometer pressurizes the foam sample with nitrogen at 6 psi
and measures the closed volume that cannot be penetrated by
the pressurized nitrogen, Vclosed. The open-cell content, ¢,, is
measured using the following equation where Vgeometric is the
geometric volume of the sample. Results were averaged between
three or more specimens from each set of foam samples.

(1 _ ‘/closed

geometric

O, = ) X 100% (3)
Another measured macroscopic property is static flow resistiv-
ity, which greatly influences the acoustic behavior of a material.
Static airflow resistivity is defined as airflow resistance per unit
thickness of the material. The static airflow resistivity was meas-
ured according to the ASTM C522 standard. Airflow rate (U)
and pressure difference across the sample (P) are measured by
airflow resistivity meter and the airflow resistivity (o) can be
calculated from eq. (4). Here, A is the cross-sectional area and ¢
is the thickness of the sample. During tests foam samples were
sealed with Teflon tape to avoid air leakage at edges.

PXA
o= |+ (4)
UXt
Mechanical Properties

Mechanical performance of foam samples was measured through
compression test performed by Instron 5548 500N micro tester
according to ASTM D1621. Three samples were tested for each
category and values of Young’s modulus and yield stress were
derived from stress—strain curves. During testing, samples were
preloaded to 5 N and the strain rate was 1 mm/min.

Acoustic Properties

Fabricated foams were characterized based on their capability for
acoustic absorption. Sound absorption coefficient () of a mate-
rial is the amount of sound energy that can be absorbed by that
material and can take values from 0 to 1. Where 1 represents
total absorption and 0 represents total reflection. The ability of
foam samples to absorb sound energy was measured by imped-
ance tube based on two-microphone transfer function method in
accordance with the ASTM E1050 standard. In the two-
microphone transfer function method, a loudspeaker is mounted
at one end of an impedance tube and a small sample of the
material (a 29 mm in diameter cylinder) is placed at the other
end. Figure 2 shows a schematic of the impedance tube. In Figure
2, PI and PR represent the incident and reflected wave pressures.
P1 and P2 are the two microphones placed at X1 and X2 distan-
ces from the foam sample. The loudspeaker generates broadband,
stationary random sound waves. These propagate as plane waves
in the tube, hit the sample and are reflected resulting in a
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Figure 2. Schematic of two-microphone impedance tube.

standing wave interference pattern. The sound pressure at two
locations is measured and the complex transfer function calcu-
lated. It is then possible to determine the complex reflection coef-
ficient, the sound absorption coefficient, and the normal acoustic
impedance of the material. Diameter of impedance tube is 29
mm with frequency range of 800-6300 Hz.

RESULTS AND DISCUSSION

Thermal Properties

The DSC heating and cooling thermograms for PEG and PLA
are shown in Figure 3. On the heating curve of PLA, at the
glass-transition temperature a shift down in the baseline occurs,
indicating that heat is being added to the sample to move
through the transition and an endothermic process is taking
place. Glass-transition temperature of PLA was measured to be
59.45°C. As the temperature is increased, an upward peak
appears on the thermograph, which indicates that an exother-
mic process takes place whereby less heat is required to raise the
sample temperature. This is referred to as cold crystallization.
By further increasing the temperature at the melt point of the
material, more heat flow is required to increase the temperature
of the sample at the same rate as the reference and a downward
peak appears on the thermograph, indicating an endothermic
process. The melt temperature of PLA was measured to be
139.80°C. Degree of crystallinity of PLA during the second heat-
ing cycle was measured to be 17.24% based on DSC results.

For PEG]I, the melt temperature was 53.14°C from DSC results
and the degree of crystallinity was measured to be 89.13%.

For blends of PLA and PEG, as the amount of PEG is increased
the shift down in the heating curve at 140°C decreases and in
return a shift down at around 50°C appears for 20% PEG and
80% PLA and further increases by increasing the PEG content.
On the cooling thermograms, by increasing the PEG content a
crystalline exothermic peak appears during this cycle.

TGA results are shown in Figure 4. Neat PLA undergoes one-
stage decomposition at 375°C with no residuals remaining at
600°C and PEG undergoes one-stage decomposition at 446°C
with no residuals remaining at 600°C. Both thermal degradation
temperature and thermal degradation rate decrease by increas-
ing the amount of PEG in the PLA-PEG blend. All blends
exhibit a two-stage decomposition, which is because of separate
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Figure 3. DCS thermograms for PLA and PEG for (a) heating and (b) cooling processes.

PLA and PEG phases. The results suggest that the first degrada-
tion step is because of the PLA fraction and the second is
because of the PEG portion. Even though the degradation tem-
perature of PEG is higher than PLA, by increasing the PEG con-
tent, decomposition temperature of the blend decreases. This is
because of the penetration of PEG into the PLA matrix, which
forms cracks after cooling the sample because of the difference
in thermal expansion of the two polymers. These opening in
the PLA matrix increase the interface area and facilitate heat
and mass transfer through the polymer blend. Figure 5 shows
the SEM micrographs of PLA-PEG blends with 200 and 1000
magnification and electron voltage of 20 kV. The PLA powder
has average particle size of 20 pm. When blending PLA and
PEG, PEG fills the gaps between PLA particles in liquid phase,
resulting in cracks and microsize openings in the solidified
blend. As is evident in the SEM micrographs, by increasing the
amount of PEG from 10% to 20%, more cracks are formed in
the PLA matrix. When increasing the temperature during the
TGA test, PEG melts at 50°C making openings throughout the
blend, which can result in decreasing the degradation tempera-
ture by two mechanisms. First, the openings increase heat trans-
fer into the sample making it possible to heat up the PLA
matrix from different angles. Second, the cracks increase the
mass transfer in the blend and the by-products of degradation
can leave the sample in less time. As the amount of PEG in the
blend is increased to 30%, PLA particles are covered with PEG
seen in the SEM image as individual spherical elements rather
than a uniform PLA matrix, further increasing the heat and
mass transfer between the PLA particles.

There was no detectable residual left at 600°C for PLA-PEG blends.
DSC and TGA tests were performed on three samples from each
category and the results were averaged. The average deviation of
the DSC results was 6% and for TGA results was 0.1%.

Cell Morphology of PLA Foams
Cellular structure of porous medium is responsible for the
resulting macroscopic properties measured in terms of acoustic,
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thermal, and electrical parameters. In the case of sound absorp-
tion in particular, cellular structure of porous medium is
responsible for the resulting macroscopic properties measured
in terms of acoustic, thermal, and electrical parameters. In the
case of sound absorption in particular, cell geometry, cell size,
size, and shape of openings between cells and cell wall thickness
are some of the most influential structural characteristics that
control the maximum amount of sound absorption as well as
the frequency of the maximum absorption. For example, as the
frequency of sound wave decreases, wavelength increases, there-
fore the size of the pores in the porous medium must be pro-
portional to the wavelength of the intended frequency range to
reach the optimum sound absorption. Acoustic capability of a
porous medium is directly related to fluid flow through the
medium, which is affected by the volume and shape of the pore
structure. The quantity of void space is referred to as porosity
represented by ¢, which is the ratio of permeable volume to the
overall volume of the porous medium. The actual microscopic
fluid path through the void space is quantified by tortuosity.
Tortuosity is a measure of the complexity of fluid path inside
the porous structure denoted by o . As the fluid path

80
gso
4
9
2 40 — -.— 100%PEG
- —-30%PEG-70% PLA
20 | ———"20%PEG-80%PLA
————— 10% PEG-90% PLA
——100%PLA
0 ; : : : g
0 100 200 300 400 500 600

Temperature (°C)
Figure 4. TGA thermograms for PLA and PEG.
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becomes more complicated, tortuosity increases which in turn
results in higher resistance to fluid flow (o). Tortuosity directly
influences propagation of acoustic waves, heat and electric con-
ductivity, filtration, and absorbance efficiency of porous
mediums. Figure 6 shows a schematic demonstrating the effect
of microstructure on porosity, tortuosity, and flow resistivity of
a porous medium. The main cell structure of the foams fabri-
cated through this study is formed by dissolving the salt par-
ticles, which results in the cubic shape cells. While the cells in
chemically foamed structures have complicated tetrakaidecahe-
dral geometries, the simpler cubic cell structure of the presented
PLA foams, makes these foams an ideal case for studying the
relation between micro- and macroproperties of open-cell struc-
tures. Figure 7 shows the PLA foam samples fabricated with
10% [Fig. 7(a)] and 15% [Fig. 7(b)] polymer and different PEG
contents. Samples have cylindrical geometry to fit the imped-
ance tube for acoustic test. Cellular structure of the foam sam-
ples was studied by SEM. Figure 8(a) the cell
morphology of foam samples with 10 wt % PLA and increasing
amount of water-soluble polymer from 0% to 30% from left to
right. The magnification of SEM micrographs in Figure 8 is 100
and electron voltage is 20 kV. Micropores were observed in
SEM images of the foams with different amounts of water-
soluble polymer. Because PEG melts during the molding

NRE

shows
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Figure 6. Schematic of the effect of fluid path through a porous medium
on porosity, tortuosity, and flow resistivity.
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process, it blends with the melted PLA. The PEG powder was
sieved to less than 250 pum and leaching out the PEG leaves
micropores and cracks inside the PLA matrix. As observed from
SEM images, cells have cubic shape, which is because of the
shape of salt particles. Figure 8(b) shows the cell morphology of
foam samples with 15 wt % PLA and different amount of
water-soluble polymer. As seen in images, by increasing the
amount of PEG, the cracks in the cell structure increases.

Cellular properties of samples such as cell density and average cell
size were estimated from SEM images. The foam’s cellular struc-
ture is created by leaching out PEG and salt particles, therefore, as
the polymer mass ratio decreases from 15% to 10%, the number
of cells and consequently the cell density increases. Average cell
size on the other hand, remains constant and close to average salt
particle size, respectively. Adding PEG does not show any consid-
erable effect on cell density and cell density for foams with 15%
PLA was approximately 11 X 104 cells/cm3 and for foams with
10% PLA was approximately 20 X 104 cells/cm3. Average cell size
for all foam samples was in the range of 350 pm.

PEG/PLA increasing >

Figure 7. Image of foam samples with (a) 10% PLA and (b) 15% PLA for
PEG/PLA equal to 0, 0.1, 0.2, and 0.3. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com].
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SEM images of PLA foam samples with magnification of 1000
and electron voltage of 20 kV are shown in Figure 9. As stated
before, by increasing the PEG content, more cracks were formed
in the foam structure. For foam samples with 10% PLA, as is
shown in Figure 9(a), number of microvoids increases as the
PEG content is increased and for PEG/PLA ratio of 0.3 micro-
openings are extended all over the foam resulting in a bimodal
structure. As mentioned previously, the PLA powder has the
average particle size of 20 um and it can be seen that PEG even
penetrated the PLA particles. The same trend was observed for
foam samples with 15% PLA as shown in Figure 9(b).

Physical Properties

Open-cell structures intended for sound absorption applications
must have high porosities (around 90%) to allow the sound
wave to enter the damping structure and dissipate its energy
while passing through the convoluted path way between the
cells. One important achievement in this study is the high
porosity of fabricated foam samples, porosity results are shown
in Figure 10(a). As expected, open porosity increases by
decreasing polymer mass ratio. Porosity for foams with 15%
PLA was around 82% and for foams with 10% PLA was around
88%. On the other hand, increasing the PEG content has no

10% PEG

10 pm (%

effect on the porosity. Because the scale of pores and
cracks formed by water-soluble polymer is very small compared
to the main pores, porosity of the foams is not affected by
PEG amount.

Porosity can be also estimated by knowing the weight of the
polymer used in fabricating the foam, density of the polymer,
and geometrical volume of the fabricated foam sample as
explained in eq. (5).

Porosity = (1 _ Polymer volume )

B (1 _ Polymer mass/polymer  density >

Foam's geometric volume

(5)

Foam volume

Foam density was measured using the density measurement
kit for a Denver Instruments mass balance. The density mea-
surement accounts for the mass of the sample in air and in
water and calculates the specific gravity while correcting for
the effects of the water temperature. Estimated porosities for
PLA foams were 88.68% for 10% polymer and 81.8% for
15% polymer, which is close to measured values listed in
Tables II and III.

Figure 9. SEM micrographs of foams with
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Figure 10. (a) Open porosity and (b) static airflow resistivity results for PLA foams with different PEG to PLA weight ratios.

In the same category of open-cell foams, the ones with lower
static airflow resistivity allow the fluid to flow through the
structure more easily and therefore have higher sound absorp-
tion. Results for static airflow resistivity at 0.1 L/min flow rate
are shown in Figure 10(b). As also observed in previous study,2
by decreasing the PLA weight percentage, flow resistivity
decreases. Also by adding the water-soluble polymer, flow resis-
tivity decreases for both foams with 15% and 10% PLA. Flow
resistivity further decreases by increasing the PEG content for
foams with 15% PLA, while for foams with 10% PLA, flow
resistivity shows an increase for PEG/PLA weight ratio of 0.3.

Mechanical Properties of PLA Foams

Because the fabricated foams are proposed for acoustic appli-
cations, these foams will be used between layers of structure
and are not intended to sustain any load. On the other
hand, the structural strength of the foams should be enough
to hold the structural integrity and withstand possible pres-
sure or impact during fabrication or assembly. Figure 11
shows the mechanical properties of PLA foams. In general,
by decreasing the amount of PLA from 15% to 10%,
mechanical strength of the foam decreases. This is because of
the decrease in the amount of solid polymer which forms
the foam structure. By reducing solid polymer in the foam
structure, cell walls become thinner and bare less compressive
loads before breaking. Therefore, mechanical strength and
elasticity of the foam decreases, respectively.

The values of elastic modulus and compressive load at yield
stress for PLA foams are listed in Table IV. As observed from

Table II. Physical and Acoustic Properties of 10% PLA Foams

the results, for foams with 15% PLA, compressive load at yield
stress and elastic modulus decreases by increasing the amount
of water-soluble polymer. This can be explained by previous
observations from SEM images. Addition of water-soluble poly-
mer results in the bimodal structure, which weakens the foam
because of the formation of cracks and micropores in the
cell walls.

The same trend was observed for foams with 10% PLA,
although the decrease in compressive load at yield stress and
elastic modulus by increasing the amount of water-soluble poly-
mer is not as significant as it was for the samples with 15%
PLA. This is because of the lower amount of polymer in the
foam structure.

Acoustic Properties of PLA Foams

Even though the formation of secondary microstructure does
not affect the porosity of the PLA foams, it decreases the airflow
resistivity and therefore it is expected to have a positive effect
on sound absorption properties of the foams. Figure 12(a)
shows the acoustic absorption results for foams with 15% PLA
and PEG/PLA weight ratios of 0, 0.1, 0.2, and 0.3. The results
are average of four or more samples. During the test, foam sam-
ples were sealed by Teflon tape to avoid leaks around the edges.
Adding water-soluble polymer to PLA foams increases the maxi-
mum acoustic absorption coefficient and also increases the fre-
quency of maximum acoustic absorption. This is because of the
decrease in flow resistivity by making cell walls more open.
Although the porosity is constant, micropores generated in the
cell structure by PEG improves the acoustic absorption of the
PLA foams.

Table III. Physical and Acoustic Properties of 15% PLA Foams

Flow Average Flow Average

resistivity  absorption Frequency resistivity  absorption Frequency
Foam material  Porosity (N.s/m?) coefficient at omax (H2) Foam material  Porosity (N.s/m?) coefficient at amax (H2)
PEG/PLA=0 88.06 1.2 x 10° 0.56 2500 PEG/PLA=0 8174 1.3 x10° 053 1900
PEG/PLA=0.1 8834 8x10* 058 2800 PEG/PLA=0.1 82 11 x10% 0.58 2370
PEG/PLA=02 87.55 6.7 x10* 057 3350 PEG/PLA=02 8217 1.0 x10° 054 2500
PEG/PLA=0.3 86.96 7.4 x 10* 0.56 3350 PEG/PLA=0.3 8214 9.8 x 10* 0.53 2800
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Figure 12(b) shows the acoustic absorption results for foams
with 10% PLA with different PEG contents. By increasing the
PEG content, the maximum absorption coefficient and the fre-
quency of maximum absorption increases except for the case
where PEG/PLA weight ratio is 0.3. It was also observed that
the airflow resistivity was increased for this foam sample.

The frequency, at which the maximum absorption occurs,
increases by increasing the amount of water-soluble polymer,
these results are shown in Figure 13(a). To access globally the
acoustic absorption performance of different materials, the aver-
age sound absorption is defined as the average of the sound
absorption coefficient determined at octave bands with center
frequencies 250, 500, 1000, 2000, and 4000 Hz.Average absorp-
tion coefficient determines the overall acoustic performance of
the porous material and is shown in Figure 13(b). The average
acoustic absorption remains relatively constant by increasing the
amount of water-soluble polymer.

As mentioned before, cellular structure of open-cell foams plays
the most important role in acoustic capabilities of these materi-
als. In particular, as the cell wall thickness decreases there will
be more openings between cells and hence porosity of the foam
increases which in turn improves the acoustic absorption. Cell
wall thickness of the foams can be measured from the SEM
images. The average cell wall thickness for foams with 15% PLA
is 15 pum and for foams with 10% PLA is 9.4 pm. As shown in
Figure 9, PLA foams fabricated with less polymer have higher
sound absorption for the same amount of water-soluble poly-
mer. The down side of decreasing the amount of polymer in

Table IV. Mechanical Properties of PLA Foams

10% PLA 15% PLA

Elastic Compressive  Elastic Compressive
PEG/ modulus load at yield modulus  load at yield
PLA (MPa) stress (N) (MPa) stress (N)
0 0.29 85.5 2.243 176.9
01 0.23 22.8 1.126 124.4
0.2 0.19 18.5 0.370 30.8
0.3 017 12.7 0.276 23.1
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the foam matrix is the loss of mechanical strength. As the cell
walls become thin, the foam structure becomes weaker.

While macroscopic properties such as porosity and airflow resis-
tivity can be determined by direct measurement techniques,
microscopic cellular properties such as tortuosity, viscous and
thermal characteristic lengths are very difficult to obtain because
of the complexity of open-cell structures. The relation between
foam morphology and acoustic properties is still an open prob-
lem in the field of acoustics. There are indirect and inverse
characterization techniques to determine aforementioned cellu-
lar properties of open-cell foams, which involves modeling and
simulation of the cellular structure. Experimental study of the
effect of various cell structures on the resulting acoustic proper-
ties is the first step to better understand the relationship
between foam structure and acoustic absorption to optimize
open-cell foams for the intended applications.

CONCLUSION

Through this study, PLA open-cell foams were fabricated with a
new method to show the effect of bimodal cell structure on sound
absorption of open-cell foams. The foams were characterized for
different acoustic, cellular, and mechanical properties and the rela-
tion between macroscopic acoustical properties and absorption
capabilities as well as mechanical strength was studied.

Particulate leaching combined with compression molding was
used to fabricate open-cell foams from PLA. By adding PEG,
the effect of water-soluble polymer on foam structure and
acoustic behavior of PLA foams was studied. PLA weight per-
centages of 10 and 15 where examined with PEG/PLA weight
ratios of 0, 0.1, 0.2, and 0.3.

A new bimodal structure was created as a result of leaching out
the water-soluble polymer. Acoustic absorption of PLA foams
was successfully improved by adding water-soluble polymer to
form cracks and micropores in the cellular structure and there-
fore decreasing the static airflow resistivity. Because the size of
the openings formed by water-soluble polymer is in the range
of micron, porosity was not affected by adding water-soluble
polymer. The second microstructure formed by water-soluble
polymer has a positive effect on acoustic absorption of the fab-
ricated PLA foams by decreasing the airflow resistivity, which
results in improved sound absorption by increasing the
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maximum absorption coefficient. While the addition of water-
soluble polymer increases maximum absorption coefficient and
the peak frequency, it does not have any considerable effect on
average absorption coefficient.

Addition of PEG to PLA foams had a negative effect on
mechanical properties of the foams. Mechanical strength of the
foams decreases by adding water-soluble polymer. Because of
the micropores formed in the cell walls of the foams, both com-
pressive load at yield stress and elastic modulus decreases by
increasing the amount of water-soluble polymer, the decrease of
mechanical properties is more noticeable in case of foams with
15% PLA. Because the application of these foams is as sound
absorbers in which they do not require high-mechanical
strength and load-bearing capabilities, foams fabricated through
this study have a promising potential to replace the existing
petrochemical-based foams. In addition, fabricated PLA foams
are bio-based which resolves the environmental concerns
regarding landfilling or even recycling the foams after their end
of life.
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