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Complementary structural characterization methods are useful for studying the hierarchical cellular morphology
of polymer foams. In this study, we employed scanning electron microscopy (SEM) and X-ray micro-computed
tomography (micro-CT) to characterize the hierarchical cellular morphology of poly(methyl methacrylate)
(PMMA) and polystyrene (PS) foams. The polymer foams were prepared using pure CO; gas and
COz—chlorodifluoromethane (HCFC-22) gas mixtures as blowing agents. Depending on the type of polymer and
HCFC-22 concentration, hierarchical cellular structures consisting of nanocells, microcells, and macrocells were
obtained. The size distribution of the nanocells was determined by high-magnification SEM, while the size,
shape, and spatial distribution of the microcells and macrocells in three dimensions were determined by micro-
CT. Moreover, a well-designed micro-CT experiment enabled a brightness comparison between the foams and
relative local density mapping of the foams based on the brightness. The results clearly showed the formation of a
dense skin layer at the air interface of both PMMA and PS foams and dense matrix around the large macrocells in
the PMMA foams. Thus, combining SEM and micro-CT provides a deeper understanding of the formation

mechanism of the hierarchical cellular structure of polymer foams.

1. Introduction

Polymer foams exhibit unique physical properties, such as light
weight [1], excellent strength-to-weight ratio, low thermal conductivity,
good sound insulation performance [2] and high impact resistance.
These properties strongly depend on cellular structure, specifically cell
size, shape, connectivity, and uniformity. In general, the larger the
porosity, the smaller the cell size, and the more uniform the cell struc-
ture, the better the strength-to-weight ratio and thermal insulation
performance [3-6]. Light-transparent foams can be obtained by
decreasing the size of nanocells to less than 50 nm, which is sufficiently
smaller than the wavelength of visible light [3,7,8]. However, nano-
cellular foams often suffer from significant light scattering owing to the
presence of macrocells, resulting in severe degradation of light trans-
parency. To effectively suppress the unintentional generation of large
macrocells, HCFC-22 can be used as a co-blowing agent with CO, for
polymer foaming [9]. Quantitative evaluation of macrocells is important

for understanding their formation mechanism and fabricating nano-
cellular foams with excellent optical transparency.

On the other hand, a hierarchical cellular structure consisting of
nanocells, microcells, and macrocells has the advantages of sound ab-
sorption capacity [10], thermal insulation [11] and mechanical prop-
erties [12] compared to foams with a uniform cell size. Therefore,
quantitative characterization of the hierarchical cellular morphology
plays a key role in designing an optimal foaming process for a
tailor-made cellular structure and developing polymer foams with
innovative functionality. Cellular structures at the nanoscale to the
microscale can be visualized by scanning electron microscopy (SEM).
However, the two-dimensional images provide limited information
regarding the size, shape, and spatial distribution of cells. Full
three-dimensional information on cellular structures of several tens of
micrometers and above can be obtained by X-ray micro-computed to-
mography (micro-CT) [13-18]. Although these methods have been
widely used in previous studies [10-12,19], their combined use has only
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been reported in one paper thus far [20]. In the paper, SEM and
micro-CT are used to analyze the microstructure of poly(e-caprolactone)
foams. However, the results have not been quantitatively evaluated
through combined analysis.

Here, we propose a structural characterization scheme for polymer
foams with a hierarchical cellular morphology that combines digital
SEM and micro-CT image analyses. Poly(methyl methacrylate) (PMMA)
and polystyrene (PS) foams were prepared using pure CO. and
CO2—chlorodifluoromethane (HCFC-22) gas mixtures as blowing agents.
The porosities of their hierarchical cellular structures were measured by
SEM and micro-CT and quantitatively compared it with those deter-
mined using the Archimedes method (Fig. 1). We also determined the
number, size distribution, and spatial arrangement of the macrocells.
Comprehensive information on the hierarchical cellular structure can
lead to a better understanding of the formation mechanisms of the
nanocells, microcells, and macrocells in polymer foams.

2. Experimental
2.1. Materials

PMMA and PS were supplied by Sigma-Aldrich (USA). The molecular
weights of PMMA and PS are 350,000 and 192,000 g/mol, respectively,
and their densities at room temperature are 1.17 and 1.04 g/cm?,
respectively. CO3 (99.99 % purity) and HCFC-22 (99.9 % purity) were
obtained from Iwatani Corp. (Japan) and Takachiho Chemical Industrial
Co., Ltd. (Japan), respectively.

2.2. Preparation of polymer foams

The PMMA foams prepared in our previous study [9] were used as
foam samples. PS foams were fabricated using the same procedure,
which employed pure CO; gas and CO,-HCFC-22 gas mixtures as
blowing agents [9]. Briefly, a PS pellet was hot-pressed into a circular
disk (diameter: 8 mm; thickness: 1 mm). The disk was exposed to either
high-pressure CO; gas or a CO,-HCFC-22 gas mixture using a one-step
high-pressure batch foaming system. The saturation temperature, pres-
sure, and time were set to 80 °C, 40 MPa, and 24 h, respectively.
Hereafter, a foam sample is denoted by a string consisting of the polymer
name and molar ratio of HCFC-22 (Table 1). For example, PMMA _015
denotes a PMMA foam prepared using 1.5 mol% HCFC-22 mixed with
COa.

Gas foaming

Co,
(with HCFC-22)

[ )

PMMA or PS disc

Polymer foam
with multiscale hierarchy

Archimedes method
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Table 1
Description of poly(methyl methacrylate) (PMMA) and polystyrene (PS) foam
samples.

Sample ID Polymer HCFC-22 (mol%) Shape
PMMA_000" PMMA 0.0 Disk

PMMA 015 PMMA 1.5 Disk

PMMA 057 PMMA 5.7 Slightly deformed
PMMA 142° PMMA 14.2 Severely deformed
PS_000 PS 0.0 Disk

PS_015 PS 1.5 Disk

PS_057 PS 5.7 Disk

@ Sample fabricated in our previous study [9].
2.3. Foam characterization

The polymer foams with specific weights were characterized using
the Archimedes method and SEM, as described in detail in our previous
paper [9]. Density was measured by the Archimedes’ method using an
electric balance (Shimadzu, AP224X) and a density measurement kit
(Shimadzu, SMK-601) with water as the solvent. The Archimedes
porosity, ¢a1, was calculated using the following equation:

o= (’%) X100 &)

s

where pg and pr are the densities of the polymer disk before foaming and
the foam obtained, respectively.

The cellular structure of the samples was analyzed by observing their
cross section using a scanning electron microscope (S-4800, Hitachi
High-Technologies Corp.). The cell size was the equivalent circle
diameter calculated from the area measured using the ImageJ software
[21]. The average cell size and cell size distribution were determined
using at least 200 cells in the SEM micrographs.

2.4. X-ray micro-CT

Three-dimensional cellular morphology was recorded using an X-ray
micro-CT system (SMX-160CTS, Shimadzu). A disk-shaped foam was cut
into quarters in the radial direction and used as a specimen (approxi-
mately 5 mm in size). The tube voltage of the X-ray source was adjusted
to 38-39 kV. The distance between the X-ray source and specimen was
set to 20 mm, and the distance between the specimen and detector was
fixed at 200 mm. Under these conditions, the entire specimen was placed
in the field of view. The center of the rotation axis of the specimen was
aligned, and the spatial distortion, background intensity, and offset were

Porosity characterization
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Fig. 1. Experimental procedures used in this study. Poly(methyl methacrylate) (PMMA) and polystyrene (PS) foams were blown using high-pressure CO» or a COo—
chlorodifluoromethane (HCFC-22) gas mixture. The porosities of the foams were measured using the Archimedes method. The 2D and 3D cellular morphologies were

characterized by cross-sectional SEM and X-ray micro-CT, respectively.
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calibrated prior to the measurements. Transmission micro-CT images
having 512 x 512 pixels were recorded under identical conditions using
a rotation angle of 180° at 1200 steps. Raw images were reconstructed
by correction using a scaling factor of 70 using the associated software of
the instrument (CT-solver ver. 3.5, Shimadzu). A 3D image consisting of
512 x 512 x 512 cubic voxels was obtained, and each voxel had a
brightness value of 16 bits. Microcellular morphology was recorded
using a high-resolution X-ray microscope (nano3DX, Rigaku).

The CT data was analyzed using a commercial image analysis soft-
ware (ExFact VR, Nihon Visual Science) with a void analysis option. The
16-bit CT data captured under the same measurement conditions were
loaded by selecting the same intensity range and converted to an 8-bit
brightness range. This procedure enabled a quantitative comparison of
the intensities of the CT images of different samples. The total volume of
a specimen, Vi, was calculated based on the apparent specimen volume,
which was extracted from a 3D CT image by detecting the periphery of
the specimen. A color-labeled image was created by watershed seg-
mentation of a CT image based on a few brightness thresholds [22]. The
cell size determined by micro-CT was defined as the equivalent spherical
diameter calculated from the voxel-based volume of each cell. The
experimental procedures used in this study are schematically illustrated
in Fig. 1. In this paper, the various cells of a polymer foam are defined
according to their size: <1 pm (nanocells), 1-100 pm (microcells), and
>100 pm (macrocells).

3. Results and discussion
3.1. Polymer foaming and structural characterization by SEM

Fig. 2a and b shows photographs of the as-prepared PMMA disk and
foamed sample PMMA 015. Foaming made the transparent PMMA disk
turn white with increased thickness while retaining its shape. The
porosity, ¢ar, of PMMA _015 determined using the Archimedes method
was 35.6 %.

Fig. 2c¢ and d shows the cross-sectional SEM micrographs of
PMMA _015 recorded at low ( x 35) and high magnifications ( x 40,000).
The low-magnification SEM image clearly showed several macrocells
with a size range of 20-460 pm. On the other hand, the high-
magnification SEM showed microcellular structures with a size range
of 0.03-0.25 pm. Various locations of the sample were observed using
varying magnifications ( x 1000 and x 10,000), although only a few
cells from a few hundred nanometers to a few micrometers were
observed. The size distribution of the nanocells was determined by
performing an image analysis of the high-magnification SEM micro-
graphs (Fig. 2e). The average size, dify, and standard deviation were
respectively 0.08 ym and 0.036 pm, which is similar to those in our
previous study [9]. The standard deviation normalized by the dify was
2.2, which is higher than that obtained in a previous study on polymer
foams with a similar average cell size [23].

The SEM-based porosity, ¢sgm, can be determined from the size
distribution using the following equation:
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where n is the total number of cells and A is the total area of the SEM
micrographs. The ¢gsgy of PMMA _015 was 2.11 %.

3.2. Micro-CT observation of macrocells

The low-magnification SEM micrograph of PMMA 015 (Fig. 2c)
qualitatively confirmed the presence of several macrocells. However,
the number of macrocells in the image was insufficient for statistical
analysis because only one cross section of the specimen could be visu-
alized by SEM. As researchers know, quantitatively evaluating the size
and shape of macrocells by SEM is tedious and practically time-
consuming. As a complementary structural characterization method to
SEM, X-ray micro-CT was performed to observe the macrocells in
PMMA 015 in three dimensions (Fig. 3). Micro-CT provides brightness
contrast depending on the X-ray absorption intensity at each position in
the field of view. Because air has a much lower density than PMMA, its
lower X-ray absorption intensity caused the macrocells in the sample to
appear black, as shown in the grayscale micro-CT tomogram in Fig. 3a.
Segmentation based on a simple brightness threshold alone resulted in
large clusters of cells. The macrocells shown in the cross-sectional SEM
image of PMMA 015 appeared to be isolated from each other. In
contrast, the micro-CT tomogram indicated that they were partially
connected in three dimensions through narrow necks. As the clusters
interfered with the measurement of the size and shape of individual
cells, they were separated into cells using the watershed segmentation
algorithm (Fig. S1). Optimal image processing resulted in a large num-
ber of cells appearing in multiple colors, which indicate the size ranges
of the cells (Fig. 3b). Many macrocells larger than 200 pm were
distributed inside the sample and appeared as red spheres. Furthermore,
many microcells with sizes ranging from 20 to 50 pm could be detected
as blue spheres. However, there were no macrocells at the edge of the
specimen, which is the so-called skin layer [24]. The calculated
number-average size of the macrocell was 58.6 pm, which was on the
order of that obtained by SEM (Fig. 2¢). Because of the voxel size limi-
tation (11.8-11.9 pm in this study), the nanocells observed in the
high-magnification SEM micrograph could not be visualized in the CT
image.

3.3. Porosity calculated by micro-CT
The CT-based porosity, ¢cr, of a polymer foam can be calculated
from the 3D CT image obtained by segmentation using the following

equation:

bor= Vel 109 3)
Vi
where > V¢ and V; are the volume sum of the cells and total specimen
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Fig. 2. Photographs of (a) a poly(methyl methacrylate) (PMMA) disk before foaming and (b) PMMA 015 obtained by foaming. Cross-sectional SEM micrographs of
PMMA _015 at (c) low ( x 35) and (d) high magnifications ( x 40,000). (e) Size distribution of the nanocells in PMMA _015 determined from the high-magnification

SEM micrograph.
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Fig. 3. (a) Grayscale X-ray micro-CT tomograms of a poly(methyl methacrylate) (PMMA) foam, PMMA 015, and (b) labeled 3D image obtained by watershed
segmentation. The colors represent the cell size ranges: >200 pm (red), 100-200 pm (yellow), 50-100 pm (green), 20-50 pm (blue), and <20 pm (purple). (c) Cell
size distribution of PMMA_015 determined from the CT image in (b). (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

volume, respectively. V; can be calculated using the number of voxels in
the remaining region after excluding the background region outside the
specimen from the field of view of the CT image. However, in the case of
a polymer foam, the brightness of the air outside the specimen often
overlaps with that of the cells located inside the specimen. Thus, a
simple thresholding of the voxel brightness is insufficient for deter-
mining V;. The software used in this study has an algorithm that selec-
tively extracts only the regions of air outside the specimen. Using the
micro-CT image shown in Fig. 3b, the Y ven and Vi of PMMA_015
were determined to be 1.70 x 1 0° and 1.32 x 10 (voxels), respectively.
Thus, the calculated ¢cr of PMMA_015 was 12.8 %, which was smaller
than ¢AL (35.6 %).

3.4. Dependence of macrocell formation on the HCFC-22 molar ratio

A previous study reported the number of large macrocells decreased
with increasing amount of HCFC-22 added to CO2 using SEM analysis
(Fig. S2) [9]. Here micro-CT analysis was performed to quantitatively
determine the size, shape, and spatial distribution of the macrocells in
polymer foams. Fig. 4 shows the grayscale micro-CT tomograms and
labeled 3D images of the PMMA foams analyzed using the same pro-
cedure used for PMMA 015 (Fig. 3). As in PMMA 015, a skin layer was
formed at the air interface of PMMA _000 during foaming, and numerous
macrocells larger than 200 pm (shown in red in Fig. 4) were observed
inside the specimen. The large macrocells of PMMA_000 and PMMA _015
had an ellipsoidal shape elongated in the thickness direction owing to

PMMA_000

PMMA_057

PMMA_142

Fig. 4. Grayscale micro-CT tomograms (top) and labeled 3D images (bottom) of the poly(methyl methacrylate) (PMMA) foams, PMMA_000, PMMA 057, and
PMMA _142. The colors represent the cell size ranges: >200 pm (red), 100-200 pm (yellow), 50-100 pm (green), 20-50 pm (blue), and <20 pm (purple). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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the large expansion of the PMMA foams in nearly one direction (Fig. S3).
In contrast, PMMA_057 had no skin layer, and a large number of
microcells and macrocells were uniformly distributed throughout the
specimen. PMMA_142 significantly collapsed, and large macrocells were
generated at the air interface during foaming; however, only a few
macrocells were present in the interior. Thus, using an HCFC-22 molar
ratio larger than 5.7 mol% considerably deformed the disk shape of
PMMA (Fig. S4). Owing to the high solubility of HCFC-22 in PMMA [25],
the polymer viscosity decreased as the HCFC-22 molar ratio increased
during foaming. Therefore, when HCFC-22 is mixed with CO, at high
concentrations, PMMA foams may be unable to withstand the expansion
pressure during depressurization and may lose their external shape.

3.5. Preparation and characterization of PS foams

As discussed in the previous section, PMMA foams contain numerous
macrocells. PS is another polymer often used as a model polymer for CO»
foaming because of its faster CO,, diffusion compared to PMMA (Fig. S5)
[26,27]. A different CO, diffusion coefficient is expected to change cell
formation behavior during CO, foaming. Therefore, PS foams were
prepared using the same procedure as that for PMMA foams, and their
cellular morphology was characterized by SEM and X-ray micro-CT.

Even when foamed using a mixture of CO3 and 5.7 mol% HCFC-22
gases, the PS foams uniformly expanded into a disk shape (Fig. 5a). In
contrast to the PMMA foams, PS foams had very few macrocells, as
shown in low-magnification SEM micrographs (Fig. 5b). The high-
magnification SEM micrographs of all PS foams presented numerous
small cells (Fig. 5¢) with a size range of 0.1-1.0 pm, as calculated from
the SEM micrographs (Fig. 5d). The d§fy were 0.35-0.42 pm and did not
change considerably even when the amount of HCFC-22 gas changed
significantly.

To examine the macrocells in detail, the PS foams were imaged by
micro-CT using the same method used for PMMA 015 (Fig. 3). Their
grayscale CT tomograms and labeled 3D images are shown in Fig. 6. The
SEM micrographs of the PS foams showed a few macrocells, whereas the
CT images confirmed the presence of a moderate number of macrocells
in the specimens. The macrocells in PS_000 were mostly located at the

PS_000

PS_015

PS_057
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side edge, whereas those in PS_015 were concentrically aligned at the
side edge. PS_057 had a sparse distribution of microcells and small
macrocells in its interior. The size distribution of the macrocells evalu-
ated by micro-CT is shown in Fig. S6. The PS foamed using pure CO;, gas,
PS_000, had 20 % of the number density of macrocells in PMMA_000.
When HCFC-22 was added to CO,, the number density increased for
PMMA but decreased for PS. Consequently, the number density of
macrocells in PS_057 was only 2 % of that in PMMA_057. Thus, X-ray
micro-CT is useful for characterizing a small number of macrocells in a
polymer foam.

3.6. Relationship between porosities calculated using the Archimedes
method, SEM, and micro-CT

The porosities and average cell sizes obtained by SEM and micro-CT
are summarized in Table 2. In contrast to ¢a1, which accounts for all the
cells in a sample independent of the cell size, ¢cr reflects only the cells
that can be detected by micro-CT (Fig. 1), which are several tens of
micrometers or larger owing to the size limit of the voxel used in this
study. SEM can be used to visualize cell structures from the nanoscale to
the microscale in two dimensions and determine the porosity derived
from nanocells.

¢ar was plotted against the sum of the SEM- and micro-CT-based
porosities, ¢spm + cr (Fig. 7). The closer ¢sgm + cr is to the diagonal of
the plot, the better the agreement with ¢;, Most of PMMA and PS foams
exhibited a ¢sgm + cr smaller than ¢ar. The PS foams had only a few
macrocells, and ¢¢r was less than 1 % (Table 2). Thus, ¢sgy agreed well
with ¢ar. The PMMA foams with a skin layer, PMMA_000 and
PMMA_015, had a relatively small ¢t of 12-16 %, and their ¢sgm + cT
was also close to ¢p1. These foams were well-formed disks with large
macrocells; macrocells smaller than 200 pm accounted for only 22-28 %
of ¢¢cr (Fig. S7). On the other hand, the ¢spm + ¢r of PMMA_057 and
PMMA _142 were quite off-diagonal and much smaller than ¢a;. These
foams significantly lost their disk shape during foaming and contained
many microcells and small macrocells; macrocells smaller than 200 pm
accounted for more than 50 % of ¢cr (Fig. S7). As the size of the
microcell approaches the voxel size in a micro-CT image, the boundary
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Fig. 5. (a) Photographs of the polystyrene (PS) foams, PS_000, PS_015, and PS_057. Cross-sectional SEM micrographs of the PS foams at (b) low ( x 35) and (c) high
magnifications ( x 20,000). (d) Size distribution of the nanocells in the PS foams determined from the high-magnification SEM micrographs.
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PS_000

PS 015

PS 057

Fig. 6. Grayscale micro-CT tomograms (top) and labeled 3D images (bottom) of the polystyrene (PS) foams, PS_000, PS_015, and PS_057. The colors represent the
cell size ranges: >200 pm (red), 100-200 pm (yellow), 50-100 pm (green), 20-50 pm (blue), and <20 pm (purple). (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

Table 2
Cellular structure parameters (porosity ¢ and average cell size d*") of poly
(methyl methacrylate) (PMMA) and polystyrene (PS) foams.

Sample PaL sEm der No dSim dir
(%) (%) (%) (mm3)* (pm) (pm)
PMMA 000  41.3" 0.5 15.7 130.1 0.09" 69.3
PMMA 015  35.6 2.1 12.8 179.7 0.08 58.6
PMMA 057  82.8" 5.7 37.2 330.6 0.22" 87.1
PMMA_ 142  85.1° 22.8 15.5 204.0 0.35" 56.0
PS_000 34.6 19.0 0.8 26.4 0.35 47.3
PS_015 22.7 28.5 0.1 4.9 0.42 38.0
PS_057 35.1 30.8 0.1 8.1 0.36 41.8

@ Number density of voids determined by micro-CT.
b Values reported in our previous paper [9].

between the cell and matrix is obscured by the partial volume effect in
the voxel image [28]. In this case, the calculated cell volume is smaller
than the actual volume. This discrepancy can be significantly reduced by
visualizing micro-CT images using voxel sizes that are sufficiently
smaller than the size of the macrocells to be evaluated.

The PMMA foams with high ¢, PMMA_057 and PMMA_142, were
observed using a high-resolution X-ray microscope with a voxel size of
2.5 pm (Fig. S8). In PMMA _057, numerous macrocells with sizes ranging
from 100 to 300 pm were observed, with very thin cell walls less than 10
pm thick. PMMA _142 contained microcells with sizes of 10-40 pm. The
cellular morphology appeared similar in the micro-CT tomograms
shown in Fig. 4. However, X-ray microscopy provided better contrast
and a smaller voxel size, which allowed for clearer images of the fine
cellular morphology of the polymer foams (Fig. S9). The porosities
calculated from the X-ray microscopy images were higher than those
calculated from the micro-CT images. Therefore, ¢sgm -+ cr agreed better
with ¢ay, particularly for PMMA_057 (Fig. 7). For foams with multiscale

100
IMA_142 PMMA_142

.

80 | F?“EJ S?‘ A

[ PMMA_057 PMMA_057

60 | e

L [%]

40 | []

20 [ ~ PS_015
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Fig. 7. Plot of the Archimedes porosity, ¢y, versus the sum of SEM- and micro-
CT-based porosities, ¢spm + cr- The circles represent the porosities of poly-
styrene (PS) foams. The squares and diamonds represent the porosities of poly
(methyl methacrylate) (PMMA) foams calculated from the volume data using
voxel sizes of 11.8-11.9 (X-ray micro-CT) and 2.5 pm (X-ray microscopy),
respectively.
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hierarchy, neither SEM nor X-ray micro-CT alone provided sufficient
information on the cellular structure. A deeper understanding can be
obtained by combining structural analysis methods that employ
different spatial scales.

3.7. High-density layer in the skin and around the large macrocells
visualized with micro-CT

To gain insight into the foaming mechanism in terms of the release of
blowing agent, the histogram of the voxel brightness in the micro-CT
images was analyzed in detail (Fig. 8a). Voxel brightness reflects the
local density of the specimen. When CT images are recorded using the
same instrument under the same conditions, the brightness values of
samples made of the same material can be compared. The histogram of
PMMA_000 showed two clear peaks. The plateau between the small and
large peaks in the histogram resulted from the partial volume effect,
which is typical in X-ray micro-CT. The small peak was well fitted to a
Gaussian curve with a brightness peak, I, of 63 because X-ray CT
usually records the voxel brightness distribution as a Gaussian distri-
bution [28]. The large peak, on the other hand, could not be fitted to a
single Gaussian curve owing to the overlay of a weak shoulder at the
higher-brightness region. However, the peak was well fitted to an
overlay of two Gaussian curves with a lower-brightness peak, Iy, of 124
and higher-brightness peak, Iy, of 134 (Fig. S10). The threshold value
for the plateau between small and large peaks was set to 94 in the im-
aging software based on the Cross L standard.

Using two brightness thresholds, the grayscale micro-CT tomograms
of PMMA_000 shown in Fig. 4 were divided into three regions, which are
displayed in different colors in Fig. 8b. Brightness values of 94 and
below are colored purple, 94-131 are yellow, and 131 and above are
red. The purple region represents the lowest brightness corresponding to
air, that is, macrocells in the foam. The yellow region located inside the
specimen represents the nanocellular matrix. Although no cells were
observed in the yellow region of the micro-CT image, the presence of
nanocells was confirmed by SEM (Fig. S2). The red region located at the
air interface, which has a thickness of 100-220 pm, corresponds to the
skin layer of the foam. The skin layer had a higher density than the
nanocellular matrix because it generated microcells hardly and less
numbers of nanocells owing to the immediate release of the blowing
agent during foaming. Interestingly, a high-density region (red) was also
clearly observed around the macrocells, as shown in the enlarged CT
tomogram (Fig. 8c). The increase in local density was more pronounced
in the vicinity of the larger macrocells. The similarity to the skin layer
suggests that fewer microcells and nanocells formed in the vicinity of the
macrocells, resulting in a higher density than the nanocellular matrix.
This is presumably because the macrocells preferentially absorb the
surrounding dissolved gases, reducing the number of nanocells. X-ray
micro-CT measurements can visualize the relative density differences
within a sample in three dimensions, which may be useful to experi-
mentally verify the macrocell formation mechanism proposed so far.

Using the same procedure, the brightness histograms of the micro-CT

(a) BE+5
4E+5

2E+5

Number of voxels

O0E+0 s 1 d
0 50 100 150 200
Brightness [a.u.]
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images of all polymer foams (Fig. S11) were fitted to three Gaussian
curves to obtain the three brightness peaks, Iy, Iv, and Iy, which are
summarized in Table S1. Iy, which corresponds to the nanocellular
matrix (yellow region), decreased as ¢sgv increased (Fig. S12). This
trend did not apply to PMMA_057 and PMM_142, whose I\, were
smaller than expected owing to the partial volume effect in micro-CT
caused by insufficient voxel size, as discussed in Section 3.6. Because
brightness correlates with the local electron density, I;\ decreased as the
number of nanocells increased, even if each individual nanocell could
not be visualized by micro-CT. Because PMMA and PS have different
mass absorption coefficients and true densities, they had slightly
different CT brightness values for the same ¢sgm-

Using the same procedure used for PMMA_000, the micro-CT to-
mograms of the PMMA foams blown using CO,-HCFC-22 gas mixtures
were labeled using three colors (Fig. 9). At low amounts of HCFC-22
(PMMA_000 and PMMA 015), the foaming gas near the surface was
rapidly released from the sample, creating a skin layer near the surface
and microcells inside the sample. Macrocells can be generated by the
excessive growth of a small number of microcells because of their
inability to release gases inside the polymer. PMMA_057 uniformly
generated many microcells and small macrocells throughout the sample,
resulting in a large ¢¢cr. The significant amount of gases dissolved in
PMMA_142 caused a significant decrease in polymer viscosity, and
PMMA _142 collapsed owing to the expansion pressure during depres-
surization. Consequently, most of the gas was released from the sample
before the macrocells grew, and large macrocells appeared only near the
surface.

The micro-CT tomograms of the PS foams were also labeled using
three colors (Fig. 10). The colored tomograms confirmed the presence of
a skin layer near the sample surface, which is represented by the red
region with a high CT brightness. Because the diffusion rate of CO in PS
is significantly higher than that in PMMA, the dissolved gas quickly
escaped from the sample. The quick release of gas created a skin layer on
the surface and prevented macrocells from forming inside the sample.

4. Conclusions

PMMA and PS foams were prepared using pure CO; gas and
CO2-HCFC-22 gas mixtures as blowing agents. They had a hierarchical
cellular morphology consisting of nanocells, microcells, and macrocells.
The nanocells had average sizes of 0.08-0.42 pm depending on type of
polymer and HCFC-22 molar ratio, as determined from the high-
magnification SEM images. Micro-CT is useful for characterizing
microcells and macrocells in polymer foams because it provides full
information on their size, shape, and spatial distribution. The PMMA
foams had large macrocells at low HCFC-22 concentrations, and the
macrocell size decreased with increasing HCFC-22 concentration. The
PS foams exhibited a smaller number of macrocells owing to the faster
diffusion of COs.

When CT images are recorded using the same instrument under the
same conditions, the voxel brightness of samples made of the same

Fig. 8. (a) Brightness histogram of a CT image of a poly(methyl methacrylate) (PMMA) foam, PMMA_000. The histogram is fitted to three Gaussian curves and
divided into three regions based on brightness thresholds. (b) Micro-CT tomograms of PMMA_000 displayed in three colors according to voxel brightness: <94
(purple), 94-131 (yellow), and >131 (red). (c) Enlarged views of the areas enclosed by the broken line in (b). (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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PMMA_057

PMMA_142

PMMA_015

Fig. 9. Micro-CT tomograms of poly(methyl methacrylate) (PMMA) foams labeled using three colors based on voxel brightness: low (purple), medium (yellow), and
high (red). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

PS_000

&

1mm A 1mm

PS_015

PS_057

1mm

Fig. 10. X-ray micro-CT tomograms of polystyrene (PS) foams labeled using three colors based on voxel brightness: low (purple), medium (yellow), and high (red).
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

material can be compared and correlated with the matrix density. An air
interface with a thickness of 100-220 pm, corresponding to the skin
layer of the polymer foams, had higher brightness and no macrocells.
Similar bright regions were also observed around the large macrocells,
indicating that the macrocells preferentially absorbed the surrounding
dissolved gases, and the number of nanocells decreased around the large
macrocells. X-ray micro-CT measurements can provide relative density
distributions within a foam in three dimensions and may also be useful
to obtain experimental evidence to understand the mechanism of mac-
rocell formation.

For polymer foams with a multiscale hierarchy, the complementary
information on cellular morphology provided by SEM and X-ray micro-
CT allows a deeper understanding of the formation mechanism and
provides additional insight into the process design for tailor-made
polymer foams.
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