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0e two-component foaming polyurethane is a kind of grouting material that has recently been widely used in engineering
structural repair. Its physical and mechanical properties are closely related to its microstructure. 0erefore, the qualitative and
quantitative analysis of polymer microstructure has always been a research hotspot. 0e statistical characteristics of polymer
grouting material microstructure are investigated by six groups of specimens with different densities, and the density varies from
0.1 to 0.6 g/cm3.0emicrostructure morphology of polymer was observed and described by scanning electron microscopy (SEM),
and the microstructure feature parameters were extracted and calculated by image processing technology. 0e quantitative
analysis of section cell roundness distribution, cell diameter distribution, and polymer porosity shows that low-density polymer
materials have anisotropy. While the density exceeds 0.3 g/cm3, the cell structure tends to be spherical. 0e section cell diameters
obey a normal distribution, and when the density increases, the cell diameter decreases. 0e porosity of the polymer has a linear
negative correlation with the density.0e polymermatrix has a density of 1.21 g/cm3.0emicrostructural information obtained in
this study will help establish a cell-based model to explain the mechanical response of rigid polymer foams.

1. Introduction

Nonwater reacted polymer grouting materials produced via
a two-component polyurethane foam are a new kind of
groutingmaterials [1]. Under grouting pressure, the polymer
material reacts chemically, expands in volume, and rapidly
solidifies [2]. 0is material has a good compressive strength
[3], relatively high tensile strength [4], and good water
impermeability [5]. It has been widely used in foundation
reinforcement, void filling, antiseepage plugging, and other
repair projects [6–9].

With the increase in engineering applications, the en-
gineering properties of polymer grouting materials have also
received extensive attention. In recent years, the research on
the engineering properties of rigid polyurethane (RPU) has
mainly focused on the relationship betweenmaterial density,
cellular microstructure, and physicomechanical properties.
Hawkins et al. [10] studied the relationship between cell

morphology, density, and mechanical properties in different
positions of polyurethane samples with three mold sizes.0e
results showed that there is a relationship between cellular
morphology and compression modulus and collapse stress
in foamed plastics. And the shape and direction of cell not
only affect the failure mechanism, but also affect the me-
chanical data. 0e authors of [11–14] studied the stress-
strain behavior, microstructure characteristics, fatigue be-
haviour, and failure mode of RPU grouting materials under
uniaxial compression, dynamic compression, and cyclic
loading. Studies have shown that RPU grout materials with
different densities show elastoplastic or atypical brittle
characteristic; the main mechanical properties increase with
increasing of density. In addition, the compressive failure of
the material was caused by a yielding of the cell edges, and
the manifestation of the microscopic fatigue failure was the
expansion of the cracks in the cell walls and buckling of the
cell edges. Ridha et al. [15] conducted experiments on the
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tensile properties of RPU materials, studied their micro-
structure characteristics, such as the size and geometric
composition of the cells and struts, and defined the cell
edges.0e results showed that the cells were elongated under
a tensile load; therefore, the material exhibited anisotropy,
and the flexure of the struts at the cell edges were the main
mechanism controlling the deformation and failure. Zheng
et al. [16] conducted a study on RPU grouting materials
through three-point bending load and uniaxial compression
tests and analyzed the mechanical behavior using a cell
structure model. 0e results showed that the bending and
compressive strengths of the polymer increased with the
increase in density. In addition, with the increase in the
density, the cell size decreased, and the degree of edge and
corner polymerization between the cells decreased. 0ere-
fore, the antidamage ability of the cell was enhanced and the
compression strength finally increased. Wu and He et al.
[17, 18] studied the failure of RPU foam under a high
temperature and vibration, and the degree of damage after
treatment was evaluated through its tensile properties. 0e
results showed that the tensile strength decreases with the
increase in vibration amplitude and time, and the vibration
failure of RPU foam was mainly due to the existence of
microcracks in the cell structure. With the increasing heat-
treating temperature, the stress concentration in the RPU
foam increased, and the tensile strength and modulus de-
creased due to the comprehensive effect of cell wall deg-
radation and the generation of new defects.

0e microimages of polyurethane polymers directly
reflect many characteristics of the cellular structure.
0rough image analysis, many characteristics of the cell
structure can be measured and characterized. According to
the different image types, the image analysis and charac-
terization methods of cell structure can be divided into 2D
image analysis method and 3D image analysis method
[19, 20]. 0e comparison between the two methods is shown
in Table 1.

Two-dimensional image analysis methods include mi-
croimage acquisition and computer image analysis methods.
0e 2D image of the cell structure is usually obtained by
optical microscope (OM) [21–23] or scanning electron
microscope (SEM) [24, 25]. 0e objective magnification of
SEM can be changed from 10 times to more than 300,000
times. It can be used to detect small structural characteristics
of foam, such as structural defects that damage the foam of
samples [17, 18]. Computer image analysis method consists
of image processing technology and image analysis tech-
nology [26]. Image processing technology corrects the
blurring and other defects in the cell structure image and
strengthens the cell information, so as to achieve the basic
goal of correction and improvement of image quality. Image
graying and threshold segmentation are common methods
in 2D image processing. Computer image analysis tech-
nology refers to the extraction, description, and recognition
of the characteristics (porosity, cross-section size, and cross-
section shape of the cell) in the cell structure image based on
a certain algorithm. However, the 2D image of cellular
structure is a cross-section image of 3D structure, so the cell
structure characteristics reflected in 2D images are not

directly equivalent to the actual size of the feature in three-
dimensional space. 0erefore, it is necessary to transform
the features of 2D cell structure image into the actual 3D cell
structure parameters according to the principles of solid
geometry and statistics [27, 28].

In the same way, the 3D image analysis method needs to
acquire the micro 3D structure image and carry out the
computer 3D image processing. 0e 3D cell structure image
needs to be obtained by 3D imaging methods, including
optical tomography(OT) [29], laser confocal microscopy
(LCM) [30], magnetic resonance imaging (MRI) [31, 32],
X-ray computerized tomography (X-CT) [30, 33], and so on.
On the basis of complex 3D image processing algorithm,
three-dimensional cell structure analysis and characteriza-
tion of foam materials can be made by using a professional
3D image processing toolkit. Watershed segmentation and
minimum intensity pixelization-based method are two
commonly used algorithms for computer 3D image pro-
cessing [34, 35]. 3D images can reflect the cell morphology of
foam plastics in three dimensions, and the cell structure
information is much richer than 2D images. However, at
present, this technology needs to be improved. 0e acqui-
sition of 3D image is too expensive, and the processing is
complex and time-consuming, so it has not reached the stage
of extensive practical application.

In this study, the microstructure of polymer grouting
materials was observed and described by SEM, and the
geometric characteristics of the size and shape of the cells
under different densities were statistically analyzed with
image processing technology. 0e quantitative relationship
between geometric parameters such as cell content and size
to polymer density are established. 0e purpose of this work
is to provide a strategy for the research on the structure and
performance of polymer grouting materials and suggest a
potential method to study the mechanical properties and
strength mechanism of polymer.

2. Statistics of Polymer
Microstructure Characteristics

2.1. Test Overview. 0e two-component foaming polyure-
thane is primarily composed of polyols and isocyanates. 0e
raw materials (Wanhua Energysav Science & Technology
Group Co., Ltd., Yantai, Shandong, China) for the test are
shown in Figure 1. Specimen casting, density measurement,
andmicrostructure observation were carried out on the basis
of the current standard GB/T 8813-2008 [36], GB/T 6343-
2009 [37], and GB/T12811-1991 [38].0e test mold adopts a
split central cylinder with an inner diameter of 50mm and a
height of 600mm, and the wall thickness is 10mm.0e one-
step mechanical pouring foaming process was used. 0e two
components, called white and black materials, were mixed
evenly and quickly into the mold at room temperature
(ambient temperature 15°C–20°C). After mixing, the two
materials reacted violently and foamed rapidly, and the mold
space was quickly filled. After 30min, the specimen was
removed from the mold after forming, and after standing for
3 h, the specimen was cut into a cylinder with a height of
100mm. 0e weight of each specimen was taken and
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(a) (b) (c) (d)

(e) (f ) (g)

Figure 1: Raw material, sample preparation, and the primary instrument. (a) Material A; (b) material B; (c) grouting forming polymer; (d)
specimen of polymer; (e) observation sample; (f ) target section spraying gold; (g) SEM.

Table 1: Comparison of 2D and 3D image analysis methods.

Image analysis
method

Image acquisition
method

Computer image analysis method (software
packages and algorithms) Characteristic

2D OM
SEM

Adobe Photoshop
Matlab
ImageJ

Image-Pro plus
Image graying

0reshold segmentation

Flexibility
Simple operation

Wide amplification range
High resolution

Simple and fast target information
processing and extraction

2D to 3D conversion required

3D

X-CT
MRI
OT
LCM

Mavi
Avizo

Aphelion 3D
Watershed segmentation

Minimum intensity pixelization-based method

Rich information of 3D structure
More information can be extracted

No damage to the interior of the target test
piece

High cost of image acquisition
Complex processing
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recorded, its actual density was calculated, and the speci-
mens whose density met the requirements were numbered.
To analyze the microstructure morphology and statistical
characteristics of the polymer grouting materials, six groups
of densities were designed, which were 0.1, 0.2, 0.3, 0.4, 0.5,
and 0.6 g/cm3. 0e measured densities were 0.11, 0.25, 0.31,
0.40, 0.51, and 0.56 g/cm3, respectively.

0e microstructure of the polymer samples was observed
by SEM.0e samples used for the SEM test were processed as
follows. A cylindrical core sample was taken along the center
of the specimen with a core drilling machine (round drill bit,
outer diameter 38mm, inner diameter 2.8mm) and then cut
to a thickness of 20mm on a machine tool. To improve its
conductivity, the target section of the sample was sprayedwith
gold prior to the observation. A scanning electronmicroscope
(KYKY-EM6200, Beijing Zhongke Science and Technology
Co., Ltd., Beijing, China) was used to observe the section of
the sample, and structure images of the cells were taken.

2.2. Microstructure Feature Extraction

2.2.1. Microstructure Variables. 0e polymer grouting ma-
terial has a kind of cell structure, whose internal feature
parameters mainly include cell shape [34], cell size [39], cell
size distribution [25], and cell content [10]. 0e parameters
of roundness, cell diameter, and porosity are often used to
measure the above geometric characteristics. 0e definition
and calculation formula of each variable are as follows.

(1) Section roundness (n) is the percentage of the ratio of
4π times the area to the perimeter square [27],
represented in (1). 0e section roundness indicates
the degree to which each cell section tends to be
round. 0e percentage is closer to 100%, and the
shape of the cell section is closer to be a circle; that is,
when n� 100%, the cell section is circular.

n �
4π · s

c
2 × 100%, (1)

where c is the perimeter of the cell section, and s is
the area of the cell section.

(2) Section cell diameter (d) is the calculated size of a
single cell in the cross-section. Each cell is equivalent
to a circle, and the cell size is represented by the
equivalent diameter of the circle. 0e length of the
line segment passing through the centroid of the cell
was measured every 2°, and then the average value,
which is recorded as the cell diameter, is calculated.
Section average cell diameter (d) is the arithmetic
mean of all cell diameters in the statistical section,
represented as

d �
 nidi

 ni

. (2)

In this formula, di is a possible value of the cell section
diameter, and ni is the number of cells with a cell
diameter of di.

Standard deviation of section cell diameter (S) is the
distribution of the diameter of the cells in the statistical
section, represented as

S �

����������������

1
N − 1



N

i�1
di − d 

2




, (3)

where N is the total number of cells in the sample, di is
the diameter of any cell section, and d is the section
average cell diameter.
It is assumed that the cell is spherical and disordered.
When the number of cells on the SEM image tends to
infinity, there is also a quantitative relationship be-
tween the section average cell area and the average cell
diameter. As shown in Figure 2, when a 2D image plane
passes through a cell, the distance from the cross-
section to the center of the cell is random, and the
section area of the cell changes accordingly.
When the number of cells passing through the two-
dimensional image plane is large, the average cross-
sectional area of cells (A) tends to a fixed value related
to the cell diameter (D) [11], which is shown as
follows:

A � 

R

0

A
dx

R
�
1
R


R

0
π R

2
− x

2
 dx �

2
3
πR

2
�
π
6

D
2
.

(4)

0e cell diameter (D) can also be expressed by the
average cell cross-sectional area (A):

D �
6
π

 
1/2

A
1/2

� 1.382A
1/2

, (5)

where A is the area of any cell section, x is the distance
from the section to the cell center, and R is the cell
diameter.
0e formula for calculating the standard deviation of
cell diameter can be obtained by the differential
equation (5):

SD �
6
π

 
1/2

(A)
−1/2

SA � 1.382(A)
−1/2

SA, (6)

where SD is the standard deviation of cell diameter
and SA is the standard deviation of the sectional area
of the cell.

(3) Porosity (f) is the ratio of the gas phase volume to the
total volume, represented as

f �
Vs

Vf

. (7)

In this formula, Vs is the volume of the gas phase, and Vf

is the total volume of the polymer.
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It is difficult to directly measure the volume of the gas
phase; therefore, the gas phase is determined according to
the basic equation (8) of quantitative metallography [40].

VV � AA � LL. (8)

In this formula, VV is the volume fraction of the mea-
sured phase, AA is the area fraction of the measured phase,
and LL is the line segment fraction of the measured phase.

2.2.2. Analysis of the Structural Variables of Polymer
Grouting Materials. Image processing technology was used
to preprocess the SEM image. According to the definition of
the microstructure variables, relevant geometric parameters
in the image are extracted and the distribution character-
istics are analyzed. 0e main steps are as follows.

(1) Image preprocessing: 0e noncell information pixels
on the picture are cut out, and the image with the
largest size range is used. 0e size of the cropped
image is approximately 4mm× 4mm, and each
image can contain hundreds of cells, as shown in
Figures 3(a) and 3(b).

(2) Image reconstruction: Under the principle of image
fidelity, the cells in the SEM image are filled with
black by ImageJ software.0en, the filled SEM image
is binarized to obtain black cells in a white back-
ground through MATLAB software, so that the
target cells are highlighted (none of the above op-
erations change the image pixel density). 0e
reconstructed SEM image is shown in Figure 3(c).

(3) Boundary processing: First, the incomplete cells at
the edges of the picture are removed. Some of the
cells in the material’s microstructure will be in
contact with each other, and the smaller the density
is, the more obvious this phenomenon is; therefore,
the boundaries need to be processed. Based on the
original image, the cells that touch each other are
segmented by the Split Objects function of the
Image-Pro Plus software.0e SEM image of the edge

cell removal and the contact cell segmentation is
shown in Figure 3(d).

(4) Microstructure variable statistics: A pixel analysis is
performed on the image obtained from steps 2 and 3
by the Image-Pro Plus software. 0e porosity is
obtained from the reconstructed image, and the
other structural variable values are calculated from
the removed and segmented image. All measured
samples are counted, the microstructure variables of
the polymers are calculated, and their distribution
characteristics are analyzed.

3. Results and Discussion

3.1. Microstructure of Polymers. 0e formation of cells in
polyurethane polymer materials is mainly described by the
foaming process. Generally, the foaming process is divided
into three stages: the nucleation of small bubbles in the
liquid polymer, growth of small bubbles to a predetermined
volume, and stabilization of the cell structure [24]. After
curing, the polyurethane polymer material can be prepared.
Figure 4 shows the microstructure of polymers with different
magnification at different densities. Figures 4(a), 4(d), 4(g),
4(j), 4(m), and 4(p) are SEM images of the polyurethane
polymer materials at approximately 20 times magnification
for six groups of densities. It can be seen that, on the mi-
croscopic scale, the material is composed of closely con-
tacted and closed cells. 0e difference in the material density
is mainly due to the structural characteristics of the cells,
except for the density of the polymer matrix material. As the
density increases, the shapes of the polymer cells tend to
change from polygons to ellipses and circles, the cell di-
ameter decreases, the cell spacing increases, and the porosity
decreases.

For 0.11 g/cm3 SEM image, in Figure 4(b) (magnified 100
times), the cell diameter is generally greater than 150 μm, the
cell structure is irregular and nonuniform, and the cell cross-
section is generally hexagonal. 0e contact surface (face)
between each cell is large, and the faces with a thin film
means that the cells have a high closed cell ratio. 0e strut is
between two adjacent faces. 0e vertex is at strut intersec-
tion. Most of the matrix material is concentrated on the
struts and vertices that make up the cell frame. In Figure 4(c)
(magnified 200 times), the faces are generally greater than
50 μm, and the face shape is oval. 0ere are usually twelve
faces in the cell, which means that the cell is a dodecahedron.
0ere are many triangle cut struts, and the struts are long
and thin. It can be seen that struts play a major supporting
role. Under load, struts will buckle and faces will crack [13].

For 0.25 g/cm3 SEM image, in Figure 4(e) (magnified 100
times), the cell diameter is generally greater than 120 μm,
and the cell structure is an ellipse with large ellipticity. 0e
number of intracellular faces slightly decreased, and the face
is relatively large. In Figure 4(f ) (magnified 200 times), the
faces are generally greater than 40 μm, and the face shape is
round or oval. 0e number of intracellular faces decreased.
0e struts become thicker and shorter, and the triangle cut
strut reduction.

D = 2R

x

A r

Figure 2: Method of converting 2D area measured from SEM
image to 3D diameter of a foam cell in a RPU specimen.
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(a) (b) (c) (d)

Figure 3: SEM image processing steps for the polyurethane polymer microstructure. (a) Raw SEM image; (b) cropped image; (c)
reconstructed image; (d) removed and segmented image.

(a) (b) (c)

(d) (e) (f )

(g) (h) (i)

(j) (k) (l)

Figure 4: Continued.
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For 0.31 g/cm3 SEM image, in Figure 4(h) (magnified 100
times), the cell diameter is generally less than 260 μm, and
the cell shape is circular or elliptical. 0e face is relatively
small. 0e cells basically meet the closest packing. In
Figure 4(i) (magnified 200 times), the faces are usually less
than 50 μm, and the shape of the face tends to be circular.
0e number of triangle cut struts further reduces, the po-
lygonal cut strut increases, and the length of strut is reduced.

For 0.40 g/cm3 SEM image, in Figure 4(k) (magnified 100
times), the cell diameter is generally less than 220 μm, and
the cell shape is an ellipse with very small ellipticity. Some
adjacent cells do not contact each other and there are a lot of
matrix materials between them, and the number of face
further reduced. In Figure 4(l) (magnified 200 times), the
faces are usually less than 40 μm, and the faces are with a thin
film. 0e part of the adjacent triangular cut struts merges,
and the struts are wide and short.

For 0.51 g/cm3 SEM image, in Figure 4(n) (magnified 100
times), the cell diameter of the specimen is generally less
than 180 μm, and the cell shape is round or oval with a small
ellipticity.0e face is extremely small. 0ematrix material of
adjacent cells increased. In Figure 4(o) (magnified 200
times), the faces are usually less than 30 μm, and the number
of intracellular faces decreased significantly. 0e cut strut of
triangle is obviously reduced.

For 0.56 g/cm3 SEM image, in Figure 4(q) (magnified 100
times), the cell diameter of the specimen is generally less
than 150 μm, and the cell shape is basically round. 0ere are
almost no windows mean cells do not touch. 0ere are a lot
of matrix materials between cells. In Figure 4(r) (magnified
200 times), the faces are usually less than 20 μm. 0ere are
almost no triangle cut struts. It can be seen that the strength
of polymer increases with the increase of matrix material
content and cell spacing [16].

3.2. Statistical Analysis of the Polymer Cell Geometry. By
observing the SEM morphology of the polyurethane poly-
mer material, an intuitive understanding of the cell structure
of the polymer is obtained, which provides a basis for de-
termining the geometric characteristics of the cell. 0e
statistical results of the roundness distribution, cell diameter
distribution, and porosity are as follows.

3.2.1. Section Roundness Distribution. Figure 5 is a section
cell roundness distribution diagram for polyurethane
polymer samples of each density. It can be seen from
Figure 4 that, for low-density materials, the section cells
with a roundness between 90% and 100% account for
only 50% to 70% of the total cells, and there are a few cells
with a section roundness less than 75%. 0e reason for
this phenomenon is that the cells squeeze each other due
to the increase in cell diameter, and the shape tends to be
an ellipsoid or an irregular polyhedron. When the
density of the polymer is higher than 0.3 g/cm3, the
proportion of cells with a section roundness of 90% to
100% is higher than 80%, and the section roundness of
most of the cells is higher than 75%. 0erefore, with the
increase in density, the shape of the polymer cells tends
to be round.

As shown in Table 2, the statistical parameters of the
section roundness of the cells at each density is further
calculated. It can be seen that as the density of the polymer
increases, the average value of the section roundness of the
cells increases. By comparing the average values and median
of the section roundness at each density, it can be seen that
the anisotropy of the cells in the specimen is not serious,
especially that the high-density specimen is basically close to
the ball, whichmay be related to the location of the sample in

(m) (n) (o)

(p) (q) (r)

Figure 4: Microstructure of polymers at different densities. (a) 0.11 g/cm3; (b) detail of (a); (c) detail of (b); (d) 0.25 g/cm3; (e) detail of (d);
(f ) detail of (e); (g) 0.31 g/cm3; (h) detail of (g); (i) detail of (h); (j) 0.40 g/cm3; (k) detail of (j); (l) detail of (k); (m) 0.51 g/cm3; (n) detail of (m);
(o) detail of (n); (p) 0.56 g/cm3; (q) detail of (p); (r) detail of (q).
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the specimen [10], so it is appropriate to use the average
sphere size to characterize the cell size in (4). When the
density exceeds 0.3 g/cm3, the section roundness of the cells
approaches 100%, and this result indicates that the shape of
the cells is closer to a sphere, and the macroscopic per-
formance is close to isotropic.

3.2.2. Cell Diameter Distribution. Figure 6 is a section cell
diameter distribution chart for the polyurethane polymer
specimens with different densities. It can be seen from
Figures 6(a)–6(f ) that the section cell diameter distri-
bution of each density specimen basically follows the
normal distribution. As the density of the specimen
increases, the length and endpoint of the section cell
diameter distribution interval decreases. Figure 7 shows
a summary of the section cell diameter distribution. It
can be seen from Figure 7 that as the density of the
specimen increases, the overall size of the section cell
diameter decreases, and the degree of dispersion of the
section cell diameter distribution also decreases. And the
average section cell diameter and standard deviation of
the specimens at each density are negatively correlated
with the density.

As shown in Table 3, the statistical parameters of the
section cell diameter distribution of the cells at each density
is further calculated. With the increase of density, the sta-
tistical parameters tend to decrease.

According to (5), the average section cell area measured
by the computer two-dimensional image analysis software
Image-Pro Plus is transformed into the cell diameter.
According to (6), the standard deviation of the cell cross-
section area is converted into the standard deviation of the
cell diameter. In this way, the measured two-dimensional
area can be transformed from SEM image to three-di-
mensional cell diameter and distribution. 0e average cell
diameter, standard deviation, and density of the polymer
materials were fitted, and it is found that they have a basically
linear relationship. Figure 8 is a fitting graph of each cell
diameter parameter and density.

As shown in Figure 8(a), a linear fitting of the average cell
diameter and density can be obtained as follows:

D � −371.19ρ + 323.29, (9)

where D is the average cell diameter, and ρ is the polymer
density.

As shown in Figure 8(b), a linear fitting of the standard
deviation and density of the cell diameter distribution can be
obtained as follows:

SD � −172.22ρ + 143.93, (10)

where SD is the standard deviation of the cell diameter
distribution, and ρ is the polymer density.

0e quantification of cell size is helpful to understand the
influence of microstructure on the mechanical properties of
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Figure 5: Section cell roundness distribution of polyurethane polymer samples of various densities.

Table 2: Summary of the statistical parameters of the section cell roundness.

Density (g/cm3) Average (%) Standard deviation Minimum (%) Median (%) Maximum (%)
0.11 89.58 5.86 68.23 90.81 98.99
0.25 91.43 6.70 60.68 93.75 99.81
0.31 93.53 4.96 65.16 95.23 100
0.40 95.66 3.48 76.36 96.71 99.84
0.51 95.76 2.86 81.73 96.25 100
0.56 95.90 3.93 73.37 96.70 100
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materials. When the cell size is large, the compressive
property of the material is mainly determined by the strut.
According to the previous studies, the critical cell size of

the turning point which defines the influence of cell size
on compressive strength increases with the increase of
density. 0e results show that the cell size of 0.60 g/cm3
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Figure 6: Section cell diameter distribution of polyurethane polymer samples. (a) 0.11 g/cm3; (b) 0.25 g/cm3; (c) 0.31 g/cm3; (d) 0.40 g/cm3;
(e) 0.51 g/cm3; (f ) 0.56 g/cm3.
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specimen is more than 60 μm, which is larger than the
critical cell size [41]. 0erefore, it can be inferred that the
compression failure of materials is caused by the yielding
of struts [11].

3.2.3. Polymer Porosity. 0e density of the polyurethane
polymer material is obviously related to the polymer po-
rosity and density of the matrix. As shown in Figure 9, as the
density increases, the polymer porosity decreases.
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Figure 8: Relationship between cell diameter and density. (a) Relationship between average cell diameter and density; (b) relationship
between standard deviation and density.
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Figure 9: Relationship between porosity and density.

Table 3: Summary of the statistical parameters of the section cell diameter distribution.

Density (g/cm3) Average (μm) Standard deviation Minimum (μm) Median (μm) Maximum (μm)
0.11 218.00 48.60 111.05 215.39 350.56
0.25 190.50 45.49 92.44 190.98 286.29
0.31 165.80 40.11 70.75 170.85 253.20
0.40 143.74 31.48 64.26 144.11 230.41
0.51 108.44 22.30 50.76 109.31 178.38
0.56 85.68 18.25 42.54 85.92 147.25
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A linear fit of the porosity and density of the polymer
yields the following relationship:

f � −0.8243ρ + 1. (11)

In this formula, f is the porosity, and ρ is the polymer
density.

According to (11), when the porosity is 0, the polymer
matrix density is 1.21 g/cm3. It is basically consistent with the
description in literature [42] that the matrix density of rigid
polyurethane foam is about 1.2 g/cm3.

4. Conclusions

In this study, micromorphology SEM images of the speci-
mens were observed, and feature parameters were counted.
0e microstructural information obtained in this study will
help establish a cell-based model to explain the mechanical
response of rigid polymer foams. 0e main results and
conclusions are as follows:

(1) 0e cells of the low-density polymer material are
deformed due to the mutual extrusion of the cells,
which are irregular polyhedrons or ellipsoids.
0erefore, low-density polymer materials have
anisotropy. As the density increases and exceeds
0.3 g/cm3, the cell structure tends to be spherical,
and the polymer materials are close to isotropic.

(2) 0e section cell diameters in the same specimen
obey a normal distribution, and the section av-
erage cell diameter, standard deviation, the length
and endpoint of the section cell diameter distri-
bution interval decrease as the density of the
specimen increases.0e cell diameter and standard
deviation have linear negative correlations with
the density.

(3) 0e porosity of the polymer has a linear negative
correlation with the density. 0e polymer matrix has
a density of 1.21 g/cm3.
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