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ABSTRACT: The manufacturing process can modify the micro-
mechanical structure, usefulness, and functionality of foams. Although
one-step foaming is a simple process, controlling the morphology of
the foams is difficult compared to the two-step processing method. In
this study, we investigated the experimental differences in thermal and
mechanical properties, particularly combustion behavior, between
PET−PEN copolymers prepared by the two methods. With an
increase in foaming temperature Tf, the PET−PEN copolymers
became more fragile, and the breaking stress of the one-step PET−
PEN foamed at the highest Tf was only 2.4% of that of the raw
material. For the pristine PET−PEN, 24% of the mass was burned,
leaving 76% as a molten sphere residue. The two-step MEG PET−
PEN had only 1% of its mass remaining as a residue, whereas the one-
step PET−PENs had between 41 and 55%. The actual mass burning
rates were similar for all the samples except the raw material. The coefficient of thermal expansion of the one-step PET−PEN was
about two orders of magnitude lower than that of the two-step SEG.

1. INTRODUCTION
The polymer foam expands its applications in the areas of
building insulation, aircraft, automobile, and packaging
materials through its light weight, high heat resistance, and
noise reduction characteristics.1−6 Recently, it enlarged its uses
to thermal energy storage,7−10 energy harvesting,11−13 and
bioengineering.14−16

Understanding the burning behavior of polymers is essential
for making informed decisions related to material selection, fire
safety, minimizing the environmental impact, and ensuring
compliance with regulations.
Polyethylene terephthalate (PET) is one of the most well-

known thermoplastic polyester polymers and is used in textiles
for clothing and in the manufacture of food containers.
Polyethylene naphthalate (PEN) is a polyester used in making
high-performance sailcloth and films.1,17,18 The PET−PEN
copolymer has been investigated as an eco-friendly and
reusable material.19 It is suggested to use it as a component
of the vacuum insulation panel (VIP) to achieve a net-zero
energy house.20,21

However, the postfoaming processes of PET−PEN, both
one-step and two-step, can affect its thermal conductivity,
mechanical compressive stress properties, and combustion
characteristics.
The PET−PEN copolymer foam manufacturing process is

considered two-step if the saturation process and the foaming
process can be separated;17 otherwise, it is one-step. Figure 1

shows the schematics of the two manufacturing processes.
Briefly, the two-step process starts with the pressurizing of the
raw material in the vessel of CO2 to near or above the CO2
critical pressure. After the CO2 concentration in the sample has
reached the desired value, the pressure is quickly released at a
relatively low temperature to prevent the sample from foaming.
Then, the sample is immersed in an oil bath at the foaming
temperature, Tf, to trigger foaming.1 This procedure takes up
to several days to produce PET−PEN copolymer foams.
However, in the one-step process, the sample is directly
impregnated with CO2 at Tf for about an hour. The pressure is
then released rapidly at a higher temperature to produce foam
cell nucleation and growth.17,22 The one-step mechanism
reduces the manufacturing time through direct foaming.
According to previous research on the two-step PET−PEN

copolymer foam, a good correlation exists between the thermal
expansion and flame spread rate of PET−PEN microrods.1

Thermal expansion of the foam is categorized into two distinct
groups: the steep expansion group (SEG) and the mild
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expansion group (MEG). Raw and Tf = 40 and 60 °C PET−
PEN foams are part of the SEG category, where their length
rapidly increases with temperature above the glass transition
temperature. In contrast, foaming temperatures of 80 and 100
°C correspond to the MEG group, where the length gradually
increases with temperature. The flame spread rate for the SEG
cases was approximately 8.5 mm/s, while that for the MEG
group was about 3.1 mm/s. These results indicate that each
group exhibits comparable thermal expansion and flame spread
rate values within their respective categories.
The vacuum insulation panel is a candidate insulating

material for zero-energy houses because of its low thermal
conductivity.1 It consists of a core made of glass fiber or
polyurethane foam. Recently, the use of PET−PEN as a VIP
component material was proposed.1,20,21 Before PET−PEN
can be applied as a housing insulation material, its
thermophysical properties, associated safety issues, and
combustion characteristics must be pre-evaluated. The
objective of this research is to investigate the effects of
foaming steps on the flame spread rate, amount of unburned
residue, actual burning rate, and mechanical properties of the
PET−PEN.

2. MATERIALS AND METHODS
2.1. Materials. A random-type PET−PEN copolymer

filament was developed (Kolon Plastics, Kimchun, Korea,
reported actual density: 1.33 g/cm3) as an eco-friendly material
for kitchens and decoration. Raw PET−PEN (9:1) microrods
with a diameter of 0.4 mm were prepared using a 3D printer
nozzle. In the additive manufacturing process, the volumetric
flow rate was approximately 960 mm3/min at 275 °C.
Two-step PET−PEN copolymer samples with foaming

temperatures (Tf) of 40 and 100 °C and one-step samples
with Tf of 225 230, and 235 °C were used in the experiments,
which are listed in Table 1.
2.2. Methods. 2.2.1. Sample Preparation. The physical

foaming method using CO2 can be divided into one-step and
two-step foaming procedures through a laboratory-scale
foaming system. Two-step foaming is favorably adopted due

to the precise control of pore distribution. The details of
foaming procedures can be found in previous publica-
tions.17,21,22 In this two-step process, however, a long time is
required for saturation, roughly up to several days.22

To reduce the sorption time, one-step foaming has regained
prominence with the development of accurate control devices.
The basics of nucleation and cell growth are a single-step
process that rapidly releases the pressure from the polymer
exposed to CO2 at a high temperature and pressure. The
foaming process was conducted as follows. CO2 was fed to a 23
cc vessel that contained the PET−PEN filament rolled around
a flat jig. The injected CO2 was then weighed on a scale. The
weight of CO2 was calculated from the density and
temperature of CO2 at the experiment conditions. The CO2
density was found from the NIST Table. The vessel was then
immersed in a salt bath of the specified temperature for 30
min, and then, the pressure was released in less than a second.
The vessel was quenched in a water basket. The prepared
PET−PEN foam out of the vessel was dried in a temperature-
controlled oven.

2.2.2. Measurement of Pore Number Density and
Distribution. To visualize the cross-sectional foam structure,
samples were cryo-fractured in a glass bath filled with liquid
nitrogen using a sharp blade attached to the linear slide
mechanism. The prepared samples were coated with ∼25 nm-
thick platinum using sputtering equipment. A field emission
scanning electron microscope (FE-SEM, SUPRA 55VP model)
typically with a 2.0 kV acceleration voltage was used to get
surface images.
The pore size in the SEM images was measured and

analyzed using open ImageJ software and the MorphLibJ
libraries to characterize the morphology of the prepared pores.
The effective pore diameter, dpore, was calculated from the
measured cross-sectional area while assuming a circular
geometry.
The cell number density, Npore, i.e., the number of cells per

volume of the foam, can be evaluated from the following
equation (eq 1):
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where n is the number of cells in the probe volume, Cr is the
density correction, and A is the interrogation area.

2.2.3. Differential Scanning Calorimetry. For thermal
characterization, one and a half cycle tests were performed
for the foamed samples using differential scanning calorimetry
(Model Discovery, TA Instruments) based on the American
Society for Testing and Materials (ASTM) standards (D3417-

Figure 1. Schematics of the (a) two-step and (b) one-step processes for manufacture of PET−PEN copolymer foam.

Table 1. Foaming Temperatures and Their Thermal
Expansion Group

foaming temperature (°C) thermal expansion group

raw material steep expansion group
1-step foaming 225, 230, and 235 low expansion group
2-step foaming 40 steep expansion group

100 mild expansion group
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83 and D3418-82). To determine the polymer condition prior
to one-step foaming, the heat flow history was measured.
Thermal analysis was conducted on the one-step foamed

microrods using differential scanning calorimetry in an argon
environment. The first cycle was completed by first heating the
sample from 30 to 300 °C at a rate of 5 °C/min, holding it at
300 °C for 30 min, and then cooling it to 30 °C at the same
rate. The second cycle was repeated in an identical manner
after the sample had reached a sufficiently stabilized condition.
To investigate further the weight ratio of the organic

components and the thermal stability at a high temperature,
the degree of thermal decomposition was measured using a
simultaneous differential scanning calorimeter and thermogra-
vimetric (SDT) analyzer (TA Instruments). The derivative
weights of the specimens were measured for the temperature
range of 30−600 °C at a heating rate of 10 °C/min under an
argon atmosphere. As the experiment was similar to that of ref
1, it is explained only briefly here.

2.2.4. Thermal Expansion Measurement. As the temper-
ature increases beyond the glass transition temperature,
polymers turn from a solid state to a low viscous amorphous
state.1 To analyze the thermal expansion of PET−PEN, a
PET−PEN rod of nominal d = 0.5 mm and 60 mm long was
put in a hollow tube of ID = 4 mm, where hot oil was fed
through a passage between the outer surface of this tube and a
12.8 mm tube, as shown in Figure 2. Each end of the rod was

tied to the copper wire, and a 92 g weight was attached to the
lower end of the wire to stretch it out. The tube temperature
was controlled from 55 to 140 °C by the oil from the
circulating bath. With analysis of the recorded video images,
i.e., the moving length of the weight, the thermal expansion
was measured as a function of time according to ref 1.

2.2.5. Flame Spread Rate Measurement. A 50 mm-long
PET−PEN rod was used to obtain the flame spread rate. The
flame propagated vertically downward with an electric spark at
the top of rod. Flame images were recorded using a camera
(Nikon, D750). A blue LED was used as the backlight to
obtain the position of the molten sphere in the blue image of
the flame. A polarizing filter in front of the camera lens was
used to diminish the flame chemiluminescence and back-

ground blue LED light. The flame spread rate was measured by
tracking the flame base location and molten sphere position as
a function of time. An image of the flame was captured using a
digital camera (Figure 3a) and decomposed it into red, green,

and blue channels using an in-house code. The blue channel
image was used to determine the position of the molten sphere
(Figure 3b), while the red channel image was used to extract
the flame characteristics. The obtained flame length and the
molten sphere’s width and length are presented in Figure 3c.

2.2.6. Mechanical Property Measurement�Stiffness. The
yield stress was measured using a push−pull gauge (DACELL
FGA 20), as shown in Figure 4. An approximately 40 mm-long

rod of PET−PEN was set horizontally, and each end of the rod
was tightly fixed. The push−pull gauge slowly applies the load
vertically at the center of the rod until the rod breaks apart.
The yield stress was recorded at the break point.

3. RESULTS AND DISCUSSION
3.1. Microstructure. The quantity of CO2 absorbed is a

critical factor in physical foaming since it significantly affects
the internal structure of the foam, including pore size and
distribution. The foaming conditions were determined by
conducting sorption tests.17,22 As a fundamental-level inves-
tigation of one-step foaming, we used a pristine filament in a
cylindrical microrod extruded through a nozzle with a diameter
of 0.4 mm in a fused filament fabrication (FFF) 3D printer. A
range of foaming temperatures from 225 to 235 °C were

Figure 2. Schematic of the thermal expansion experimental device.

Figure 3. Flame shape and detection of the flame and the molten
sphere: (a) raw photograph, (b) detection of the molten sphere
within the flame in the blue image, and (c) detected flame base
location and molten sphere position.

Figure 4. Yield stress experimental apparatus: (a) schematic and (b)
push−pull gauge with a PET/PEN rod.
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tested, and typical cross-sectional SEM images of the resulting
foam are shown in Figure 5.
One-step foaming has been investigated in ref 17. Following

rapid pressure relief, the nuclei of the polymer matrix begin to
grow into pores according to the cell growth mechanism when
the nucleus exceeds a critical value. The concentration gradient
induces a foam gradient. Due to the CO2 concentration in the
microrod, the cells are uniformly grown, except near the
surface. The underlying reason for this phenomenon is “gas
escaping” near the wall. Therefore, the radius of nuclei near the
wall does not exceed the critical value, and they fail to grow.
Thus, the process of pore formation is suppressed. This is the
mechanism for the formation of a dense skin layer near the
outer boundary. However, the CO2 concentration in the
surface at 30 MPa and 235 °C exceeded the lower limit, and
nuclei were thus able to grow into foams with a larger pore
size.
To characterize the pore morphology, the interrogation area

of the SEM image was examined over 100−240 μm squares
depending on pore size. The measured pore size distributions
are shown in Figure 6. Note that distributions of the pore size
in one-step foaming are narrow compared to two-step foaming.
It can be seen that the higher the foaming temperature, the
larger the pore diameter. This is due to reduced viscosity of the
polymer in nucleation and cell growth. In the case of a foaming
temperature of 235 °C, there is a wider distribution and a
slight increase in the outermost pore size due to a softer
copolymer matrix at the elevated foaming temperature.
Figure 7 shows that the pore size distribution and

probability density function were evaluated from the image
analysis results. The number-averaged pore diameter, dpore, was
calculated. As the foaming temperature increases, there is a
gradual increase in the average diameter, i.e., average diameters
were 8.63, 12.87, and 25.75 μm at 225, 230, and 235 °C,
respectively. The standard deviations obtained for 225, 230,
and 235 °C were 3.06, 3.12, and 7.20 μm, respectively. There
were differences in the mean diameter, as it was calculated not
on an area-average but on a number-average basis.

Even though the PET−PEN rods were constructed through
two different processes and various foaming temperatures,
there was commonality in the density. The density was 1.419
mg/mm3 for the raw material and 0.768 and 0.371 mg/mm3

for the two-step PET−PEN at 40 and 100 °C, respectively.
The density of the one-step PET−PEN was 1.277, 1.04, and
0.778 mg/mm3 at 225, 230, and 235 °C, respectively. In
addition, pores of larger size tended to be concentrated at
higher foaming temperatures due to CO2 being more saturated
at higher Tf. It is acceptable that the density of both one-step
and two-step PET−PEN is reduced as the foaming temper-
ature increases.

Figure 5. SEM micrographs of the foamed PET−PEN copolymer for Tf equal to (a) 225, (b) 230, and (c) 235 °C.

Figure 6. Number of pores per volume due to sorption temperature
in one-step foaming of PET−PEN copolymer filaments.
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3.2. Thermal History and Pyrolysis Analysis. The
second heating of the one-step foamed sample revealed an
initial glass transition at approximately 72.9 °C for the raw
material, as depicted in Figure 8a. The change near the glass
transition temperature became less apparent as the foaming
temperature was increased from 225 to 235 °C.
The crystalline melting process in the second heating cycle

showed endothermic peaks at 238.4 °C. It was found to have
no impact on the foaming temperature of the supercritical
fluid. Thermal transitions observed in the temperature peak
around 149.7−157.2 °C are related to cold crystallization, an

endothermic process. Cold crystallization is caused by the
rearrangement of molecular chains in the crystalline copolymer
layer. The cold crystallization peak decreased with increasing
foaming temperature due to chain relaxation and finally
disappeared.
Pyrolysis measurements were performed using an SDT

analyzer for the one-step foamed structures. From the pyrolysis
curve shown in Figure 8b, it can be seen that the copolymer
starts to evaporate near 350 °C and has a maximum weight loss
of 76.9% at 438.4 °C (2.08 wt %/°C) for the foaming
temperature of 235 °C. A major pyrolysis event takes place
between 390 and 470 °C, where most of the latent heat of
evaporation was consumed. The thermal decomposition rate of
the foamed material increases rapidly to above about 360 °C,
resulting in a large loss of mass, so the upper temperature limit
of the 3D printing operation should be set sufficiently lower
than 350 °C. Note that the nozzle temperature for fabricating
the microrod in this study was 275 °C. There were also no
significant differences between the foamed structures for the
investigated conditions.
3.3. Mechanical Property�Stiffness. The foaming

process significantly influences the physical and mechanical
properties of the PET−PEN rods, particularly their brittleness.
The one-step PET−PEN samples were found to be more
fragile and prone to breaking at the position where force was
applied. However, the raw and two-step materials were
stretched near the bonded sides of the rod before breaking.
The stress at break or yield stress, Sb, was calculated according
to the diameters and breaking forces of the strands. The Sb of
the PET−PEN raw material was determined to be 70 MPa,
which is comparable to the findings of Panowicz et al.23 They
reported that Sb for fresh (or as-received) PET at 25 °C was
82.7 MPa, and aging resulted in a decrease in Sb due to a larger
crystalline phase and crosslinking between monomers.
Figure 9 illustrates the effect of foaming methods and

foaming temperature on the yield stress. The trends reveal that

Figure 7. Size distribution of pores and probability density function
for the CO2-foamed PET−PEN structure (one-step foaming, sorption
at 225−235 °C for 30 min) measured from SEM images.

Figure 8. (a) DSC and (b) TGA thermograms of the samples for the solid rod and foam grid.
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the yield stress decreases with increasing foaming temperature,
with values of 9.5 MPa for Tf = 225 °C, 5.6 MPa for 230 °C,
and 1.7 MPa for 235 °C. Notably, the yield stress for the one-
step Tf = 235 °C case is only 2.4% of that for the raw material,
indicating that it is more fragile.
3.4. Thermal Expansion. The coefficient of thermal

expansion was measured based on the slope of the PET−
PEN rod length versus the ambient air temperature as in
Figure 10a. Below 70 °C, all rods of two-step PET−PEN

expanded slowly. The length of the rods increased relatively
rapidly at a certain temperature, namely, the glass transition
temperature. After exceeding the Tg, the coefficients of thermal
expansion, i.e., the slopes of Figure 10a, were evaluated as 0.22,
0.23, and 0.031 mm/°C for the raw, 40 °C, and 100 °C cases,
respectively. The foaming temperature of 40 °C is
representative of the steep expansion group (SEG), and Tf =
100 °C is representative of the mild expansion group (MEG)
of the two-step process with the raw material as a reference.
Contrary to the two-step rods, there was a small change in the
slope for the one-step rods. For the 235 °C cases, it was not
possible to conduct the expansion experiment as the
copolymer was too stiff and brittle, as described in Section
3.2. This prevented the rods from being straightened and
hooked up into the inner tube of Figure 2 for the experiment.
The coefficients of thermal expansion for Tf = 225 and 230 °C
were 0.0023 and 0.0015 mm/°C, respectively, which are two
orders of magnitude lower than that of the SEG (Figure 10b).
These are classified as the low expansion group (LEG), as
presented in Table 1.
3.5. Flame Spread Rate and Burned Length Rate.

PET−PEN produces a yellowish flame with a slightly different
shape depending on the Tf and postfoaming process.1 Digital
flame images can be decomposed into red, green, and blue
components. Since soot in the flame emits yellow-orange light,
the red component of the flame image is related to soot. The
flame of the raw material was very weak and small and almost
extinguished before the whole rod burned. For the raw material
and for 40, 225, and 230 °C, the flame fragments scattered
outward and burned, which resulted in irregular flame shapes.
Figure 11 shows pseudocolor blue images of the flames. The
blacker color represents a lower intensity, whereas the yellow
represents a higher intensity. As the molten sphere blocked the
blue LED backlight, it appears as black or dark blue. Though
the diffusion flame did not illuminate the blue color, the flame

Figure 9. Effect of foaming temperature on the yield stress (two-step
foaming (Tf = 40 and 100 °C); one-step foaming (Tf = 225−235
°C)).

Figure 10. Behavior of the PET−PEN materials: (a) elongation of the rods due to the ambient air temperature change and (b) coefficient of
thermal expansion.
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shapes appeared in the images as the CCD sensor in the
camcorder perfectly filters blue light and the bright soot
emitted a weak blue light by blackbody radiation. Smoke,
which appears black, can be seen downstream of the flame
because the smoke particles block the LED beam. For the SEG
and one-step rods, relatively large molten spheres were
suspended at the end of a rod bent downward in the flame.
However, in the two-step 100 °C and one-step 235 °C cases,
the molten polymers were relatively small, the burning rods
less bent, and the flames appeared on the top of them. Thus,
the flames were more stable at high Tf for both one- and two-
step postfoaming processes.
The red component of the flame, which is the dominant

flame color visible to the naked eyes, can be considered as the
flame zone. The area of the red component of the flame,
equivalent to the flame size, is depicted as a time series in
Figure 12. The raw material exhibited a relatively small flame
that diminished in size before extinguishing. Once the SEG
flame reached a quasi-steady state, its size remained relatively
constant. The MEG flame had the longest burning time and
exhibited abrupt changes in the flame area. The size of the
LEG flame was intermediate, falling between those of the SEG
and MEG flames.

As the rod was not straight, the melted part rotated slowly
around the rod axis or bent from one direction to the other as
it burned, which manifests as an unsmooth curve in Figure
13b, especially for the 100 °C case. The top of the rod before
ignition was set at zero, vertically upward was a positive
direction, and the moment when the arc filaments appeared on
the video frame was set as 0 s. About 2 s after ignition, the
flame developed, and the molten part grew with its increased
movement. After that, it moved quasi-steadily. The shape and
position of the diffusion flame depend on the fuel and oxygen
mix, which is affected by the fluid dynamics of the fuel
supplying part, buoyancy, and gravity. The movement of the
molten sphere, the ejecting velocity of the volatile component
of the PET−PEN from the molten part, and the external
natural convective flow result in a complicated flame motion,
as shown in Figure 13b. Flame edge tracking has been
commonly used in combustion studies to measure the flame
spread rates or flame propagation velocities of gaseous
fuels,24,25 electrical wire burning,26,27 solid fuels,28,29 and
flame retardants.30 The position of the flame base and the
bottom of the molten sphere were measured to calculate the
flame spread rate from the negative slope of the graphs in
Figure 13 during the quasi-steady periods. As the differences in
the flame spread rates, according to the measurement
positions, were within 2%, the movement of the molten
sphere base was hereafter considered as the flame spread rate.
Figure 14 shows that the SEG, i.e., Tf = 40 °C, had a higher

flame spread rate than the MEG, i.e., Tf = 100 °C comparable
to that of the LEG, i.e., the one-step foaming rods. The
relatively large molten sphere and the high thermal elongation
properties of the SEG are attributed to the bending of the
heated rod and the higher flame spread rates among the two-
step processing cases.1

The size or volume of the molten sphere of the one-step
processing rods, larger than that of the MEG and smaller than
that of the SEG, as shown in Figure 11, was not indicative of
the trend of flame spread rates. The suspended unburned mass,
i.e., the molten sphere of both the SEG and the LEG, was
comparable given that the density of the one-step rods is
higher than that of the two-step SEG, as seen in Figure 7. As
the thermal expansion for the LEG is two orders of magnitude
less than that for the SEG, as mentioned previously, the mass
of the molten sphere alone cannot indicate the trends of flame
spread rates. Other approaches are needed, which will be
discussed later.
3.6. Unburned Mass Fraction. The solid PET−PEN rod

burned after it was melted near or within the flame, as shown
in Figure 11. During the combustion period, its length was

Figure 11. Pseudocolor blue images of the flames showing the flame and the molten sphere shapes. (a) Raw material and PET−PEN produced
under the following conditions: (b) two-step with Tf = 40 °C, (c) two-step with Tf = 100 °C, (d) one-step with Tf = 225 °C, (e) one-step with Tf =
230 °C, and (f) one-step with Tf = 235 °C.

Figure 12. Temporal intensity changes in the red images of the flame.
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reduced. However, a part of the rod burned completely, a part
was converted to a molten sphere, and the other parts were not
affected by the flame. Hereafter, they will be identified using
subscripts, i.e., 0, r, b, m, and u for the initial rod and the
reduced, burned, molten, and unaffected parts, respectively, as
shown in Figure 15.

= + +L L L L0 b m u (2)

The mass of the molten sphere is
=M A Lm o 0 m (3)

where subscript 0 denotes that of the initial fresh rod.
Although the unburned length, Lu, was reduced, the length

of the rod was not all burnt due to the presence of a molten
mass. The fraction of the remaining residue after flame
extinction is a parameter that adequately indicates whether
there is complete combustion or not. The burned mass fraction
(Yb) is defined as the actual burned mass divided by the
apparent burned mass, which is the mass corresponding to the
reduced length of the rod:

= =
+

Y
m
m

m
m m( )b

b

r

b

b m (4)

The molten mass fraction (Ym) is defined as
=Y Y1m b (5)

The burned mass fraction was evaluated by the measure-
ment of the initial mass and length and those after the abrupt
flame extinction for which a microprecision scale (Mettler
Toledo, MX5, resolution of 0.001 mg) was used. Figure 16

Figure 13. Movement of the flame evaluated by the position of (a) flame base and (b) bottom of the molten sphere.

Figure 14. Foaming temperature effects on the apparent flame spread
rate (two-step foaming (Tf = 40 and 100 °C); one-step foaming (Tf =
225−235 °C)).

Figure 15. Conceptual diagram of the rods: (a) initial rod, (b) rod
while burning, and (c) conceptual rod for the burned and molten
portions.
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shows the effects of the foaming temperature and the foaming
steps on the apparent and actual burned mass. The apparent
burned mass is equal to the actual burned mass if there is no
molten portion, such as gaseous fuel combustion, which is
presented as a dotted line. Therefore, the dotted line
represents the apparent mass, ma. Below each curve is the
actual burned mass, mb. The difference between the dotted line
and each actual burned mass curve represents the mass of the
molten sphere, mm, or the residue if it is quenched quickly. The
two-step MEG cases are located near the dotted line, indicating
that the molten portion is small, as anticipated by the size of
the molten sphere in Figure 11c. The raw material and two-
step 40 °C cases, i.e., the SEG, had a large molten sphere
during combustion. The one-step rod molten portion sizes are
between those of the SEG and the MEG.
The molten mass fraction is equivalent to the remaining

mass fraction as it is melted and will remain unburned if the
sample is quenched abruptly. The foaming temperature and
foaming methods affect the molten mass fraction greatly, as
shown in Figure 17. While 76% of the reduced length of the
raw material was unburned, this was only 1% in the case of the
two-step 100 °C rod, i.e., the MEG. For the LEG, i.e., the one-
step rods, 41−55% of the reduced mass will form a residue.
3.7. Actual Mass Burning Rate. The formation of

hazardous and/or eco-unfriendly components, such as soot,
NOx, and dioxin, is related to actual mass burning. Due to the
molten sphere, the actual mass burning rate is different from
the apparent mass burning rate. The actual mass burning rate
was obtained by

= =m
m
t

m
t

m
L v

d
d /b

b b b

r r (6)

where vr is the apparent velocity of the flame obtained in
Figure 14.
The raw material has a high apparent burning velocity as in

Figure 14, but the actual burning rate is very low as shown in
Figure 18 because the unburnt molten mass fraction is high as

in Figure 17. The situation is the opposite for the MEG, i.e., a
low apparent burning velocity but a smaller Ym and, thus, a
large actual mass burning rate. The actual mass burning rates
for Tf = 40 °C and the LEG were in the range of 0.5−0.7 mg/s,
as they had similar apparent burning velocities and molten
mass fractions.
One-step PET−PEN has higher vr, and the two-step MEG

has a higher CTE. This is not the same trend as previous
results studied using only two-step PET−PENs:1 the higher
the CTE, the higher the vr. The obtained actual mass burning

Figure 16. Effect of foaming temperature and foaming methods on
the actual and apparent burned mass.

Figure 17. Effect of foaming temperature on the molten mass fraction,
which represents the fraction of the molten parts among the mass of
the whole parts that have been affected by the flame.

Figure 18. Effect of foaming temperature on the actual mass burning
rate.
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rate was similar in both cases. This trend of the actual mass
burning rate and the molten mass fraction explains why one-
step cases have similar flame spread rates to the SEG cases:
The flame of two-step MEG PET−PEN propagates slowly
because it burns completely with little residue. The one-step
PET−PEN flame propagates at a faster rate because it leaves a
larger amount of unburned residue while achieving a similar
actual burning mass per unit time.

4. CONCLUSIONS
Experimental investigation was conducted to examine the
differences in thermal and mechanical properties, with a
particular focus on combustion behavior, between PET−PEN
copolymers prepared by one- and two-step processes.
With an increase in foaming temperature Tf, the brittleness

of PET−PEN increased. The breaking stress of the one-step
PET−PEN foamed at the highest Tf was only 2.4% of the raw
material. Additionally, as Tf increased, the pore size of the
foams increased, and the distribution became wider.
The coefficient of thermal expansion (CTE) of one-step

PET−PEN was found to be approximately two orders of
magnitude lower than that of the two-step SEG. Moreover, the
melted mass fraction (Ym), which is the ratio of the remaining
residue mass to the mass corresponding to the volume of the
material reduced by the flame, was 0.76 for the raw material,
0.01 for the two-step MEG, and between 0.41 and 0.55 for the
one-step. The actual mass burning rates were comparable
across all groups, except for the raw material. The trends in the
actual mass burning rate and Ym effectively accounted for the
differences in flame speed among the groups.
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Eco-friendly Flame-Retardant Cellulose Nanofibril Aerogels by
Incorporating Sodium Bicarbonate. ACS Appl. Mater. Interfaces
2018, 10, 27407−27415.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00810
ACS Omega 2023, 8, 19556−19566

19566

https://doi.org/10.1021/acsapm.9b00493?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.eurpolymj.2015.11.001
https://doi.org/10.1016/j.eurpolymj.2015.11.001
https://doi.org/10.1016/j.enbuild.2017.08.058
https://doi.org/10.1016/j.enbuild.2017.08.058
https://doi.org/10.1016/j.enbuild.2017.08.058
https://doi.org/10.3390/pr8121594
https://doi.org/10.3390/pr8121594
https://doi.org/10.3390/pr8121594
https://doi.org/10.3390/ma14143833
https://doi.org/10.3390/ma14143833
https://doi.org/10.1016/j.ijhydene.2021.12.019
https://doi.org/10.1016/j.ijhydene.2021.12.019
https://doi.org/10.1016/j.ijhydene.2018.06.145
https://doi.org/10.1016/j.ijhydene.2018.06.145
https://doi.org/10.1016/j.ijhydene.2018.06.145
https://doi.org/10.1016/j.combustflame.2019.09.003
https://doi.org/10.1016/j.combustflame.2022.112017
https://doi.org/10.1016/j.combustflame.2022.112017
https://doi.org/10.1016/j.combustflame.2022.112017
https://doi.org/10.1007/s12206-016-0451-8
https://doi.org/10.1007/s12206-016-0451-8
https://doi.org/10.1007/s12206-016-0451-8
https://doi.org/10.1016/j.firesaf.2017.03.039
https://doi.org/10.1016/j.firesaf.2017.03.039
https://doi.org/10.1021/acsami.8b04376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b04376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00810?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

