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Abstract: Polymer foams are expanding their applications into functional materials. Partial foam
structure has been fabricated in polyethylene terephthalate-polyethylene naphthalate (PET-PEN)
copolymer by solid state foaming. Through SEM image analyses, a potential to fabricate gradient
foam structures with micropores and unfoamed skin layers has been identified. The post-foaming
temperature Ty tune the pore size distribution. Radial distribution of micromechanical properties,
indentation hardness and elastic modulus were measured for the partial foam and their values were
around 0.12 GPa and 2.0 GPa, respectively, for the outer foamed region. Foaming temperature affects
the glass transition temperature Tg, the coefficient of thermal expansion and the flame spreading
rate. For the range of T < 60°C, thermal expansion coefficients for T > Ty are about 0.5 m/m°C
(steep expansion group, SEG). When T; is above 80 °C, they are around 0.02 m/m°C (mild expansion
group, MEG). The burning rate of SEG is 2.8 times higher than that of MEG.

Keywords: copolymer; gradient foam; nano-indentation; flame spread rate; glass transition temperature

1. Introduction

The global need for energy savings demands improved thermal performance. Vacuum
Insulation Panel (VIP) is one of the candidates to meet these needs due to its excellent
thermal insulation performance, i.e., a very low thermal conductivity of 4 mW /(mK). It is
slowly being introduced into buildings in certain elements of the interior and exterior
thermal insulation composite system [1]. VIP consists of a core and an envelope. The
core blocks heat by the pore structure, evacuates the gas (air) inside the VIP and provides
mechanical strength to atmospheric pressure. Typical core material is polycarbonate
staggered beam or pillar and supports such as glass wool, glass fibers, fumed silica,
polyurethane foam, and phenolic foam [2,3]. The envelope is a sealing and blocking layer
to keep the inside in a vacuum. Typically, a metallized multilayer film consisting of an
Al-sputtered layer over polyethylene terephthalate (PET) and an inner sealing layer of
polyethylene or ethylene vinyl alcohol is used.

Polymer foams have excellent properties—low thermal conductivity, low density
and damping characteristics. They are widely used in the fields of building construction,
aerospace, vehicles, packages, and medical industries [4-9]. Physical foaming using carbon
dioxide (CO;) has attracted the attention of academia and industry because it is an envi-
ronmentally friendly foaming agent. Solid foaming, one of the physical foaming processes,
is a process in which foaming occurs while the polymer remains solid during the entire
process. It has been investigated as a blowing agent for the amorphous ABS copolymer
materials [10]. It has an advantage of being able to independently control the sorption
and foaming process. A two-stage foaming process was developed using liquid CO, at
ultrahigh pressure [11,12].

The polymer itself is highly flammable due to its organic nature. It has a special feature
of rapid ignition and the collapse of the foam structure following violent fire growth [13-15].
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To understand the potential hazards to humans and the safety of building insulation,
flammability /flame retardancy [16,17], ignition time [18], flame spread [19-23], and toxic-
products emissions [24] became major issues in polymer combustion research fields.

Polyethylene terephthalate (PET) is one of the most commonly used thermoplastic
polyester polymers. It is easily found in household items such as textiles for clothing and
liquid/food containers. Polyethylene naphthalate (PEN) is a semiaromatic transparent
polyester synthesized from naphthalene-2,6-dicarboxylic acid and ethylene glycol. Since
PEN has superior barrier properties, it is used in making high-performance sailcloth
and film. Recently, partial foams of cellulose crystals and copolymers (polyethylene
terephthalate-polyethylene naphthalate, PEI-PEN) have been investigated as a substitute
for VIP core [25,26]. The PET-PEN copolymer for additive manufacturing has emerged as
an environmentally benign material for kitchen and decoration applications. It is readily
available and strong enough for its present purpose. The post-foaming temperature of
PET-PEN has been shown to change cell nucleation density, mechanical compressive
stress, and thermal conductivity. It will also affect the micromechanical properties and
combustion characteristics.

To extend the use of PET-PEN to insulation, building materials, automotive and
aerospace, the micromechanical and thermal properties of PET-PEN must be evaluated.
The purpose of this study is to show the effect of post-foaming temperature in a PET-
PEN copolymer on foam structure, micromechanical properties and flame spread rate
by experiment.

2. Materials and Methods
2.1. Materials

PET-PEN (9:1) copolymer filaments of 1.75 mm diameter (Kolon Plastics, Kimchun,
Korea, reported actual density: 1.33 g/cm?®) was developed as a nontoxic and environ-
mentally friendly material for kitchen and decoration. The copolymer is a random type.
PET-PEN micro rods of 0.4 mm in diameter were made using a 3D printer from the copoly-
mer filament. In the additive manufacturing process, the steady-state volumetric flow rate
is approximately 720 mm?/min at 275 °C.

2.2. Methods
2.2.1. Sample Preparation

The physical foaming using the CO, foaming process was performed through a batch
foaming system. Detailed foaming procedures can be found in the authors’ previous
publication [10]. Briefly, it is as follows: Liquid CO; at 5 MPa and 20 °C in the cylinder
was supplied to the sample containing the vessel. It was compressed to 10 MPa by a
high-pressure pump. The vessel was immersed into a cold ethanol/water bath of —20 °C
for the dissolution process. The pressure was maintained at 10 MPa by the pump and
automatic pressure regulator. The sorption time applied for dissolution was 24 h. After the
pressure in the vessel was rapidly dropped to atmospheric pressure at a rate of ~100 MPa/s,
the sample was immersed in a water bath at the foaming temperature T for 3 min. Then,
the pore growth was frozen by quenching for 1 min in an ethanol/water mixture at —20 °C.
The foaming temperature range was 20 to 100 °C. Finally, samples were dried with nitrogen
to remove the residue of the ethanol/water mixture.

2.2.2. Measurement of Pore Diameter and Distribution

To see the cross-sectional structure, samples were cryo-fractured in the liquid nitrogen
using a sharp blade attached at the end of linear slide mechanism. Samples were coated
with ~15 nm thick platinum using sputtering equipment. A field emission scanning electron
microscope (FE-SEM, SUPRA 55VP model) with typically 2.0 kV acceleration voltage was
used to capture surface images.

Carbon-dioxide-induced partial foaming was observed along the radial direction of
the sample. To characterize the morphology, the pore-size distribution of the SEM images
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was measured using the ImageJ (NIH) package and libraries. The effective pore diameter
dpm was calculated from the measured cross-sectional area assuming circular pores.

2.2.3. Micromechanical Property Measurement

The instrumented indentation technique, also known as the nano-indentation method,
was developed from the conventional hardness test. It measures the relationship between
the indentation load and the penetration depth at constant speed loading and unloading.
In this method, only load displacement data without residual impressions of complex imag-
ing techniques are required to calculate the contact area. It means that measuring properties
on the submicron scale is much easier [27]. For mechanical property measurements, the
instrumented indentation system, Nano-Stress-Mapper (Frontics Inc., Seoul, Korea), was
used to obtain the indentation hardness and elastic modulus from the following relations;
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where E, is reduced elastic modulus, and S is a constant that depends on the geometry
of the indenter tip. For the indenter with the triangular cross-section like Berkovich tip,
B =1.034. The true projected contact area, A, is determined using the true contact depth
h¢ and calibration coefficients. The indentation hardness, Hjr, is determined through the
following equation with maximum applied load, Pmax;
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The indentation elasticity, E;7, is calculated using the following relation;
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where v is the Poisson’s ratio for the test material, E; and v; are the indenter’s elastic
modulus and Poisson’s ratio, respectively.

2.2.4. Measurement of Simple Extension Behavior

As the temperature increases, polymers turn from a very high viscous super-cooled
liquid to a low viscous amorphous state [24]. This transition occurs at the glass transition
temperature (Tg). One common method to define Ty is the temperature at the intersection
of the two tangents in thermal expansion versus temperature graph [28]. A PET-PEN rod
of nominally 60 mm long and d = 0.42-0.77 mm was put in the uniform temperature tube
of inner diameter 1.5 mm, which has less than +/— 0.3 °C variation for 210 mm long. Each
end of the rod was tied to the diameter of 0.24 mm wire. The 92 g weight was attached to
the lower end of the wire to stretch them out. Temperature of the tube, from 55 °C to 92 °C
at the rate of 1.9 °C/min, was controlled by the water coming from the circulating bath.
By the analysis of the recorded video images, T and the moving length of weight, thermal
expansion were measured as function of time.

2.2.5. Measurement of Flame Spread Rate

A 40 mm long PET-PEN strand with d = 0.42-0.77 mm was used to obtain the burning
rate. The top of it was placed between the ignition electrodes with 4 mm spacing. The
ignition transformer for the oil boiler (16.5 kV, Kiturami El-110) was used to ignite. The
flame propagated vertically downwards. Flame images were recorded using a camera
(NIKON DS750s) with a recording capacity of up to 60 frames per second. A 105 mm
telephoto lens with optical bellows was used to increase the measurement resolution to
0.025 mm/pixel. The intensity of the chemi-luminescence of the flame was reduced by two
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polarizing filters mounted in front of the lens. The burning rate was calculated by tracking
the location of the flame base.

3. Results and Discussion
3.1. Microstructure

Sorption tests have been conducted as described by the authors [26]. As a fundamental-
level investigation of the partial foaming, we have used the pristine filament in a cylindrical
rod of 1.75 mm in diameter and the microrod extruded through a nozzle of 0.4 mm in
diameter in a 3D printer. A wider range of post-foaming temperatures from 20 to 100 °C
were tested as the typical cross-sectional SEM images of resulting features as shown in
Figure 1.

(a) Tr=20 °C (b) Tr=40 °C

(¢) Te= 60 °C (d) Tt =80 °C

Figure 1. SEM micrographs of the foamed polyethylene terephthalate—polyethylene naphthalate (PET-PEN) copolymer
when T¢ is equal to (a) 20 °C; (b)40 °C; (c) 60 °C; (d) 80 °C.

There have been previous studies on partial gradient foam [9,29,30]. In general, the
penetration depth in partial sorption depends on the pressure, temperature, and sorption
time. After a quick pressure relief, when the diameter of the nucleus exceeds a critical value,
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the nuclei of the polymer matrix begin to grow into pores by the cell-growth mechanism.
The concentration gradient induces a foam gradient. Since the CO, concentration on the
outer surface of the filament drops sharply, cells are hardly found near the surface. The
underlying reason for this phenomenon is “gas escaping”. Outgassing and melt/matrix
strength are the major causes of the reduced gas concentration in the wells. Therefore,
nuclei near the wall do not pass the critical radius and fail to grow. Even though the glass
transition temperature is lowered due to the Joule-Thomson effect (low temperature due
to decompression), the viscosity of the matrix increases as the CO; leaves the copolymer
boundary. Thus, the process of pore formation is suppressed. This is the mechanism for the
formation of a dense skin layer near the outer boundary. There is no pore at the center of
the filament because the CO, is under the lower limit due to very low diffusion coefficient
of the copolymer. However, the CO, concentration between the unfoamed thin layer and
center of the filaments is higher than the lower limit, and thus the nuclei are able to grow
into bigger foams. In the enlarged image, the thickness of the unfoamed skin layer was
measured as 20.1 um, 15.5 um, 10.4 um, 4.2 um and 2.1 um at T of 20, 40, 60, 80 and
100 °C, respectively.

To characterize the pore morphology, the inspection area of the SEM image was
radially segmented and examined at 30-50 pm intervals depending on the pore size. There
were more than 100 pores within the inspection area, 100 um x 30-50 um. The measured
radial pore size distributions are shown in Figure 2. Here, x is inward distance from the
outer surface of the filament. Entering the center increases the local mean pore diameter,
indicating gradient foaming. It can be seen that the higher the post-foaming temperatures,
the larger the pore diameter. It is due to reduced viscosity by approaching or exceeding
glass transition temperature. In the case of a post-foaming temperature of 100 °C, there
is a slight increase in outermost pore size, due to softer copolymer matrix at the elevated
post-foaming temperature.
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Figure 2. Variation of local foam diameter along radial direction as trend of gradient foaming
depending on post-foaming temperature. x = 0 corresponds to the outer surface location of PET-PEN
copolymer filaments.
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The pore-size distribution and probability density function were evaluated from the
image analysis results as shown in Figure 3. The number-averaged effective pore diameter,
dpore, was calculated. As the post-foaming temperature goes up, a gradual increase in
mean diameter, i.e., 3.08 um, 3.12 pm, 3.99 um, 4.57 um, and 5.26 pm, respectively, occurs
from 20 °C to 100 °C. After collecting all the pore sizes obtained from image analysis,
the size distribution fits the lognormal distribution as in [10]. The median diameter and
the standard deviation obtained by the overall lognormal distribution fitting are 3.512
um and 0.4574, respectively. There are small differences in the mean diameter since it is
calculated not from the area-average basis but the number-average one. Although the
pore-size distributions were estimated from SEM images, we also confirmed negligible
fraction of submicron pores from further zoomed-in SEM images.
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Figure 3. Size distribution of pores and probability density function for the CO, foamed PET-
PEN structure (sorption at —20 °C for 24 h, post-foaming at 20-100 °C for 3 min), measured from
SEM images.

3.2. Mechanical Properties—Hardness and Elasticity

Figure 4 shows the results of an advanced indentation test to get micromechanical
properties of gradient foam. The sample preparation steps for the instrument (Autopolisher
Tegramin-25, Struers Inc., Cleveland, OH, USA) used in the experiment are as follows.
Samples were clamped using a mounting clip and then cold-mounted for indentation
tests. In the cold mounting process, the acrylic powder and acrylic liquid (Allied High
Tech Products Inc., Compton, CA, USA) were well-mixed at a weight ratio of 2:1 and
poured into a mounting cap. The resin compound was solidified for more than 30 min
in a suction hood. Then, sample surfaces were rubbed by changing SiC papers #220
to #2200, and polished into about 1 um thickness using diamond paste. The hardness
and elastic moduli were measured from nano-indentation experiments using Berkovich
indenter (Nano-Stress-Mapper by Frontics, Inc., Seoul, Korea, 65.3° Berkovich indenter tip
angle), measuring radial distribution of hardness and elasticity at equal intervals. Loading
rate was 10 mN/min with single loading—unloading, and holding time was 1.0 s. All the
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(a)

measurements were performed in ambient air condition. Experimental parameters are
summarized in Table 1.
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Figure 4. Measured hardness and elasticity. (a) Photograph of sample prepared; (b) load-depth curves, and (c) hardness
and elasticity results for the foamed PET-PEN copolymer measured by instrumented indentation technology (sorption at
—20 °C for 24 h, and then post-foaming at 60 °C for 3 min).

Table 1. Experimental parameters for the hardness and elasticity.

Standards and
Options

Acquisition Rate: 10.0 [Hz], Linear Loading, Max load: 5.00 mN,
Loading rate: 10.00 mN/min, Unloading Rate: 10.00 mN/min, Pause: 1.0 s

Fn contact: 0.3 mN, Approach distance: 2000 nm, Approach speed: 2000 nm/min,
Retract speed: 2000 nm /min, Stiffness Threshold: 150 uN/pum

Figure 4a is a photograph of a sample prepared for nano-indentation using instru-
mented indentation technique (IIT). Figure 4b shows typical indentation load—-displacement
curves for the foamed filaments subjected to the sorption at —20 °C for 24 h and the post-
foaming at 60 °C for 3 min. Although copolymer is viscoelastic, it is seen that the slopes
of elastic unloading curves are higher than those of elastic—plastic loading curves. All the
load-displacement curves exhibit hysteresis between loading and unloading as expected.
One way to ensure the reliability of measured data is to examine the configuration of the
load-deflection curve. The reliability of our results can be confirmed, for example, by
Figure 4b. As the distance x from the outer surface increases, the slope of the hysteresis
curve decreases slightly except for x = 275 mm, where solid core is present so that it has
the highest value. Figure 4c shows the variations of estimated mechanical properties, Hjr
and E;r. As the inward distance, x, increases, the pore size is getting larger as shown in
Figures 1 and 2. The indentation hardness and elasticity of polymer are load-level invari-
ants [31]. However, they are sensitive to the loading rate, holding time, and unloading
rate. Both Hir and Ejr increase with increasing loading rate, while they decrease with
increasing holding time. The indentation hardness decreases as the holding time increases,
while the hardness exhibits unloading-rate independence. Nevertheless, Figure 4c shows
the detailed distribution of mechanical properties, i.e., increasing pore size in the gradient
foam results in a little decrease in both mechanical properties Hyr and Ej7. In the central
core region unaffected by the foaming process, the indentation hardness and elasticity were
maximum. H;r and E;r varied around 0.12 GPa and 2.0 GPa, respectively, in the foamed
region while H;r and E;7 were 0.21 GPa and 5.3 GPa, respectively in the core region.

3.3. Simple Extension Behavior

To characterize the simple extension behavior of the PET-PEN rod when it was
exposed to different temperature environments, the length increase with T was measured
with the method at Section 2.2.4. The recorded video images were analyzed to measure the
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moving length of the weight attached to the PET-PEN rod as a function of time. Linear
expansion is defined as the percent increase in the length of the rod (L-Lg)/Lg * 100, where
L is the length and subscript 0 represents the initial value. Figure 5 shows the linear
expansion of the rod with changes in environment and foaming temperature T¢. The
thermal expansion of the wire is 18 to 19 * 107® m/m °C, so it was neglected. The slope in
Figure 5 represents 100 times of coefficient of linear thermal expansion (ct). Below 70 °C, all
rods expand slowly due to thermal expansion and tensile stress of 2.2 MPa by the weight
of the load. Above 70 °C, it can be seen that there are two types of groups: a rapid or
steep expansion group (SEG) and a weak or mild expansion group (MEG). Pristine 40 °C,
60 °C foaming PET-PEN is a case that belongs to SEG, and its length increases rapidly
with temperature. An increase of 1 °C above 78 °C almost doubles its length. Foaming
temperatures of 80 °C and 100 °C correspond to MEGs whose length gradually increases
with temperature. During the change from 85 to 90 °C, the length increases by 10%. The
glass transition temperature (Tg) can be obtained from the intersection of the two linear
tangents obtained from the data in this figure. For a pristine PET-PEN, it is 79.0 °C, which
is close to 75.9 °C obtained using the DSC curve [26].

100 IIIIIIIIIIIIIIIIIIIIIIII*I g T I T T T T I T i LI
z [ O g :
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9 80+ ¥ 40 : i
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Figure 5. Linear expansion of the PET-PEN rod as function of environment and foaming temperature.

Figure 6 shows the effect of foaming temperature on Tg and the coefficient of thermal
expansion. The foaming temperature causes a change of Tg about 2 °C, but has a lot of
influence on « for T > Tg. The coefficient of thermal expansion of SEG is around 0.5 m/m°C

and that of MEG is 0.02.
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Figure 6. Effects of PET-PEN foaming temperature on (a) glass transition temperature; (b) coefficient of thermal expansion

(CTE) for T > Tg. Vertical lines represent error bars.
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3.4. Flame Spread Rate

To extend the use of PET-PEN to building insulation, the flame spread rate must be a
known property. For this, it was measured when the flame propagated vertically downward.

PET-PEN has a yellowish flame that emits soot from the flame tip and has a slightly
different shape depending on the foaming temperature (Figure 7). The molten polymer did
not fall off or drip off. The flame of the pristine case is visibly split into two tips by relatively
large molten polymer balls. At a foaming temperature of 40 °C or 60 °C, fragments scatter
outward and burn, which are connected to the main flame. This results in an irregular
shape of the flame. In the 80 °C and 100 °C cases, the flame appears to lie on a burning rod.
The rod beneath the flame base has a small area where the surface appears to melt.

(e)

Figure 7. Typical flame shape when the foaming temperature is (a) pristine; (b) 40 °C; (c) 60 °C; (d) 80 °C; (e) 100 °C.

For pristine, 40 °C and 60 °C, classified as SEG in Section 3.4, there are relatively large
molten polymer balls suspended from bent PET-PEN strands. Heat transfer from the flame
makes the heated part of the virgin rod above the glass transition temperature Tg, resulting
in a lower viscosity and rapid length expansion. Due to the weight and low viscosity of
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the molten polymer, it bends, and the length and surface area of the rod within the flame
envelope increase. On the contrary, MEG (80 °C and 100 °C cases) have less flexibility to
extend their length, so the rod bends less and the angle between the virgin rod and the
burning rod is mostly near the right angle as was shown in Figure 7. Because the fresh rod
within the flame zone is relatively small, the heat transfer to the unburned rod is less than
that of the other group. Thus, less polymer is supplied to the flame.

Figure 8 shows the flame length and width of 40 °C and 80 °C cases representing each
group. In the flame image, the distance between the tip and the bottom of the flame was
defined as the flame length. The length from the right-most to the left-most bright spot was
defined as the flame width. The 40 °C case has a larger flame length and width compared
to the case of 80 °C. This relates to the pieces of burning fragments that move outward
within the flame envelope, as previously mentioned. Though there are some spikes in the
figure, the dimensions of the flame do not change much for most of the period, especially
at 40 °C.

—
o

-

Flame width and length [mm]
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12

-
== (=1

Flame length and width [mm]
o
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(a) (b)

Figure 8. Temporal changes in flame width and flame length when T¢ equals (a) 40 °C; (b) 80 °C. Each is a representative

case of SEG and MEG.

The position of the flame base was measured to get the flame spread rate. To avoid
the interaction between the flame and the ignition electrode, we started analyzing the
recorded image from after the flame tip passed the electrode. Zero-markers in Figure 9
indicate this analysis starting moment. A minus sign in the vertical axis means downward
direction. Because the length of the flame does not change a lot, it could be considered as
the movement of the flame. It shows that the flame immigrates downward fairly steadily
with time. There are two things to point out in the graph. First, the time to reach the bottom
of the image exhibits different characteristics for each group. The flame of SEG (pristine,
40 °C and 60 °C foaming temperature) reached the bottom faster than that of MEG (80 °C
and 100 °C). Second, there is little difference in flame propagation within the group. These
two seem to be related to the material’s ability to stretch. The large elongation property
increases the heat transfer to the material entering the flame, which makes it easier to burn,
as mentioned earlier.
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Figure 9. Temporal location of the flame base along the vertical PET-PEN rod.

If there is a core solid material and the polymer covers it up, the flame-spread rates
can be evaluated by tracking the leading edge of the flame since it spread over the core
wire [19]. When there is no core wire as in this research, the polymer rod is bent by heat,
gravity, surface tension, and viscosity. Since the irregular three-dimensional flame covers
up the rod tip and burning molten material, the difference in the brightness between the
flame and the rod tip is not large enough to trace the flame edge on the raw material.
We assumed the movement of the flame base is similar to that of the flame leading edge
because the distance between the point where the rod is bent down and the upper end of
the molten polymer is small as in Figure 7 and flame length does not change significantly
as in Figure 8. So we traced the flame base to get the flame spread rate.

The flame spread rate of the material as shown in Figure 10 was calculated from the
slope in Figure 9. The correlation of the curve fitting is 0.99 or more, and the error of the
burn rate is +-7.1%. The burning rates of pristine, 40 °C and 60 °C cases that expand rapidly
for T > Ty are 8.3, 8.5, and 8.8 mm/s, respectively. The rates are 3.1 and 3.1 mm/s for 80 °C
and 100 °C cases that are the mildly expanding group. The SEG group has a higher burning
rate than MEG. As mentioned previously, the high thermal elongation properties at T > Tg
in steep expansion groups improve heat transfer by bending the rod and increasing the
volume of the burning material of the rod in the flame zone. These things seem to have
influenced the SEG group to have a higher burning rate.
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Figure 10. Flame spread rate as function of PET-PEN foaming temperature. Vertical line represents
error bar.

4. Conclusions

In this study, a partial foam structure was fabricated in a PET-PEN copolymer by solid
state foaming. Through morphological characterization, a potential to fabricate gradient
foam structures with micropores was identified. The post-foaming temperature can tune the
pore size as well as its distribution. The thickness of the unfoamed thin layer decreases as
the post-foaming temperature increases. Radial distribution of micromechanical properties
Hjr and EjT were measured for the gradient foam, and their values were around 0.12 GPa
and 2.0 GPa, respectively, for the outer foamed region.

The foaming temperature T changes the glass transition temperature Tg by about
2 °C, but has a great influence on the coefficient of thermal expansion o. For the range of
T < 60°C, thermal expansion coefficients for T > Tg are about 0.5 m/m °C. These ranges
were called the steep expansion group (SEG). For the range of T > 80 °C, called the mild
expansion group (MEG), thermal expansion coefficients are around 0.02 m/m °C. The SEG
groups have about 2.8 times higher flame spread rates than the MEG groups, but there are
no significant differences in flame spread rates within each group.
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