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14 Abstract:

15 Synthetic polymer-based gradient foams have considered as promising category of functionally
16 graded materials with unique properties. In this study, the carbon dioxide (CO2) foaming
17 technology has used for PET-PEN (Polyethylene Terephthalate - Polyethylene Naphthalate)

18 copolymer towards porous functional materials with thermal insulation with reasonable
19 mechanical strength. Through scanning electron microscope based morphological characterization,
20 a potential to fabricate gradient foam structures with micro-pores has identified. It has shown that
21 variation of post-foaming temperature can tune the pore size distribution although the very high
22 post-foaming temperature tends to cause structural instability. Thermal measurement data set the
23 limits of operation, confirmed by simultaneous differential scanning calorimeter and thermo-
24 gravimetric analysis. Mechanical stress and thermal conductivity also has measured to find
25 rationale of thermal insulation with reasonable mechanical strength and to elucidate the actual 3D

26 grid foam of copolymer.

27 Keywords: 3D structure; gradient foam; additive manufacturing; CO2 foaming; copolymer

28

29 1. Introduction

30 Material foaming is one type of the process that leads to the lighter materials with other
31  functionalities in cost-effective manner. Particularly carbon dioxide (CO:) foaming has wide
32 application area of sub- and super-critical fluids, and the use of COzas an environmentally benign
33  foaming agent has been under intense investigation for more than scores [1-6]. The basic foaming
34 methodology involves dissolving CO: in polymers at high pressure and then imposing a
35  depressurization to bring about phase separation to induce nucleation and cell growth, ultimately
36  leading to the formation of porous structures. Foam properties depend on the thermodynamics of
37  COz-solubility in polymers, dictated by pressure and temperature, the kinetics and mechanisms of
38  phase separation, and the dynamics of the CO>-dependent changes by the thermo-physical and
39  rheological properties of the polymers involved.

40 Interestingly the idea of polymeric foam was initially developed by MIT group[3] as a means to
41  reduce the amount and costs of plastic polystyrene used to produce a part of products, and since then
42 lots of research and development have done. To name a few, a semi-empirical model for the
43  unfoamed skin thickness on microcellular foams in a plane sheet had suggested [4]. Synthetic
44 polymer-based gradient foams have been considered as promising category of functionally graded
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45  materials due to their unique properties. Composition gradients in polymers have been created by
46  adding filler particles or by adjusting viscosity [5,7]. Thermoplastic foams can serve as lightweight
47  materials with desirable mechanical and thermal properties, and flexibility for wide range of
48  applications [8-14] including thermal insulation materials with proper mechanical properties to
49  maintain the shape when external forces are applied. There have been growing activities on foaming
50  of glassy or semi-crystalline polymers with
51  https://www.preprints.org/manuscript/201910.0221/v1CO: for the formation of porous structures
52 such as membranes via phase inversion [15], or multiscale nano-porous structures for insulation
53  applications [16, 17]. Rapid prototyping or additive manufacturing technology has developed and
94 shown advantages in three-dimensional complex structure, especially objects with high surface area,

95  mesh, and cavity, compared with injection molding products. Recently, PET-PEN copolymer has
56  developed as an environmentally benign material, for kitchen and decoration applications among
57  others. Nano-cellular foaming has investigated via supercritical CO:2 as a blowing agent for a few
58  copolymer materials [18].

59 In this study, we attempt foaming of PET-PEN copolymer materials with carbon dioxide
60 towards fabrication of porous structures with low thermal conductivity and reasonably high
61  mechanical strength, for instances, alternative core material in vacuum insulation panels and
62  scaffolds. The purpose of this paper is providing some data for simple three-dimensional member
63  with gradient foam, which is one of an idealized geometric element in 3-D printed structures. These
64  will contribute to help understanding the behavior of 3D structure solid polymer covered with foams,
65  which has useful functionality and flexibility in design and applications. That is, the results are not
66  only useful for basic level of study on sorption and foaming behavior but also provide guidelines on
67  the 3D printing and subsequent foaming parameters.

68 2. Experimental apparatus and method

69 2.1 Material and foaming process

70 While the ultimate goal of current study is to fabricate arbitrary three-dimensional structures
71 (i.e. freeform) with controlled thermal and mechanical properties by 3D printing combined with CO2
72 foaming process [16], the CO: foaming process has been separately tested mainly using the base
73 filaments for 3D printing. The radius of cylindrical filament is usually around 0.875 mm, larger than
74 the depths of CO: sorption and foaming under current experimental conditions. Therefore, the
75  filaments, as semi-infinite like material platforms, are not only useful for basic level study on
76  sorption/foaming behavior but also provides guidelines on the 3D printing parameters; e.g. unit
77 thickness of 3D printed freeform referring to the sorption/foaming penetration depths. In this study,
78  we examine CO: foaming based on PET-PEN (9:1) copolymer filaments of 0.875 mm radius (Kolon
79 Plastics, Kimchun, Korea, true density of 1.33 g/cm?) as a nontoxic and environmentally friendly
80  material. Selection of copolymer material also has motivated by the possibility of nano-foaming
81  process [17].

82 Detailed foaming procedures has found from the previous publications [6, 16]. Briefly, liquid
83  CO: maintained at 5 MPa and 20 C was fed into a pressure vessel containing samples, and
84  compressed to 10 MPa. Then, the pressure vessel has immersed into cold ethanol/water bath
85  maintained at the temperature of 20 C while maintaining the pressure at 10 MPa during sorption
86  process by continuously pumping under automatic pressure regulation. Various sorption times were
87  applied from 4 to 336 hours to trace the sorption kinetics. After the pressure vessel was depressurized
88  quickly at a pressure drop rate of ~ 100 MPa/s, samples were taken out from the vessel and immersed
89  into a water bath set at designated foaming temperatures of Tt for 3 minutes, followed by quenching
90  in ethanol/water mixture of 20 C for 1 minute to freeze any further cell (pore) growth. The post-
91  foaming temperature, Ts, has varied from 20 to 100 C to seek for its dependence on foaming trend.
92  Finally, samples have wiped out to remove the residual ethanol/water mixture and dried at room
93  temperature. A gravimetric method [19] has used to measure the sorption kinetics and the amount of
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94 CO2 absorbed; weighed on a scale (EPG214, OHAUS, Pine Brook, NJ, USA) before and after each
95 sorption process.

96 2.2 Measurements

97 In order to understand the resulting cross-sectional structure, samples have cut at low
98  temperature using liquid nitrogen, and the cut surface was sputter-coated with platinum of ~15 nm
99  thickness. Then, the samples were observed with a field emission scanning electron microscope (FE-

100  SEM, SUPRA 55VP model) with typical acceleration voltage of 2.0 kV. The bulk density, Oy, was
101  measured by the weight displacement method [19]. The samples were first weighed on an analytical
102  scale (EPG 214, Ohaus), and volume of water displaced by the sample was then measured. The

103  relative density, p,, can be calculated using the following formula;

104 _ Proam 1)

Ps

Pr

105  where p, denotes the density of solid PEN-PET copolymer(1.33 g/cm3). The cell (pore) nucleation
106 density, N0 , 1.e., the number of cells (pores) per unit volume of the foam, and void volume fraction,

107 V., can be estimated from the following correlations;

nMZ 3/2
108 NO:( ‘ ] {Lj @
pfoam

109  where 1 is number of cells (pores) in the probe volume, A is probe area, and M is magnification.

110 For thermal characterization, two-cycle test have performed for as-foamed samples using
111  differential scanning calorimetry (Model Discovery, TA Instrument) based on the ASTM standard
112 (D3417-83, D3418-82). In order to investigate further the weight ratio of organic components
113 contained and the thermal stability at high temperature, the degree of thermal decomposition has
114  measured with a SDT analyzer (simultaneous differential scanning calorimeter and thermo-
115  gravimetric analysis, Universal V4.5A model, TA Instruments). The derivative weights of specimens
116  have measured for the temperature range of 30 — 600 C with heating rate of 10 C/min under
117  nitrogen atmosphere. In order to estimate a degree of crystallinity, following equation has used.

118 Degree of Crystallinity = (AHm-AHc) /AHmmax , 3)

119  where AHn is the measured heat of fusion and AHc. is the heat of crystallization. Assuming an
120  enthalpy of fusion 140.0 J/g for a 100% crystalline PET-PEN copolymers with infinite crystal thickness
121 (i.e. AHmmax = 140.0 J/g taken here).

122 Compressive tests has carried out to evaluate the mechanical properties of the fabricated
123 structures. For the mechanical strength measurement, a universal material testing machine (UTM, LR
124 50K model, LLOYD Instruments, West Sussex, UK) was used, and at least four specimens were
125  prepared for each experimental group. The crosshead speed was set based on the ASTM standard
126 (ASTM D695).

127 Thermal conductivity has measured to estimate the thermal insulation performance. For the
128  thermal property measurements, the transient plane source method (Hot Disk Thermal Constants
129 Analyzer, TPS3500, Goteborg, Sweden), based on ISO standard (ISO 22007-2:2015), was used for four
130  combination arrangements of two equivalent specimens prepared.

131

132
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133 3. Results and discussion
134 3.1 Sorption kinetics and microstructural characteristics
135 Sorption tests have conducted to find the saturation time of the PET-PEN filament. Even though

136 there are argues, the sorption of carbon dioxide into polymer has assumed to follow corresponding
137  Fick’s law. Then, the “pseudo” diffusion coefficient and saturation concentration can be estimated
138  approximately from the CO: concentration values experimentally measured as function of time,
139  based on the following solution of diffusion equation [20];

140 Ci _ 1_;%2‘;2 exp(-Da’t), 4)

141  where C is CO:z concentration (the ratio between mass of COz, and copolymer filament measured), a
142 s the radius of cylindrical rod, J (X) is the Bessel function of the first kind of order zero, and «,S

143 are the eigenvalues, that is, the roots of J (ag,)=0. C, and C_, denote the concentration of

sat
144 diffusing substance (CO2) entering the cylinder in time t and after infinite time, respectively.

145 Figure 1 shows the sorption behavior of COzin PET-PEN copolymer filaments at 10 MPa as
146  function of time in order to confirm the partial sorption and degree of saturation. As expected, the
147  CO:concentration steeply increased initially, and gradually converged to a saturation concentration.
148  The measured data are well fitted to Equation (4), and the estimated CO: uptake and charging
149  diffusivity at -20°C are Csat = 73.31 mg(COz)/g(copolymer) and D = 1.095 x 10 cm?/s, respectively at
150  the confidence level of 95%. It has also found that the estimated saturation time is around 20 days.
151  Since practically it takes too long to reach a saturation state, further parametric studies have based
152  on partial sorption process by a fixed time of 24 hours. In turn, it facilitated the formation of gradient

153  foam in PET-PEN copolymer, as will be explained.

154
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157 Figure 1 CO:2 Sorption kinetics in PET-PEN copolymer.
158
159
160 Figures 2 show typical photographs before and after the post-foaming of typical 3-D printed

161  structures. Figures 2 (a) and (b) are for bottom views of samples, and Figures (b) and (d) are top views,
162  respectively. It shows simple regular three-dimensional structures with well-arranged members (ribs)

163  while the post-foaming did not noticeably alter overall feature characteristics for Tr=60 C.
164
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(c) Horizontal, pristine (bottom view) (d) Horizontal, foamed
165
166 Figure 2 Typical 3D freeform structure as printed (a,c) and post-foamed (b,d).
167
168 Figure 3 shows the cross sectional SEM images for cylindrical rod and rib of 3D gird. The overall

169  configuration of actual foamed 3D grid in the inset is very complex compared to that of cylindrical
170  rod. However, the zoomed-in images for the foamed region show more detail shapes. Note that there
171  are similar morphology in the SEM images shown and resulting features of gradient foam excepting
172 for curvature. Therefore, as a fundamental investigation of the gradient foam, we have assumed that
173 the filament of cylindrical rod as a simply idealized substitute object for actual rib member inside 3D
174 printed structure. It is seen that partial COz sorption under current experimental conditions induced
175  gradient foaming along radial direction of PET-PEN copolymer filaments. In general, the penetration
176  depth in partial sorption will depend on the pressure, temperature, and sorption time. After a quick
177  pressure relief, the CO: in the saturated sample becomes unstable and tends to foam. Thus, the
178  concentration gradient can induce a foam gradient. The CO2 concentration at the filament surface will
179  be quite high just before depressurization. However, on depressurizing, it decrease rapidly in the
180  outer region and the temperature of environmental gas surrounding polymer will change due to the
181  Joule-Thomson effect (temperature reduction that accompanies depressurization). It causes reduction
182  in viscosity as CO:2 leaves the copolymer matrix, making the diffusion process will be suppressed. On
183  the contrary, the residual COz in the penetration depth of filaments is diffusing to equalized, and the
184  subsequent post-foaming process make distribution of gradual pore sizes. Finally, the cells of
185  gradient foam has obtained through the interactions of many parameters. In short, It is assumed that
186  the gradient foaming characteristics, e.g., foaming depth and pore size distribution in Figure 3(a),
187  achieved in the filament rod are represented in the 3D printed structures shown in Figure 3(b), and


https://doi.org/10.20944/preprints201910.0222.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 October 2019 d0i:10.20944/preprints201910.0222.v1

6 of 12

188  can be applied with correction parameters in design of arbitrary freeform foam by 3D printing and
189  CO:foaming processes.

190

(a) Filament rod (b) Rib of 3D printed grid

191  Figure3 SEM micrographs of the foamed PET-PEN copolymer. Results are for filament rod (a)
192  and additively manufactured grid structure (b).

193

194 In order to find further the characteristics of foams, the pore size distribution has measured from
195  the SEM images and analyzed using the Image] (NIH) and MorphoLib] package libraries. The
196  effective pore diameters were calculated from the measured cross-sectional areas, based on the

197 formula, dpore = /(4 A/ ;z-) , assuming circular pores, where A is the cross-sectional area, and d is

pore

198  the effective diameter.

199 The effects of post-foaming temperature on the pore characterization are represented in Figure
200 4. The cell nucleation density p, gradually increases up to the post-foaming temperature of 80 T,
201  but abruptly increases at 100 C that is higher than the glass transition temperature of PET-PEN
202  copolymer. The number-averaged diameter, dpore , obtained from image analysis increase very
203 slowly as 3.08 um, 3.12 pm, 3.99 um, 4.57 pm, 5.26 um respectively as T, increase from 20 C, 40 T,

204 60 C,80 T,t0100 C respectively. Although the pore size distributions have estimated from SEM
205  images, we also confirmed negligible fraction of sub-micron pores from further zoomed-in SEM

206  images. The relative density p, gradually reduced up to the post-foaming temperature of 80 C,

207  but largely decreased at 100 C due to asymmetric big pores near the inner boundary (not shown).

208
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Figure 4 Effect of post-foaming temperature on (a) cell nucleation density (left) and relative
density (right) for PET-PEN cylindrical filaments (sorption at 10 MPa and -20 C for 24 hours).

3.2 Calorimetric and Pyrolysis Analyses

Thermal analyses have performed for both raw rod and foamed grid structure as shown in the
left of Figure 5(a) (temperature range from 34 up to 300°C). Two-cycle tests were conducted to
investigate the detailed states of PET-PEN copolymer, i.e., for experimental measurements of glass
transition temperatures for the first and second cycles using differential scanning calorimetry. The
analysis has carried out in an aluminum container in a nitrogen. The sample of 3 - 5 mg in weight has
used. The samples were first heated up from 34 to 300°C at the ramping rate of 5°C/min, held at 300°C
for 60 minutes, and cooled down to 34°C at the same rate of 5°C/min, completing the first cycle, and
then the second cycle was repeated in an identical manner after sufficiently stabilized condition.

During heating of the raw sample, as seen from Figure 5(a), the initial phase transition took place
at 75.9°C, which corresponds to the glass transition temperature in which the polymer transitions to
a highly elastic state. The endothermic peak at 241.4°C indicates crystalline melting process.
Observation of thermal transitions at temperature peaks of 140.5°C is associated with cold
crystallization. Cold crystallization has caused by the rearrangement of molecular chains in the
crystalline PET-PEN layer assisted by increased mobility during the manufacturing and heating
processes. Since the polymer was in an amorphous state after the heating stage, such phase transition
was present. During the cooling process (not shown) in the first cycle, exothermic energy of 33.1 J/g,
with the peak center at 169.5°C was due to cooling crystallization of PET-PEN. From the thermo-
grams the first and second exothermic peak energies are obtained as 3.56 J/g and 32.17 /g,
respectively. The degree of crystallinity has increased from 2.5 to 23 %. However, in the second cycle
neither the exothermic peak due to cold crystallization nor double melting peaks, appeared eminently
in PLA and made possible the innovative bead foam, were shown [12]. On the other hand, the foamed
grid samples with gradient foam show clear difference in the first heating stage in that lower cold
crystallization occurred due to rearrangement of molecular chains by the solid state foaming process
and lower crystalline peak. By the second heating, for both raw and foamed samples, there were
ambiguous glass transitions and negligible cold crystallizations.

d0i:10.20944/preprints201910.0222.v1
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239 Pyrolysis measurements have performed using a SDT (simultaneous DSC / TGA) analyzer for
240  non-foamed raw filament rod and foamed 3D grid structure. As observed from the pyrolysis curve,
241  Figure 5(b), obtained by thermo-gravimetric analysis (TGA), the PET-PEN copolymer starts to
242  evaporate near 360 C and has maximum weight loss rate at 437.1 C (~2.0 wt. %/C). Major
243  pyrolysis event takes place between 380 - 520 C, where most of latent heat of evaporation is
244 consumed. It is noted that for temperature higher than ~380 T, thermal decomposition rate of
245  filament material rapidly increases, resulting in a large mass loss, and thus the upper limit of working
246  temperature for 3D printed features based on PET-PEN filament should be set sufficiently lower than
247 300 T. There is also not significant differences between raw rod and foamed grid structure except
248  for initial melting.

06 7+ 7 r—Trr 7T T T 1T T T o o L B S S DL L B B B B
[ Heat flow, 1st heating, Raw rod Derivative weight: Raw rod
= [ —8— Heat flow, 2nd heating, Raw rod e Derivative weight: Foam grid
E L Heat flow, 1st heating, Foam grid 25 | i
04 | % Heatflow, 2nd heating, Foam grid 1
- F
3
E F E 5ol - 4
2 L Cold crystalization = B 5
= F =
02 [
& : £
g E 5 15[ 4
= r =
® o0 =
g g
= t 2 10} 4
a C
o
E 0.2
‘5 “r Glass transition 05 —
= L
L Melting
o4 Lo v b e 0.0 L
0 50 100 150 200 250 300 300 350 400 450 500 550 600
249 Temperature [ °C] Temperature [ °C]
250 (@ (b)

251  Figure 5 (a) DSC and (b) TGA thermograms of the PET-PEN specimens for raw rod and foamed
252  grid structure.

253

254 3.3 Mechanical Compressive Stress

255 To understand the mechanical properties of 3D structures fabricated by 3D printing and CO:
256  foaming technologies, representative compressive test results are displayed in Figure 6. The main
257  reasons for improved mechanical strength in comparison to typical insulating foams is the 3D printed
258  solid structure of PET-PEN copolymer with crystalline due to soaking inside has a relatively strong
259  bonding force between melt-bonding layers. The dimension of pristine specimen before compression
260  test was 36.0 x 36.0 x 5.4 mm3. The maximum compressive deflection was limited to ~4.0 mm for the
261  protection of measuring equipment with overload protection during compression. In compressive
262  test, freeform specimens showed linear elastic behavior for the compressive strain range of ~0.04-0.12
263  mm/mm and flat region for the strain range of 0.22-0.40 mm/mm with nearly constant compressive
264  stress. In the compression, the specimen did not rupture rapidly until strain reached about 40%
265  because the space between inner solid grids in polymer matrix studs and surrounding gradient foams
266  can accommodate and withstand high strains maintaining the connectivity.

267 It has observed that the modulus of elasticity increases as the post-foaming temperature
268  increases. The highest mechanical strength of CO: saturated grid sample is greater than that of
269  pristine one presumably because crystals have rearranged due to the plasticization effects by CO2
270 impregnation. The maximum compressive stress increased by about 13.5%, from 9.20 MPa to 10.44
271  MPa. And the compressive modulus of elasticity were calculated as 75.06 MPa, 98.56 MPa, 108.09
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272  MPa, 77.87 MPa, 61.55 MPa, 47.09 MPa for the manufactured freeform, soaking, and post-foaming
273 temperature of 20 °C, 40 °C, 60 °C, 80 °C, respectively. It does not found that the formation of nano-
274  scale structure but it may be possible by suitable tuning of foaming conditions. Further basic
275  researches on the controlling mechanisms of the cell size and finding correlation between foaming
276  configuration are under way.
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278 Figure 6. Compressive stress-strain curves for 3D grid structure of PET-PEN copolymer.

279
280 3.4 Thermal conductivity

281 Various thermal insulation systems taking advantage of different types of thermal insulation
282  materials on both an organic and inorganic bases are being designed and tested, and new methods
283  for analyzing the properties of insulation material and system are being devised. In order to increase
284  the thermal performance in this study some voids in insulation system are involved inside and
285  outside of materials. Even though thermal conductivity is a very important property in heat transfer,
286  itis rare for gradient foam. Therefore the data for four combination configurations of two equivalent
287  samples(Figure 2) have measured the transient plane source method [21] and plotted in Figure 7.
288  Even though there are small deviations for different arrangements it has found that thermal
289  conductivity decrease quite slowly as the post-foaming temperature increase and have around
290  0.06~0.08 W/m-K in the range of this study. The slow decrease in thermal conductivity is considering
291  mainly due to the unfoamed skin thickness. In the post-foaming temperature of 100 C, there is a
292  significant decrease in thermal conductivity, due to big pores near the outer edge of central solid
293  copolymer. The effects of average thermal conductivity, thermal diffusivity, and heat capacity on
294  post-foaming temperature have shown in Figure 8. Thermal diffusivity increases with post-foaming
295  temperature, while heat capacity decrease with the temperature.

296
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303 post-foaming temperature in 3D grid foam structure of PET-PEN copolymer.
305 As the post-foaming temperature goes up, the thermal insulation performance has possibly

306  improved by taking advantage of larger volume of foams near the filament core yet at the expense of
307  mechanical strength probably due to weak connectivity between foamed region and the filament core.
308  There should be trade-off depending on specific target applications. Conventionally insulation
309  materials have focused on improving insulation performance, without considering the mechanical
310  strength. However, a moderate compressive strength is required in many applications. The ratio of
311  strength to thermal conductivity (o/x) has introduced to indicate a performance index in this study
312 because the thermal conductivity of a material increases in proportion to its density generally. It has
313  shown in Table 1 for several foams. It has confirmed that the performance index in the 3D forming
314  structure was significantly higher than that of other foams.

315

316  Table 1 Mechanical and thermal properties for typical polymer foams
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Polymeric foam type [MO[-)Ca] [MEa] [5V/m.K] [kgﬁﬂ [ijcml':: Wl source
PET foam 1.3 0.033 110 39.39 [22]
SAN foam 1.98 0.04 115 49.5 [22]
PEI foam 1.3 0.04 110 325 [22]
PET-PEN, foamed grid 10.44 75.06 0.072 436 143.1 Present
PUR.spray&preform 0.1 0.023 160 4.35 [Thermal Insulation HB

317
318 4. Conclusions

319  In this study, a micro-porous structure has fabricated with PET-PEN copolymer by 3D printing and
320  CO: foaming technologies. Through morphological investigation, a potential to fabricate macroscale
321  gradient foam structures with micro-pores has identified, having beneficial aspects towards thermal
322  insulation material with reasonable mechanical strength. Variation of post-foaming temperature
323  could tune the pore size distribution, and possibly the post-foaming temperature higher than the
324  glass transition temperature could ameliorate thermal insulation performance while it can deteriorate
325  mechanical strength of 3D structures, implying that trade-offs are needed. Thermal decomposition of
326  filament material set the upper and lower limits of working temperature, as confirmed by
327  simultaneous DSC / TGA analysis. It has found that the compressive stress of CO2 soaked samples
328  has increased higher than that of pristine. From the measurements using transient plane source
329  method, it has found that the thermal conductivity decrease as the post-foaming temperature increase,

330  having around 0.06~0.08 W/m-K in the range of this study. It has been realized freeform foam

331  structures for good thermal insulation with reasonable mechanical strength. Further study is
332  necessary to elucidate a wider range of gradient foam, double melting peaks, and nano-foaming
333 mechanisms by exploring processing window for copolymer types and compositions.
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