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ARTICLE INFO ABSTRACT

Keywords: This work investigates the peculiarities of using a liquid blowing agent, namely dimethoxy-
Liquid foaming methane (Methylal) to foam a thermoplastic polyurethane (TPU) in the laboratory practice of
Dimethoxymethane

batch foaming equipment. We preliminarily measured thermodynamic properties of the polymer/

TPU . gas system relevant to foaming, namely the vapor-liquid pressures at the TPU foaming temper-
Blowing agents . . . .
Methylal atures. Three different paths were then explored for foaming. First, we used Methylal under its

liquid-vapor equilibrium condition, in which both liquid and vapor are present. Secondly, we
used Methylal in the liquid state to experiment with liquid foaming strategies. We have observed
specific aspects, details, and issues related to the use of liquid blowing agents and devised stra-
tegies to deal with them. Finally, we used Methylal as a co-blowing agent together with COs. In all
cases, we examined the impact of pressure, pressure drop rate, and temperature on foam density
and morphology.

Overall, liquid foaming has proven to be a viable technique and Methylal an effective blowing
agent, especially in cooperation with other gaseous blowing agents, where it significantly im-
proves the expansion ratio of the final product.

1. Introduction

Thermoplastic elastomers (TPE) are currently of great interest in the industry due to their high ductility, resilience, and, most
importantly, their environmentally friendly nature [1-3]. In fact, they are preferred to thermosetting elastomers because they are fully
recyclable [4]. Thermoplastic polyurethanes (TPU), in particular, are a class of linear segmented block copolymers having hard
segments (HS) and soft segments (SS). HS act as multifunctional tie points functioning both as physical crosslinks and reinforcement
fillers, while SS form an elastomeric matrix that accounts for the large strain elasticity [3]. The advantage of this peculiar structure is
that, by simply varying the SS-HS ratio, the physical properties of the TPU can be tuned [5]. These characteristics make TPU suitable
for a wide range of applications, such as supercapacitor, shape memory, automotive parts, and sensor [6], but also for packaging,
sportswear, insulation, and construction in the peculiar case of TPU foams. In fact, TPU foams present a series of non-trivial advantages
compared to their unfoamed counterparts, including light weight, low thermal conductivity, high strength-to-weight ratio, and
dissipation of impact energy, among others [7].
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Thermoplastic polymeric foams are traditionally produced with two different techniques: chemical foaming and physical foaming
[8]. Chemical foaming relies on a chemical reaction to deliver a blowing agent to the polymer; the reactant can be easily admixtured to
the polymer during compounding but is often unable to give low-density foams [9-11]. Physical foaming exploits the introduction of a
physical blowing agent (PBA); it requires a special feeding system in the final processing stage, but can push the limit of the specific
polymer to the low-density end [12-14]. As a result of the gaseous physical state of the PBA during the foaming process, physical
foaming is also known as gas foaming [8]. Gas foaming is common to different technologies, namely batch [15], extrusion [16], in-
jection molding [17] and steam chest molding [18]. For this study we focused on batch foaming, as it is the simplest process for making
foams on the laboratory scale, where small sample sizes, in the order of a few grams, can be utilized. This technique is based on the use
of a thermoregulated pressure vessel in which the polymer is placed and the PBA is subsequently injected at a certain pressure to allow
sorption into the polymer. After a polymer/gas solution is obtained, phase separation occurs by increasing the temperature or
quenching the pressure [8]. This technique is not only very versatile in terms of equipment, but also offers the possibility of a fine
control of foaming variables over a wide range, which in turn provides a good control of the final density and cellular morphology of
the foam.

The main process parameters are directly suggested by the classical nucleation theory [19] and include the gas concentration before
foaming (in batch foaming, it is related to the solubilization pressure, if equilibrium conditions are reached in the sorption process) and
the foaming temperature. This set of process variables is completed by the pressure release history P(t), which can dramatically in-
fluence the foaming outcome, especially in terms of the final foam morphology. As a consequence, a comprehensive analysis of P(t) is
essential for gaining deeper insights into the complex dynamics governing foam formation and structure development. In the simplest
scenario, P(t) is characterized solely by its maximum rate, referred to as the pressure drop rate (PDR) [20,21].

On top of that, selection of the PBA is pivotal within this process. In fact, the chemophysical properties of the PBA determine its
solubility and diffusivity in the polymer, and the volumetric, interfacial and rheological properties of the polymer/gas solution [22,
2.3]. Consequently, the choice of one PBA over the other represents a powerful tool for tuning foam properties, in terms of both foam
morphology and foam density. Possible PBAs for gas foaming include gases like carbon dioxide and nitrogen, in subcritical or su-
percritical conditions, but also low boiling point liquids, such as pentane, butane, and hydrochlorofluorocarbons [7,24,25]. Among
these, the use of carbon dioxide as a PBA has gained a lot of interest over the years and has long been established thanks to its
properties; in fact, it is not considered a contaminating agent, it does not leave toxic residues in the final product, and it does not cause
safety issues. However, the production of low-density foams with CO; still remains challenging due to its low solubility and high
diffusivity [22].

To overcome these problems, mixtures of CO, with other BAs have also been tested. In this case, to achieve the best possible
outcome, it is crucial to separately study the role of each PBA during the foaming process with respect to the solubility, foaming
kinetics, and setting mechanism, and then design the optimal PBA mixture/recipe [22,26].

The majority of studies with co-blowing agents deal with the extrusion process. Salerno et al. [27] used mixtures of CO, and ethyl
lactate (EL) to foam polyesters, while Tsivintzelis et al. [28] and Gendron et al. [26] used mixtures of CO2 and ethanol for foaming of
polycaprolactone (PCL) and polystyrene (PS), respectively. Similarly, in a different work [29], extruded PS foams were prepared by
using a mixture of CO, and 2-ethyl hexanol, which acted as an efficient additional plasticizer. Reports on the use of CO2/H20 mixtures
are also present, like in the works by Zhao et al. [30] and Zhang et al. [31]. The blending of CO, with an alcohol or a ketone was also
proposed for extruded PS sheets of high compressive strength [32]. In all listed cases, improved foam morphology uniformity and
improved foam density were reported. Nevertheless, studies on extrusion foaming cannot be easily transferred to batch foaming. In
fact, PDR in extrusion is dictated by the shape of the die and the rheology of the polymer/PBA solution.

Fewer studies were carried out on batch foaming. The use of COy/toluene mixtures [33] and n-pentane (nC5)/CO and cyclo-
pentane(cC5)/CO4 mixtures [34] on PS was reported [33,34]. The results suggest that pre-impregnating PS with a blowing agent in its
liquid state before the CO, batch foaming enhances CO; solubility and lowers the glass transition temperature (Ty) of the system, giving
higher foam porosity, without modifying the polymer. Similarly, Xiaoqin et al. [35] observed that PP foams blown with a CO2/n--
pentane mixture in batch foaming exhibit a lower foaming temperature, a higher expansion ratio, and a lower cell density relative to
those blown with CO, alone because of the different gas solubilities of the blowing agents. As an alternative, the use of low boiling
point liquids alone, like pentane and butane, has also been tested, even if no direct comparison with the other mentioned techniques
has ever been reported. In the work of Tuladhar and Mackley [36], pentane is impregnated in the polymer melt and then allowed to
nucleate and evaporate through a rapid pressure drop to induce phase separation. Effect of foaming parameters such as impregnation
time, temperature and sorption pressure on the foaming dynamics of PS and styrene-methyl methacrylate copolymer were studied
using pentane as the blowing agent by Salejova and Kosek [37] and Azimi et al. [38,39]. On the same note, Mostafa et al. [40] studied
experimentally and theoretically PS/n-pentane batch foaming. Despite the valuable insights provided by the above mentioned studies,
there remains a notable gap in our understanding regarding the criticalities in using a substance in its liquid state as a blowing agent. In
this work we will address the non-trivial aspects of using such a technique, with a special focus on the occurrence of phase transition,
from liquid to vapor, and vice versa, that modifies the dynamics of the process.

The possibility of extending the current knowledge about the use of liquid blowing agents in the context of foaming thermoplastic
polymers, and TPU in particular, is here faced. Indeed, to the best of our knowledge, no study reports in detail the technological
implications of using a BA in its liquid state, and the pivotal effect of PDR is often neglected.

Several methods have been reported in the literature to prepare TPU foams, including batch foaming [41], and many blowing
agents have been used, such as the environmentally friendly CO, and Ny, but also butane, azodicarbonamide and NaHCO3 [24].
Despite this, the use of liquid blowing agent in TPU foaming is not yet an established practice. In this sense, we remark the work by
Hossieny et al. [25], where butane as blowing agent in its liquid state was used to produce microcellular TPU foams. Here, chemical
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interaction of the liquid with the polymer and consequent redistribution of the hard segments of TPU were exploited through pro-
duction of crystalline domains that act as nucleating agents.

Dimethoxymethane (Methylal) is a low molecular weight substance with a low boiling point (42.3 °C) [42]. It is used predomi-
nantly as a solvent and as a building block in organic syntheses [43]. It has been used as a blowing agent for thermosetting
polyurethane-based foams, alone or in mixtures with 1,1,1,3,3-pentafluoropropane, giving products with non-uniform cellular
structures, and inadequate thermal insulating performances and compression strengths have been reported [44,45]. The use of
Methylal as the PBA for the production of any thermoplastic polymer foams has never been reported to this day.

In the present article, Methylal is used as a PBA in TPU foaming. Because of the thermodynamic properties of the adopted PBA, and
its liquid physical state at the temperatures suitable for TPU foaming processing, a proper design of the foaming experiments is at hand.
These are detailed and addressed in the study. Preliminary tests are performed on Methylal to study its physical properties under
conditions suitable for TPU foaming. Foaming tests with Methylal as sole PBA and as a co-blowing agent with CO2 and N are per-
formed to demonstrate its potential to adjust the resulting foam features, with the aim of providing improved foaming performance.
The possibility of exploiting Methylal to address specifical TPU criticalities, such as its stability problems [46,47], is presented.

2. Experimental
2.1. Materials

Commercial TPU (Elastollan 45A 12 P, BASF, Ludwigshafen, Germany) was used in the form of pellets, shore hardness 46A, and
density 1180 kg/m®. Before use, the as received TPU was dried in a vacuum oven at 80.0 °C for 3 h and then stored under vacuum. CO5
and Ny (purity 99.99%) were supplied by SOL S.p.A. (Monza, Italy). Methylal (Dimethoxymethane, H3COCH>OCHj3, CAS. No. 109-87-
5, My = 76.1) was supplied by Lambiotte & CIE S.A. (Brussels, Belgium).

2.2. Experimental setup

Physical foaming of TPU beads was performed by a custom pressure vessel designed to allow (a) a fine-tuning of the foaming
variables (temperature of the expanding matter, pressure and PDR, the latter, especially toward high values), (b) introduction of liquid
PBA, (c) fast extraction of the foamed sample, and (d) the possibility of visually inspecting the foaming experiment.

To this end, as illustrated in Fig. 1, the pressure vessel was equipped with a total of four connections/ports, as described in detail
elsewhere [48].

A Pt100 temperature sensor (positioned as close to the sample as possible) is installed through the first port to allow temperature
control. The second port is connected through a "T" fitting to both a pressure transducer and a manifold for the introduction of the PBA
(the manifold is connected to the PBA dosing system and a vacuum pump, necessary for pre-treatment of the beads). The third port is
used for the introduction of the beads and is then closed with a 1/2” NPT sapphire window (Precision Sapphire Technologies Ltd.,
Vilnius, Lithuania) to allow visual observation of the experiments. Finally, the fourth port connects to a ball valve (10-80 NFH ball
valve, High Pressure Equipment Company, Erie, USA), activated by an electromechanical actuator, and allows fast and reproducible
release of the PBA. This port is also used to extract the samples rapidly, as the foamed TPU beads are small enough to be dragged by
fluid flow to the exit [48]. A total of five TPU beads is tested simultaneously in the internal compartment of the vessel to ensure the

E i sapphire/windows
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Fig. 1. Schematic of the experimental setup used for the liquid and gas foaming experiments where: (1) indicates the port connected to the
thermocouple; (2) indicates the port connected to the pressure sensor and the manifold; (3) indicates the viewing port, with a sapphire window, and
(4) indicates the port used for the release of the PBA and concomitant expulsion of the samples.
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distribution of the data acquired from each experiment.

The setup thus described works with gaseous and liquid blowing agents: when using a gaseous blowing agent (CO and Ny, namely),
the second port is connected to the gas dosing system, while when using a liquid blowing agent (Methylal, namely), it is connected to a
high pressure syringe pump (model 500D, Teledyne ISCO Syringe Pumps, Thousand Oaks, USA) that is capable of dosing the liquid
inside the vessel at the desired pressure. The liquid is loaded in the syringe pump through a tube inserted directly into the Methylal
bottle, while the piston of the pump is retracted to suck the liquid.

2.3. Liquid and gas foaming experiments

Foaming experiments were conducted in three ways, namely: (i) liquid-vapor foaming, (ii) liquid foaming and (iii) gas foaming,
depending on the physical state of the PBA and desired foaming conditions. The procedures are described below.

(i) The liquid-vapor foaming technique requires a PBA under liquid-vapor equilibrium conditions at foaming temperatures. In this
case, the foaming pressure is the vapor pressure. The pre-treated TPU beads are inserted into the vessel and kept under vacuum
at 80.0 °C for 1 h to remove the humidity absorbed by the granules during handling. The liquid blowing agent (Methylal) is then
injected into the vessel at ambient pressure with a pipette through port two. After pressure-tight closing the vessel, the desired
temperature is imposed. At the given temperature, thermodynamic equilibrium and the vapor pressure are reached if any liquid
is present. After a solubilization time of 30 min, foaming is performed through a quick pressure drop at a controlled PDR. Here,
the solubilization pressure corresponds with the vapor pressure. As a consequence, it is regulated through the choice of the
temperature and decoupling of these two process parameters is not possible. For this same reason, this method allows only for
low-pressure foaming, as the temperatures suitable for TPU foaming correspond to equilibrium vapor pressures lower than 10
bar (see sections 2.5 and 3.1).

(ii) In the liquid foaming technique, pressures are higher than the vapor pressure and the PBA is in the liquid state. The pre-treated
TPU beads are inserted in the vessel and kept under vacuum at 80.0 °C for 1 h to remove humidity absorbed by granules during
handling. The liquid blowing agent is then injected into the vessel with a syringe pump that is capable of imposing a desired
pressure. After a solubilization time of 30 min, foaming is performed through a quick pressure drop at a controlled PDR. With
this method, pressures up to 90 bar were reached.
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Fig. 2. (a) Pressure reduction over time; (b) moving average of central derivative of P(t) (black) and central derivative of P(t) (gray).
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(iii) The gas foaming technique requires a gaseous PBA. In this case, TPU pellet pre-treatment was the same as described in the
previous case, but the pressure of the gaseous BA, namely CO; and Ny, is here regulated with a pump (Nex10 Liquid Carbon
Dioxide Pump, Supercritical Fluid Technologies INC., Newark, US) directly connected to the relative gas tank. The solubili-
zation time was 1 h instead of 30 min depending on the different diffusivities of the gases with respect to liquid Methylal. This
same technique is also used to perform experiments with mixtures of liquid and gaseous blowing agents (CO5 and Methylal
mixture as well as Ny and Methylal mixture). The preparation of the mixture is ensured by preliminary placing the pre-treated
beads in a Methylal bath for at least 1 h before being inserted into the vessel.

2.4. Pressure drop rate measurement

An important control variable of the physical foaming method through pressure quench is PDR [49]. The characteristic time of the
pressure drop is very short (zpp ~ 1000 ms), thus a very high data acquisition rate is required. For this reason we measured the PDR
through a PLC (SIMATIC S7-1200 CPU, Siemens, Munich, Germany) with a sampling rate r, ~ 1 ms. This device registers the pressure
values over time and provides as output a curve P(t). The shape of this curve depends on test conditions and PBA nature. We used
numerical methods to analyze the P(t) curve and calculate the largest time derivative (:= PDR). First, we applied a moving average to
smooth out the short-term fluctuations and highlight the longer term trend. The average involves 99 data points corresponding to a
time interval (10 ms) that is two orders of magnitude smaller than the characteristic time of the pressure reduction (1000 ms). Then we
applied the midpoint method to evaluate the derivative. This derivative operation amplifies the noise of the signal, thus a moving
average (99 points) was again applied to smooth out the data. At the end of the processing, PDR was evaluated as the highest peak
value of the -dP/dt curve. A visual representation of this evaluation is shown in Fig. 2. This method proved to be the most efficient
among all the tested ones for PDR evaluation (namely, line interpolation and curve fitting). The main advantage lies in the inde-
pendence from a mathematical model to describe the P(t) curve and from the human bias (on the interval in which the curve is
interpolated). Also, amongst the advantages it stood out that we could apply this method to any P(t) curve, even when non trivial
shapes were detected.

2.5. Liquid-vapor equilibrium methylal

The vapor pressure of Methylal was investigated in order to avail data useful for foaming tests [50,51]. The experiments were
conducted in the above-mentioned mini-batch vessel, which acts as a closed system. For the scope, this was equipped with a valve for
the injection of Methylal in its liquid state. We used the following procedure. First, we filled the mini-batch with Methylal in its liquid
state at ambient temperature. Then we increased the temperature to a predefined value (that is, 96.0, 118.0, 135.0 and 154.0 °C) and
we waited until the gas-liquid equilibrium was reached, that is, when the temperature and pressure of the system remained stable for at
least 1 h, with an error of 5%. The pressure value at each condition was recorded as the vapor pressure of Methylal at that specific
temperature value. For all measurements, the temperature sensor happened to be submerged in the liquid. Equilibrium parameters
value thus found were used as temperature-pressure conditions to perform liquid-vapor foaming experiments with Methylal. It is
important to note that, before experiments, the cell was evacuated with a vacuum pump, while during the experiments, the sapphire
window was used to check the presence of liquid inside the vessel.

2.6. TPU foam characterization

Density measurements, optical microscopy, and scanning electron microscopy were used to characterize the TPU samples after
foaming. The density measurements were performed using a density kit mounted on a laboratory balance (MS104S/01, Mettler Toledo,
Columbus, Ohio). The test standard used was ASTM D792-00: by measuring the weight of the foamed sample both in air (wg;) and in
water (Wyqeer), density of the sample is calculated as:

Wair
P= Wair — Wyater X Pwacer (1)

For each sample, the density was calculated as the mean of five replicates. Every measurements was made immediately after
foaming. Days after foaming, as also seen elsewhere [46,52], shrinkage of the beads was observed, but this will not be explored in
detail in the present work.

An optical microscope (Stemi 508, Zeiss, Oberkochen, Germany) was used to observe the morphology of TPU foams obtained with
the liquid foaming technique, while a scanning electron microscope (SEM Merlin VP, Zeiss, Oberkochen, Germany) was used to
observe the morphology of the TPU foams obtained with the gas foaming technique, because they had a much finer morphology. To
prepare the optical microscopy and SEM specimen, TPU foams were cut using an ultrathin stainless steel blade. In the case of SEM
specimens, the cross section was then coated with a thin layer of gold using a sputter coater (Auto Sputter Coater, Agar Scientific,
Essex, UK). In the case of SEM, a ten days delay between the foaming experiment and the characterization caused shrinkage to occur
before the images were collected. Again, this aspect will not be discussed in detail in the present work. Weight measurements of TPU
beads were also performed before and after foaming to collect additional information.
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2.7. Solubility and swelling measurements

Information about the interaction of Methylal with TPU in terms of solubility and consequent swelling of the beads was collected by
measuring the weight and volume of the beads before and after immersion in a Methylal bath. Weight measurements were performed
with a Mettler Toledo laboratory balance and then used to evaluate solubility in terms of weight fraction, x,, at equilibrium:

_ Wheads ‘t:m — Wheads }t:O

x, = Weeodslios ~ Wheads| o ©)

Wheads | t=0

Where wp_,j|; -  is the weight of the beads after the immersion process and Wpeqas|: — o is the weight of the beads before the immersion
process. Volume measurements were made by taking pictures of the beads at the times of interest and then analyzing them with ImageJ
[53]. In each image, the “edge detection” and profile integration” commands were used to detect the edges of the beads and sub-
sequently derive the beads volume values. From these data, swelling, Sw, was evaluated as:

_ V|t:oo B V!t:O

3
Vico ®

Sw

Where V |, — g and V |; _  are the volume before and after immersion in Methylal.
3. Results and discussion

First, we will explore the thermodynamic properties of Methylal, the interaction of Methylal with TPU, specifically in terms of
solubility and swelling, and the peculiar shape of the pressure drop history noticed while performing the foaming experiments. Then,
we will thoroughly describe the results of the foaming experiments, for each of the three ways described in subsection 2.3: (i) liquid-
vapor and (ii) liquid foaming experiments with Methylal alone and (iii) gas-foaming experiments with CO, and Methylal as co-blowing
agents. In each case, effect of process parameters and foam morphology will be presented. The results of foaming experiments with Ny
alone and N3 and Methylal as co-blowing agents will not be presented because, in the same conditions used for CO5, no foaming was
detected.

3.1. Liquid-vapor equilibrium methylal

The experimental results of the investigation of the thermodynamic properties of Methylal are shown in Fig. 3. In the range
mentioned above, the vapor pressure varies from 4.4 to 15.4 bar, consistent with data from the literature [50,51]. We can see that the
maximum pressure at which we can use Methylal at equilibrium is approximately 9 bar, as imposed by the maximum temperature at
which the polymer can be processed (polymer melting temperature). As a consequence, the use of Methylal at higher pressures is
possible only in the fully liquid state.

3.2. Solubility and swelling

To test the interaction between Methylal and TPU, solubility measurements were performed. This preliminary study is fundamental
to our research because it allows us to understand Methylal potential as a PBA (high solubility is required for any substance to be
considered a good PBA). Under ambient conditions, x, = 0.493, while at 5.5 bar and 116.6 °C, x, = 0.744.
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Fig. 3. Vapor pressures of Methylal.
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These values are high enough to demonstrate that Methylal has the potential to be a good PBA. In fact they are orders of magnitude
higher than the typical solubility values of gaseous blowing agents (namely N3 and CO3) in TPU [23].

Methylal also shows a strong swelling ability in its liquid state, with Sw = 69.8% at 45.0 bar and 131.8 °C. Here, the high amount of
swelling is related to the high solubility of Methylal in TPU. Finally, the weight of the samples before and after foaming were recorded
and an 11.5% w/w weight loss after contact with Methylal was observed. In fact, it is possible that Methylal extracts low molecular
weight fractions or additives from the granules.

This hypothesis was corroborated by the in-situ observation of the liquid foaming experiments, at the end of which some material,
itself foamed during the pressure release, could be seen on the surface of the sapphire window, as shown in Fig. 4. The image does not
represent a clear evidence of this phenomenon, and specific analytical experiments are required to quantify the molecular mass and the
nature of the extracted material. Nevertheless, it is evident that at the end of the foaming experiment the sapphire window loses
transparency, as a consequence of the presence of traces of material.

3.3. Pressure drop history

PDR is of key importance in foaming because it influences the thermodynamic thrust that causes phase separation. We observed a
different behavior with different PBA as reported in Fig. 5a: for typical gaseous blowing agents such as CO,, we observed a one-step
reduction in pressure. For the liquid blowing agent (i.e., Methylal), we observed a two-step reduction in pressure: a fast reduction of
pressure, much faster than the one-step reduction registered with CO, followed by a slower one. We infer that the faster PDR observed
for the liquid case is due to the negligible compressibility: with valve opening, the volume available to the liquid increases causing an
immediate pressure drop, only partially sustained by the liquid to vapor transition.

To support this thesis, in Fig. 5b we report the different pressure reduction curves of different experiments carried out at the same
temperature of 132.0 °C and at different solubilization pressures, namely 30.0, 45.0 and 60.0 bar. It is interesting to note that,
regardless of the set pressure, the pressure at which the slope changes is almost the same in all cases and is approximately 12 bar, which
is in the vicinity of the vapor pressure of Methylal at the test temperature (p = 10.9 bar, T = 135.0 °C). Furthermore, the second slope
remains the same for all experiments, with a value of 0.44 bar/s. The advantages of a structured pressure drop was demonstrated in
several works, however, this is usually difficult to obtain because it requires complex control systems [54,55]. On the other hand, we
were able to obtain a double slope pressure drop by just exploiting the phase transition of the blowing agent, which is of great potential
in foaming.

3.4. Liquid-vapor foaming

This technique does not allow high pressures to be reached and the pellets do not foam until at least 6.5 bar are reached. Since the
solubility is high enough under ambient conditions to provide formation of gas bubbles, the failure of these foaming attempts is
probably due to low PDR (less than 18.7 bar/s). Moreover, since the system only works at equilibrium, temperature and pressure are

always coupled, and it is more difficult to study the effects of all parameters separately. No data will be reported on these foams due to
negligible attained density reduction.

3.5. Liquid foaming

The effect of process parameters on the outcomes of liquid foaming experiments are here presented. Parameters of interest in this

Fig. 4. Pictures of the sapphire window taken before (a) and after (b) foaming. Traces of material are visible on the glass surface in figure (b) as
marked by the red dashed outline.
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Fig. 5. (a) Pressure (normalized by the solubilization pressures) reduction curves in foaming experiments with gaseous blowing agent (dashed line)
and liquid blowing agent (solid line) and (b) pressure reduction curves of liquid foaming experiments alone at different values of solubilization
pressures (in the inset, Fig. 3 is reproduced for proper comparison).

study were temperature, gas concentration (here, equivalently, solubilization pressure, as we designed the foaming process to achieve
uniform gas concentration), and PDR. The results are given in terms of the density and morphology of the final product.

First, we examined the effect of temperature at a fixed pressure of 45.0 bar, and a variable PDR (Fig. 6a). As it can be seen in Fig. 7a,
the density decreases as the temperature increases until, at approximately 135.0 °C, a minimum of 352 kg/m? is reached, which is
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Fig. 6. PDR measurements: (a) effect of foaming temperature, at a constant solubilization pressure of 45.0 bar; (b) effect of pressure, at a constant
foaming temperature of 132.0 °C.
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Fig. 7. Effect of temperature (a) and pressure (b) on the mean density of TPU foamed by the liquid foaming technique.

slightly larger than the one produced with a similar technology by Hossieny et al. [25]. Above 135.0 °C the viscosity reduction induces
the foam collapse, resulting in the rise of the density [8]. The available foaming temperature window at 45.0 bar is between 123.4 °C
and 143.0 °C.

Then, we studied the effect of pressure at a fixed temperature of approximately 132.0 °C and at a variable PDR, depending on the
maximum pressure value (Fig. 6b). The results are shown in Fig. 7b. We can see that, at pressures lower than 6.0 bar and PDRs lower
than 18.7 bar/s, foaming does not occur, confirming the results obtained with the first approach to the liquid foaming method (see
subsection 3.4). At higher pressures, the density is noticeably reduced, reaching values comparable to those obtained in the tem-
perature sweep experiments. This can also be connected to the fact that a higher PDR can be reached at higher foaming pressures,
which would confirm the importance of the PDR in inducing foaming. The morphology of the foamed samples under the different
foaming conditions is shown in Figs. 8 and 9.

As it is visible, the TPU beads (five, in a typical experiment, see section 2.2) weld together at foaming in these experimental
conditions. Regardless of the low quality of the images, the influence of the process parameters is clear and consistent with the density
measurements. When the pressure is lower than 6 bar and the PDR is lower than 18.7 bar/s, foaming does not occur, while, at higher
PDR, foaming begins to occur (Fig. 9d-e-f). The foamed product shows a very coarse morphology with a large fraction of large bubbles
and a small fraction of smaller bubbles. As pressure increases, the bubbles seem to get smaller in dimension. Indeed, the color of the
foam fades towards white as a hint to the reduction of the bubble diameter.

It is worth noticing that in all cases (full temperature and pressure ranges) the bubble and samples shape is not well defined. This is
probably due to the high solubility of Methylal in TPU and consequent high expansion followed by extreme bubble coalescence and
collapse of the entire foam. This peculiar behavior can be addressed to the effects of Methylal on TPU, described in subsection 2.7.
Indeed, the very high solubility and subsequent swelling are linked to an increase in the mobility of the HS chains in TPU, which is in
turn responsible for an increased foaming ability [25]. When excessive, this increase in chain mobility, and subsequent decrease in
viscosity, will facilitate the bubble coalescence and collapse [56,57]. To avoid this problem, the gas foaming technique with Methylal
as the co-blowing agent was performed, as fully described in Section 3.6.

3.6. Gas foaming with Methylal as a co-blowing agent

Gas foaming experiments with Methylal as a co-blowing agent were performed to reduce the amount of Methylal within the TPU
beads and thus prevent the collapsed morphology typical of liquid foaming experiments. CO5 was used as gaseous BA in a mixture with
liquid Methylal. All experiments were carried out under the same temperature and PDR conditions (T = 80.0 °C and PDR = 500 bar/s),
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(b)

(c)

Temperature

Fig. 8. Morphology of the foamed TPU beads at constant pressure (p = 45.0 bar) and with varying temperature: (b) 122.2 °C, (c) 128.4 °C, (d)
132.0 °C and (e) 136.2 °C. Picture (a) is a larger-magnification copy of picture (c) and shows the sample with a varying morphology from top to
bottom. This has been related to a minor varying temperature inside the vessel.

Pressure

Fig. 9. Morphology of the foamed beads at the end of the liquid foaming experiments performed at constant pressure p = 45.0 bar and temperature
(@) T=120.0°C, (b) T=136.0 °C and (c) T = 150.0 °C. Morphology of the foamed beads at the end of the liquid foaming experiments performed at
constant temperature T = 133.0 °C and pressure (d) p = 30.0 bar, (e) p = 45.0 bar and (f) p = 60.0 bar.

while pressure was changed from 40 to 120 bar to understand its effect on the final foamed product. The final foamed products were
very different from those obtained with the liquid foaming technique. Indeed, beads welding does not occur; on the contrary, they stay
separated and they also show a noticeably increase in volume.

The effect of pressure on the final foamed products in terms of the resulting density is shown in Fig. 10 (blue symbols). As we can
see, as the pressure increases, the density of the foam decreases. The same study was carried out with Methylal and CO; alone as BAs
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Fig. 10. Density of foamed TPU beads at different values of foaming pressures and with different blowing agents: Methylal (black , Methylal + CO,
(blue ) and CO4 (red).

and the results are compared in Fig. 10 (black and red symbols, respectively). The minimum density value reached with CO alone is
163 kg/m?®, which is in agreement with the CO, blown TPU foams reported by Jun et al. [58]. It is visible that the technique that uses
CO, and Methylal as co-blowing agents is superior to gas foaming with CO5 alone and liquid foaming with Methylal alone. In fact, this
technique ensures the lowest final densities at almost every pressure value, with a minimum density of 110 kg/m5, so a reduction of
almost 40% compared to samples foamed with CO, alone. Furthermore, when using the mixture, the process parameters window is
broadened, allowing foaming at lower pressures, as in the case of Methylal alone. The lowest densities are obtained with the
COy/Methylal mixture and prove that adding Methylal induces an increase of BA availability with respect to COg alone. The
morphology of the beads foamed with the CO2/Methylal mixture was studied and is shown in Fig. 11.

This morphology appears to be significantly different from the morphology of the beads foamed with the liquid foaming technique
(Fig. 9). The bubbles are smaller in dimension. Moreover, the bubble walls are well defined, and neither buckling, nor collapse occur.
In general, this technique significantly improves foam morphology compared to the liquid foaming technique. The presence of a large
boundary region is detected in which the bubbles appear larger in dimension and less dense (Fig. 11a). This probably occurs because of
the partial escape of Methylal during CO sorption [59]. Comparison with the morphology of CO»-only foamed TPU beads confirms
this hypothesis (Fig. 11b). Further studies on Methylal diffusivity in TPU could improve our understanding of dense skin formation
[60]. When COs is the sole PBA, the bubbles are larger in dimension and less dense, with a more defined bubble wall, just as they
appear in the boundary region of Fig. 11c—d.

(b)

Fig. 11. Morphology of TPU beads after the gas foaming experiment with the CO,/Methylal mixture (a,b) and with CO, alone (c,d) as the PBA.
Pictures are taken at the center of the foamed beads (b,d) and on the boundary (a,c).
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4. Conclusions

Methylal proved to be an excellent physical blowing agent for TPU. It has a very high solubility in the polymer of interest and thus
causes a large swelling of the polymer pellets due to an enhancement in chain mobility. Additionally, a strong plasticizing effect and a
low molecular weight fraction extraction from TPU were detected.

When used alone, in its liquid state, a non-trivial pressure drop reduction is detected, caused by the occurrence of phase transition.
This proves that a complex pressure reduction can be obtained by simply exploiting the nature of the BA rather than using a regulation
system. However, the resulting foamed samples display moderate densities (i.e., 400 kg/m>) with collapsed morphologies, probably
due to the extremely high Methylal solubility and swelling ability.

When used in combination with other gaseous blowing agents, namely CO,, improved results are obtained. The densities of the
foamed samples are lower than those reached with the liquid foaming technique (110 kg/m?® vs. the above mentioned 400 kg/m?), and
the morphologies do not show collapse. As seen from the SEM images, bubbles are smaller in dimension and a boundary region is
detected.

The results achieved with the combination of the two blowing agents are also better than those obtained with gaseous blowing
agents alone, namely CO, both in terms of final density and foaming window, which means that Methylal highly enhances the foaming
ability of CO; and could be of help in industrial practices.

Overall, Methylal is applicable in foaming technologies, but further studies would enhance the understanding of its role as a
blowing agent.
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