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Abstract: This pilot study aimed at investigating an alternative to irradiation-crosslinking to increase
the structural stability of ethylene tetrafluoroethylene (ETFE), by mixing this polymer matrix with
polyoxides. The latter consisted of aluminum polyphosphate (AP) having a flow temperature near
to that of ETFE to facilitate melt-mixing by extrusion, and rigid fillers of metakaolin (MK). It was
found that the ETFE/AP /MK composite with the formulation 60/20/20 (wt %) exhibited the most
relevant properties. Indeed, when comparing this composite with neat ETFE, the structural stability
was improved until 120 °C, the onset temperature of degradation passed from 381.5 to 459.4 °C,
the elastic modulus evolved from 0.4 GPa to 1.6 GPa, and the tensile strength increased from 23 to
27 MPa. The results were briefly discussed based on a potential interaction between the polyoxides
and the polymer matrix and synergistic effect between the two polyoxides.

Keywords: ethylene tetrafluoroethylene; aluminum polyphosphate; metakaolin; polymer compos-
ite; characterization

1. Introduction

Polymer-based composites are materials of choice for manifold applications including
automotive, aircraft, and space industries. Their advantages are defined by high mechan-
ical properties at relatively low mass per unit volumes, providing high productivity at
reduced power consumption. The binders commonly used for such applications are the
high-performance grades of thermoplastic or thermosetting polymers having high thermal
resistance and withstanding exposure to many thermal cycles in space. Fluoropolymers
seem suitable from this point of view, however, most of them cannot be manufactured
by melt processing because of their high viscosity. To address this issue, a copolymer of
ethylene and tetrafluoroethylene, named ethylene tetrafluoroethylene (ETFE), has been de-
veloped to benefit both from the advantage of fluoropolymer concerning thermal resistance,
and of thermoplastics concerning melt-processing ability.

One of the most important space applications of ETFE is electrical cable jacketing, the
material requiring an irradiation-crosslinking treatment step to ensure structural stability
in the space environment [1]. Compared to untreated ETFE, crosslinked ETFE exhib-
ited an increase of tensile modulus and strength with increasing irradiation dose, while
thermally-setting the physical structure of the material (preventing softening/melting and
crystallization) [2]. However, irradiation crosslinking has adverse effects as decreasing
elongation at break [2], decreasing degradation temperature [3], and initiating material
degradation [3]. Furthermore, this treatment is complex since it relies on many parameters
such as temperature, material atmosphere, irradiation dose, and most of the time requires
stabilization post-treatment to avoid further degradation.
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It is proposed here to explore an alternative method to enhance the structural stability
of ETFE for space application by dispersing inorganic polyoxides within this matrix. These
inorganic polyoxides are rigid-chain nonflammable thermoplastics and should be selected
with a flow temperature close to that of ETFE to facilitate melt-processing. Blends of inor-
ganic thermoplastic polyoxides with thermoplastic polymers were successfully developed
in the case of commodity and engineering plastics as polyethylene and polyamide [4-6],
while blends of polyoxides with high-performance thermoplastics have been little de-
veloped yet. In this last case, poly(vinylidenedifluoride) was blended with oxyfluoride
providing a composite with a limited drop of the elongation at break and increase Young'’s
modulus compared to the neat polymer appearing suitable, but the thermal resistance of
the composite was not evaluated [7]. It was explained that the ability of the polyoxides
and thermoplastic matrix to pass into a highly elastic state during an extrusion process
is accompanied with a nano- and molecular-level of mixing between the two compo-
nents [8,9]. Accordingly, the resulting composites were proved to exhibit a high degree of
filling (the model of “softening filler”) and a regulation of the crystallinity, supramolecular
structure [5], and rheological properties [10-12]. Under certain conditions, the forma-
tion of inorganic microfibers was also noted [5,11,12]. Some blends of polyoxides with
poly(ethylene) and poly(vinyl alcohol) were demonstrated to enhance the heat resistance
of the neat polymer matrices [13,14].

The objective of this pilot study is to screen new formulations of ETFE with two
kinds of inorganic polyoxides that are aluminum polyphosphate and/or metakaolin to
enhance the structural stability of ETFE. To this end, small batches of ETFE-based materials
were prepared by melt-processing and their microstructural, thermal and mechanical
properties were carefully assessed. Aluminum polyphosphate was synthesized at different
temperatures and thermally-analyzed to choose the most appropriate flow temperature for
being mixed with ETFE. The idea here was to get a softening of both ETFE and aluminum
polyphosphate to create a nano- and possibly a molecular level of mixing between those
two components. Concerning metakaolin, it was used as a chemically active component
that can be dissolved in aluminum polyphosphate. A potential synergistic effect between
those two polyoxides can be expected on the thermal resistance of the composite. As a
comparison, the same characterization was done on ETFE filled with conventional inorganic
micro-particles of titanium dioxide.

2. Materials and Methods

The raw materials used in this study were (i) an ETFE grade reference Tefzel 207 from
DuPont (Wilmington, DE, USA) (density 1.7 g/ cm?, softening temperature Ts of 255 °C,
flow temperature T; of 275 °C, (ii) a 55% aqueous solution of aluminophosphate oligomers
(Al/P = 1/2) supplied by VZHR trading house (Voskresensk, Russia), (iii) metakaolin
(MK) solid fillers (aluminum silicate, Al,0325i0,, specific surface area SSA of 2 m?2/ g)
supplied by Synergo (Chelyabinsk, Russia), and (iv) titanium dioxide (TiO,) solid fillers
provided by DuPont Titaniun Technologies (New Jonsonville, TN, USA), (average particle
size 5 um). The original aluminophosphate oligomers were synthesized by reaction of
aluminum hydroxide with phosphoric acid at 900 °C. The reaction scheme is represented
in Figure 1. Heating an aqueous solution of aluminophosphate oligomers at a constant
temperature ranging from 130 to 280 °C stimulated polycondensation processes that led to
synthesis of aluminum polyphosphate (AP). Different temperatures were used to produce
AP grades with different thermomechanical properties.

The composite melt-processing was carried out on a Haake twin-screw micro-extruder
(Thermo Fischer Scientific, Karlsruhe, Germany) with a volume of 7 cm? ata temperature
of 285 °C, a screw rotation speed of 50 rpm, and a mixing time of 15 min (see Figure 2). A
batch of several tens of grams was prepared per formulation.

Samples for physico-mechanical testing were obtained by injection molding at a
melt temperature of 285 °C, a pressure of 8 bar applied during 10 s, and a mold tem-
perature of 80 °C. The following material compositions ETFE/AP/MK/TiO, were pro-
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cessed: 30/70/0/0, 50/50/0/0, 70/30/0/0, 60/20/20/0, 40/30/30, 55/0/45/0, and
65/0/0/35 (wt %).

OH O

| [
n Al(OH); + m HiPO, —> (-AFO-), (O-P-0-),
|
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Figure 1. The scheme of synthesis of aluminophosphate oligomers by the reaction of aluminum
hydroxide with phosphoric acid.
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Figure 2. Torque of the screw extruder as a function of time for different ETFE/AP/MK composi-
tions in wt %. AP was synthesized at 270 °C. ETFE, ethylene tetrafluoroethylene; AP, aluminum
polyphosphate; MK, metakaolin.

The material internal structure was analyzed in 3D employing a micro-computed
x-ray tomograph (uCT) EasyTom 160 from RX Solutions (Chavanod, France). Specimen
were scanned at a voltage of 70 kV and a current of 35 pA, utilizing a micro-focused tube
equipped with a tungsten filament (Hamamatsu Photonics, Hamamatsu, Japan). The
source-to-detector distance (SDD) and the source-to-object distance (SOD) were set to have
a voxel size of 6 um. The recorded slices were treated with the software X-Act 64 from
RX Solutions (version 2020, Chavanod, France) to reconstruct the volume after inherent
corrections (geometrical and ring artefact corrections). Then, the data were treated and
analyzed with the software Avizo provided by Thermo Fischer Scientific (version 2019.1,
Waltham, MA, USA) enabling to threshold the intensity histogram for segmentation, and
hence, to extract and analyze the objects of interest (pores and polyoxides within ETFE). In
particular, the software provided their equivalent diameter, number per unit volume, and
volume fraction.

The thermal transitions of the materials were analyzed with a differential scanning
calorimeter DSC 3+ from Mettler-Toledo (Greifensee, Switzerland). In particular, samples
with a weight comprised between 5 and 10 mg were sealed in aluminum pans and sub-
mitted to a first heating stage from 25 to 300 °C to erase thermal history, then to a cooling
stage from 300 to 25 °C, and last to a second heating stage from 25 to 300 °C enabling the
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capture of intrinsic thermal properties. Differential scanning calorimetry (DSC) testing
was done with heating and cooling rates set to 10 °C/min, and with a nitrogen gas purge.
From the obtained thermograms, the melting temperature T, and the melting enthalpy
AH,, were determined from the first and second heating stages, while the crystallization
temperature T, was assessed from the cooling stage. The degree of crystallinity X, (in

wt %) was estimated as:
AH,, 100

AHY, feTee

where AHj, represented the heat of fusion for 100% crystalline ETFE, which was taken
equal to 113.4J/g [15], and frrrg was the ETFE weight fraction.

The thermomechanical properties of the samples were determined on a Netzsch TMA
402 instrument (Selb, Germany) with a standard load of 500 kN. This equipment enabled
to determine the dimensional changes in the composites as a function of temperature.

Thermogravimetric analyses were performed on a Netzsch DSK Jupiter STA 449 F3
instrument (Selb, Germany) from 20 to 500 °C. A stream of air at the atmospheric pressure
and a speed of 30 ml/min was used. The heating rate was set to 10 °C/min.

The tensile behavior of the ETFE-based composites was estimated in tension by using
a testing machine LRX plus from Lloyd Instruments (Fareham Hampshire, UK) were
carried out on standard specimen at 20 °C and a tensile deformation rate of 100 mm/min.
Based on the stress—strain curves, the tensile modulus, strength, and elongation at break
were measured at different weight fractions of aluminum polyphosphate, metakaolin and
titanium dioxide fillers.

Xc(%) = )

3. Results and Discussion
3.1. Processability

The extrusion torque of ETFE composites was monitored as a function of time, as
depicted in Figure 2. Such a monitoring may provide new features about the processing
of this new ETFE-based materials. The components of the composite were introduced
into the extruder sequentially starting with the fluoropolymer. The AP tested in this
part was synthesized at a temperature of 270 °C since it is close to ETFE flow temper-
ature which provides the best conditions for producing more homogeneous specimens
(see Sections 3.2 and 3.3). The highest extrusion duration must be chosen to maximize
the distribution and dispersion of the polyoxides within the polymer matrix, while at
the same time degradation of the polymer matrix may not be started, meaning that the
extrusion torque should not to decrease. Accordingly, 10 min was chosen as the mixing
time for all the compositions. Another important information provided by these mea-
surements is the highest volume fraction of the polyoxide AP that can be mixed with
ETFE using our equipment, corresponding to the ETFE/AP composition 30/70. Indeed,
such a composition was characterized by the highest attainable torque of the extruder that
was equal to 110 Nm. Considering an AP density of 2.5 g/cm?, this maximum weight
fraction of 70 wt % corresponds to a volume fraction of 61.3 vol%, appearing higher than
the maximum content in conventional micro-metric fillers that can be mixed with a poly-
mer matrix (about 50 vol% [16]). Therefore, polyoxides offer more flexibility in term of
formulation compared to conventional micro-metric fillers, enabling to potentially discover
new composite performance.

3.2. Thermal Properties

The DSC curves of the materials are plotted in Figure 3, while the extracted data is
reported in Table 1. Although the first heating stage was done to erase the thermal history
of the materials, it should be described since it reflects the effective thermal properties of
the materials prior to thermomechanical and tensile testing. In this first heating stage, an
endothermic peak is noted at around 56 °C, which can be attributed to a crystalline phase
transformation occurring for ETFE. It is due to a transition from the orthorhombic phase
to the hexagonal phase and is named o’ relaxation [17]. All the materials exhibited the
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expected thermal behavior of ETFE, with an endothermic melting peak during the heating
stages, and a crystallization exothermic peak during the cooling stage. Nevertheless, in the
case of ETFE/AP /MK (50/50/0) composite, the DSC thermogram of the first heating stage
exhibits a non-expected behavior with numerous small endothermic peaks superposed to
the ETFE thermal behavior. Note that as for previous works, the glass transition (« relax-
ation) was not observable by DSC in the case of ETFE [18]. By dynamic mechanical analysis,
it was reported that the glass transition temperature of ETFE was about 100 °C [18,19].
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Figure 3. Differential scanning calorimetry (DSC) curves of selected ETFE/AP/MK composites,
(a) first heating stage, (b) cooling stage, and (c) second heating stage.
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Table 1. DSC analysis of selected ETFE/AP/MK composites (n.m. stands for not measurable).

First Heating Cooling Second Heating
ETFE/AP/MK Composition (wt %) T, X, T, Ty X,
Q) (wt %) (@) O (wt %)
100/0/0 255.3 £ 0.4 57.7 £2.8 238.8 £0.0 255.7 £0.1 56.2 £ 4.0
50/50/0 260.8 £2.1 n.m. 2419 £0.2 2599 £ 0.3 700+ 7.6
60/20/20 2612 +£04 703 +13 2427 £03 2592 £ 0.2 702 +22
40/30/30 259.8 £ 0.6 659 £ 3.7 2433 £0.1 258.5 £ 0.2 625+ 1.0

The origin of those additional peaks, which disappear during the subsequent cooling
and the second heating stages, may be explained by the presence of residual unreacted
products of AP polymerization. The latter may totally react during this first heating stage
since the second heating stage does not exhibit the corresponding peaks. One important
consequence of those peaks is that the melting enthalpy of ETFE cannot be calculated
with precision during the first heating stage. When comparing neat ETFE with ETFE
composites, the melting temperature, the crystallinity and the crystallization temperature
increased significantly, indicating a potential interaction between ETFE and the polyoxides.
In the case of ETFE mixed with AP, the polyoxide may act as a nucleating agent for ETFE
improving its crystallization. It is not clear yet if MK also acts as a nucleating agent since
we did not test ETFE filled with MK.

In the literature, numerous possible nucleating agents have been reported for fluo-
ropolymers, including phosphonium salts, pyridinium salts, pyrrolidinium salts, sulfo-
nium, sulfonate, phosphonate, and boron nitride [20] but to our best knowledge aluminum
polyphosphate has never been mentioned as a nucleating agent for fluoropolymers. It was
explained that due to the fluorine, fluoropolymers are negatively charged at their surface,
and hence, a positively charged surface is required for the crystallization [20]. Accordingly,
an electrostatic interaction is involved between the nucleating agent and ETFE, which may
be the case for AP.

However, in general, only a weak fraction of nucleating agent is needed for the
crystallization of a polymer, for example 0.5 wt % in the case of boron nitride for a fluo-
ropolymer [20]. In the case of the composite ETFE/AP /MK (40/30/30), the nucleating
effect of AP and/or MK is partially counterbalanced by the important viscosity induced by
the very high filler content. Therefore, this material has a lower increase of crystallinity,
melting temperature and crystallization temperature compared to the two other compos-
ite formulations.

The comparison of the thermomechanical curves of AP synthesized at different tem-
peratures and neat ETFE are depicted in Figure 4. It is noted that increasing heating
temperature resulted in a shifting of both the softening temperature T and the flow tem-
perature Ty of the obtained aluminum polyphosphates towards larger values. The data
obtained from Figure 4 is collected in Table 2. The results indicate a growth of the molecu-
lar mass of aluminophosphate oligomers due to the polycondensation processes [21,22].
Among the obtained AP materials, we selected the one synthesized at 270 °C since it pos-
sesses a flow temperature close to that of ETFE. This feature provides the best conditions
for the composite melt-processing at 285 °C resulting in more homogeneous specimens (see
Section 3.3). Concerning ETFE, we can note a softening until 120 °C that can be attributed
to the glass transition of the material named « relaxation, as shown in previous works by
dynamic mechanical analysis [18,19]. The o’ relaxation noted in DSC curves (Figure 3) was
not observed in the thermomechanical curves, probably due to a non-significant change of
material hardness.
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Figure 4. Thermomechanical curves of the neat ETFE and aluminum polyphosphate synthesized at
130 °C (1), 260 °C (2), 270 °C (3) and 280 °C (4).

Table 2. Softening temperature (Ts) and flow temperatures (Ty) of ETFE and AP synthesized at
different temperatures (average absolute deviation of 5 °C for each Ts and Ty).

Materials ETFE AP (130°C) AP (260°C) AP (270°C) AP (280 °C)
T, (°C) 255 80 145 160 210
T¢ (°C) 275 170 260 280 300

The thermomechanical curves of ETFE composites in Figure 5 show a first important
result that is the disappearance of the glass transition phenomenon. As a result, ETFE
composites exhibited higher structural stability than neat ETFE at until 120 °C, which is
suitable to develop an alternative to irradiation-crosslinking. This finding is not influenced
by the type of fillers since both ETFE/AP and ETFE/TiO, presented the same behavior. It
is thought that the glass transition of highly filled ETFE is shifted to higher temperatures
due to the molecular motion hindering by the fillers and the higher crystallinity (Table 1),
and is less intense due to the reduction of the matrix and amorphous phase fraction so that
it is no more visible on the thermomechanical curves. Considering the average absolute
deviation of 5 °C, the softening temperature of the composites did not differ from that of
neat ETFE that was equal to Ts = 255 °C. This finding highlights no molecular interaction
between ETFE and AP, since the softening of the composites does not occur between that
of neat ETFE and AP (Table 2). This lack of molecular interaction is further confirmed by
the curve of the composite ETFE/AP 30/70. Indeed, for this composite formulation a small
softening phenomenon starting at 160 °C was noted, corresponding to the softening of
the polyoxide, while the main softening was observed at 255 °C attributed to the ETFE
matrix. Therefore, the molecular interaction noted by DSC was not detected by these
thermomechanical measurements.
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Figure 5. Thermomechanical curves of neat ETFE (1), AP synthesized at 270 °C (2), ETFE/AP com-
posites with the compositions 30/70 (3), 50/50 (4), 70/30 (5), and ETFE/TiO; with the composition
65/35 (6) (Wt %). In the case of the composites AP was also synthesized at 270 °C.

The effect of aluminum polyphosphate, metakaolin and titanium dioxide on the
thermal properties of the ETFE polymer was further studied by thermogravimetric analysis
in the case of various compositions. The change in temperature at the onset of mass loss in
ETFE/ AP mixtures is presented in Figure 6 and for mixtures with the fillers MK and TiO,
in Figure 7. An increase in the temperature onset of weight loss is observed when mixing
ETFE with AP, and or MK, or TiO,. All the data on the heat resistance of the obtained
composites is listed in Table 3. In general, conventional fillers in polymer matrix enhance
thermal resistance by acting as a physical barrier to oxygen, and/or acting as a radical
scavenger, and/or hindering the transport of degradation products. These effects depend
on the chemical nature of the fillers and are more efficient in case of a high aspect ratio and
dispersion state of the filler. Phosphates are the known fire retardants of hydrocarbons
which are the part of ETFE copolymer chain [23].

100

80

0 100 200 300 400 500 600 700
Temperature (°C)

Figure 6. Thermogravimetric curves of ETFE/AP composites with the following compositions: 100/0
(1),70/30 (2),30/70 (3), and 50/50 (4) (wt %).
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Figure 7. Thermogravimetric curves of ETFE/AP/MK/TiO, composites with the following composi-
tions: 40/30/30/0 (1), 60/20/20/0 (2), 55/0/45/0 (3), and 65/0/0/35 (4) (wt %).

Table 3. Heat resistance of the composites depending on the content of inorganic components.

Corfg:s]iiﬁ)lzlzgvlf %). Total Filler Content (wt %) Fl;g‘g)e t
100/0/0 0 381.5
70/30/0 30 406.8
50/50/0 50 427.6
60/20/20 40 459.4
40/30/30 60 438.2
55/0/45 45 420.0

It is hence possible that polyoxides act as conventional fillers, but a more detailed study
is required to identify the mechanisms responsible for the improved thermal resistance. The
highest increase of the temperature onset of weight loss compared to neat ETFE is noted for
the composition ETFE/AP /MK (60/20/20), which is equal to 77.9 °C, indicating a possible
synergistic effect of AP and MK. The identification of the underlying mechanisms requires
additional investigations.

3.3. Microstructure

The internal microstructure of the materials has been inspected by pCT. An example
of volume rendering is provided in Figure 8 concerning the composite ETFE/AP/MK
(60/20/20) with AP synthesized at 270 °C. The overall composite visualization (Figure 8a)
exhibited a matrix in which were distributed two kinds of objects appearing with two
different intensities. After segmentation by intensity histogram thresholding, it was possi-
ble to isolate the two families of objects that were the AP phase appearing as a rigid filler
(Figure 8b) and the rigid MK fillers (Figure 8c). Above the resolution of the pCT (>6 um),
these two objects were homogeneously distributed within the scanned volume since there
is no region where these objects were not present. However, the spatial distribution of the
objects below the puCT resolution (<6 pm) cannot be observed.
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Figure 8. Volume rendering (5 mm X 5 mm X 1 mm) obtained by uCT of ETFE/AP /MK (60/20/20):
(a) overall composite visualization; (b) AP object visualization; (c) MK object visualization. AP was
synthesized at 270 °C.

The mean equivalent diameter of these two objects was in the range between 20
and 40 um, while their number per mm?3 strongly depended on the material composition
(Table 4). Compared to their theoretical volume fraction (calculated based on an approxi-
mative density of 2.5 g/cm? for both AP and MK) a very low volume fraction of objects
was detected, indicating that most of the polyoxide phase was not detected by pCT. The
majority of AP and MK objects may be below the puCT resolution (6 pm). The number
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of detected MK objects per mm? and their volume fraction was much higher than those
of AP objects for the same weight fraction. For example, in the composite formulation
ETFE/AP/MK (60/20/20), the detected volume fraction of AP was 0.11 vol%, while that
of MK was 3.02 vol% (factor of 27.4).

Table 4. Analysis of the polyoxides and pores in selected ETFE/AP/MK composites from puCT

measurements.
ETFE/AP/MK . Mean Number of Volume Theoretical
o Object of Equivalent . . Volume
Composition . Objects per Fraction .
o Interest Diameter 3 o Fraction
(wt %) mm (vol%) o
(um) (vol%)
50/50/0 AP 39.6 178.7 1.10 40.00
AP 30.2 26.2 0.11 15.60
60/20/20 MK 39.6 390.9 3.02 15.60
AP 23.5 21.0 0.03 25.20
40/30/30 MK 30.3 1015.7 3.89 25.20
Pores 212.0 5.6 6.36 0.00

This finding may be due to mixing of the components that may conduct to a nano- and
possibly to a molecular level of mixing between AP, MK and ETFE, resulting in a limited
number of AP and MK objects at the micron-scale. In particular, the addition of metakaolin
to ETFE may result in a fine dispersion as MK is known to exhibit a lamellar structure that
can be exfoliated [24]. Note that in the case of the composite ETFE/AP/MK (40/30/30), the
presence of pores was noted, which is not suitable to ensure good mechanical properties.
Such pores may be due to a non-optimal injection process of this composite exhibiting a
very high viscosity due to its high fraction of polyoxides.

3.4. Mechanical Properties

The Young’'s modulus E, tensile strength o, and elongation at break ¢ of neat ETFE
and its composites with aluminum polyphosphate, metakaolin and titanium dioxide fillers
were measured. The results are summarized in Table 5.

Table 5. Mechanical properties of the composites (the average standard deviation was £12%).

. o E o €

ETFE/AP/MK Composition (wt %) (GPa) (MPa) (%)
100/0/0 0.4 23 185.1

70/30/0 0.5 21 14.0

50/50/0 0.6 17 4.5

60/20/20 1.6 27 28.5

40/30/30 1.7 21 2.6

55/0/45 1.2 30 49.0

In all the composites, an increase in E and a decrease of o and ¢ were noted in
comparison with neat ETFE. It is observed that the addition of 30 wt % of aluminum
polyphosphate resulted in a weak variation of Young’s modulus and tensile strength but to
an important decrease in the elongation at break of ETFE/AP composites. On the contrary,
the addition of 35 wt % of TiO, to ETFE led to a drastic increase of the elastic modulus
reaching 1.1 GPa and to the highest drop of strength and elongation at break reaching
8 MPa and 1.6%, respectively. This finding is probably due to the much higher stiffness of
TiO;, fillers and weaker adhesion with ethylene tetrafluoroethylene matrix as compared
with the polyoxides.

The composition of ETFE with metakaolin improved the tensile strength and elon-
gation at break and increased significantly the Young’s modulus. The obtained results
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indicate a better adhesion of metakaolin to ETFE compared to aluminum polyphosphate.
Interestingly, the combination of aluminum polyphosphate with metakaolin in ETFE matrix
was also characterized by the relatively high tensile strength that exceeded that of the
fluorinated polymer for the ETFE/AP/MK composition of 60/20/20. In this case, Young’s
modulus even increased while the elongation at break was of 28.5% indicating a certain
level of ductility. Those mechanical properties are in line with the ones of irradiation-
crosslinked ETFE [2]. Further increase in both AP and MK volume fractions led to a drop
of the elongation at break but still preserve a high tensile modulus and strength. These
observations indicate that the presence of a certain amount of metakaolin can improve the
mechanical properties of fluoro/inorganic polymer blends. However, a too high fraction of
aluminum polyphosphate and metakaolin leads to poor elongation at break. These results
do not seem trivial since the absence of loss of the tensile strength of the composites has
been achieved at a high total concentration of the fillers, while their elastic moduli are
much larger than that of the neat ETFE matrix. This effect is impossible to reach while
using traditional mixtures with dispersed fillers. We could suppose that the observed
results can be a consequence of the chemical interaction between the dispersed metakaolin
and aluminum polyphosphate [22] resulting in the formation of a new inorganic polymer
with Ts and T¢ values significantly higher than those of aluminum polyphosphate even
synthesized at low temperature (130 °C) (see Figure 9). This is indirectly confirmed by
the fact that AP /MK compositions presented thermomechanical curves close to those of
thermoplastics. This sort of behavior is demonstrated in Figure 9 by the example of AP
synthesized at 130 °C. Note that chemical interaction between AP and MK can also explain
their synergistic effect observed in TGA curves (Table 3).

0

dL/L, (%)

-100 : : . . : :
0 100 200 300 400
Temperature (°C)

Figure 9. Thermomechanical curves of neat AP synthesized at 130 °C (1) and AP/MK composites
with compositions 70/30 (2), 50/50 (3).

4. Conclusions

A novel heat-resistant polymer-based composite has been processed for the first time.
It was obtained from the melt-processing of an ethylene tetrafluoroethylene (ETFE) matrix
with a thermoplastic grade of aluminum polyphosphate (AP) obtained from the polycon-
densation of aluminophosphate oligomers and/or rigid fillers of metakaolin (MK). In this
pilot study, the influence of the type of inorganic phase and its concentration was investi-
gated on the thermal, thermomechanical and mechanical properties of the composite. The
main finding indicates that the addition of AP and/or MK to the ETFE matrix significantly
increased the structural stability at moderate temperatures (until 120 °C) and the thermal
degradation onset temperature of ETFE, while mechanical properties were affected in
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different manners. In general, the tensile modulus increased and the elongation at break
decreased when mixing ETFE with AP and/or MK, while the tensile strength increased or
decreased depending on the formulation. The most promising results were obtained in the
case of ETFE/AP /MK 60/20/20 (wt %) exhibiting an increase of the onset degradation
temperature by 20.4%, an increase of elastic modulus by 300%, and an increase of the tensile
strength by 17.4% compared to neat ETFE while exhibiting a certain ductility (28.5%). Both
AP and MK were detected to have effective interactions with the ETFE matrix. AP was
proved to enhance the crystallization of ETFE and increase the crystallization temperature
of the matrix (molecular interaction). MK was proved to have good mechanical adhesion
with the ETFE matrix (microscopic reinforcing agent). uCT revealed that AP was almost no
present at the micro-scale contrary to MK fillers, indicating possibly a nanoscale or molecu-
lar level of mixing between AP and ETFE. It may be suggested that a fine dispersion of the
AP fire retardant allows increasing contact number of phosphate groups with hydrocarbon
part of ETFE copolymer, thereby improving its thermal resistance. AP and MK can also
interact having a synergistic effect concerning thermal resistance.

This pilot study has shown the potential of mixing fluoropolymers with polyoxides
(AP and MK) as an alternative to irradiation-crosslinking. Indeed, the structural stability
of ETFE is improved at moderate temperatures, the onset temperature of degradation is
increased, elastic modulus and tensile strength are improved, while ductility is still present.
However, for a better understanding of the underlying mechanisms, a careful identification
of the initial physical and chemical structure of the two polyoxides and a careful study of
their potential interaction is required.

Author Contributions: Conceptualization, FA., A.S. and S.P.; methodology, C.E.F, FA., A.G. and
E.S; validation, FA., A.S. and S.P; formal analysis, E.S. and A.S.; investigation, CE.F, FA,, AS, ES.,
A.G. and S.P; data curation, C.E.F, FA., AS. and S.P,; writing—original draft preparation, FA., A.S.
and S.P; writing—review and editing, FA., CEF,S.P, ES., A.G. and A.S,; visualization, A.G., E.S.
and S.P,; supervision, F.A., A.S. and S.P. All authors have read and agreed to the published version of
the manuscript.

Funding: AS,S.P,ES., and A.G. are grateful for the financial support of this work through the State
Assignments nos. 0082-2019-0005 and 0082-2019-0008 of Ministry of Science and Higher Education of
the Russian Federation.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Acknowledgments: Thank goes to Benoit Marcolini (LIST) for the DSC analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Ishizawa, J.; Mori, K. Space Environment Effects on Cross-linked ETFE Polymer. In Proceedings of the 11th International
Symposium on Materials in the Space Environment, Aix-en-Provence, France, 15-18 September 2009.

2. Oshima, A.; Ikeda, S.; Seguchi, T.; Tabata, Y. Temperature Effect on Radiation Induced Reactions in Ethylene and Tetrafluoroethy-
lene Copolymer (ETFE). Radiat. Phys. Chem. 1997, 50, 519-522. [CrossRef]

3. Zen, H.A,; Ribeiro, G.; Geraldes, A.N.; Souza, C.P.;; Parra, D.F; Lugao, A.B. Effect of Radiation Induced Crosslinking and
Degradation of ETFE Films. Radiat. Phys. Chem. 2013, 84, 136-139. [CrossRef]

4. Shaulov, A.Y.; Vladimirov, L.V.; Grachev, A.V,; Lalayan, V.V,; Nechvolodova, E.M.; Sakovich, R.A.; Stegno, E.V.; Tkachenko, L.A.;
Patlazhan, S.A.; Berlin, A.A. Inorganic and Hybrid polymers and composites. Russ. J. Phys. Chem. B 2020, 14, 183-189. [CrossRef]

5. Urman, K,; Otaigbe, ].U. New Phosphate Glass/Polymer Hybrids—Current Status and Future Prospects. Prog. Polym. Sci. 2007,
32, 1462-1498. [CrossRef]

6. Adalja, S.B.; Otaigbe, J.U.; Thalacker, J. Glass-Polymer Melt Hybrids. I: Viscoelastic Properties of Novel Affordable Organic-
Inorganic Polymer Hybrids. Polym. Eng. Sci. 2001, 41, 1055-1067. [CrossRef]

7. Lalayan, VM,; Stegno, E.V.; Grachev, A.V,; Ignat’eva, L.N.; Goncharuk, V.K,; Shaulov, A.Y.; Berlin, A.A.; Buznik, V.M. Composite

Materials Based on Fluoropolymers and Oxyfluoride Glasses. Dokl. Chem. 2016, 468, 187-190. [CrossRef]


http://doi.org/10.1016/S0969-806X(97)00080-7
http://doi.org/10.1016/j.radphyschem.2012.06.030
http://doi.org/10.1134/S1990793120010157
http://doi.org/10.1016/j.progpolymsci.2007.07.006
http://doi.org/10.1002/pen.10806
http://doi.org/10.1134/S0012500816060070

Materials 2021, 14, 969 14 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.
22.
23.

24.

Stegno, E.V.; Lalayan, V.M.; Grachev, A.V,; Vladimirov, L.V.; Nelyub, V.A.; Shaulov, A.Y.; Berlin, A.A. Characteristics of Hybrid
Mixtures of Boron Polyoxide and Copolymer of Ethylene with Vinyl Acetate. Polym. Sci. Ser. D 2018, 11, 426-430. [CrossRef]
Shaulov, A.Y,; Aliev, LI.; Lyumpanova, A.Y.; Zarkhina, T.S.; Barashkova, L.I.; Vasserman, A.M.; Berlin, A.A. On the Structure of
Composites Based on Mixtures of Boron Polyoxides with Polyethylene. Dokl. Phys. Chem. 2007, 413, 63-65. [CrossRef]

Ilyin, S.O.; Malkin, A.Y.; Kulichikhin, V.G.; Shaulov, A.Y,; Stegno, E.V.; Berlin, A.A.; Patlazhan, S.A. Rheological Properties of
Polyethylene/Metaboric Acid Thermoplastic Blends. Rheol. Acta 2014, 53, 467—475. [CrossRef]

Stegno, E.V,; Lalayan, V.M.; Berezkina, N.G.; Grachev, A.V,; Shaulov, A.Y.; Berlin, A.A.; Patlazhan, S.A. Abnormal Mechanical
Properties of Composites Based on Boron Oxide Oligomer/Polyethylene Blends. Polym. Compos. 2019, 40, 916-923. [CrossRef]
Stegno, E.V.; Lalayan, VM.; Grachev, A.V,; Vladimirov, L.V.; Berezkina, N.G.; Shaulov, A.Y.; Patlazhan, S.A.; Berlin, A.A.
Orientation Effects in Hybrid-Polymer Mixtures. Polym. Sci. Ser. D 2018, 11, 209-214. [CrossRef]

Shaulov, A.Y.; Lomakin, S.M.; Rakhimkulov, A.D.; Koverzanova, E.V.; Shchegolikhin, A.N.; Glushenko, P.B.; Shilkina, N.G.;
Berlin, A.A. High-Temperature Thermal Degradation of Polyethylene in an Inorganic Polyoxide Matrix. Dokl. Phys. Chem. 2004,
398, 231-235. [CrossRef]

Shaulov, A.Y.; Lomakin, S.M.; Zarkhina, T.S.; Rakhimkulov, A.D.; Shilkina, N.G.; Muravlev, Y.B.; Berlin, A.A. Carbonization of
Poly(Vinyl Alcohol) in Blends with Boron Polyoxide. Dokl. Phys.Chem. 2005, 403, 154-158. [CrossRef]

Walsby, N.; Sundholm, E; Kallio, T.; Sundholm, G. Radiation-Grafted Ion-Exchange Membranes: Influence of the Initial Matrix on
the Synthesis and Structure. J. Polym. Sci. A Polym. Chem. 2001, 39, 3008-3017. [CrossRef]

Fu, S.-Y,; Feng, X.-Q.; Lauke, B.; Mai, Y.-W. Effects of Particle Size, Particle/Matrix Interface Adhesion and Particle Loading on
Mechanical Properties of Particulate-Polymer Composites. Compos. Part B Eng. 2008, 39, 933-961. [CrossRef]

Iuliano, M.; De Rosa, C.; Guerra, G.; Petraccone, V.; Corradini, P. Structural variations in ethylene-tetrafluoroethylene copolymers
as a function of composition and temperature. Makromol. Chem. 1989, 190, 827-835. [CrossRef]

Huang, Y.; Miranda, D.E,; Iacob, C.; Zhang, S.; Dan, Y.; Runt, J. Crystalline Microstructure and Dielectric Properties of Oriented
Poly(Ethylene-Co-Tetrafluoroethylene). Polymer 2017, 113, 1-8. [CrossRef]

Ono, Y.; Kakiage, M.; Yamanobe, T.; Yukawa, Y.; Higuchi, Y.; Kamiya, H.; Arai, K.; Uehara, H. Structural and Property Changes
during Uniaxial Drawing of Ethylene-Tetrafluoroethylene Copolymer Films as Analyzed by in-Situ X-Ray Measurements.
Polymer 2011, 52, 1172-1179. [CrossRef]

Hsu, S.L.; Wu, Y.; Honeker, C.C.; Bravet, D.; Williams, D. A Melt Processable Composition and Method of Making. European
Patent 2726553A2, 7 May 2014.

Van Wazer, J.R. Phosphorus and Its Compounds, Vol.1—Chemistry; Interscience Publishers: New York, NY, USA, 1958; 954p.
Sudakas, L.G. Phosphate Binding Systems; RIA Kuintet: St. Petersburg, Russia, 2008; 260p. (In Russian)

Ray, S.; Cooney, R.P. Thermal Degradation of Polymer and Polymer Composites. In Handbook of Environmental Degradation of
Materials; Elsevier: Amsterdam, The Netherlands, 2018; pp. 185-206. ISBN 978032352.

Li, H.; Zuo, J.; Dong, B.; Xing, F. Effect of Lamellar Inorganic Fillers on the Properties of Epoxy Emulsion Cement Mortar. Int. |.
Concr. Struct. Mater. 2020, 14, 18. [CrossRef]


http://doi.org/10.1134/S1995421218040238
http://doi.org/10.1134/S0012501607030062
http://doi.org/10.1007/s00397-014-0770-6
http://doi.org/10.1002/pc.24761
http://doi.org/10.1134/S1995421218020181
http://doi.org/10.1023/B:DOPC.0000041494.66010.67
http://doi.org/10.1007/s10634-005-0048-x
http://doi.org/10.1002/pola.1281
http://doi.org/10.1016/j.compositesb.2008.01.002
http://doi.org/10.1002/macp.1989.021900416
http://doi.org/10.1016/j.polymer.2017.02.038
http://doi.org/10.1016/j.polymer.2010.12.040
http://doi.org/10.1186/s40069-020-0395-3

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Processability 
	Thermal Properties 
	Microstructure 
	Mechanical Properties 

	Conclusions 
	References

