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ARTICLE INFO ABSTRACT

Keywords: Novel approach of fabrication of carbon-carbon composites from carbon fiber reinforced plastics with phtha-
C/C composites lonitrile matrices was presented. Polymer composites were obtained by vacuum infusion, carbonized, and
Phthalonitrile reimpregnated with following carbonization to reduce porosity of the resulting materials. The highest me-
gi:;l})n?tlizzittlgi chanical properties and lowest porosity were obtained when CFRP post-cured at 375 °C was taken initially. 4

cycles of impregnation-carbonization are sufficient to fabricate materials with the highest properties. Phthalo-
nitrile resin transformations through curing, carbonization and graphitization using XRD, Raman spectroscopy,
elemental analysis, FTIR and solid-state NMR were researched. TGA-MS revealed exposure of CH4, NHs, H20,
HCN, benzene and phenol gases during carbonization. Amorphous carbon materials were obtained after
carbonization at 1000 °C with Ip/Ig = 2.38 and graphitization at 2200 °C resulted in formation of more struc-
tured carbon material with Ip/Ig = 0.63. Mechanical and thermal properties of the composites were determined
at every step of the process.

1. Introduction

Carbon-carbon (C/C) composites are a class of materials composed of
carbon fibers and a carbon matrix. They are widely known for their
strength and durability, as well as for their resistance to extreme tem-
peratures and corrosion [1-3]. These properties have made them ideal
for high-performance applications in the aerospace, chemical, and
medical industries [4-6].

One of the most advanced modern C/C manufacturing approaches is
the carbonization of carbon fiber reinforced polymers (CFRP) [7-9]. In
this approach usually thermosetting matrix of the composite converts to
carbon through slow heating. During this process, non-carbon atoms are
eliminated, resulting in the formation of a porous carbon material. These
pores can then be filled by reimpregnating with the resin and further
carbonization, and, for specific purposes, they might be filled using
chemical vapor deposition of carbon from a gas phase. The most com-
mon carbon sources used in C/C manufacturing nowadays are phenolic
resins and charcoal pitch [7,10]. Both approaches require high pressure
and temperature applications [11,12]. Therefore, a search of new car-
bon sources for C/C composites fabrication has perspectives for appli-
cations and could reveal new insights into the structural transformations
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of different thermosetting matrices into carbon.

Phthalonitrile resins are known for being the most heat resistant
thermosets for polymer composites fabrication [13,14]. This aspect has
provided their application in various fields, such as in ray shielding
materials [15-17], structural composites in aerospace [18-20], micro-
electronic packaging [15,21,22], ballistics [23,24] and other high-tech
applications [25-29]. Curing of the phthalonitrile resins is usually
initiated by aromatic amines or phenols, resulting in the formation of the
aromatic structures, such as isoindoline, phthalocyanine and triazine
[30-34]. Highly cross-linked polymeric networks built with these aro-
matic structures provide the thermosets with high thermal stability (Tso,
> 500 °C) and the retention of their mechanical properties at elevated
temperatures [35-38] and after thermal-oxidative aging [39,40]. Along
with high heat resistance, thermosets exhibit char yield values over 70 %
[14,41], as well as low shrinkage upon pyrolysis [42]. These factors
combined lead to the formation of a uniform and dense carbon matrix
[27,43]. The single studies aimed to apply phthalonitriles as precursors
for carbon matrices have been reported since the late 1990-s [42,44,45].
However, in this aspect, phthalonitrile resins have not been compre-
hensively studied, due to complications with CFRP fabrication [46,47].
CFRPs were made using solution impregnation process, because of the
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Fig. 1. Monomers of the PN resin.

resin high melting temperature and viscosity. However, this process
does not allow further reimpregnation. The density of these obtained
carbonized CFRPs varies from 1.36 to about 2.00 g/cm®. Due to these
issues, recent works have studied theoretical aspects of phthalonitriles
pyrolysis [29,48-51], as well as the functional applications of
phthalonitrile-derived carbon materials, such as semiconductors, COy
adsorbents and supercapacitor electrodes [29,52,53].

After revealing phthalonitrile formulations, that allow the fabrica-
tion of the composites using cost-effective injection methods, such as
vacuum infusion molding process (VIMP) and resin transfer molding
(RTM) [54-57], phthalonitriles have recently gained attention as a
promising carbon source for the manufacturing of structural carbon-
—carbon composites [27,43]. These works studied composites derived
from easy-processable phosphate-containing phthalonitrile formula-
tions in carbonization [57,58], and the resulting C/C composites
demonstrated prospective physical properties for applications. Unlike
phenolic resins and charcoal pitch, the use of phthalonitriles does not
require the application of high pressure, yielding in lower processing
time and costs [27,43]. This approach allowed the fabrication of C/Cs
without the need for high-pressure equipment and with a total process
time below a few weeks. Even after 2 cycles of carbonization-
reimpregnation, the materials exhibited performance comparable to
C/Cs, fabricated with phenolic resins. A growing demand for the
application of phthalonitrile resins in the production of carbon materials
has attracted our interest in an in-depth fundamental study of the
transformations occurring in phosphorus-containing resins during
carbonization. The reported studies of phthalonitriles pyrolysis were
aimed at revealing evolving gasses and kinetics [50,51,59] and did not
deepen concern about changes occurring in the matrix. The phosphate-
containing comonomer PPN provides the necessary processability to the
resin, however, it can also impact the formation of the carbon matrix
during carbonization and graphitization. Thus, the present study reveals
transformations that took place in the phthalonitrile matrix during the
carbonization process along by solid state CP-MAS NMR, elemental
analysis, Raman spectroscopy and XRD with characterization of the
resulting carbon materials to provide new insights into the synthesis of
carbon matrices from polymeric materials by cost-efficient technologies.

2. Experimental details
2.1. Materials

Phthalonitrile resin PN, suitable for the impregnation process, was
purchased from Itecma (Russia). The resin contains monomer bis(3-(3,4-
dicyanophenoxy)phenyl) phenylphosphate (PPN, Fig. 1), as a viscosity-
reducing agent, according to the manufacturer. The thermosets prop-
erties, crucial for the present study, are given in Fig. S1.

2.2. Characterization

Melt viscosity was measured with a Physica MCR 302 according to
GOST 57950-2017.

Differential scanning calorimetry (DSC) was performed on a DSC TA
Q20 at a heating rate of 10 °C/min under a nitrogen atmosphere.
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Thermal stability was evaluated using thermogravimetric analysis
(TGA) on a thermal analyzer STA 449 F5 Jupiter coupled with a quad-
rupole mass spectrometer QMS 403C Aeolos at a heating rate of 10 °C/
min over the range 40-1000 °C and Ar purge rate of mL/min.

The glass transition temperature (Ty) was measured using the 3-point
bending method on a DMA Q800 dynamic mechanical analyzer ac-
cording to GOST 56753-2015.

Carbon and hydrogen mass content were measured using an express-
gravimetric method. Nitrogen content was measured using the Dumas
method. A 3-5 mg sample was combusted on granulated NiO in oxygen
flow at 1000 °C in the presence of PbO. The evolved CO, and H,0 gases
were absorbed with ascarite and anhydrone respectively. The carbon
and hydrogen masses were calculated from the absorbers weight gain.
Nitrogen detection was carried out using a thermal conductivity
detector.

Phosphorus mass content was measured on a Cary-100 spectropho-
tometer. 2-5 mg sample was combusted in oxygen atmosphere at
1000 °C. The formed phosphorus oxide was transferred into solution as
blue phosphomolybdate complex.

X-ray diffraction (XRD) patterns were recorded on a Bruker D8
Advance X-Ray diffractometer with a Cu Ka anode (A = 1.5418 10\)
operating at 40 kV and 40 mA. The diffraction patterns were collected at
25 °C and over an angular range of 10 to 50° with a step size of 0.05° per
step.

Raman spectra were recorded on a HORIBA Raman Spectrometer
with a wavelength 514 nm.

Fourier Transform Infrared (FTIR) spectra were recorded on a Bruker
Tensor 27 FTIR with a DLaTGS detector in the range of 3200-400 cm ™~ *
using KBr pellets.

The solid-state '3C and 3P MAS NMR spectra were recorded on a
BRUKER AVANCE-II NMR 400 WB spectrometer with a magnetic field of
9.4 T using a 4 mm H/X/Y MAS WVT probe (spinning rate is 10 kHz).
The direct polarization (DP) pulse sequences were combined with high-
power proton decoupling. The swept frequency two-pulse phase mod-
ulation (SW-TPPM) sequence (t = 8 ps, ¢ = 15°) was used for proton
decoupling.

Tensile strength (To) and tensile modulus (*E) were measured with a
Tinius Olsen 300ST according to GOST 56785-2015. Compressive
strength (‘o) and compressive modulus (E) were measured with a Tinius
Olsen 300ST according to GOST 56812-2015. Interlaminar shear
strength (ILSS, t13) was measured with a Tinius Olsen 50ST according to
GOST 32659-2014. Flexural strength (of) and flexural modulus (Ef)
were measured with a Tinius Olsen H5K-S according to GOST
56810-2015.

Micrographs were taken on a Tescan Vega 3 at an accelerating
voltage of 20 kV.

“Hydrostatic” density (pw) was measured using hydrostatic weighing
method with an analytical balance Vibra ht-220-CE according to GOST
15139-69. Volumetric density (py) was measured on samples with di-
mensions 20 x 10 x 2 mm® by dividing mass of the dried at 150 °C for 1
h sample by its exact dimensions. Open porosity was calculated using
the following equation:

Porosity = (1 —p—V) x 100%

Pw

Mercury porosimetry measurements were made using a Micro-
meritics AutoPore V 9605. The sample was first evacuated to a pressure
of 20 mm Hg at 150 °C to remove sorbed water from the interior of the
sample. Mercury intrusion was held at room temperature.

Specific heat capacity was measured with a DSC 214 Polyma ac-
cording to GOST 56754. Thermal diffusivity was measured with a LFA
457 MicroFlash according to ASTM E1461 normally. Thermal conduc-
tivity (A) was calculated using the following equation:

Thermal conductivity = Thermal diffusivity x Heat capacity x Density
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Fig. 2. Carbonization modes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Sample names.
Name Preparation procedure
PN-180 PN resin, cured at 180 °C
PN-375 PN resin, post-cured at 375 °C
PN-1000 PN-375, carbonized at 1000 °C with carbonization mode 1
PN-2200 PN-1000, graphitized at 2200 °C for 3 h
CFRP-330 Carbon fiber reinforced PN resin, post-cured at 330 °C
CFRP-350 Carbon fiber reinforced PN resin, post-cured at 350 °C
CFRP-375 Carbon fiber reinforced PN resin, post-cured at 375 °C
CFRP-400 Carbon fiber reinforced PN resin, post-cured at 400 °C
C/C-330 CFRP-330, carbonized at 1000 °C with carbonization mode 1
C/C-350 CFRP-350, carbonized at 1000 °C with carbonization mode 1
C/C-375 CFRP-375, carbonized at 1000 °C with carbonization mode 1
C/C-400 CFRP-400, carbonized at 1000 °C with carbonization mode 1

2.3. Polymer samples preparation

Solid resin PN was placed in a 3 L glass reactor. The resin was heated
to 130 °C and vacuumed to a constant pressure while stirring. The
degassed liquid resin was poured into a metal mold (450 x 270 x 2 mm).
Curing was carried out by heating at 2 °C/min up to 180 °C and dwelling
for 8 h (PN-180). After that, the cured resin plate was post-cured ac-
cording to the following program: rapid heating to 180 °C (2 °C/min),
slow heating (10 °C/h) from 180 °C to 375 °C with a dwelling for 8 h at
this temperature (PN-375).

2.4. Carbon fiber reinforced plastic (CFRP) samples preparation

CFRPs were prepared by vacuum infusion and cured in a vacuum
bag. A solid resin PN was placed in a 3-liter glass reactor. The resin was
heated to 130 °C and vacuumed at constant pressure while stirring. The
obtained liquid resin was poured into a metal container, from which it
was subsequently fed through a hose into a pre-assembled bag with
carbon fiber. The reinforcement for the manufacture of CFRPs was a
22,502 carbon fabric manufactured by JSC INUMIT with a density of
200 g/mz, twill 2 x 2, UMT42S-3K-EP 3K carbon fiber. Ten 30 x 30 cm?
fabric sheets laid out in one direction were used for each composite. The
container and vacuum bag were kept in a heat chamber at 130 °C
(infusion temperature). After complete impregnation of the fiber
(30-40 min), the heat chamber with vacuum bag was heated according

to the following mode: heating 2 °C/min to 180 °C, followed by dwelling
for 8 h at 180 °C.

After initial curing the composite was post-cured freestanding in a
metal box filled with fine powder coke according to the following pro-
gram: heating to 180 °C (2 °C/ min), dwelling for 30 min at 180 °C,
heating 5 °C/ h to stated temperature (from 330 to 400 °C) with dwelling
for 8 h at this temperature, cooling 10 °C/ h to 100 °C.

2.5. Carbonization

CFRP specimens were placed into a metal box filled with fine char
powder. The box was placed into a furnace with a connected system for
purging the chamber with dry nitrogen. The nitrogen flow rate was
adjusted to create an overpressure in the furnace, as determined by the
bubble device at the furnace outlet. Heating was performed according to
the modes shown in Fig. 2.

2.6. C/Cs reimpregnation

Reimpregnation of porous C/C specimens was performed using the
same methods as described in Section 2.4, except that the C/C specimen
was used instead of the carbon fabric preform.

2.7. Graphitization

Graphitization was performed in a vacuum furnace with the
following heating mode: heating at 10 °C/min to 2200 °C, followed by
dwelling at 2200 °C for 3 h.

All the sample names are listed in Table 1.

3. Results and discussion
3.1. Polymer composites fabrication

A phthalonitrile resin PN was chosen as an available easy-
processable PN resin suitable for vacuum infusion (Fig. S1). The resin
consisted of a common phthalonitrile monomer DPB, curing agent APN
and reactive diluents CPN and PPN providing the desired processability
to the formulation. In preliminary experiments, specimens of thermosets
were obtained and post-cured at various temperatures: 330 °C, 350 °C,
375 °C and 400 °C. It is known that an increase in the curing
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Table 2

Properties of the post-cured PN thermosets.
Test characteristic PN-330 PN-350 PN-375 PN-400
o5, MPa 143.5+ 6.8 105.7 £ 7.6 63.5+6.7 51.8 £ 8.7
Ef, GPa 4.1 +0.1 4.3 +0.1 4.0 £0.1 4.4+ 0.1
Tg, °C 356 379 >450 >450
pw, g/cm?® 1.32 £ 0.01 1.34 £ 0.01 1.35+0.01 1.35 £ 0.01
Y., Ar, 1000 °C, % 69.2 70.7 72.6 74.3

temperature leads to a simultaneous increase in Tso, and char yield of the
thermosets, along with a decrease in mechanical properties and trans-
versal cracking in composites [14]. The same trends were observed for
the studied resin, indicating an increase in the cross-linking density of
the thermosets with an increase in the curing temperature (Table 2). The
TGA experiments revealed char yields in a range of 69-74 % (Table 2,
Fig. 3A) for all thermosets, making them promising matrices for C/C
composites fabrication. Given that mechanical performance and initial
cross-linking density may influence the resulting material, it was
decided to analyze four different post-curing temperatures for CFRP in
C/C fabrication.

CFRP specimens were prepared by vacuum infusion process. The
impregnation step was performed at 130 °C, followed by curing at
180 °C in a vacuum bag and free-standing post-curing at 4 different
temperatures (330, 350, 375 and 400 °C). The resultant CFRPs con-
tained 37.0 + 2.0 wt% of resin and were tested for their mechanical
properties. Similar to the thermosets, it was found that the composite’s
mechanical performance decreases as the post-cure temperature in-
creases (Table 3). This is attributed to an increased degree of resin
crosslinking, which caused the CFRP to shrink and internal stresses to
appear. This leads to the formation of microcracks at higher post-cure
temperatures (CFRP-375 and CFRP-400) (Fig. 4). These microcracks
are perpendicular to the carbon fiber layers and are uniformly distrib-
uted throughout the volume of the specimens. CFRP shrinkage is
determined by two factors: matrix chemical transformations and ther-
mal effects within the material [60]. An increase in chemical crosslinks
with increasing post-curing temperature leads to an increase in matrix
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density (Table 2). On the other hand, different coefficients of thermal
expansion of the matrix and carbon fibers generate even higher internal
stresses within the CFRP after the heating and cooling processes. When
the critical point of internal stress has been reached, the structure re-
laxes and a free surface is formed. For carbonization, this factor might
play a positive role in the mechanical properties and integrity of the C/C
composite because channels formed by microcracks can serve for elim-
ination of pyrolysis gases without further destruction of the matrix.

3.2. CFRP carbonization

The CFRP carbonization process was carried out in a nitrogen at-
mosphere using the following heating mode, described earlier [27]: heat
20 - 450°C, 1 °C/min; 450 — 700 °C, 0.1 °C/min; 700 — 1000 °C, 1 °C/
min; dwell at 1000 °C, 1 h. This mode is based on the TGA results which
indicated that most active mass loss occurs between 450-700 °C (Fig. 3).
From DTG curves it can be seen that the highest degradation rate occurs
at between 450 °C and 700 °C.

The obtained samples were studied by mechanical tests and mercury
porosimetry. Table 4 shows that after carbonization, the ILSS values of
the composites drastically decreased in comparison to CFRP. At the same
time, C/C materials derived from CFRP post-cured at higher tempera-
tures (C/C-375 and C/C-400) demonstrated higher mechanical strength
values, than C/C, derived from CFRP post-cured at lower temperatures

Table 3
Properties of the post-cured CFRPs.
Test CFRP-330 CFRP-350 CFRP-375 CFRP-400
characteristic
"6, MPa 885,1 + 729,9 + 664,9 + 651,8 +
28,5 39,9 24,2 30,9
"E, GPa 73,2 £ 2,0 71,1 £ 1,8 70,2 + 0,6 71,6 £ 2,1
“o, MPa 672,5 + 575,3 £ 535,1 + 528,9 +
35,8 30,7 53,7 22,2
E GPa 73,5 + 3,4 64,2 + 5,3 64,4 £+ 6,0 60,4 + 1,3
15, MPa 51,9 + 2,1 42,2+ 23 34,2 £ 1,2 21,9 +1,7
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Fig. 4. SEM images of the CFRPs post-cured at different temperatures. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

Table 4
Characteristics of C/C derived from CFRP, post-cured at different temperatures.
Cycle C/C-330 C/C-350 C/C-375 C/C-400
T13, MPa 1 5.58 £ 0.66 5.90 £+ 0.51 6.60 £+ 0.40 6.74 + 0.36
2 6.65 + 0.74 6.55 £+ 0.42 8.30 £ 0.63 8.19 + 0.57
Porosity, 1 20.34 + 16.43 + 16.42 + 17.38 +
% 1.28 0.32 0.64 0.70
2 6.5 + 0.81 6.2 +0.45 6.2+ 0.9 6.5+ 0.51
pvs g/cm3 1 1.37 £ 0.02 1.37 £ 0.01 1.37 £ 0.01 1.36 + 0.02
2 1.51 £ 0.02 1.51 + 0.02 1.52 + 0.02 1.50 + 0.02
Pws g/cm3 1 1.72 £0.01 1.64 £ 0.01 1.64 £ 0.01 1.65 £ 0.01
2 1.62 £ 0.02 1.61 £ 0.02 1.62 + 0.02 1.61 + 0.01

(C/C-330 and C/C-350). Except for the C/C-330, the porosity and den-
sity values are approximately the same for all C/Cs after the first cycle,
which can be explained by the lowest heat resistance (T5%) of this
thermoset among the studied ones. All C/C samples were reimpregnated
with the same phthalonitrile resin using a similar procedure. Pores were
filled with the liquid resin, which can be clearly seen in the SEM images
(Fig. 5). After the second cycle of carbonization, C/C-375 and C/C-400
showed higher ILSS, compared to C/C-330 and C/C-350. Supposably,
the microcracks in the initial composites served as outlets for pyrolytic
gases in C/C-375 and C/C-400. On the contrary, in C/C-330 and C/C-
350, the gas evolution process in the material occurred with a chaotic
destruction of the matrix structure. In the latter case, the voids formed
are larger and less uniformly distributed (Fig. S4), which significantly

affected the mechanical performance of the materials (Table 4).

Composites were investigated for porosity to evaluate the
morphology of the materials. The differently sized pores volume com-
parison showed a clear dependence between the pore diameter and its
ability to be filled with phthalonitrile resin (Fig. 6). The volume of pores
with diameters greater than 6 um decreased dramatically after the 2nd
cycle (Table S1). In addition, the presence of more uniformly distributed
pore tunnels in C/C-375 and C/C-400 provided a better impregnation
ratio. There are no significant variations in the properties of C/C-375
and C/C-400, and for this reason, the application of post-curing at
400 °C had been considered excessive, and further research was con-
ducted on CFRP-375.

3.3. Carbonization mode optimization

In a further set of experiments CFRP-375 was carbonized using four
different heating modes, including mode 1, which had been used in the
previous set of experiments (Fig. 2). Since earlier reports had concluded
that longer heating does not affect the properties of the composites, the
faster modes 2-4 were taken into consideration. Modes 1-2 were based
on TGA data, indicating that majority of mass loss occurs at 450-700 °C
(Fig. 3). The carbonized samples were then tested for their mechanical
performance and morphology.

Large voids were clearly visible in the SEM image of the C/C com-
posite obtained using Mode 1 (Fig. 7). This indicates that most of the
mass loss in this sample is due to the matrix cracking and spalling,
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Fig. 5. SEM image of filled pore. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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caused by rapid gas evolution, rather than the removal of non-carbon
atoms or chemical structure rearrangement. There are no noticeable
differences between the SEM images of the C/C composites, obtained
with Modes 1-3. A comparison of the measurable properties for the C/Cs
in Modes 1-3 indicated no significant differences after either the first, or
the second cycle (Tables 5, S2; Fig. 8). Only pores with diameters greater
than 6 pm are filled during the second impregnation-carbonization
cycle. The increased intrusion volume of C/C in Mode 4 is explained
by a large number of cracks. Therefore, reducing the heating rate in the
temperature interval of the greatest mass loss does not result in a ma-
terial with a different morphology or better performance. However,
rapid heating may result in material destruction. Therefore, all subse-
quent carbonizations were performed using Mode 3 with a constant
heating rate of 2 K/min.

3.4. Study of multiple reimpregnation-carbonization cycles and
graphitization

To develop a new method for the fabrication of low-porous C/C
composites from phthalonitrile-based CFRP, five cycles of impregnation-
carbonization were performed. The increase in mass gain after each
impregnation step was monitored to estimate the saturation of the
composite with the resin. As can be seen in Fig. 9, the mass gain per cycle
significantly decreased from the 2nd to the 4th cycle. No mass gain was
observed in the 5th cycle, indicating that no additional porosity had
been filled, and the 5th cycle was excessive.

Mercury porosimetry was used to evaluate the morphology of the
composites. After each cycle, the pore volume decreased dramatically
(Fig. 10, Table S3) and the mechanical strength of the material increased
(Tables 6, S4). Additionally, pore filling resulted in a more uniform

I 1 cycle 2 cyclesl

, 6 um 6 um

. C/C-330 — C/C-350
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\ \ \
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Fig. 6. Mercury porosimetry data of C/C derived from CFRP, post-cured at different temperatures. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 7. SEM images of C/Cs, manufactured with different heating modes, after 1st cycle. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Table 5
Characteristics of C/C derived with different carbonization modes.
Mode 1 Mode 2 Mode 3 Mode 4
T13, MPa 1 6.6 + 0.4 6.5+ 0.1 6.6 + 0.4 5.6 + 0.3
2 8.7 £ 0.6 7.7 £ 0.5 8.6 £ 0.6 7.4+ 0.3
Porosity, % 1 16.4 + 0.6 159+ 0.9 15.8 £ 0.6 16.7 +£ 0.7
2 6.2+ 0.9 7.4+1.7 6.2+ 1.1 79+ 1.4
PV, g/cm3 1 1.37 £ 0.01 1.38 £ 0.01 1.38 £ 0.01 1.37 £ 0.01
2 1.52 £ 0.01 1.51 £ 0.01 1.52 + 0.01 1.49 + 0.02
Pws g/cm3 1 1.64 + 0.01 1.64 + 0.01 1.64 £+ 0.01 1.65 + 0.01
2 1.62 + 0.01 1.63 + 0.01 1.62 + 0.01 1.62 + 0.01

material with higher thermal properties, which is crucial for heat
transfer in aircraft brakes [61].

Further heat treatment at 2200 °C was carried out to remove non-
carbon atoms from the structure. The resulting structure showed even
better thermal performance due to the more graphite-like carbon matrix
formation (Tables 7, S5). Further non-carbon atoms removal leads to
higher porosity values and, as a result, a decrease in some mechanical
strength values. However, it should be noticed, that C/Cs flexural
strength nearly doubled after graphitization. It can be explained by the
increased synergy between the graphitized fiber and the matrix.

It should be noted that a direct comparison of different C/C com-
posites can only offer a possible range of properties for C/C composites

due to the use of different reinforcements in each case. The mechanical
properties of the composites before graphitization surpass the values for
composites obtained from other precursors after just the third cycle. It is
worth noting the simplicity of the fabrication process and the signifi-
cantly lower porosities of the materials obtained in the present work.
The use of phenolic resin or pitch as a carbon source in C/Cs production
requires either the use of hot-pressing prepregs (10-30 bar at
200-250 °C) with subsequent carbonization of the resulting CFRP, or
high isostatic pressure carbonization directly from carbon fiber and
pitch (up to 1000 bar at 600-800 °C). It can be seen that the use of
phthalonitrile resins in the production of C/Cs not only results in similar
properties of the materials, but also allows to use a more cost-efficient
approach: vacuum infusion method. This allows to significantly reduce
the price and processing time without requiring the use of high pressure
as needed when phenolics or pitch are used. Moreover, the obtained C/
Cs have lower porosity, which is crucial for brakes or thermal shielding.

3.5. Chemical transformations in the phthalonitrile matrices during C/C
composites synthesis

The carbon structure of the resulting material highly depends on the
carbon source; this structure was synthesized from [65]. To trace the
transformations occurring in the thermoset during heat treatment, a
series of structural analyses was carried out. For this purpose,
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thermosets were prepared from the resin, cured, and post-cured.
Changes that occur in the polymer structure during curing and post-
curing are observed in infrared spectra. (Fig. 11). A small peak at
1010 cm™ ! can be seen in the spectra of both cured (PN-180) and post-
cured (PN-375) thermosets, corresponding to the presence of phthalo-
cyanine fragments [66], the peak at 1360 cm ™! indicates the presence of
triazine rings and peaks at 1525 and 1708 cm™' — isoindoline units
[67]. Since only one cyano group of phthalonitrile is involved in the
triazine cycle formation, the peak at 2223 cm™! (cyano group) remains
present in all post-cured polymer (Figure S9). The carbonization of the
thermosets led to a significant increase in carbon content in the resulting
structure, due to the evolving pyrolytic gases, which are mainly
composed of non-carbon atoms. In the spectrum of PN-1000, the peaks
presented in non-carbonized samples are absent, indicating that there
are no nitrogen-containing heterocycles or residual cyano-groups
remaining. Two significant peaks in this spectrum are located at 1093

ecm ! (P = 0) and 1635 ecm ! (C = C). The former indicates the
remaining initial state of the phosphorus fragment and the latter is
attributed to the formation of a graphene-like structure. There are no
significant peaks in the IR spectrum of PN-2200. Weak signals in
800-1600 cm ™! can be related to stretching of carbon-carbon bonds.
In addition to FTIR studies, the chemical structure of resin PN after
post-curing at 375 °C was further characterized using solid-state *3C and
31p NMR (Fig. 12). In the '3C spectrum two wide peaks were observed.
The peak at 117.27 ppm is attributed to nitrile carbon [68], which
correlates with IR data. A group of overlapping peaks at 135.01 ppm is
attributed to aromatic carbon atoms, and at 158.58 ppm, attributed to
triazine structure carbon atoms [68]. The latter signal disappeared after
a carbonization treatment at 1000 °C, indicating the destruction of
nitrogen-containing heterocycles and a rearrangement in polyaromatic
carbon structure. The only peaks in the '3C spectrum of the PN-1000
and PN-2200 were broadened due to the high anisotropy of forming
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Table 6
Mechanical characteristics of C/Cs.
Cycle Literature data
1 2 3 4 Phthalonitrile [27,43] Phenolic resin [62,63] Pitch
[63,64]
713 at 25 °C, MPa 6.6 + 0.4 8.7 £ 0.6 12.1 +1.3 15.6 + 1.3 4.6-7.9 6.2-18.0 12.6-20.0
*o at 25 °C, Mpa 61.0 + 16.1 473+ 8.3 455 + 8.1 63.7 + 14.8 - - -
~ at 25 °C, Mpa 96.3 + 10.3 104.2 + 6.6 182.8 + 16.4 279.3 + 34.3 72.2-139.8 35.3-148.0 72.2-200
orat 25 °C, Mpa 57.4 £ 8.0 69.9 + 7.6 98.0 £ 9.5 143.7 £ 9.1 - 110 100-180
Porosity, % 15.8 +£ 0.6 6.2+1.4 49+ 0.5 4.3+ 0.4 21.94-22.19 14.0-16.0 7.0-12.1
pyv, g/cm® 1.38 + 0.01 1.52 + 0.01 1.54 + 0.01 1.55 + 0.01 - 1.2-1.3 1.2-1.5
Pws g/cm3 1.64 + 0.01 1.62 + 0.01 1.62 + 0.01 1.62 + 0.01 1.53-1.72 1.58-1.77 1.67-1.7
A, W/m-K 1.01 £ 0.02 1.33 £ 0.03 1.73 + 0.05 2.34 £ 0.06 - - -
process, which correlates with 13C NMR data, indicating the destruction
Table 7 of nitrogen-containing heterocycles. The contents of hydrogen and other

Mechanical characteristics of C/C after different cycles count with final
graphitization.

Cycle
1 2 3 4
T3 at 25 °C MPa 55+ 0.6 6.9 +£0.8 8.7 +t1.0 125+ 1.4
'cat25°C MPa  169.3 + 1529 + 157.4 + 1359 + 6.2
20.2 18.2 11.2
“cat 25 °C MPa 73.6 £ 3.5 104.1 £ 6.9 147.3+ 1.6 163.8 + 6.7
ofat 25 °C MPa 121.6 + 163.0 £ 5.9 231.6 + 272.4 +
13.0 10.5 18.1
Porosity, % 21.0 £ 0.9 125+ 0.7 8.2+ 0.6 6.3 £0.8
pv, g/cm® 1.39 + 0.02 1.51 + 0.01 1.55 + 0.02 1.57 £ 0.02
pw, g/cm® 1.76 £+ 0.01 1.73 £ 0.01 1.70 £+ 0.02 1.68 + 0.01
A, W/m-K 1.16 + 0.04 5.24 £0.18 6.47 £ 0.29 8.62 £ 0.31

graphene-like structure. The only strong line associated with the aro-
matic carbon [1-3] was found.

The 3P NMR spectrum of uncured resin has only one signal corre-
sponding to the PPN monomer (Figure S3) [57]. Two signals at —4.63
and —12.71 ppm are present in all three solid state spectra, indicating
that the phosphorus structure remains in the form of AS-phosphanes
(mainly in the form of orthophosphate) [69,70].Considering that phos-
phates can transform into polyphosphates at high temperatures [71],
condensed phosphates should be considered the most likely form of
phosphate-like structure [40,72,73]. No signals are present in the slp
spectrum of PN-2200, indicating no phosphorus remains in the structure
after graphitization process.

The chemical composition was also characterized by elemental
analysis (Table 8). The obtained data showed that all nitrogen atoms
were eliminated from the polymer matrix during the carbonization

atoms, mostly formed by oxygen, decreased with a significant increase
in the content of carbon and phosphorus. During further graphitization,
all non-carbon atoms were eliminated from the sample, resulting in a
pure carbon structure after graphitization. It should be noted that
phosphorus atoms remain in the PN-1000 structure presumably in forms
of polyphosphates [73] and are removed only after the graphitization
process at PN-2200 [40].

The carbon structure formed after carbonization at 1000 °C and
graphitization at 2200 °C were studied using X-ray diffraction analysis
(Fig. 13) and Raman spectroscopy (Fig. 14). A peak found for PN-2200
was narrower and shifted closer to the graphite (002) reflection. The
interlayer spacing doo2 and the crystallite size along the c-axis (L.) were
calculated from XRD, and the relative intensities Ip/Ig of the Raman
bands and crystallite size along the a-axis (L,) are shown in Table 9. The
structure of PN-2200 was more ordered compared to that of PN-1000.
Moreover, the Raman bands of PN-2200 were more resolved, and the
intensity ratio of D/G bands was lower than that of PN-1000. This in-
dicates that the structural defects in carbon had been healed during the
graphitization process, forming a more ordered structure. It should be
noted, that due to the high aromaticity of the polymer network the
resulting structure of carbonized phthalonitrile is more ordered,
compared to carbonized phenolic resins (Ip/Ig = 3.15 after 1000 °C
treatment) [74] and corresponds with carbonized phthalonitriles from
the previous publications [17,53]. Moreover, despite the presence of
residual phosphorus atoms in PN-1000, the resulting structure is fairly
ordered, with a further improvement after the graphitization and a
complete elimination of phosphorus. Additionally, the use of phthalo-
nitrile monomers with phosphorus fragments in the monomer compo-
sition significantly lowers the viscosity of the resin. This allows
application of the highly efficient vacuum infusion method not only for
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Fig. 11. FTIR transmittance spectra of thermosets, processed at different
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legend, the reader is referred to the web version of this article.)
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the CFRP fabrication but also for the reimpregnation of porous C/Cs.

As mentioned above, non-carbon-atoms containing gases evolved
from the polymer during the carbonization process. To characterize
these gases and the temperature range of the most intense gas evolution,
thermogravimetric analysis (TGA) with mass spectrometry of the
evolving gases was performed (Figs. 3, 15). The ion currents of the
evolved gases showed the presence of CH4, NH3, H;0, HCN, COo, ben-
zene, and phenol gases which corresponds with the previous publica-
tions [39,50,51,57,59,75]. Methane gas evolution started at 455 °C with
a signal maximum at 572 °C due to the pyrolysis of heteroatomic
structures (phthalocyanine and triazine), benzene ring cleavage and
polycondensation reaction[76,77]. The evolution of NH3 takes place
between 490 and 700 °C and is mainly due to the decomposition of a
curing additive [39]. HCN evolution, on the other hand, occurs in a
narrower temperature range (489-684 °C) and can be interpreted as the
removal of unreacted cyano groups [50]. The formation of H20O is
associated with hydroxyl groups [76] and occurs between 450 and
700 °C. The evolution of CO5 is mainly due to the cleavage of oxygen-
containing functional groups [78]. The formation of phenol and ben-
zene responds to the cleavage of the bridged C-O-C bond with the
release of a low molecular weight product [50].

Table 8
Elements contents for resins PN after heat treatment.
Element content, PN PN-180 PN-375 PN-1000 PN-
mass. % 2200
C 72.3 £ 72.2 + 729 + 92.2 + 100
0.3 0.3 0.3 0.4
H 3.3+ 3.2+ 3.5+ 0.8 + 0
0.1 0.1 0.1 0.1
155 + 129 + 114 + 0 0
0.1 0.1 0.1
P 0.7 + 0.6 + 09 + 6.6 + 0
0.1 0.1 0.1 0.3
Other atoms 8.2 + 11.1 + 11.3 + 0.4 + 0
0.4 0.4 0.4 0.3

31P
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Fig. 12. Solid-state '3C (left) and 3'P (right) NMR for thermoset after different heat treatment. Asterisks denote spinning sidebands. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Conclusions

This paper illustrates the performance of phthalonitrile resin as a
carbon source in the preparation of C/C composites. A novel cost-
efficient energy-saving approach for the C/C composites fabrication by
the multiple steps of preform impregnation in a vacuum bag has been
presented. It has been shown that the choice of post-cure temperature
for the initial CFRP does not affect the resulting chemical structure of the

Composites Part A 182 (2024) 108201

carbonization, and graphitization processes, it was found, that heat
treatment leads to matrix densification by removal of non-carbon atoms
and formation of a carbon structure through transformations of poly-
aromatic 3D-network of phthalonitrile thermosets. The resulting carbon
structure tends to be graphite-like and becomes more ordered after
higher treatment temperature. After treatment at 2200 °C, phosphorus is
completely eliminated from the matrix without damaging the structure,
resulting in the formation of fully carbon material.

Thus, a novel approach to using an easy-processable phthalonitrile
resin in C/C composites provides a fabrication of a uniform high-
performance material in 4 cycles of reimpregnation-carbonization.
Additional graphitization improves the material, especially the ther-
mal properties. As can be seen, the comparisons between the present
results and the structures of carbon materials obtained from other
phthalonitriles reveal fundamental insights into the transformation
process within a carbon matrix. Thus, these findings can be extrapolated
to the carbonization of any phthalonitrile resin, including bio-based
phthalonitrile resins [17,49,75,79]. Although, implementation of the
fabrication method necessitates low-viscosity resins suitable for vacuum
infusion, a characteristic that is only featured to a very limited number
of the reported resins.
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