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Abstract

Mesoporous silica particles and carbon black were selected as fillers for a resol-type phenolic resin, to be used as a
matrix for ablative materials. Composites were processed with the modified polymer and carbon fibers were used as
continuous reinforcement. The ablative properties of the materials obtained were studied by the oxyacetylene torch test
and the ablated samples were observed by scanning electron microscopy. Composites with 30 wt. % of carbon black
achieved the lowest linear erosion rate and the highest insulation index, denoting the ability of the char produced to
protect the virgin material. Considering that such composite has 44% by volume of carbon fibers, it could be inferred
that its properties could be improved by increasing the fiber content and maintaining the amount of carbon black.
The composite with 20 wt. % of mesoporous silica particles exhibited the lowest mass erosion rate, indicating a better
stabilization of the char. Regarding dynamic-mechanical properties, the addition of particles induced a decrease in the

modulus and glass transition temperature of all the systems studied.
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Introduction

In the aerospace industry, the materials used must meet
requirements such as dimensional stability, high stiffness,
and high temperature resistance. Thermal protection sys-
tems (TPS) are materials developed to protect structures
from very aggressive atmospheres with high tempera-
tures, high heat fluxes, and physical erosion.' These
materials play an important role in the aerospace indus-
try as they are used to shield aerodynamic structures,
and in the construction of nozzle turbines and other
components of rockets and aircraft engines. There are
two main types of TPS: ablative and non-ablative ones.
The former are materials that act through the loss
of mass and are consumed during their use, whereas
the latter use re-radiation of the incident heat as the
main insulation mechanism. The typical formulations
of ablative materials are based on polymer composites,
although some are based on inorganic oxides and metals,
whereas non-ablative materials are produced using cer-
amics or metals such as tungsten or rhenium.*
Phenolic resin/Carbon fiber-reinforced composites
are appropriate as ablative TPS due to their high
mechanical and thermal performance, and their

ability to generate a protective carbonaceous residue.’
Different thermosetting resins, such as epoxies, bisma-
leimides, and polyimides, have been used as matrices
for ablative composites, but phenolics (in particular
resol-type ones) are still the most used*® due to their
excellent flame and high-temperature resistance.’
This resistance is partly attributed to the formation of
a carbonaceous layer called “char”, which radiates heat
and acts as an insulating material, protecting the bulk
material of the components.® When a layer of this char
is consumed by the ablative process or is mechanically
removed by the erosion of the combustion gases,
another char layer is produced and the virgin material
is protected. Regarding the reinforcements, they must
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provide the char with mechanical stability. Carbon
fibers have been widely used as reinforcement in com-
posites for thermal protection due to their high dimen-
sional stability, non-flammability, low density, and
excellent mechanical properties.” Composite materials
based on phenolic resins and carbon fibers are used by
NASA as standard material for high-temperature
applications such as MX-4926."""'* This material also
has micron-sized powdered fillers in the formulation,
which are added to reduce the shrinkage of the resin
and stabilize the charred polymer i.e. sensitive to the
thermoerosion process that occurs in jet engines.
Particles based on glass, refractory oxides, or carbon
are typically used. However, traditional micron-sized
ablation-resistant composites have shown a threshold
in their protection capacity that cannot be surpassed
unless a different approach is proposed. One of the
limitations comes from the fact that chars are structur-
ally weak and suffer mechanical erosion, reducing the
lifetime of the ablative layer or requiring additional
insulation thickness.'>'® Materials with better ablative
properties would permit applying relatively thinner
protection layers, reducing the overall weight of aero-
space systems. Thermoset polymer nanocomposites
have excellent potential as ablative materials because,
upon pyrolysis, the organic-inorganic nanostructure
reinforcing the polymer can be converted into a uni-
form ceramic layer which may lead to significantly
higher resistance to oxidation and mechanical erosion
than traditional composite ablative materials.'”"!®
Different nanoparticles such as nano-silica particles,
carbon black (CB), carbon nanotubes, nanoclays, etc.
have been used to enhance the ablation and thermal
resistance of phenolic resins.'® 2’ Srikanth et al. studied
carbon/phenolic composites with nano-silica powder
under the plasma arc jet and found that the nano-
silica carbon/phenolic composites exhibited much
higher ablation resistance than conventional carbon/
phenolic composites under similar conditions. These
authors attributed their results to a resistant silicon car-
bide phase produced by the added particles.”® Ding
et al. studied the effect of ZrSi, on the thermal degrad-
ation behavior of phenolic resin and the role of ZrSi, in
the ablation resistance of carbon/phenolic composites,
and found that the ablation resistance of carbon/
phenolic composites was significantly improved by the
incorporation of ZrSi, particles, with formation of
ZrO, and SiO, during the oxygen/acetylene ablation
process.”’ Park et al. studied the ablation properties
and thermal conductivity of carbon nanotube and
carbon fiber/phenolic composites and found that the
mechanical and thermal properties of phenolic-polymer
matrix composites were significantly improved by the
addition of carbon materials as reinforcement.
They also found that both carbon fiber and carbon

nanotube/phenolic composites exhibited much better
thermal conductivity and ablation properties than
neat phenolic resins.’® Natali et al. studied the ablative
properties of two carbon nanofiller-based composites,
CB, and multi-walled carbon nanotubes (MWNTs),
and used them to produce highly loaded (50wt. %)
phenolic composites. They found that the MWNT-
based composite exhibited a higher thermal diffusivity
and an erosion rate that was maximum above the flame
plume. In addition, the CB-based system showed a thin
charred region, whereas the MWNT-based was charac-
terized by a thick and wide pyrolyzed zone.*! Also,
novel polymer-based composites have being studied
to be used as insulator materials.>* > Mesoporous
silica particles are a new type of reinforcement obtained
by sol—gel, which contain an ordered porosity similar to
that of a honeycomb with empty worm-like canals.
Its unique properties such as high surface area, high
pore content with a narrow distribution (2-10nm),
and good chemical and thermal stability make them
potentially suitable as reinforcements in thermal insu-
lation materials.>® In a previous work, we studied the
ablation resistance of phenolic resin/mesoporous silica
particles and obtained promising results.’” However,
the results cannot necessarily be extended to more com-
plex systems, as when continuous fibers are added
to the formulation (as in the case of the standard
MX-4926 material used by NASA). Thus, the aim of
this work was to obtain and to characterize modified
phenolic resin/carbon fiber composite materials, which
can be used as TPSs. Mesoporous silica particles and
CB were added to phenolic resin to evaluate their effect
on the performance of the materials. The materials
obtained were studied in terms of ablation resistance
by means of the oxyacetylene torch test and the
burned samples were examined by Scanning electron
microscopy (SEM). Other properties such as glass tran-
sition temperature and modulus were measured by
dynamic mechanical analysis to elucidate the degrad-
ation mechanisms involved.

Experimental
Materials

Resol-type phenolic resin was prepared using a formal-
dehyde-to-phenol molar ratio equal to 1.3 under basic
conditions. The synthesis procedure has been explained
in detail in a previous work.*®

Two different kinds of particles were added to
the mentioned resin: CB (Cabot Argentina SAIC) and
mesoporous silica particles in a proportion of 20
and 30wt. %. The synthesis and characterization of
mesoporous silica particles have been explained in
detail in a previous work.’’ Bidirectional carbon
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fibers (Hexcel, 282Carbono 3K) were used as reinforce-
ment in all composites.

The composite materials were named as follows,
according to the matrix: phenolic (Ph), phenolic +20%
carbon black (Ph20CB), phenolic+30% carbon black
(Ph30CB), phenolic+20% silica particles (Ph20SI),
phenolic+30% silica particles (Ph30SI).

Methods

Manufacture of composites. Composites were obtained by
compression molding in a heated press. The first part of
the procedure was focused on obtaining a good disper-
sion of the particles in the phenolic matrix. To this end,
the exact amounts of resin and particles were weighed
and mixed mechanically at 120r/min and sonicated at
160 W during 30 min. The addition of a solvent (acetone)
was necessary due to the large increase in resin viscosity
associated with the addition of solid particles to the poly-
mer. Once a homogeneous mixture was obtained, the
fibers were impregnated with a metallic roller. The solv-
ent removal was controlled by measuring the weight after
putting the laminates in an oven at 60 °C. The laminates
were in the oven until all the solvent was released.
The fibers were stacked into the mold, and the mold
was closed and placed in the heated press. The curing
cycle was divided in two parts: first in a press at 80°C
for 3h at 20 bar, and then in an oven for 3h at 100°C,
3hat 120°C, 3h at 150°C and 4h at 190°C.*” Eighteen
sheets were stacked in the same direction to obtain 4 mm-
thick materials with 50% by volume of fibers.

Characterization and testing. Dynamic light scattering
(DLS) was done in aqueous solution with a non-ionic
surfactant (Triton X-100). The equipment was a
Zetasizer Nano S90 with a 632.8 nm laser.

Transmission electron microscopy (TEM) images
of the mesoporous silica particles were obtained in
an FE-TEM JEM-2100F, JEOL. TEM images of the
reinforced resin were obtained in a TEM JEOL 100
CX-II. Samples were ultramicrotomed at room tem-
perature to obtain sections with a nominal thickness
of 100 nm.

Density was measured by pycnometry, using the
Archimedes’ principle at 20°C, using cyclohexane
(Cicarelli) as test fluid. At least three measurements
were performed for each system.

Fiber volume content was calculated theoretically by
equation (1), based on the sample thickness achieved,
the number of sheets of fiber used, the fiber density and
the surface density, as follows

@_L*E (1)

_t*p

where

®: fiber volume content,

n: number of sheets of fiber in the composite,
& fiber surface density (g/m?),

t: plate thickness (m), and

p: fiber density (g/m?).

Dynamic mechanical analysis was carried out in a
Q800 TA Instruments equipment, in three-point bend-
ing mode. The frequency was set at 1 Hz, and the tem-
perature ramp was from 30 to 450°C at a heating rate
of 5°C/min.

The ablation properties of the materials were mea-
sured by the oxyacetylene torch test (ASTM E285),
by means of an equipment constructed in our labora-
tory (Figure 1). Samples of 10x 10 x 0.4cm® were
placed at 1.9cm of the torch and the heat flux was
550 W/cm?. The flame was controlled by changing the
oxygen and acetylene proportion. The back-face tem-
perature of the samples was measured with a K-type
thermocouple. The heat flow was obtained calibrating
the torch with the procedure established in the ASTM
E457 standard (Standard Test method for measuring
heat-transfer rate using a thermal capacitance (slug)
calorimeter). Copper was used as slug material and
the temperature vs time curve was measured (Figure 2).

The insulation index, taken as the relation between
the time to increase the temperature from 250 to 900°C
and the thickness of the sample was calculated by equa-
tion (2)

(t900-c — t250°C)
thickness

2

Insulation index =
where

togo-c: time in which the sample reach 900 °C (s)
trsooc: time in which the sample reach 250°C (s)
thickness: thickness of the sample (m)

SEM images were obtained in a JEOL JSM-6460LV
microscope. For this, the samples were dried and
coated with a thin layer of gold (300 A).

Results and discussion
Characterization of fillers

Different textural and structural characterization tests
were performed in both fillers, CB and silica particles,
before its mixing with the phenolic matrix. DLS tests
were performed in CB particles in order to obtain the
size distribution, while SEM and TEM were used to
characterize the size and structure of mesoporous
silica particles.
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Figure 1. Oxyacetylene torch test equipment scheme.
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Figure 2. Temperature as a function of time measured during
the calibration of the torch test equipment.

Regarding the size distribution, it is not common to
refer to the particle diameter when the material to be
treated is CB. That is, during the characterization it is
appropriate to refer directly to the agglomerates that
are formed by the coalescence of ultra fine particles.
The DLS curve for the CB particles is presented in
Figure 3, it can be seen that the average size of the
agglomerates is 300nm and that the distribution is
narrow.

Regarding the silica particles, the images obtained
by SEM and TEM are presented in Figure 4(a) and
(b), respectively. In the Figure 4(a), it can be seen
agglomerates with a size distribution of the order of
microns, and the or worm-like morphology character-
istic of this type of particles, results are in agreement
with those reported in the literature.*® The structure of
mesopores was visualized through TEM (Figure 4(b)).

20 o
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Figure 3. DLS curve obtained for the CB filler in aqueous
solution.

The obtained images demonstrate the presence of a
regular pore structure in the particles; the uniform
channels correspond to what is reported in the
literature.*

CB and silica particles X-ray patterns are presented
in a previous work,?’ results are in accordance with
those presented in bibliography.

Also, before the composites processing, the disper-
sion of the particles in the phenolic matrix was studied
by TEM. Only the images of the composites with 20 wt.
% of filler were analyzed for both types of reinforce-
ments. It can be seen in the photographs in Figure 5(a)
and (b) that a good dispersion was obtained for both
materials. In the materials with silica particles, meso-
porosity is clearly seen, and darker areas are associated
to overlapping of two or more particles. In the mater-
ials with CB the spherical aggregates can be observed,
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Figure 4. (a) SEM and (b) TEM of the mesoporous silica particles used as filler in the phenolic resin.

100 nm

Figure 5. TEM images of (a) phenolic resin with 20wt.% of CB (b) phenolic resin with 20 wt.% of mesoporous silica particles.

each aggregate is made up of elementary particles of
about 50nm. A good dispersion in the phenolic resin
was confirmed.

Composites

When composites are used as ablatives for thermal pro-
tection, density must be taken into account. A decrease
in the total weight of space rockets by using materials
with better properties will result in a reduction in the
amount of fuel used or an increase in the payload.
The density values in the present study (Table 1) are
in agreement with others reported for similar compos-
ites.*!*> When comparing the density values, it can be
seen that adding particle loads to the composites
induced an increase in density, which would be coun-
terproductive for the application proposed. This result
was expected because the loads added were denser than

Table I. Composite materials’ density.

Material Density (g/cm®)
Phll 1.26 £0.01
Ph14 1.224+0.02
Ph18 1.30+0.04
Ph20CB 1.45+0.03
Ph30CB 1.46 +0.05
Ph20SI 1.38+0.01
Ph30SI 1.41 £0.01

the polymer matrices, whose density is always close
to 1.1 g/em’.

Dynamic mechanical tests were conducted to evalu-
ate the effect of particle incorporation on the micro-
structure of the polymer network. The variation in
the glass transition temperature (Tg) and the storage
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Table 2. Modulus and glass transition tempera-
ture obtained by Dynamic mechanical analysis
(DMA) for composites.

Material Modulus (GPa) Tg (°C)
Ph 42.7+2.1 376
Ph20CB 27.1£0.9 302
Ph30CB - -
Ph20sI 285+1.2 299
Ph30sI 125+0.6 295

modulus (E’) of the materials was recorded as a func-
tion of the particle concentration (results are presented
in Table 2). Tg was measured as the temperature that
corresponds with the maximum of the tand peak,
whereas E’ in the glassy state was measured at 35°C.
In a previous work,* we observed a reduction in the
crosslinking density with the incorporation of both
types of particles. This is because particles act as dis-
continuous points for the polymer network, decreasing
the crosslinking capacity. However, in the case of silica
particles, the reduction was slighter, which was attrib-
uted to the chemical interaction between the hydroxyl
groups of the phenolic resin and the silanols of the silica
particles. These structural changes when particles were
incorporated explain the decrease in both Tg and E’ for
silica- and CB-modified composites.

To evaluate the ablation resistance of the materials, it
was necessary to simulate the aggressive conditions
of the hyper-thermal environment at which TPSs are
subjected (high heat fluxes and very high temperatures).
The oxyacetylene torch test (ASTM E285) is the most
frequently applied and cost-effective way to measure the
ablative resistance of materials at a laboratory scale. The
test consists in exposing a sample to the flame and rec-
ording the time it takes to be passed through. This time
is then used to calculate the erosion rate.

The first part of the analysis was centered in the
study of the effect of fiber content on the ablation resist-
ance of the composites in the torch test. To this end,
we studied samples based on phenolic resin and carbon
fibers with different fiber volume contents. Composites
with 11, 14, and 18 sheets of fiber (keeping constant
the thickness of the samples) were processed by com-
pression molding and tested. The erosion rate of the
composites was compared with the erosion rate of the
neat resin tested in the same conditions.’” Results
are presented in Figure 6. The erosion rate was lowest
in the system with 18 layers of fiber (largest fiber
volume percent), and increased as the fiber content
increased. This highlights the incidence of the carbon
fiber content in the response of the materials against
fire. Besides providing mechanical strength and stability

0,18
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Figure 6. Effect of fiber content on the erosion rate of phenolic
resin/carbon fiber composites.
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Figure 7. Temperature vs time/thickness for the composites of
phenolic resin with |1, 14, and 18 sheets of carbon fiber.

to the char, carbon fibers absorb energy and re-radiate
it, making the material more resistant to the flame.
When we analyzed the temperature rise during the
test (Figure 7), we observed that the material with 18
layers of fiber had better insulation properties, i.e. the
time required to achieve certain temperature increased
as the fiber volume content increased. Then, the phen-
olic matrix of the composites was modified through
the addition of different types and percentages of nano-
particles and the influence of the nanoparticles on the
ablative behavior of the composites was studied by the
torch test. The fiber volume contents of the composites
are listed in Table 3. Several parameters derived from
the torch test performed on the composites, including
the linear erosion rate, the mass erosion rate (calculated
with the mass variation during the torch test and the
burn-through-time) and the insulation index (taken as
the relation between the time to increase the
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Table 3. Ablation properties of phenolic resin/carbon fiber composites.

Fiber volume Linear erosion Mass erosion Insulation
Material content (%) rate (mm/s) rate (g/s) index (s/m)
Ph 49.2+0.7 0.060 4 0.004 0.149 £0.008 1693 £ 102
Ph20CB 433+1.0 0.063 £0.007 0.150 £ 0.005 1916 £123
Ph30CB 446 +£0.7 0.058 4+ 0.009 0.140 £0.024 3321 £ 109
Ph20SI 450+ 1.0 0.064 £ 0.004 0.129 £0.007 2780+ 136
Ph30SI 399+ 1.0 0.065 £ 0.005 0.136 £0.012 2570+ 119

Figure 8. Plates after torch test. (a) Ph || sheets of fiber, (b) Ph 14 sheets of fiber, (c) Ph 18 sheets of fiber, (d) Ph20CB, and (e)

Ph20SI.

temperature from 250 to 900 °C and the thickness of the
sample, equation (2)), are also reported in Table 3.

A first aspect to consider was that, although we pro-
cessed all the samples with 18 layers of fiber (except for
the plates that were obtained to evaluate the effect of
varying the fiber content), the fiber volume fraction
varied between the different systems. Less than 50%
of fiber volume content was obtained in all the samples
with particulate fillers in the matrix. This was attributed
to the increase in the viscosity of the resin and the com-
paction resistance caused by the incorporation of solid
fillers in the composite. This difference was taken into
account when comparing the erosion rate values.

The results shown in Table 3 allow determining that
the systems with lowest linear erosion rate were those
containing CB and silica particles, with differences
between them that were within the range of error.
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Figure 9. Temperature vs time/thickness for composites with
carbon black and silica particles.
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The material with phenolic resin without nanoparticles
had a low linear erosion rate. However, when analyzing
the fiber content and considering an interpolation of
the results (Figure 6), we observed that for fiber con-
tents similar to those obtained in CB and silica particu-
late formulations (about 45%), the erosion rate would
be clearly higher.

In the case of the material with CB, the behavior was
justified by the ability of this filler to promote the for-
mation of char,’ which delays the degradation of the
composite, reducing the erosion rate. In contrast, in the
case of the material with mesoporous silica particles,

the behavior was attributed to its lower thermal con-
ductivity, given by the internal porosity of the particles,
and its permanence on the fibers after the complete
degradation of the resin.

The tendency observed in the behavior of the mater-
ials against the flame was the same as that observed in
our previous work,?” although the effect of the nano-
particles was not as strong, due to the mask effect of the
high fiber content of the composites.

When analyzing the mass erosion rate, which repre-
sents the structural loss of material during the test, a
decrease of this value was observed in the materials

*1, ool ey

AS5kU

Figure 10. Composite material with 20 wt. % of CB (a) plate post torch test, (b) microscope image 3.5x. SEM images: (c) area
closest to the flame, (d) medium area, () area away from flame; (i) 20x, (i) 100x, (iii) 1000x.
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with mesoporous silica particles. This may be asso-
ciated with a greater integrity of the char layer in the
area surrounding the point of contact with the flame
and with a more localized damage. These results are of
great importance since they represent the stabilization
of the carbonaceous residue by the addition of the silica
particles on the matrix, and it can be inferred that, in an
application where the exposure to the flame is less loca-
lized, the material could present a better behavior than
that of standard materials.

It should be considered that, during the oxyacetylene
test, the flame impacts the composite material

36 78 se1
o ——

perpendicularly, giving the most aggressive condition.
In spacecraft nozzles, the fibers are located in a config-
uration that makes the flames and the erosive particles
that are ejected at high velocities to impact the compos-
ite practically parallel to the surface.*

Some images of the plates after the torch tests are
presented in Figure 8 and are consistent with images of
composite materials of similar formulations.*® Samples
with lower fiber content showed a more widespread
damage, which is consistent with the lower ablation
resistance obtained in the test. As the fiber content
increase, the size of the hole is reduced. Samples with

g0d! Sy

Figure 11. Composite material with 20 wt. % of silica particles (a) plate post torch test, (b) microscope image 3.5x. SEM images: (c)
area closest to the flame, (d) medium area, (e) area away from flame; (i) 20x, (i) 100x, (i) 1000x.
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CB and silica particles showed a more localized
damage, which is a consequence of the stabilization of
the char produced by the fillers.

The insulation index reported in Table 3 was ana-
lyzed together with the results shown in Figure 9. This
analysis showed that the lowest index corresponds to
the phenolic system, which means that the addition of
micro- and nano-reinforcements generates an increase
in isolation capacity of the composite with phenolic
resin. The highest insulation capacity was achieved by
the composite with 30 wt. % of CB. Although insula-
tion indices characterize the insulation behavior at low
temperatures, the results are affected by local phenom-
ena of the test and do not always represent an intrinsic
property of the material. For example, a material in
which the fiber sheets are separated by the action of
the flame will have very little ablation resistance, but
the insulation index may be high, since separate (but
not yet detached) layers may act as a heat shield during
the first few seconds of the test.

After being tested, the burnt plates were examined
using optical microscopy and SEM to identify differ-
ences in the carbon residue generated by the compos-
ites. The images obtained for the composite with a
phenolic resin matrix with 20wt. % CB and 20 wt. %
of mesoporous silica particles are shown respectively in
Figures 10 and 11.

It is generally observed that the damage occurred by
layers. That is once the resin pyrolyzes and is consumed
by the ablative process, the carbon fibers begin to be
damaged, and because of the erosion generated during
the process, fiber layers are also degraded, giving rise to
new surfaces that will then be consumed by the same
process. In turn, as the material is removed, oxygen is
allowed to enter more easily and the oxidation and deg-
radation process is accelerated.>**! This behavior, as
well as zones with damaged and cut fibers,* can be
clearly observed in the images with less magnification
(Figures 10(b) to 11(b)).

The material with mesoporous silica particles pre-
sented a white residue generated by the silica content
of the matrix, whose appearance is similar to that
reported in phenolic resin-based composites with inor-
ganic fillers and carbon fibers.*!

When comparing the images with greater magnifica-
tion, in the area nearest to the flame, we found that,
in the composite material with CB, the fibers were
almost “clean”, i.e. without remains of resin or CB
particles. Instead, in the case of composites with meso-
porous silica particles, remains of particles were found
on the surface of the fibers.*! This would indicate that
the torch has not removed the melt silica, which may
contribute to increasing the ablation resistance of this
material.

Conclusions

In this work, we studied the influence of the addition of
CB and mesoporous silica particles on the ablative
properties of phenolic/carbon fiber-based composites.
The introduction of CB and silica particles in the phen-
olic matrix decreased its glass transition temperature
and the composite flexural modulus. However, regard-
ing the ablation properties, the composite with 30 wt.
% of CB showed the lowest linear erosion rate
(0.058 mm/s) and the highest insulation index, denoting
the ability of the char produced to protect the virgin
material. Considering that such composite has 44% by
volume of carbon fibers, it could be inferred that its
properties could be improved by increasing the fiber
content and maintaining the amount of CB.

The composite with 20wt. % of mesoporous silica
particles exhibited the lowest mass erosion rate
(0.129 g/s), indicating that the damage was more loca-
lized and that the melt silica (observed as white areas in
the burnt plates) remained above the carbon fibers, pro-
tecting the surface of the material during fire exposure.

Hence, this new kind of carbon/phenolic composite
has great potential for applications in thermal insula-
tion and TPSs for the aerospace industry.
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