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Abstract

Carbon-phenolic ablators are very efficient heat shields for atmospheric reen-

try vehicles: they are able to protect a capsule from hyper thermal environ-

ments characterized by intense heat fluxes (>1 MW/m2) and very high

temperature (also exceeding 300�C). Ablative materials can be modified by the

addition of nano-fillers in order to improve their performance: small amounts

of nano-fillers (in the order of 2–5 wt%) are able to enhance the matrix mate-

rial properties, guarantying a weight saving too. In this work, three different

kinds of ceramic nano-particles (ZrO2, SiC, and MgO) were tested as fillers for

a phenolic resin and for a carbon-phenolic ablator: the variation in the

mechanical properties and ablative performances were verified through

mechanical tests and oxyacetylene flame exposure. The influence of the nano-

particles in the composite materials properties and the phenomena connected

to their presence in the ablative material were deeply investigated with scan-

ning electron microscope, EDS, XRD, and FTIR analysis.
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1 | INTRODUCTION

Nano-composite materials have found great consents since
their first applications in early 90s because of the possibility
to improve or change the properties of a matrix by the addi-
tion of small quantities of nano-fillers.[1–5] Nano-composites
can be manufactured with different kinds of matrices
(ceramic, metal, and polymer) and with different nano-
fillers which distinguish not only for their composition but
also for their shape and aspect ratio (e.g., nanoparticles,
nanowires, and nanoplatelets).[1,6,7]

According to the kind of matrix (ceramic, metal or
polymer) the toughening and strengthening mechanisms
of the nano-fillers can be very different: for example, for
ceramic or metallic matrix, nano-fillers are able to modify
the microstructure during the manufacturing process of
sintering, changing the shape and the size of the crystal
grains[5]; in a polymer the nano-fillers can create an
interphase zone between reinforcement and matrix with
unique thermo-mechanical and thermo-physical proper-
ties able to deeply modify the composite behavior.[2,8]

This interphase zone is present both in conventional and
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nano-composites but, for the last ones, the interfacial
area per unit volume (R, m2/cm3) becomes ultra-large
because of the huge surface/volume ratio of nano-fillers
and its influence on the overall properties of the mate-
rials is more relevant.[7,8]

Since small amounts of nano-fillers are able to modify
the properties of a bulk material, the final density of the
nano-composite does not differ significantly from the
bulk material's one. For this reason, this reinforcement
strategy can be very interesting for materials adopted in
the heat shields of the atmospheric reentry vehicle,
where the weight saving is a critical issue.[9] Vehicles
going through an interplanetary atmosphere suffer
intense heating because of the friction between the sur-
faces of the vehicle and the atmospheric gasses.[6,8] When
heat fluxes exceed 1 MW/m2, for example for ballistic
atmospheric reentry, ablative carbon-phenolic heat
shields are typically selected: these materials consist of
reinforcing carbon fibers fully or partially infiltrated by a
phenolic resin and they are semi-active insulators, able to
protect the inner part of the vehicle because of their insu-
lating properties and because of the endothermic reac-
tions related to the polymer matrix decomposition. The
produced pyrolysis gasses, flowing through the char and
into the boundary layer, are able both to absorb part of
the incoming heat and to hinder the convective
exchanges (this is the so called blockage effect).[8,10–12]

During the last 20 years, several studies were carried
out with the attempt of modifying ablative composite mate-
rials with the addition of nano-fillers. Srikanth et al.[13]

modified a high density carbon-phenolic ablator with nano-
particles of SiO2 and tested the blank and the modified
materials under a plasma arc jet at 2.5 MW/m2. Nano-
composite ablators with an amount of 2% wt of nano-SiO2

showed a better performance in terms of ablation rate.
Robert et al.[14] studied the behavior of nano-composite
ablators based on phenolic resin reinforced with chopped
silica fiber and nano-clay: results showed that the proper
amount of nano-fillers guarantees enhanced mechanical
and ablative properties. Parks et al.[15] proved beneficial
effect in the ablative performance of phenolic resin compos-
ites when reinforced with Multi-Wall Carbon Nano-Tubes
(MWCNT). The success of the reinforcing phase always
depends on the amount, distribution and dispersion of the
nano-particles inside the matrix.[13–17]

In this work ZrO2, SiC, and MgO nano-particles were
selected to be added to a lightweight carbon-phenolic
ablator (ρ ~ 0.3 g/cm3) for their low density, low thermal
conductivity, and high melting point. At first, samples of
phenolic resin and nano-particles were manufactured in
order to understand the influence of the nano-fillers on
the mechanical properties of the unreinforced phenolic
resin. Then, the same nano-particles were used to

manufacture nano-composite ablators, which were tested
at a heat flux of 4 MW/m2 by an oxyacetylene torch.
Compression tests on charred samples of standard and
nano-composite materials were carried out to understand
the effect of nano-particles addition on the mechanical
performance of the char. Nano-particles influenced not
only the performances of the ablative materials, but also
the manufacturing process: for example the presence of
nano-MgO accelerates the curing time. This phenomenon
was investigated with FTIR analysis in order to fully
understand the interaction mechanisms: understanding
the molecular structure of the resin and the chemical
mechanism involved in the cure process is crucial not
only to improve the manufacturing process but also to
optimize the performance of the ablative material. In
fact, the cross-linking density of the phenolic resin has
been associated with the char-yield,[18] that is an impor-
tant property influencing the ablation process. This work
proposes also a deep analysis, of the nano-particles after
the oxyacetylene burner exposure of the ablative mate-
rials through SEM, EDS, and XRD analysis. The aim of
this characterization is to understand if all phenomena
connected to nano-particles can be considered beneficial
or not for the performance of the ablator.

2 | EXPERIMENTAL

2.1 | Raw materials

Phenolic resin Durite SC-1008, provided by Hexion, is
selected as matrix for the proposed nano-composite mate-
rials. It is a commercial phenolic resin characterized by a
good char yield and its properties, according to the sup-
plier data sheet, were reported elsewhere.[19]

The reinforcing phase consists of a commercial carbon
felt, MFA Sigratherm (SGL Carbon) which is provided in
tiles of 10 � 10 � 4 cm3. The carbon fibers have an average
diameter of 10 μm and the section have the peculiar shape
shown in Figure 1. The felt tiles consist of nonwoven fibers
randomly distributed into the plane, thus leading to isotro-
pic in-plane properties. Two different solvents were used to
dilute the phenolic resin: ethylene glycol (boiling point of
197�C), and 1-propanol (boiling point of 97�C). The ethyl-
ene glycol was selected for the manufacturing of the abla-
tive samples because it promotes the formation of a gel
phase during the curing process of the phenolic resin. The
gel phase is beneficial for a homogeneous distribution of
the resin within the carbon felt and it could hinder the
agglomeration of the nano-particles.[8] 1-Propanol is used
for the manufacturing of nano-filled phenolic samples,
without carbon felt. These samples were produced to be
mechanically tested by four points bending test with the

2 PAGLIA ET AL.



aim of understanding the mechanical effect of the nano-
particles on the phenolic resin. Ceramic nano-fillers were
selected for this experimentation because of their thermal
and mechanical properties: the addition of ceramic particles
could improve the mechanical strength of the carbonaceous
residue and enhance the insulation properties of the abla-
tive material.[6] Previous works[8,10,11] highlighted a signifi-
cant properties improvement in nano-filled ablators
exposed to high heat fluxes: in this work ZrO2, SiC, and
MgO ceramic nano-particles were selected to modify the
standard carbon-phenolic ablator. Zirconium oxide
nanofillers were selected because of the high melting tem-
perature and low thermal conductivity[8,11]; SiC, success-
fully proved as reinforcing phase in previous works, was
chosen because of the ability to improve the thermo-
mechanical properties of phenolic-based composites.[20,21]

MgO was chosen as a new candidate for reinforcing this
kind of material because of its low density and high melting
point. Nanoparticles were provided by IoLiTec GmbH
(Germany) and their main properties are reassumed in
Table 1.

2.2 | Manufacturing procedure

Bulk samples of plain and nano-filled phenolic resin were
manufactured to be mechanically tested. The goal of this

manufacturing step was to produce uniform and compact
samples, without porosity and cracks; the nano-particles
were at first add to the 1-propanol and sonicated in a
ultrasonic bath (Elmasonic S30H), then the suspension
was mixed to the phenolic resin. The solution was poured
into a silicone mold and further sonicated in an ultra-
sonic bath for 7 h at 60�C. This procedure allows for evac-
uating the low boiling point solvent and increasing the
viscosity of the phenolic resin hindering the agglomera-
tion of nano-particles. Then the samples were cured in
oven to remove the residual solvent and to allow for the
complete polymerization. This cure step has to be very
slow in order to avoid defects within the samples. The
curing procedure is reassumed in Table 2. The
manufacturing process is the same for all nano-composite
samples and it was optimized for avoiding formation of
defects and to guarantee a good dispersion of the nano-

FIGURE 1 Scheme of the oxyacetylene flame burner facility (left), a sample before testing (center) and an for peer review ongoing

oxyacetylene flame exposure test (left)

TABLE 1 Ceramic nano-particles

properties according to technical data

sheet (IoLiTec GmbH)

Average
particle
size (nm)

Density
(g/cm3)

Melting
temperature
(�C)

ZrO2 50 5.7 2715

SiC 40 3.2 2700

MgO 30 3.6 2850

TABLE 2 Cure in oven for samples of bulk resin

Step Duration (h) Temperature (�C)

1 24 85

2 24 98

3 24 113

4 72 127

5 24 138
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particles. The cured bulk resin and nano-filled resins were
machined and polished to obtain four points bending test
samples according to the ASTM standard D790-00.[22]

The carbon-phenolic ablators modified by ceramic
nanoparticles were produced with a final density of about
0.3 g/cm3 following a procedure optimized in a previous
work.[8] Cylindrical samples of carbon felt (Sigratherm
MFA—3 cm in diameter, 3 cm in height) were infiltrated
with a solution of phenolic resin and ethylene glycol
enriched with ZrO2, SiC or MgO nano-particles. The gela-
tion process occurring in the resin/ethylene glycol solu-
tion during the first step of polymerization can promote
the immobilization of the dispersed nano-particles and
the formation of an homogeneous porous polymeric
structure within the carbon felt. At first the nano-
particles were added to the solvent and dispersed by a
high power sonication probe (Fisher Scientific, Model
505 Sonic Dismembrator) (step 1), then the resin was
added and the sonication was repeated (step 2). After the
sonication steps, the solution was heated and stirred on a
hot plate: the heat promotes the evacuation of the solvent
and the stirring contributes to keep a homogeneous tem-
perature and partially hinders the agglomeration of the
nano-particles (step 3). The duration of this step depends
on the presence and type of nano-particles added to the

solution: for all the different compositions the heating
was interrupted at the early stage of gel formation. After
this heating phase, the solution was cooled down to a
temperature of 80�C in order to carry out a further soni-
cation process aimed at eliminating agglomerates and
reducing the viscosity in order to facilitate the infiltration
of the carbon felt preforms (step 4). The cylinder-shaped
felts were submerged inside the solution, covered and put
inside a muffle furnace to promote the complete process
of gelation (step 5). Then, the samples were removed
from the gel and put again in the furnace for the final
cure in order to obtain the complete polymerization of
the phenolic resin (step 6). Each manufacturing step is
characterized by a specific duration and temperature, as
reassumed in Table 3.

All the samples (carbon-phenolic ablators and resin
samples without felt) were manufactured with the same
amount of nano-particles in terms of weight percentage
(5% wt) with respect to the final weight of resin. The
composition and the nomenclature for all manufactured
samples are reassumed in Table 4.

2.3 | Mechanical characterization

Four points bending tests were carried out on bulk resin
samples according to the ASTM standard D 790-00[22]

with a Zwick Roell mechanical testing machine Z010
equipped with a 10 kN load cell. A distance of 5 cm was
selected for the lower supports while the upper supports
span was 2.5 cm. The tests were carried out on
parallelepiped-shaped specimen (80 mm � 25 mm � 5
mm) with a crosshead rate of 2 mm/min and the sam-
ples strain was measured by a contact extensometer. Five
samples were tested for each kind of material: bulk phe-
nolic resin (P0) and nano-charged resins (PZ, PS, PM).

Compression tests on pyrolyzed nano-composite ablators
were performed according to the ASTM C165-07.[23] Three
cylindrical specimens for each kind of ablator were charred
in a high temperature tube furnace (Carbolite Gero,

TABLE 3 Duration and temperature for each step of the

manufacturing procedure

Step Duration Temperature

1 2 h RT

2 1 h RT

3 150 min (no nano-particles)
180 min (with ZrO2)
180 min (with SiC)
90 min (with MgO)

156�C

4 1 h <80�C

5 15 h 180�C

6 24 h 180�C

TABLE 4 Manufactured samples:

nomenclature and composition
Name Carbon felt Phenolic resin Solvent Nano-particles

P0 – Durite SC 1008 1-Propanol –

PZ – Durite SC 1008 1-Propanol ZrO2 (50–100 nm)

PM – Durite SC 1008 1-Propanol MgO (35 nm)

PS – Durite SC 1008 1-Propanol SiC (50–60 nm)

MP0 MFA Sigratherm Durite SC 1008 Ethylene glycol –

MPZ MFA Sigratherm Durite SC 1008 Ethylene glycol ZrO2 (50–100 nm)

MPM MFA Sigratherm Durite SC 1008 Ethylene glycol MgO (35 nm)

MPS MFA Sigratherm Durite SC 1008 Ethylene glycol SiC (50–60 nm)
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TF1-1600) equipped with a dense alumina tube. The sam-
ples were heated in inert atmosphere (Ar, 2 N L/min) from
RT to 900�C with a heating rate of 5�C/min, then the tem-
perature of 900�C was kept for 1 h followed by a cooling
phase with a rate of 5�C/min. This procedure guarantees the
complete polymerization of the samples according to the
thermogravimetric analysis (Sections 2.4–3.4). All samples
were weighted before and after the pyrolysis in order to ver-
ify the charring. As for the bending tests, the compression
tests were carried out with Zwick Roell mechanical testing
machine Z010 equipped with a 10 kN load cell with a testing
speed of 10 mm/min.

2.4 | Thermogravimetric analysis

Thermogravimetric analyses were carried out on samples
of phenolic resin modified by nano-particles at an
heating rate of 10�C/min with a TG analyzer (Q600, TA
Instrument) in argon atmosphere. In order to guarantee
constant atmospheric conditions, the pyrolysis gas, pro-
duced during the heating, is removed by a continuous
flux of argon at 100 ml/min. The temperature during the
test varies from RT to 1000�C. All samples were previ-
ously reduced to powder and divided with the quartering
method for obtaining the desired mass of about 10 mg for
each test.

2.5 | Spectroscopical characterization

Fourier transform infrared (FT-IR) spectra of phenolic
resin and nano-filled phenolic resin were acquired using
a Bruker Vertex 70 in the 4000–400 cm�1 range. After
the cure process, samples were grinded into a fine pow-
der using an agate mortar and dispersed into CHCl3
(Sigma Aldrich). The dispersion was then deposited as
thin film on the thallium bromoiodide (KRS-5) window
allowing the solvent to evaporate.

2.6 | Oxyacetylene flame exposure

Oxyacetylene flame burner exposure tests were carried
out on carbon-phenolic ablators according to the ASTM
standard E 285–08.[24] This characterization test is specifi-
cally designed to determine the relative thermal insula-
tion effectiveness of the different ablators.[25] The facility
used for performing this test was designed and
engineered by the Laboratory of Materials and Surface
Engineering of Sapienza University of Rome. The same
facility was used for previous works[8,10,11,26] but it was
gradually improved to obtain more and more accurate

results. Figure 1 shows a scheme of the facility: the oxy-
acetylene flame is the result of the combustion of oxygen
and acetylene carried to the burner through two supply
lines. According to the proportion of fuel and oxidizer it
is possible to obtain an oxidizing, a neutral or a reducing
flame. For this kind of test it is important to have a neu-
tral or a reducing flame in order to activate the pyrolysis
reactions and avoid the catastrophic oxidation of the
ablators. The facility is equipped with a heat flux sensor
(HFM 1000 Vatell Corporation, Christiansburg, VA) for
calibrating and measuring the cold wall heat flux; a two-
color digital pyrometer (Impac Infrared, Frankfurt,
Germany) for recording surface temperatures; a k-
thermocouple for recording temperature inside or at the
back of the specimen and an infrared thermal camera
calibrated up to 3000�C (Flir A655sc). A data acquisition
system (National Instrument) acquires and records the
data during the test while LabView software provides a
virtual interface for managing input and output parame-
ters. The gas pressure and flow rate were set at 1.15 bar–
315 NL/h (acetylene) and 3.5 bar–300 NL/h (oxygen).
The specimens were exposed to a heat flux of 4 MW/m2

for a time of 90 s. A test sample and an ongoing test pic-
ture are shown in Figure 1.

2.7 | X-ray diffraction analysis

XRD analyses were carried out both for the as-received
MgO nano-particles and for the nano-particles after the
oxyacetylene flame exposure. The XRD spectra were
obtained with a Philips X'Pert X-ray device (PANalytical
B.V., The Netherlands) operating at 40 kV and 40 mA
with CKuα1 radiation. The scan range selected for the
samples was of 20�-80�, step size of 0.02� and counting
time of 2 s.

3 | DISCUSSIONS AND RESULTS

3.1 | Microstructural characterization

Nano-composite phenolic resin samples and nano-
composites ablators were cut, polished and prepared to be
observed with a Scanning Electron Microscope (Tescan
Mira3). The analysis of the microstructure of the nano-filled
samples is mandatory to assess whether the manufacturing
processes are appropriate for obtaining this peculiar kind of
materials.

Micrographs of the nano-charged resin samples are
shown in Figure 2: in PZ sample (image [A]) the nano-
ZrO2 distribution is quite satisfying because nano-
particles are homogeneously distributed and there are
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agglomerates not larger than 300 nm. The micrograph
(B) in Figure 2 is referred to the nano-SiC modified phe-
nolic resin and it enlightens the inadequate distribution
of the nano-particles that are present in form of large
agglomerates. MgO nano-particles (image [C]) are distrib-
uted in the whole PM samples and, even if single parti-
cles can be found dispersed inside the resin, there are
also micrometric agglomerates potentially deleterious for
the efficiency of the reinforcing mechanisms typical of
the nano-composites.[7,21] It is important to underline
that ZrO2, MgO, and SiC nano-particles are added in
equal mass fraction with respect to the final mass of resin
and, considering their different density (Table 1), there is
a consequent difference in the volumetric content. In par-
ticular, the reinforcement fraction of ZrO2 is lower in vol-
ume, thus facilitating the distribution of the nano-
reinforcement.

For the carbon-phenolic ablative materials the pheno-
lic resin is required to be homogeneously distributed
among the fibers and the nano-particles have to be well
dispersed and distributed within the cured resin. The
micrograph in Figure 3 shows the microstructure of a

MP0 sample (carbon-phenolic without nano-particles)
obtained with the optimized manufacturing process
described in Section 2.2: the phenolic resin is well distrib-
uted in form of thin flakes among the fibers and partially
coats the carbon fibers. All nano-filled materials show a
comparable microstructures and a homogeneous distri-
bution of the phenolic resin. Anyway at higher magnifi-
cation (Figure 4) several differences in the morphology of
the cured resin can be highlighted: the surface appears to
be rougher for samples enriched with SiC nano-particles
and smoother for samples modified by nano-MgO; no
appreciable differences can be enlighten between MP0
and nano-ZrO2 -modified samples.

In addition, the nano-modified carbon-phenolic sam-
ples were observed for verifying the quality of nano-
particles distribution. The micrographs in Figure 5A
prove the good dispersion and distribution of the nano-
ZrO2: some agglomerations are well visible, but higher
magnifications show a satisfying dispersion. The EDS
spectrum confirms the nature of the particles. In
Figure 5B,C the presence of the SiC and MgO nano-
particles is verified by Back Scattered Electrons (BSE)
micrographs and EDS spectra: in both cases a good distri-
bution is observed even if some agglomerates can be
identified. SEM and EDS analyses prove the goodness of
the manufacturing process: the microstructure of the dif-
ferent samples is homogenous and there is only a slight
difference in the cured resin roughness, furthermore the
nano-particles were incorporated in the final samples
with a good dispersion and distribution.

3.2 | Mechanical tests results

Four points bending tests were carried out on five speci-
mens for nano-charged and unreinforced phenolic resin
(P0, PZ, PS, PM). All the samples exhibit a brittle frac-
ture, as shown in Figure 6. The rupture of samples P0
always causes the formation of two coherent fracture sur-
faces, while all the nano-composite samples exhibit a

FIGURE 2 SEM images of nano-composites: (A) ZrO2, (B) SiC, and (C) MgO inside the phenolic resin (samples of PZ, PS, PM)

FIGURE 3 Secondary electrons micrograph of a carbon

phenolic ablator (MP0)

6 PAGLIA ET AL.



FIGURE 4 SE micrographs of nano-charged ablators: (A) MP0, (B) MPZ, (C) MPS, and (D) MPM

FIGURE 5 BSE micrographs and EDS analysis for MPZ (a), MPS (B), and MPM (C) samples

PAGLIA ET AL. 7



fragmentation mechanism at the failure, as shown in the
pictures. In Table 5 the results of the bending tests were
reassumed: the Young modulus for samples PZ, PS, and
PM is comparable or higher compared with the P0 sam-
ples. The improvement is important for samples PZ and
PM (~+11%), while the Young modulus is unchanged for
PS samples. The analysis of flexural strength results high-
lights the increase induced by ZrO2 nano-particles addi-
tion (+35%) while SiC-modified samples (PS) show a
decrease in performance (~�15%) and a large dispersion
of data (~30% of standard deviation).

P0 and PZ exhibit on the contrary a lower standard
deviation compared to PS and PM for both Young's mod-
ulus and flexural strength data: these results can be
attributed to the worse SiC and MgO nano-particles dis-
tribution and to the presence of internal defects in the PS
and PM resin samples, thus leading to a higher dispersion
of the test data. The phenomenon is more emphasized
for the samples charged with nano-particles of SiC: these
results are in line with the observation of the samples
microstructure discussed in Section 3.1. These results
show that nano-particles, in the selected percentage, can
improve the mechanical properties of the phenolic resin
as long as a good dispersion and distribution of nano-
particles within the polymer is guaranteed.

Compression stress to strain curves of pyrolyzed
ablators are shown in the graph of Figure 7. For each
kind of ablator only the most representative curve was
selected. It is possible to observe that addiction of nano-
particles is always beneficial for improving the mechani-
cal performance of the material. The compression curves
always follow the same trend: there is a first almost linear
section of the curve, then the deformation significantly
increases for a slight increase in the compressive stress

and, finally, an irregular trend is symptomatic of the
imminent rupture of the sample.

Results of the maximum stress reached by the samples
and the compressive modulus of elasticity (considering the
slope of the first straight section of each curve[23]) are
reassumed in Table 6. SiC and ZrO2 addition can increase
the initial stiffness of the material more than the MgO,
while the maximum stress before the imminent rupture is
comparable for the three nano-composites ablators and
higher of about 70% than the standard ablator.

All the experimental results show that enrichment of
phenolic resin or carbon/phenolic ablators with nano-
particles is always beneficial in terms of mechanical
properties, but the effect is more important for charred
ablators. This can be due to the different manufacturing
procedure, which, in the case of ablative materials, facili-
tates the good distribution of the nano-particles as shown
in the previous micrographs (Figures 2 and 5).

3.3 | Thermogravimetric analysis results

The thermogravimetric curves in Figure 8 show that the
addition of nano-particles can change the final residual
weight after the complete pyrolysis decomposition pro-
cess. In particular at 940�C, temperature for which the

FIGURE 6 Phenolic resin samples before and after the mechanical test ((A) P0; (B) PZ; (C) PS; (D) PM)

TABLE 5 Results of mechanical test on P0, PZ, PS, PM

samples

Sample E (GPa) σmax (MPa)

P0 4.7 ± 0.2 137 ± 9

PZ 5.2 ± 0.1 186 ± 5

PS 4.8 ± 0.7 116 ± 35

PM 5.2 ± 0.6 146 ± 13

FIGURE 7 Representative σ-ε compression curves for standard

and nano-composite ablators
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plateau is fully reached for each sample, the percentage
residual weight of the sample P0 is 40.68%, while for
nano-filled samples PZ, PM and PS it is respectively
47.87%, 53.14%, and 51.94%. SiC and MgO influence more
deeply the behavior of the resin and, thanks to their addi-
tion, the char yield is higher. Obviously, the ceramic
nano-particles are inherit at the TG test conditions and
their proper weight is added to the residual char. Consid-
ering 5% wt with respect to the resin, the results still con-
firms that nano-particles can improve the final char
yield. This result is coherent with the influence that the
nano-particles can have in polymer properties: they can
alter the crosslink density[27] which is strictly correlated
with the char yield, and also the thermal stability.[28] In
fact, near to nano-particles surface, there is an interphase
zone where the polymer chains are entangled each other
with adsorbed and unabsorbed segments: this zone have
different properties compared with the net material and
it can influence the thermal stability too.[8,29]

3.4 | FTIR studies

FT-IR spectroscopy is an extremely useful technique for
the qualitative and semi-quantitative analysis of solid phase
organic compounds such as phenolic resins. Figure 9
shows the spectrum of the bulk phenolic resin (P0), where
the characteristic features of the phenolic resin can be
identified. The broad peak at 3350 cm�1 can be assigned to

the O H bond stretching vibrations, the peaks at around
2900 cm�1 are attributed to the C H and methylene brid-
ges stretching, the aromatic C C stretching vibrations can
be found at 1650 cm�1, at 1450 and 1233 cm�1 the
stretching vibrations relative to the CH2 O CH2 ether
bridges, and lastly the 820 and 750 cm�1 peaks can be
assigned to aromatic C H bending out-of-plane vibra-
tions.[30,31] The latter group of peaks is of particular interest
to the study of the aromatic rings substitution and thus the
cross-linking degree. In fact, the peak at 820 cm�1 can
more precisely be attributed to the bending out of plane of
an aromatic ring substituted at the positions 1 and
2, whereas the peak at 750 cm�1 corresponds to the vibra-
tion of a ring substituted at positions 1, 2 and 3, that is a
ring system with a single isolated C H bond (Table 7).[31]

Since the nanoparticles may affect the cure mechanism
and this may lead to different cross-linking degrees, it is
useful to compare the spectra of the nano-charged samples
in this area of the IR spectrum (Figure 9).

As shown in Table 7, the intensity ratio correspon-
ding to the peaks at 754 and 820 cm�1 can be correlated
to the presence of substituted aromatic rings. This value
is higher for the phenolic resin charged with MgO (PM),
whereas is lower for P0 and PZ, both showing a similar
ratio. The data indicates a higher presence of di-
substituted phenolic rings for PM, thus suggesting a higher
cross-linking degree in presence of MgO nanoparticles.[31]

This result can be explained considering the catalytic effect
of the Mg2+ O2� active sites, contained on the MgO

TABLE 6 Compressive tests results

MP0 MPZ MPS MPM

Compressive modulus of elasticity (GPa) 48.56 ± 3.45 109.72 ± 11.73 102.73 ± 23.93 63.00 ± 8.12

Maximum stress (MPa) 0.770 ± 0.097 1.225 ± 0.231 1.428 ± 0.137 1.318 ± 0.193

FIGURE 8 TGA curves for

samples P0, PZ, PM, PS
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nanoparticle surface, a phenomenon previously reported
in literature[32] that clarifies not only the higher cross-
linking degree of PM, but also the shorter cure time
recorded for this kind of nano-charged resin.

3.5 | Oxyacetylene flame exposure

The oxyacetylene flame exposure was carried out with a
constant heat flux of 4 MW/m2 for 90 s. The tip of the
torch was positioned at the right distance from the sam-
ple surface for obtaining the desired incident heat flux.
During the approach of the torch the samples are
shielded with insulating panels, in order to avoid an
undesired pre-heating. At the end of the exposure time,
samples were quickly cooled down by a CO2 gas stream
in order to avoid post-test oxidation phenomena. For
each kind of sample, three different specimens were
tested and the reported data are the average value of
three tests. Figure 10 shows some representative samples
after the exposure test; at a first glance the color of the
surfaces is different: MP0 has the typical dark gray of a
carbonaceous residue and it is uniform on the whole

surface. The other samples, modified by nanoparticles,
show the presence of a brighter surface residue after the
flame exposure test. The inspection of the post-test sam-
ples surface highlights different morphologies for the dif-
ferent compositions: the surface of MP0 and MPZ is quite
homogeneous and does not show the presence of surfaces
cracks, while MPS and MPM samples present several sur-
face cracks and, for MPM composition, also a partial
spallation of the surface residue material. The surface
recession was evaluated as the difference between the ini-
tial sample height (30 mm) and the minimum height
after the test. The spot of the oxyacetylene flame was
smaller than the exposed surface, thus the central part of
the samples, that directly faces the torch, is subjected to a
deeper recession: for this reason both the central and lat-
eral recession are taken into account and are reassumed
in Table 7. MP0 and MPM samples show a greater sur-
face recession and also the maximum difference between
the central and lateral recession; on the contrary ZrO2

and SiC-modified samples exhibit the best performance
in terms of central recession and also a smaller gap
between the central and lateral surface recession data.
The mass loss of the samples provides other important

FIGURE 9 FTIR spectra of sample P0 compared with PZ and PM

TABLE 7 FTIR data of sample P0 compared with PZ and PM

Sample Nano-particles (wt%) 1�Tð Þ754= 1�Tð Þ820 Aromatic ring system Peak frequency (cm�1)

P0 0 1.50 ± 0.06 OH
H

H
H

H

760–750

PZ 5 (ZrO2) 1.40 ± 0.05

PM 5(MgO) 1.08 ± 0.08 OH
H

H H

825–815

10 PAGLIA ET AL.



information about the goodness of the ablative materials:
all the samples were manufactured with the same pheno-
lic resin and carbon felt, thus the differences in the mass
loss can be connected with the nano-fillers addition
which can influence the mechanical properties of the
char layer (hindering or promoting its removal), the ther-
mal conductivity and also the pyrolysis processes.[8,28] Data
about the mass loss are reported in Table 8: the addition of
ZrO2 and SiC nano-particles does not alter substantially the
mass loss in comparison with plain samples, in particular
considering the standard deviation. On the other hand, the
addition of MgO nano-particles causes an increase in mass
loss (5%) and, contextually, an almost negligible increment
in the surface recession (only +1% if compared with MP0):
the discrepancy between these two data can be induced by
the detaching of MPM samples fragments, which strongly
influences the weight loss but not necessarily the surface
recession. Obviously a possible influence of the MgO on the
pyrolysis phenomena is not excluded, but this hypothesis
needs further investigations.

The trend of the surface and back temperatures
recorded during the tests is shown in Figure 9 and the
maximum temperature values are reported in Table 7.
For MP0, MPS, and MPM samples the surface tempera-
ture trend is very similar: the temperature reaches very
quickly the value of about 2100�C and then it slightly
increases during the test. On the contrary the surface
temperature of MPZ samples reaches its maximum
value after few seconds of exposure and then it remains

quite constant during the test with a gradual decrease
until the heat flux is removed. At the end of the expo-
sure time of 90 s, the surface temperature of MP0 and
MPS are similar and higher than the other two tested
materials (Figure 11). After the oxyacetylene flame test
the samples where cut along their main axis, polished
and prepared in order to observe their cross section with
a scanning electron microscope. In Figure 12 the SE
micrographs of the exposed surface show the morphol-
ogy of the pyrolyzed resin and enlighten only a slight
difference in the roughness of the MPS sample. The BSE
micrographs show the nano-particles distribution after
the test: as already observed in other works[8,10,11,33,34] a
phenomenon of partial melting and/or coalescence of the
ceramic nano-particles is evident. ZrO2 nano-particles seem
to be partially molten, coalescing in sub-micrometer clus-
ters. The outer surface of the MPS sample appears depleted
of ceramic particles probably because of the formation of
volatile products during the exposure to the oxyacetylene
flame.[20] The observed areas, just below the exposed sur-
face, are rich of spherical ceramic particles (Figure 10)
which at the EDS analysis results to contain Si and O:
according to the condition of temperature and pressure, the
SiC nano-particles can react with the oxygen producing liq-
uid SiO2 (reaction 1) which forms spherical particles during
the cooling, but for higher temperatures the reactions (2)
and (3) are active and volatile SiO is produced.[20,21,33]

2 SiC sð Þþ3O2 gð Þ! 2 SiO2 lð Þþ2CO gð Þ ð1Þ

FIGURE 10 Pictures of samples after the oxyacetylene flame exposure

TABLE 8 Percentage mass loss, central and lateral recession, maximum surface and back temperature and their difference for samples

exposed to the oxyacetylene flame

Sample
Mass
loss (%)

Central surface
recession (%)

Lateral surface
recession (%)

Maximum surface
temperature (�C)

Maximum back
temperature (�C)

ΔT90s

(�C)

MP0 23.12 ± 0.36 10.27 ± 0.38 6.42 ± 1.10 2183.63 ± 2.68 414.39 ± 21.12 1769

MPZ 21.46 ± 1.13 7.73 ± 1.82 5.41 ± 0.82 2023.75 ± 17.40 357.42 ± 20.91 1657

MPS 22.19 ± 0.35 7.22 ± 0.56 5.91 ± 0.24 2186.73 ± 12.92 373.98 ± 8.67 1813

MPM 27.67 ± 0.92 10.58 ± 1.96 6.87 ± 0.76 2145.91 ± 45.53 326.04 ± 37.05 1820
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SiC sð ÞþO2 gð Þ!SiO gð ÞþCO gð Þ ð2Þ

SiO2 lð ÞþCO gð Þ!SiO gð ÞþCO2 gð Þ ð3Þ

The value of temperature for which the reactions (2)
and (3) are active depends on the oxygen partial pressure
and Ghelich et al.[20] proposed a threshold temperature
of 2100�C that is coherent with the phenomena observed
in MPS samples. In fact, on the exposed face, (maximum
temperature higher than 2180�C) no SiC or SiO2 particles
were observed after the exposure test, but just below the
surface the formation of spherical particles of SiO2 is well
evident (Figure 10).

Exploring all the cross section of the sample, it is pos-
sible to observe that in the bottom of the sample, the SiC
nano-particles remain of the same dimension and mor-
phology as in the virgin manufactured samples, but at
about 3 mm from the exposed surface the morphology
changes and EDS analysis reveals the presence of SiO2

particles (according to quantitative elemental analysis)
with an irregular shape and smaller diameters compared
with the ones found close to the exposed surface
(Figure 13).

The best results in terms of thermal protection was
provided by the MPM samples. In addition, in this case
the phenomenon of coalescence of the nano-particles was
observed, as shown in Figure 10. The particles remain of

FIGURE 11 Surface and back

temperature recorded during the

oxyacetylene flame exposure

(representative curves)

FIGURE 12 SE and BSE micrographs of the charred layer after the oxyacetylene flame exposure
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small dimension, comparable or slightly larger than the
initial ones, but they tend to form agglomerates in the
pyrolyzed resin: moreover a phenomenon of shape modi-
fication was enlighten for the MgO nano-particles, both
on the exposed face and within the sample for a thickness
of about 5 mm from the outer surface. Figure 12 shows
that the MgO nano-particles exhibit a change in the mor-
phology induced by the high temperature exposure dur-
ing the flame test, thus undergoing a shape modification
from spherical to cubic. Moreover the particle size of dis-
persed cubic nano-MgO varies as a function of the dis-
tance from the exposed surface, thus showing a strong
dependence from the thermal history experienced by the
nano-particles during the test. Further XRD and SEM
analyses were carried out on the MgO particles, both in
the “as received” state and extracted from the char layer
of the exposed samples, in order to better understand the
mechanisms related to the particle size and shape modifi-
cation observed in the exposed MPM samples. MgO parti-
cles were extracted from the tested samples by cutting
the char layer and heating it at 800�C for 1 h in order to
eliminate all the carbonaceous residue and the carbon
fibers.

The results of the X-ray diffractions show that the as-
received MgO powder reveals the presence of Mg(OH)2
(brucite), while the particles extracted from char layer,
only consist of periclase (MgO) phase which has the typi-
cal cubic morphology observed in the micrographs
(Figure 14).[35] This variation in composition can be
attributed to the high temperature exposure: the
Mg(OH)2 undergoes a reaction of dehydration producing
MgO and H2O at temperature higher than 550�C at a
pressure of 1 atm.[36] Another work[37] shows that for
brucite nano-particles the dehydration reaction can occur
at about 300�C, leading to formation of MgO nano-
particles and the DSC analysis showed an exothermic
peak corresponding to the dehydration reaction. Thus the
presence of the Mg(OH)2 in the nano-composite ablator
is not to be considered beneficial because of the heating
phenomena associated to the brucite transformation.

4 | CONCLUSIONS

ZrO2, SiC and MgO nano-particles were selected as fillers
for phenolic resin composites because of their high

FIGURE 13 EDS analysis for nano-particles of SiC in the charred sample MPS near the exposed surface (A), at about 2.5 mm from the

exposed surface (B), and at the bottom (C)
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melting point, low density and low thermal conductivity.
In order to fully understand the effect of the nano-fillers,
two kinds of nano-composite materials were man-
ufactured: in a first step nano-particles were added to
bulk phenolic resin (samples PZ, PS, PM) and then stan-
dard carbon-phenolic ablators were modified by the addi-
tion of ceramic nanoparticles (samples MPZ, MPS,
MPM). The manufacturing strategies were optimized in
order to guarantee a good dispersion and distribution of
nano-particles and to confer the desired properties at the
materials. The manufacturing procedures elaborated for
the bulk samples are successful for ZrO2 and MgO, while
in the PS samples SiC nano-particles are not satisfyingly
distributed. The addition of MgO nano-particles to
carbon-phenolic ablators leads to the reduction of gela-
tion time of the resin-ethylene glycol solution. FTIR anal-
ysis revealed that MgO particles are able to promote the
network formation during the polymerization of the phe-
nolic resin: this is a very interesting property because the
shorter the gelation time the lower the possibility of
nano-particles agglomeration. As proved by compression
tests on charred standard and nano-composites ablators,
ceramic nano-particles are able to improve the mechani-
cal performance of the char: this result is of interest since
the external charred layer of an ablative shield need to
withstand intense shear stress because of the friction with
the atmosphere.

The oxyacetylene torch tests reveal a significant per-
formance improvement when nano-particles are added to
the standard material. Coalescence phenomena are

evident for ZrO2-based ablators leading to the formation
of a ceramic shell on the surface of the exposed samples.
The test conditions on the exposed surface let SiC nano-
particles form volatile products while just under the
exposed face, SiC reacts with the available oxygen for-
ming SiO2, which solidifies in spherical particles at the
end of the test. ZrO2 and MgO nano-particles form a layer
on the surface of the exposed samples and, for this rea-
son, there is a variation in the recorded surface tempera-
ture. On the contrary SiC volatilizes during the test and
no variation of surface temperature was observed if com-
pared to the standard ablator MP0. The back surface tem-
perature is always lower for the ablators modified by
nano-particles: MgO guaranties the greater drop in tem-
perature between back and exposed surface, while ZrO2

guarantee the lower mass loss and surface recession. The
results of this work show that nano-ZrO2 and nano-MgO
can be promising candidates as nano-fillers for carbon-
phenolic ablators.
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