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dLaboratory for Chemical Technology (LCT), Faculty of Engineering and Architecture, Ghent University, 9000 Ghent, Belgium

Abstract

Simulations of atmospheric entry of spacecraft and satellites require accurate knowledge of thermo-physical
properties such as heat capacity in a wide temperature range. However, the characterization of this quantity
is not straightforward for carbon composites at high temperatures, due to pyrolysis reactions that occur in
the material. We develop a methodology for determining the heat capacity and required heat of pyrolysis
for carbon composites in these conditions. This methodology is applied to the Zuram R© carbon/phenolic
ablator from room temperature up to 1100 K. The results obtained were compared to separate analyses of
the different components of the material, assuming that heat capacity is an additive property. We found that
compressing the samples into disks provides improved resolution and repeatability for low density materials.
The proposed methodology can directly be applied to other carbon composites such as carbon/epoxy systems.
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Acronyms
DSC Differential Scanning Calorimetry
GC Gas Chromatograph
STA Simultaneous Thermal Analyzer
TCD Thermal Conductivity Detector
TGA Thermogravimetric Analysis
TPM Thermal Protection Material
TPS Thermal Protection System
Greek Symbols

χ Advancement of the reaction
η Mass fraction
γ Conversion ratio
Indexes
0 Initial condition
∞ Final conditions
Roman Symbols
cp Heat capacity

1. Introduction

Over the last decade, space exploitation has gained tremendous interest specially from private ventures:
mankind is nowadays launching more objects into space than ever before. One of the most difficult technical
challenges is the atmospheric entry phase, during which the surface of the object may reach high temperatures
(>1000 K). Two types of man-made objects perform atmospheric entry: return/interplanetary capsules [1]
and spacecraft/satellites decaying from orbit at the end of their mission [2]. Their design paradigms are
antithetical: the former are designed to withstand the entry, while the latter are expected to be completely
demised to avoid endangering the population. In both cases, their design relies on simulation tools to model,
characterize and, in some cases certify that they will complete their task [3, 4].

Carbon-based composites are widely used in both applications thanks to their thermal and mechanical
characteristics. On the one hand, most Thermal Protection Materials (TPM) currently used to build the main
heat shield of entry capsules are carbon/phenolic ablators [5–7] check for journals of these!!. On the other hand,
polymer composites reinforced with carbon fibers are appropriate materials for those components of satellites
and launcher upper stages requiring superior mechanical characteristics and reduced mass (e.g., Composite
Overwrapped pressure vessels, COPVs)[8]. These materials undergo several physico-chemical processes such
as pyrolysis, thermo-chemical ablation, spallation, when exposed to high temperatures[9, 10].cite here Pierre
schrooyen. Hence, accurate characterization of their properties at temperatures relevant to atmospheric entry
is crucial to enable predictive numerical analyses.

The heat capacity (cp) and the heat of pyrolysis (∆hpyro) are two important intrinsic properties which are
needed to perform thermal-response simulations [11]cite pierre? Alex martin. Moreover, other properties are
obtained by experiments that rely on an accurate quantification of cp. For example, the thermal conductivity
is usually extracted from thermal diffusivity measurements (e.g., Laser Flash Analysis), thus its uncertainty
is directly affected by the quality of the determination of cp. The heat capacity and the heat of pyrolysis
are typically determined in laboratory tests by means of Differential Scanning Calorimetry (DSC) using
standardized procedures (mainly ISO 11357, ASTM E 1269). Since the resin component of these materials
(phenolic or epoxy) gets decomposed as the temperature increases, the standard procedures need to be adapted
and ad-hoc sample preparations become essential to enable reliable and accurate measurements at high
temperatures [12, 13]. Due to the low density of these materials, poor repeatability for DSC measurements
was observed in the past, leading to the determination of cp with high uncertainties [14]. Furthermore, it
is possible that mg-mass samples taken from the bulk material, used in DSC are not representative of the
actual composition of the composite. In this case, the verification of the sample composition through Organic
Elemental Analysis (OEA) can be of help to determine the mass percentages of different elements (C, H, O,
N) in the polymeric material as first assessment [15, 16].

The objective of this work is to provide a methodology to accurately determine the heat capacity and
heat of pyrolysis of low density polymeric materials at conditions relevant to atmospheric entry, data still
scarce in the literature. Sample preparation techniques are investigated for optimal property determination.
The methodology is demonstrated for the Zuram R© [17] carbon/phenolic material developed by the German
Aerospace Center (DLR). The characterization procedure makes use of the composite in virgin and charred
state and of its phenolic resin, which allows us to verify the methodology.
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This paper is structured as follows: section 2 reviews the experimental techniques used. In section 3, we
provide a detailed description of the methodology followed in this work. This methodology is then applied to
the Zuram R© ablator (section 4). Conclusions are drawn in section 5.

2. Experimental Techniques

2.1. Simultaneous Thermal Analysis
Simultaneous Thermal Analysis (STA, Fig. 1) is an analytical method that combines two complementary

techniques: Thermo-Gravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC). For both
TGA and DSC techniques, the temperature is typically monitored and linearly increased at a constant heating
rate β. TGA monitors the mass of a sample. While DSC measures small differences of temperature between
the sample of interest and a reference (typically an empty crucible). These small temperature differences
can arise from two causes: i) the energy required to heat up the sample and ii) any physico-chemical
transformation of the material.

Figure 1: Schematic of an STA device.

Among other applications, STA can be used to determine material properties particularly important for
TPMs such as mass loss, kinetics [18, 19], pyrolysis enthalpy, and heat capacity. In the present study, the
focus is on the determination of the heat capacity cp and the pyrolysis enthalpy.

The heat capacity of a material is typically obtained applying the standard procedure ISO 11357 - sapphire
method. In this procedure, the cp of an unknown sample is obtained by comparison to a known substance:
pure sapphire. In this case, the cp of the sample is computed as:

cp = DSC

DSCref c
ref
p , (1)

where DSC is the measured signal expressed in mW mg−1 of substance. Quantity cref
p is the known thermal

capacity of the pure sapphire sample. For a decomposing material such as carbon/phenolic ablators, a
correction with the mass evolution (TGAsample) should be applied:

DSC = DSCv
TGA

= DSCv
m/mv

, (2)

where the subscript v refers to the virgin material. Replacing Eq. (2) in Eq. (1), we have the apparent heat
capacity (capp

p ):

capp
p = DSCvmv

DSCrefm
cref
p . (3)

It is important to emphasize that this cp is not the actual heat capacity of the sample. Indeed, any chemical
reaction that absorbs (or release) heat will also affect this quantity. The method to compute the actual cp of
the decomposing material and thus retrieve the heat of pyrolysis is explained in section 3.
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(b) Sensitivity calibration for DSC measurements.

Figure 2: Absolute error and sensitivity results using 7 different high purity metals.

Our experiments were performed using an STA NETZSCH 449 F3 Jupiter which performs both TGA and
DSC measurements simultaneously. The STA is located in an argon glove-box in order to avoid any oxidation
or humidity absorption. For accurate cp measurements, the recommended configuration of the device is as
follows: platinum furnace, DSC sample carrier with radiation shielding, sample holder with thermocouples
type S, rhodium/platinum crucibles with alumina liner, argon atmosphere (purging 50 ml/min, protective
20 ml/min).

Calibration
The STA was calibrated following the manufacturers standard procedure using the melting temperature

and enthalpy of 7 different high purity metals (>99.99 %) in identical conditions of those to be used during
the actual measurements. A second order polynomial was used for the temperature calibration (Fig. 2). It
can be seen that the error increases with temperature. Nonetheless, in terms of percentage with respect to
the actual temperature, the maximum relative error between the polynomial fit and the melting point (of
Bi) is <0.4 %. For the DSC calibration, a sensitivity curve is retrieved. These two calibrations are stored
in the internal computer of the machine and automatically applied by the software when performing the
measurements.

A verification of the calibration was performed using two sapphire disks of different thicknesses. The
0.7 mm disk was used as reference and the 1 mm disk as unknown sample. The determined heat capacity
(Eq. (1)) is compared with the manufacturer’s provided data in Fig. 3. It can be seen that the experimentally
determined cp closely follows the theoretical one within a 2 % relative error in the whole range. The slight
deviation found at the beginning is attributed to the thermal lag due to the difference in mass of the two
samples, while at high temperatures it is attributed to a slight loss of accuracy.

2.2. Elemental Analysis
Organic Elemental analysis (OEA or CHNS-O) is a widely used technique for polymer characterization.

OEA provides quantitative information on the amounts of carbon (C), hydrogen (H), nitrogen (N), sulfur
(S), and oxygen (O) in a combustible material.

The analyzer (Thermo Scientific FLASH 2000) has two functioning modes: “oxidation” and “pyrolysis”
(Fig. 4). The first mode, oxidation, uses the classical formula of combustion in excess of oxygen (CχHβOγ +
(χ+ β/4 – γ/2)O2 −−→ χCO2 + β/2 H2O). In this mode, C and H can be detected from the formed CO2 and
H2O molecules. In addition, N can be also measured from N2, which will not react. In absence of oxygen,
the pyrolysis reaction generates volatile gases that can be further oxidized producing CO.

The sample material (1-2 mg) is introduced in tin or silver foil cups for oxidation or pyrolysis modes,
respectively. Then, they are put in the sample carousel, which will inject the samples automatically one at
a time. When the sample is dropped inside the reactor, it undergoes one of the aforementioned processes
(depending on the chosen configuration). Then, the produced gas flow will be swept away by a carrier
gas (generally He) to the Gas Chromatograph (GC). In the chromatograph, the different compounds get
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Figure 3: Measurement verification: comparison between the experimentally determined cp of sapphire and the one provided by
the manufacturer.

separated by molecular weight (i.e., different retention times). Finally, a Thermal Conductivity Detector
(TCD) produces a voltage signal proportional to the quantity of gas, which is recorded. In order to convert
this voltage signal into mass % of each element, a calibration with a high purity standard material is
performed (BBOT, C26H26N2O2S).

3. Methodology for improved heat capacity measurements

The starting point is to have samples of all the possible states/components of the material, namely:
the composite in virgin and charred state, the carbon fibers, and the cured resin. Note that typically, the
cured resin is not accessible. Therefore it is assessed if this is truly needed in our methodology for a proper
quantification of cp and heat of pyrolysis. Given that the material preparation is critical for the execution
and the reliability of the measurements, all the materials should be available as powder for all the analyses
[20, 21] for accuracy. As seen in the following, using a mortar and pestle provides satisfactory results. Note
that since the focus is here on intrinsic quantities (i.e., cp and elemental composition), powdering the material
does not have any influence on these properties.

Step 1: Organic Elemental Analysis
The first step is to verify or obtain the composition of the composite. For this, OEA is applied on the

composite c and on the components (fibers F and resin R), thus computing the mass fractions of the different
elements. Then the convex combination can be applied per element i (Eq. (4)).

m%c
i = m%F

i ηF +m%R
i (1− ηF ) i ∈ {C,H,O,N}, (4)

where ηF represents the mass fraction of the fibers. The mass balance is typically closed for these materials
accounting for a small percentage of impurities (< 3 %) in the normalization such that:

1 =
∑

i∈{C,H,O,N}

m%i +m%imp<3%. (5)
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Figure 4: Schematic of elemental analysis setup. The two modes (oxidation and pyrolysis) are shown as well as the separation
column.

When the resin is not available, the mass fractions of its constituents can be estimated from its empirical
formula. With this first step, is it guaranteed that: 1) the material has the expected elemental composition,
and 2) samples of a few mg are representative of the material composition.

Step 2: DSC experiments
A DSC experiment based on the Sapphire method (Eq. (1)) is performed. The sequence of measurements

is as follows:

• Blank measurement: both sample and reference crucibles are empty, it is used to compensate for
buoyancy effects and the difference in mass of the two crucibles, providing a baseline to be subtracted
in the subsequent measurements.

• Reference measurement: performed with a 0.7 mm sapphire disk in the sample crucible, and reference
crucible remains empty which provides DSCref.

• Sample measurement: actual sample of interest in sample crucible, and reference crucible still remains
empty. This measurement provides TGA and DSC.

Based on our experience with thermal analysis of carbon composites, it is suggested to use a heating rate
(β) of 20 K min−1 and a sample mass (mS) in the range of 15-20 mg. Increasing the heating rate improves
the resolution of the DSC signal but it decreases its sensitivity in heat-flux DSC devices. Due to the low
density of these materials (in particular of the resin), the required mass is in some cases difficult to achieve.
To palliate this issue, we developed a compressing device (Fig. 5a) to compress the samples into disk shapes
increasing their density. This has three main benefits: 1) increasing the sample mass; 2) improving the
contact between the sample and the crucible; and 3) reducing the sample preparation and lead time. Note
that TGA measurements on compressed and uncompressed samples did not show any noticeable difference in
the decomposition curves while the DSC signal became more repeatable (Fig. 5b), thus we concluded that
compressing the samples does not affect the DSC measurements.

Step 3: Computation
To compute the heat capacity, it is required to obtain the heat capacity of the virgin material cvirgin

p and
of the charred material cchar

p . While the latter does not need any particular treatment (i.e., no chemical
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(a) In-house compressing device designed to prepare DSC sam-
ples.
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(b) Effect of compressing the samples into disks: the TGA curves
remain the same while the DSC signals improve in repeatability.

reactions occur), the former requires certain assumptions hereafter described. Figure 6 shows an example of
the apparent heat capacity, Eq. (3), obtained for a carbon/phenolic material (i.e., Zuram R©, see section 4).
It can be seen that for temperatures higher than a certain value, the capp

p is not monotonically increasing
and the TGA presents a slight decrease, this is due to the pyrolysis reactions. Therefore, the actual cp of
the sample is not directly accessible for temperatures higher than this threshold (500 K in this case). In our
methodology, we propose to consider the segment where no reactions occur and fit a polynomial up to higher
temperatures where the virgin material cannot exist in a steady state.
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Figure 6: Apparent cp of Zuram R© and TGA relative mass decrease curve. After 500 K, significant mass loss and decrease of cp
indicate the material is not in the virgin state.

If we assume that at any moment the solid phase is only composed of a virgin material and a charred
material (ie. no other temporary component), the heat capacity of the decomposing sample is computed as:

cp = 1
1− χ(1− γ)

[
(1− χ)cvirgin

p + χγ cchar
p
]
, (6)

where the parameters χ and γ are the advancement of reaction and the conversion ratio, respectively. These
two parameters can be easily determined from TGA measurements from the initial mass m0, the final mass
m∞, and the current mass m as:
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χ(T ) = m0 −m(T )
m0 −m∞

, (7)

γ = m∞
m0

. (8)

When no reactions have occurred yet (χ = 0), cp = cvirgin
p , while when the all the reactions are completed

(χ = 1), cp = cchar
p .

The characterization of cp allows for separation the two contributions of the capp
p , hence obtaining the

so-called heat of pyrolysis (∆hpyro). This quantity can be obtained by integrating the difference between the
total heat-flux measured by DSC (Eq. (2)) and the heat absorbed by the sample (Qcp , Eq. (9)) [12]:

∆hpyro = 1
m0

∫ T2

T1

[
DSC (T )−Qcp(T )

]
dT, (9)

where Qcp is expressed as:
Qcp = βcp. (10)

Equation (9) can be also expressed in terms of the apparent and actual heat capacity of the material:

∆hpyro =
∫ T2

T1

[
capp
p (T )− cp(T )

]
dT. (11)

4. Case study: Zuram R©ablator

In the following, we illustrate the performance of the detailed procedure through an example application
to the carbon/phenolic ablator Zuram R©, a research material developed by the German Aerospace Center
(DLR) in Stuttgart[22, 23]. Zuram R© is made of a rigid carbon fiber preform (Calcarb R© CBCF 18-2000,
ρbulk = 180± 30kg m−3) which is infiltrated with a liquid phenolic resin and later polymerized [22, 23]. In
the present study, the version of Zuram R© used is 18/50. The composite bulk density was measured to be
419± 7kg m−3.

Both virgin (as received) and charred Zuram R© were analyzed. To characterize the cp of the charred
material, we first pre-charred a piece of Zuram R© in a furnace at 1100 ◦C during 6 h in an inert argon
atmosphere and used a carbon fiber preform plenum to avoid any possible oxidation due to any leak of
atmospheric air inside the furnace. In addition, “pure” phenolic resin from the same batch, cured following
the same cycle of the composite material, was also characterized. The different materials were powdered and
stored each in glass vials. During the experiments, the samples were taken at random from the vials.

4.1. Elemental Analysis
For each virgin material (Zuram R© and phenolic resin), both oxidation and pyrolysis tests were performed

in triplets to ensure repeatability. This resulted in 12 measurements which are summarized in the following
sections. In addition, a calcination test (900 ◦C during 3 hours) was also performed which resulted in
negligible residual mass (ash content < 3 %) for both Zuram R© and the phenolic resin.

Phenolic resin
The phenolic resin of Zuram R© is mostly composed of carbon (∼ 75.25%) and oxygen (∼ 14.13%), with

small quantities of hydrogen (∼ 5.83%) and nitrogen (∼ 1.45%) in mass (see Table 1). The mass balance is
closed at 96.7%. These results are in great agreement with the measurements done by Sykes [15] on a similar
resin.
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Table 1: Summary of elemental analysis results for phenolic resin

C O H N Total
Avg (%mass) 75.25 14.18 5.83 1.45 96.71
Std (%mass) 0.39 0.14 0.06 0.01 0.42

Zuram R©

It can be seen that Zuram R© has a greater content of carbon (∼ 87.3%) than the resin alone due to the
contribution from the carbon fiber preform. Consequently, the percentage of the remaining elements has
decreased: oxygen (∼ 6.97%), hydrogen (∼ 2.5%) and nitrogen (∼ 0.53%). In this case, the mass balance is
closed at 97.3% (Table 2).

Table 2: Summary of elemental analysis results for Zuram R©

C O H N Total
Avg (%mass) 87.30 6.97 2.53 0.53 97.33
Std (%mass) 0.22 0.34 0.08 0.02 0.41

If we consider the small quantity of nitrogen found in these measurements is due to air, we can remove it
and re-scale the results (Table 3).

Table 3: Scaled results of elemental composition of Zuram R© after removing the corresponding quantity of air

C O H
%mass 90.34 7.05 2.62

Finally, given the hypothesis that the carbon fibers are made of only carbon, and that the content of ashes
is negligible (< 3 %, as observed in a calcination test), we can re-compute the composition of Zuram R© from
the results on the phenolic resin (Table 4), which is in great agreement with the experimental measurements
on Zuram R©.

4.2. Heat capacity determination with DSC
In the following, we first provide the results on the different forms of Zuram R© (virgin, pre-charred and

resin). Using those results, we elaborate the decomposing cp of Zuram R© which is then used to extract the
heat of pyrolysis.

Pre-charred Zuram R©

Even though this material was pre-charred, it can be seen in Fig. 7a (red dots), the process was not
fully completed: during the first measurement of each sample the material lost ∼3.5 % of mass. While still
significant, the mass loss of this pre-charred sample is small compared with the typical mass loss from a
virgin sample (∼ 20 %).

Afterwards, the same sample was re-heated in several cycles without observing any significant mass loss
(Rep. 1-3 in Fig. 7a). This can also be observed in the DSC (Fig. 7b) where the reacting sample produced
changes to the DSC signal (red dots) which seems to be related to an endothermic reaction at around 1000 K.

The repeatability in DSC for the non-reacting sample during heating and cooling cycles (Fig. 7b) is
excellent. However, when the sample is changed, the repeatability slightly worsens (Fig. 7c). The positioning
of the crucible and its lid into the sample holder are the main reasons of this variability. This effect has been
previously studied for biomass applications with uncertainties up to 20 % on cp determination [24].
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Figure 7: TGA/DSC measurements on pre-charred Zuram R©.
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Table 4: Re-computed Zuram R© composition from resin and fibers

C O H
From resin (%mass) 39.60 7.23 3.07
From fibers (%mass) 50.12 – –
Zuram R© (%mass) 89.71 7.23 3.07

The cp of charred Zuram R© can be calculated applying Eq. (1) to the DSC data. Seven measurements
were performed using 3 different samples and are shown in Fig. 8. A polynomial fit was performed for the
whole dataset. The shape of the polynomial was chosen based on what suggested for graphite materials [25].
The fitting procedure was carried out using a MonteCarlo approach taking into account the uncertainties
mentioned in section 2. The shadowed area represents the plus and minus 1-σ (i.e., standard deviation) for
the fitted parameters. This same approach is used in the following sections for the other materials analyzed.

cchar
p (T ) = a + bT + c

T

(
J

kg K

)
a = 1850.384± 37.674
b = 0.248± 0.005
c = −393964.868± 8021.225

(12)
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Figure 8: Heat capacity of charred Zuram R©. The dots ( ) represent the experimental measurements with the different repetitions.
The blue line represents the average fit for the data-points taking into account the experimental uncertainties and the shadowed
area represents the standard deviation.

Virgin Zuram R©

The STA measurements on Zuram R© were performed analogously to the pre-charred. However, as
described in section 3, it is not possible to access the cp of the virgin material at high temperatures due to
the different chemical reactions occurring to the material. Therefore, we limit the temperature of the virgin
material to 500 K (Fig. 6). Then, we perform a polynomial fit to those data (Fig. 9) so that the fitted cp can
be extrapolated to higher temperatures. The shape of the polynomial is based for consistency on that of
graphite [25].
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data (blue line) allows extrapolation to higher temperatures (orange) where the virgin state does not exist in a steady state.

cvirgin
p (T ) = a + bT + c

T

(
J

kg K

)
a = 1724.514± 35.109
b = 0.656± 0.014
c = −311009.512± 6333.753

(13)

Phenolic resin
The low density of the resin is an obstacle to obtain reliable and repeatable measurements. Compressing

the material using the manufactured device relieved the problem allowing mass of ∼ 16 mg, barely enough to
perform accurate measurements. The samples of resin were analyzed up to 500 K again due to the effect
of the pyrolysis and the thermal degradation of the material. Figure 10 shows that the cp of the resin is
significantly higher than the one of Zuram R©.

cresin
p (T ) = a + bT + c

T

(
J

kg K

)
a = 2422.642± 47.729
b = 0.545± 0.011
c = −414779.268± 8176.467

(14)

Verification of the collected data
We provide here a verification of the consistency of the presented results. To do so, we have re-computed

the cp of the virgin material from its components: the phenolic resin and the carbon fibers. The cp of
CBCF 18-2000 was measured in a previous work [26] and the results, considering the uncertainty range, were
basically identical to those of the pre-charred Zuram R©. Thus, it is plausible to assume that the cp of the
carbon preform is the same as the one of pre-charred Zuram R©. The results from section 4.1 can be applied
now to compute the cp of the composite material:

ccomponents
p = (1− ηF )cresin

p + ηF c
char
p , (15)

where ηF is the mass fraction of the fibers (ηF = 0.5012). Figure 11 shows the estimation of the cp of virgin
Zuram R© from its components compared to the actual measurement. It can be seen that the computed
composite cp closely follows the experimental results and it is contained within the 1 standard deviation,
indicating that the differences found may be attributed to experimental uncertainties.
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Figure 10: cp of virgin phenolic resin. The experimental results ( ) are shown up to 500 K (no reactions). The polynomial fit of
these data (blue line) allows extrapolation to higher temperatures (orange) where the virgin state does not exist in a steady
state.

This result also shows the additivity of heat capacity, since the components (carbon fibers and phenolic
resin) of this composite material do not interact (react) with each other. This property is interesting because
allows to characterize the evolution of the heat capacity of the composite and its components even in the
case of not having access to the cured resin, as it happens in most cases. This separation becomes useful in
some numerical codes where the different components are treated individually.

4.3. Heat of pyrolysis
As mentioned in section 2.1, the heat of pyrolysis can be computed from DSC measurements applying

Eq. (11). However, this requires the evaluation of cp during its thermal degradation. This quantity is
computed using the experimentally determined cp for virgin and pre-charred Zuram R© (Eqs. (12) and (13))
and Eq. (6). The parameters χ(T ) and γ are obtained from TGA measurements Fig. 6. It can be seen that
the cp of Zuram R© smoothly transitions from virgin to char at ∼800 K, when the pyrolysis reactions are
taking place Fig. 12.

Then, the heat of pyrolysis can be computed as the difference between capp
p and cp and expressed

with respect to the mass of the virgin composite. The assessment of this quantity has been also carried
out propagating the uncertainties following a Montecarlo method drawing 10000 samples considering
the uncertainties from the capp

p and the decomposing cp of Zuram R©. With this approach, the heat
of pyrolysis followed a normal distribution with mean ∆hpyro = 79 429 J kg−1 and a standard deviation
spyro = 15 257 J kg−1. It is also important to report the values for the main endothermic peak which is also
distributed as a normal with mean ∆hendo = 75 840 J kg−1 and standard deviation sendo = 9882 J kg−1

For clarity, an example of the computation from one of the samples of the Montecarlo if provided. In
Fig. 13, the curves corresponding to the DSC signal and the cp of the decomposing Zuram R© (green) intersect
in three different locations (black dots), thus Eq. (11) can be split into three contributions:

∆hpyro =
∫ T1

T0

capp
p (T )− cp(T )dT︸                              ︷︷                              ︸

endothermic=8715 J kg−1

+
∫ T2

T1

capp
p (T )− cp(T )dT︸                              ︷︷                              ︸

exothermic=−4583 J kg−1

+
∫ T3

T2

capp
p (T )− cp(T )dT︸                              ︷︷                              ︸

endothermic=75 318 J kg−1

= 79 450 J kg−1.

(16)
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Figure 11: The cp of Zuram R© is computed from contributions of phenolic (orange) and carbon fibers (green). This component
computed Zuram R© cp (red dotted) is in great agreement with the experimentally determined (blue)

It can be observed (Fig. 13) that the first integral corresponds to a slight but wide endothermic process
which absorbs a small quantity of heat (magenta), the second one to an exothermic zone (green), while the
third integral corresponds to a wide endothermic zone (magenta).

5. Conclusion

A consistent methodology for the characterization of the heat capacity of carbon-based composites is
presented. Sample preparation is essential: crushing and compacting the samples in the crucible improves
repeatability of DSC measurements. For a typical sample mass of 15-20 mg a heating rate of 20 K/min is a
good compromise between the resolution of the DSC and its sensitivity. OEA provides key information on
the composition which is used for the verification of the DSC measurements of the composite by building on
the values of the individual components. In the case of Zuram R©, the additivity of the heat capacity proved
to be an adequate assumption.

The methodology has been applied to the Zuram R© ablator allowing to obtain the heat capacity of
its components and their evolution with temperature, as well as the heat of pyrolysis providing a globally
endothermic process.
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