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Abstract

In aerospace industrial and commercial scenario, the reusable launch vehicles (RLV) evolution works constantly toward the
lowering of payload conveyance expenses. The thermal protection system (TPS) preserves the integrity of the space vehicle
surfaces exposed to huge thermal shock during the re-entry phase: its advanced design and manufacturing, aimed at both
reusing and withstanding harsh space environment, result in increasing the production and maintenance charges. The pre-
sent study introduces a cost-saving concept of TPS component made of carbon/carbon (C/C) tiles coated by a commercial
refractory varnish reinforced with ceramic nanoparticles. Using a reliable computing method, known as inverse method,
the thermophysical properties such as heat capacity and thermal conductivity of the manufactured materials are assessed in
a broad range of temperatures, with the input aid of an in-house developed experimental setup. The described technique is
especially suited for approaching such kind of issues, thanks to the capability of taking into account several physical variables
simultaneously, with the aim of gaining a robust knowledge of materials’ thermal behavior for potential use in spacecraft TPS.

Keywords Carbon-carbon - Nano-coating - Thermal protection system - Inverse method - Re-entry spacecraft - Thermo-
mechanical stress

List of Symbols N,

' Number of unknown parameters

Latin Symbols

p

Vector of unknown parameters

b Length of heat flux sensor q,(t) Heat flux at the heated boundary
o7 Volumetric heat capacity q,(7) Heat flux at the inner boundary
T(t,x Temperature
Sn(@®) Temperature measurements (@0 . .p
= . e Ty(x) Initial temperature
g’ Vector of gradient minimization method . .
; . X Spatial variable
at current iteration .
J Least-square minimized functional Xp, Xpy oeny Xy Coordinates of thermocouples
7:) Gradient of the functional J at current Xp Xy oo Xy Coordinates of layer boundaries
iteration Greek Symbols
P’ Parameter of conjugate gradient method
at current iteration
< R. Pastore 7 Step descent

roberto.pastore @uniromal .it

Department of Space System Engineering, Moscow

Aviation Institute, 4 Volokolamskoe hgw., Moscow 125993,

AT(x,7)0(x, 7)
o

Increment of temperature
Integral error of temperature
measurements

Russian Federation MT) Thermal conductivity
2 Department of Astronautic, Electric and Energetic 0,,(7) Measurement variance
Engineering, Sapienza University of Rome, via Eudossiana T Time

18, 00184 Rome, Italy

Agenzia Spaziale Italiana, via del Politecnico snc,
00133 Rome, Italy

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s42496-023-00187-0&domain=pdf

A.V. Morzhukhina et al.

4

T, Final time

w(x, 1) Adjoint variable for temperature
(Lagrange multiplier)

Subscripts

k Number of unknown parameters

l Number of layers

m Number of thermocouples

1 Introduction

The development of re-entry spacecraft enforces the con-
cept of reusable integrated systems suited for handling the
hard operating conditions of re-entry and in-orbit flight.
Spacecraft are subjected to severe thermomechanical
loads, outgassing damaging, ultraviolet and atomic oxygen
exposure, as well as further aging agents that can badly
affect the structural integrity of the vehicle. Testing and
qualification of materials exposed to these extreme condi-
tions have provided data to enable the manufacturing of
long-life reliable components used on Earth as well as in
the world’s most sophisticated satellite and spacecraft sub-
systems, as reported by NASA ISS Program Science Office
[1]. About the thermal conditions-induced degradation,
the critical mechanical defects that can grow have to be
identified and recorded by specialized detection methods
and their impact in space has to be treated statistically, as
reminded in reference MRS Bulletin [2]. In this regard,
NASA Technical Reports as well as reference handbooks
of environmental degradation of materials underline the
need to have ever more detailed knowledge of the near-
Earth thermal environment parameters and of system’s
thermal response time, with particular regard to the task
of the effects of mismatch in the coefficient of thermal
expansion (CTE) arising in not homogeneous materials
such as composites or coated materials [3, 4]. About ther-
mal control surfaces, a widely used concept is the appli-
cation of protective coatings, which are stable under sthe
pace environment, having good adhesion and with similar
thermal expansion coefficient of the substrate, even if the
adopted solutions have to face to the synergic enhanced
degradation due to thermal outgassing and UV and atomic
oxygen exposure [5, 6].

Advanced design and manufacturing solutions are
required to provide effective and low-cost thermal pro-
tection systems (TPS), which should be thin, lightweight
and reusable. Carbon/carbon (C/C) ceramic composites are
ideal candidates to be used in space vehicles TPS, thanks
to a huge thermomechanical resistance, even at tempera-
tures of 1000°. This advanced composite material is the
most advanced form of carbon, consisting of a fiber based

@ Springer

on carbon precursors embedded in a carbon matrix; a few
tens of companies in the world deal with some form of
C/C composites, the major market share being kept by
the US industrial segment, followed by French and Brit-
ish companies, while other countries with more focus on
industrial rather than aerospace and military applications
are Germany and Japan [7]. The various precursors of
fibers as well as the methods of processing C/C matrix
materials have direct influence on the characteristics of
the final product, as widely studied; in particular, the C/C
physical properties are determined by both the fine and
coarse microstructural features and by the nature of the
interface between fibers and matrix [8, 9]. Further com-
plications arise from the use of subtle treatments such as
surface modification of the fibers and inclusion of oxida-
tion protection; the number of possible combinations of
parameters is almost limitless, classifying C/C as a family
of materials whose properties may be tailored to suit a spe-
cific application [10]. Despite long studies performed all
over the world on this material, there are still not standard
methods for its production. In particular, one of the most
critical issues is to obtain uniform structures with high
thickness: to this aim, methane chemical vapor infiltration
(CVI) processes were studied in the past years for manu-
facturing components for space application such as using
in engines as nozzle throat section for launchers [11, 12].

Concerning the C/C application in spacecraft TPS, it
has to be mentioned that in low Earth orbit (LEO) envi-
ronment, C/C naked materials will suffer oxidation, thus
downgrading their performances, when long-standing
space missions are planned. At present, many advanced
oxidation protection systems have been developed, but
there is no universal solution for the general problem of
protecting C/C against oxidation [13], in particular for
long missions in LEO regions where the issue of high-
energy atomic oxygen erosion must be considered [14,
15]. Oxidative phenomena in carbon-based ceramic
materials determine multiple issues: layers’ delamination
occurs when the fiber/matrix interface is engaged, while
fiber bundles cracks may arise at growing temperatures. To
prevent materials’ oxidation, two approaches are typically
pursued: suppressing the degradation rate by blocking the
inner active sites by using inhibitors and sealants, or hin-
dering oxygen reaction with carbon by means of outer sur-
face coating treatment [16, 17]. At present, a broad variety
of procedures are exploited for coating formulation and
applying techniques, such as deposition of ceramic layers
by batch carburizing, reaction sintering, or matrix impreg-
nation and pyrolysis. In particular, silicon carbide (SiC)
ceramic is widely used as a coating to provide protection
against oxidation owing to its excellent anti-oxidation
properties and good compatibility with C/C composites;
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moreover, the glassy SiO, film formed on the surface of
the coating while the SiC coated C/C composites are sub-
ject to oxidative agents at high temperature can efficiently
prevent oxygen from diffusing into the C/C matrix [18].
For ceramic coating deposition, using the CVD technique
dense coating layers is possible with good adhesion to
the substrate; however, due to the low deposition rates,
the processing times are high, thus increasing the manu-
facturing process cost, and, furthermore, there is a strong
limitation for the component size due to the high vacuum
chamber technology and gas feed stream necessary [19].
Furthermore, disadvantages such as degrading of the
substrate material after the coating application or flaking
phenomena caused by a weak coating adhesion have not
yet been suitably addressed. Thus, the modern aerospace
research industry efforts are devoted to develop improved
coating products and processes.

This work describes a coating technique consisting in
the spreading of a commercial refractory paint reinforced
with ceramic nanopowders over C/C substrates: the main
aim is to assess a process characterized by time/cost-saving
while retaining performances in terms of substrate’s surface
preservation from thermal oxidation [20, 21]. The proposed
coating capability is investigated performing a full ther-
mal properties characterization by means of an advanced
numerical approach (known as inverse method [22, 23])
combined with a detailed experimental analysis, allowing
to estimate with optimal accuracy the materials’ thermal
conductivity and heat capacity over a wide range of tem-
peratures. The modern approaches to design the considered
materials assume broad application of mathematical and
physical simulation methods. Anyway, mathematical simu-
lations are reliable only if approved information is available
about the specific properties of the objects under investiga-
tion. Generally, the direct measurement of the materials’
thermophysical properties, especially in the case of hybrid

composition structures, is actually impossible, the only way
to overcome such complexities being indirect measurement.
From the computational point of view, such an approach
is usually formulated as a solution of the inverse problem:
through direct measurements of the system’s state (tem-
perature, component concentration, etc.), its properties, as
the materials’ thermophysical characteristics, are defined.
Violations of cause-and-effect relations in the statement of
these problems results in their correctness in a mathematical
sense (i.e., the absence of existence and/or uniqueness and/
or stability of the solution). Hence, special methods usually
called as ‘regularized’ have been developed to deal with
such problems in the most suitable route.

2 C/C-Coated Materials

C/C composites are a typology of hierarchical ceramic mate-
rials constituted by a graphitic bulk coupled to a carbon fiber
preform. They have significant thermal stability and resist-
ance, which allow to retain excellent mechanical properties
at very high temperatures: such feature, in view of the rela-
tive lightness with respect to conventional metallic materi-
als, suggests their employment in particular as component
for spacecraft structures and subsystems. Industrial C/C tiles
(Mitsubishi Chemical Carbon Fiber and Composites—den-
sity around 1.45 g/cm®) were machined to extract several
samples: rectangular panels (sides~12x 5 cm?, thickness
4 mm) for the thermal conductivity and heat capacity testing
are shown in Fig. 1. The C/C plates were pre-conditioned
in low pressure environment (8 h at~ 107> mbar) to remove
contaminations and minimize moisture absorption effects.
A ceramic pyro-paint (Aremco Products) was adopted as
the main coating component: it is a high-melting Al/oxide-
based varnish able to operate in very harsh thermal con-
ditions (up to 1800 °C, [20, 21]). The paint was filled by

Fig.1 A square tile cut out from commercial C/C slab, split in half for the thermal characterization: coated surface (left), back surface (right)
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inclusion of Si/oxide nanopowders (Sigma-Aldrich—nSiO,:
av. diameter 12 nm, surface area 175-225 mz/g) at different
weight percentages (0.0-1.0 wt%): such ceramic materials
are typically employed to increase the insulating properties
by lowering the thermal conductivity [13, 15, 19]. The as-
manufactured mixtures were brushed over the C/C panels,
leveling the free surface to achieve a coating thickness in a
range 0.3-0.6 mmy; after the application, the hybrid samples
were cured by following the pyro-paint technical specifica-
tions (2 hin air dry, 2 h at 98 °C, and 1 h at 427 °C).

3 Thermal Test

The characterization of coated C/C material was carried out
with the aim of evaluating the material thermal properties by
inverse problems technique. Five typologies of materials were
tested—i.e., C/C with bare coating and enriched with silica
nanoparticles at 0.25, 0.50, 0.75 and 1.00 wt%. Two specimens
for each material were submitted for thermal tests as a rec-
tangular parallelepiped (see Fig. 1): the adopted experimental
sample was a slab taken from the material under investiga-
tion with major edge thickness-to-length ratio about 1:25. The
labeling, weight and sizes of the ten specimens are indicated in
Table 1. The adopted dimensioning, as well as the use of two
identical specimens’ symmetrical heating procedure, provided
a thermal profile close to a one-dimensional framework in the
course of testing, with initially uniform temperature distribu-
tion along the specimen. A number of thermocouples (wires
thickness 0.05 mm) were installed on the heating and back
surfaces of the specimens (Fig. 2), since the analyzed mate-
rial is electrically conductive, as well as on the specimens’
heating surfaces into the thin surface dimples with isothermal
area 6 mm length, fixed by high-temperature adhesive and out-
put back throughout the specimen slots. The heat flux sensors

in the form of rectangular slab made from SiO, fibers were
positioned on the specimens’ back surfaces to provide inverse
problems unique solution. The sensor thickness was selected
during the process of pilot tests with the help of measured
conditions of temperature reaction on the back surface. The
experiment facilities TVS-2 M and the experimental module
EM-2B, with heating element (HE) made from stainless steel
strip 0.1 mm thick, were used for the test execution (Fig. 3).
The control system based on PXI tools was used for heating
manipulation, measurements and data collecting. The pilot
tests have shown that the analyzed material has great electrical
conductivity, which arises during the increase of temperature;
at temperature greater than 120 °C, it is comparable to the HE
material electrical conductivity. This property creates serious
problems during the realization of the test scheme, demanding
electrical isolation of thermocouples wires from HE material.
The symmetric scheme of the heating of two similar speci-
mens (Ai and Bi, i=1, ..., 5) by steel HE was chosen for test
execution. The temperature measurement scheme is presented
in Tables 2 and 3. The specimens’ heating program was cho-
sen during the pilot tests, based on the assessment of a given
maximum temperature of specimen heating 7'y, x(7) ~400 °C,
thus ensuring an acceptable temperature measurement at spec-
imens’ back surfaces as well as not exceeding HE temperature
of Ty max(7)~470 °C, which is critical for electrical isola-
tion covering of HE and thermocouples. The results of the
temperature measurements for Ai specimens are presented in
Figs. 4,5, 6,7 and 8.

4 Inverse Problems Technique
Based on the given physical model, a mathematical model of

heat transfer process in the material’s specimen (infinite three-
layer slab of known thickness) can be presented as follows:

Table 1 Specimens’ parameters

Specimen Length (mm) Width (mm) Thickness® Densityb (kg/m3) n-Si0O, (%)
(mm)
Al 120.1 50.6 4.45 1387 0
Bl 120.1 50.4 4.30 1422 0
A2 119.8 48.8 4.53 1385 0.25
B2 120.1 49.2 4.59 1383 0.25
A3 120.0 48.9 4.60 1358 0.5
B3 120.0 49.5 4.53 1348 0.5
A4 120.2 49.0 4.45 1270 0.75
B4 118.4 49.0 4.39 1333 0.75
A5 120.7 50.3 4.55 1376 1.0
B5 120.7 50.1 4.50 1378 1.0

#Average value by five measurements

bCalculated
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Fig.2 Testing scheme: 1—holder of the heating element (HE), 2—
thermoelectrical insulation, 3—heating element, 4—holder of speci-
men, 5—experimental specimen Al, 6—heat flux sensor on the
specimen Al, 7—measuring element of sensor on Al, 8—thermal
isolation, 9—thermoelectrical isolation, 10—heat flux sensor on the
specimen B1, 11—experimental specimen B1, 12—points of volt-
age measurement on HE, 13—measuring element of sensor on B1,
14—clamping plate. 15—thermoelectrical isolation, 16—measur-
ing element of sensor on A2, 17—heat flux sensor on the specimen
A2, 18—experimental specimen A2, 19—heat flux sensor on the
specimen B2, 20—measuring element of sensor on B2, 21—experi-
mental specimen B2, 22—coating of specimens A, 23—coating of
specimens B. Thermocouples: Tyg control thermocouple on HE,
T,—on the heating surface of specimen Al, T,—on the back sur-
face of specimen A1, T;—on the heat flux sensor heating surface of
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specimen Al, T,—internal in the heat flux sensor heating surface of
specimen Al, Ts—on the heat flux sensor back surface of specimen
Al, T¢—on the heating surface of specimen B1, T;—on the back sur-
face of specimen B1, Tg—on the heat flux sensor heating surface of
specimen B1, To—internal in the heat flux sensor heating surface of
specimen B1, T, _on the heat flux sensor back surface of specimen
B1, T,,—on the heating surface of specimen A2, T;,—on the back
surface of specimen A2, T,;—on the heat flux sensor heating surface
of specimen A2, T|,—internal in the heat flux sensor heating surface
of specimen A2, T s—on the heat flux sensor back surface of speci-
men A2,, Ts—on the heating surface of specimen B2, T;;_on the
back surface of specimen B2, T ;—on the heat flux sensor heating
surface of specimen B2, T,g—internal in the heat flux sensor heating
surface of specimen B2, T,;—on the heat flux sensor back surface of
specimen B2
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BRI HEATING
ISOLATION

Fig.3 Experimental setup for heat transport analysis. top—on the
left, a general view of TVS-2 M stand: 1—vacuum chamber, 2—
vacuum system, 3—power system, 4—monitoring and control rack;
on the right, inside of the vacuum chamber of TVS-2M stand: 1

vacuum chamber, 2—experimental module EM-3D, 3—connector
blocks of thermocouples. Down—simplified schematics illustrating
the heat transport measuring concept (left), the experiment module
with installed specimens and thermos-insulating holder (right)

Table 2 Thermal measurement

. Coordinate Al A2 A3 A4 AS Bl B2 B3 B4 B5
scheme by specimens (mm)
Thermo-
couple
X, 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0
T; T, Ty Ty, Ty Ty, Ts Tys Tys Tys Tys
X, 4,45 4,53 4,60 4,45 4,55 4,30 4,59 4,53 4,39 4,50
T; T, Ty, Ty, Ty, Ty, T Ty Ty Ty Ty
T(X.7) =T, (X.7), =12, (5) oT (X, 7)
—/13(T)T =q,(1), TE (rmin, Tmax]. (6)

@ Springer

In the modeling described by Eqgs. (1)—(6), the coef-
ficients C|(T) and A,(T) as well as C,(T) and A,(T) are
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Table 3 Thermal measurement scheme by thermal flux sensors

Coordi- Sensoron A1 Sensoron Sensor on Bl  Sensor
nate (mm) A2...A5 on B2...
Thermo- BS
couple

X, 0,0 0,0 0,0 0,0

T; T, Ty, Ty Ty

X, 5,8 5,8 5,7 5,7

T; T, Ty T, Ty

X; 22,5 22,5 22,5 22,5

T; Ts Tys Ty Ty

unknown. The experimental equipment and the measured
system presented above could be applied for estimating the
unknown functions by inverse problems technique, and the
results of temperature measurements inside the specimen

Fig.4 Measured temperature vs T.C 600
time plotted for specimens A1l
(base coating) and comparison
with the calculated temperature
on the specimen back surface

—T1

500

300

200

100

are assigned as necessary additional information to solve
an inverse problem.

Texp (Xm, r) =f,(z), m= ﬁ, . %

It is impossible to estimate simultaneously the set C(7),
A(T), Cy(T) and A4,(T) by internal temperature measure-
ments; to overcome this problem, additional experiments
with C/C material without coating were carried out. There-
fore, C,(T) and 4,(T) were estimated in advance, then C(7)
and 4,(7T) were obtained for different coatings.

Two uniform difference grids are introduced in the inter-
val [T, Tinaxd With the number of nodes N, i=1, 2, namely

in’

w; = {Tk=Tmm+(k—1)AT,k= 1,Ni},i= L2 (8

The unknown functions on grids (6) are approximated
by using cubic B-splines as follows:

0 100 200
Fig.5 Measured temperature vs T.c %

time plotted for specimens A2 — T

(coating reinforced by 0.25% of —_T12

n-Si0,) and comparison with %07

the calculated temperature on
the specimen back surface

300 400 500 600 700 800 900
Time, s

Time, s
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Fig.6 Measured temperature vs
time plotted for specimens A3
(coating reinforced by 0.50% of
n-Si0,) and comparison with
the calculated temperature on
the specimen back surface

Fig.7 Measured temperature vs
time plotted for specimens A4
(coating reinforced by 0.75% of
n-Si0,) and comparison with
the calculated temperature on
the specimen back surface

Fig. 8 Measured temperature vs
time plotted for specimens A5
(coating reinforced by 1.00% of
n-Si0,) and comparison with
the calculated temperature on
the specimen back surface
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N, N,
CiT) =Y GhiT). 4T =Y LA, ©)
k=1 k=1

where C, k=1, N, A, k=1, N,, are parameters. As a result
of the approximation, the inverse problem is reduced to
search the vector of unknown parameters p = {pk } k=1,
N,, which has dimension N, =N, +N,. The least-square
residual of computational and measured temperatures at the
points of the thermocouple installation is given by

] Tmax

J(C(D), (D) =Y /

m=0
Tmin

) —ful®)dz, (10)

where T (X,,, 7) is defined from a solution of the bound-
ary-value problem (1)—(6).

It is assumed here that the conditions of uniqueness of the
inverse problem solving are satisfied. An iterative regulariza-
tion method stated here, according to the general definition of
Tikhonov’s regularizing operators, gives rise to a regularizing
set of operators, in which a regularization parameter is the
number of the last iteration. For linear ill-posed problem, the
iterative regularization method has received a rigorous math-
ematical proof and practical verification through data of math-
ematical modeling. Applicable to nonlinear problems, there
are at present no complete theoretical results on the substation
of iterative algorithm stability. However, the results of compu-
tational experiments already made in solving the inverse heat
transfer problems of different types prove the high efficiency
of the iterative regularization method as well as the possibility
to analyze a wide range of nonlinear problems.

Proceeding from the principle of iterative regularization,
the unknown vector can be determined through the minimiza-
tion of the functional (10) by gradient methods of the first-
order prior to the fulfillment of the condition:

@) <5, 5= Z/a (@) dr. (an

Tmin

where the integral error of the temperature measurements
() is defined, o, being the measurement variance.

To construct the iterative algorithm for this inverse prob-
lem, the solution of a conjugate gradient method is used. A
successive approximation process is constructed as follows:

(1) a priori an initial approximation of the unknown param-
eter vector 1_70 is set;

(i1) a value of the unknown vector at the next iteration is
calculated as follows:

l—)s+1 zﬁs + ysgs

T =T 57

ﬂ 0 ﬂs _ << ’(Y)’ <J]/J(S_1)>>’J1’7(S)> (12)

where 7@) is the value of the functional gradient at the cur-
rent iteration. The greatest difficulties in realizing the gradi-
ent methods are connected with the calculation of the mini-
mized functional gradient. In the developed approach, the
methods of calculus of variations is used. Here, an analytic
expression for the minimized functional gradient is obtained:

% (13)
;TJ =Jg/
3 Toax Xi
=-> / / Wi, r) ¢k<T)dxdr (14)
=1 0 X,
k=1,N.,

where y(x, 7) is the solution of a boundary-value problem
adjoint to a linearized form of the direct problem (1)—(6):

dy, all/z d4, 0T, \ oy,
Nn— == =) - (=)
€5 ( D5 dT ox ) ox’ s

X <x<X,l=13,

0 <7< Tmax »
V(% Tae) = 0.X,; SX <X, 1=1.3, (16)
oy, (X, 7)
A (T (XO’T))—X =2[T, (X, 7) = fi(®)]. a7
oy (X, 7 oy, (X, 7
1000 20T ) 22,
(18)
WI—I(XZ’T) = WI(XPT)’ (19)
1=1,2,
oy, (X5, 7)
/IZ(TZ(XZ,T))a— — A3(T5(X5. 7))
oy (Xy.7) 20
% =2[Ty(X,.7) - ()],
o3 (X3, 7)
1 (T3 (%,7) 2 <o @y
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Fig.9 Estimated thermal conductivity as function of temperature of
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The estimation of the functions C(7) and A(T) for previously
analyzed C/C naked substrate (two similar samples labeled
as A0 and BO) and in the present case of different coatings
is reported in Figs. 9, 10 and 11, 12, respectively. Table 4
includes the obtained values of the least squares methods and
the maximum deviation of the temperatures calculated from
those measured during the experiments.

5 Result Analysis

All the tested samples showed very good thermal stabil-
ity over a wide range of temperatures. Remarkable coin-
cidences have been assessed by comparing the tempera-
ture/time recorded by the “matched” thermocouples (i.e.,
the temperature trend in the corresponding regions of two
similar specimens, Ai and Bi, was found to be fully con-
gruent within the limits of the experimental uncertainties),
thus ensuring a high level of confidence provided by the test
equipment in terms of results reproducibility. Moreover, the
comparison between measured and calculated temperature
on the specimens back side (see Figs. 4, 5, 6, 7 and 8, where
T,/T; and T,/T,5 are almost undistinguishable due to their
closer housing, as depicted in the testing scheme reported
in Fig. 2) presents good accordance, thus establishing the
robustness of the proposed approach. A decrease in tem-
perature between the front and back sides was found in the
range 50-100 °C, which corresponds to a thermal “delay”
of about 15 s, almost constant throughout the entire time
interval under the selected heating conditions.

The estimation of the thermal conductivity A(7) and heat
capacity C(T) functions by solving the inverse method (see

50 100 150 200 250 300 350 400 450 500

Temperature, °C
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K m3)

Volumetric heat capacity,

Temperature, °C

Fig. 12 Estimated heat capacity as function of temperature of coated
materials: 1, 2—specimens Al, B1 (0% n-SiO,), 3, 4—specimens
A2, B2 (0.25% n-SiO,), 5, 6—specimens A3, B3 (0.5% n-SiO,), 7,
8—specimens A4, B4 (0.75% n-SiO,), 9, 10—specimens A5, BS
(1.0% n-Si0,)

Table 4 Difference between estimated and measured temperatures

Specimen Least-squares temperature ~ Maximum tem-
deviation (K) perature deviation

X

Al 1.32 53

B1 1.24 4.9

A2 1.21 5.0

B2 1.26 4.6

A3 1.23 4.5

B3 1.29 4.9

A4 1.30 5.1

B4 1.19 4.7

A5 1.28 4.4

BS 1.22 4.5

Figs. 9, 10, 11 and 12) firstly shows how the presence of
the coating highly affects the thermophysical properties of
the C/C substrate. In particular, both thermal conductivity
and volumetric heat capacity are systematically raised in the
coated material all over the temperature range considered,
with asymptotic values almost threefold for what concerns
the conductivity (around 3.7 W/m-K vs. 1.7 W/m-K for the
naked C/C up to 400 °C) and increased by about 25% for
the capacity (2.65x 10° J/m*K on average vs. 2.10x 10° J/
m>-K for the naked C/C up to 400 °C). Such behavior is
surely appropriate if a substrate with high thermal stabil-
ity as C/C has to be protected from an oxidizing environ-
ment, by preserving at the same time the whole structural
integrity against huge thermal stress. Considered as bulk
material, in fact, the surface layer conducts heat to the inner
part without excessive increase of its own temperature, thus
reducing simultaneously the detrimental effect of surface
oxidation and the occurrence of thermal-induced cracks or
delamination.

As far as the influence of silica nanopowder addition to
the base varnish coating is concerned, the results outlined
in Figs. 11, 12 for the estimated thermal conductivity and
volumetric heat capacity of the several coated materials as
function of temperature suggest that there is a no significant
disorder effect on the Al/oxide-based matrix, even if the
gradual inclusion of insulating nanoparticles leads to a lit-
tle decrease of both thermal conductivity and heat capacity,
by about 2.5% and 2.8% when temperature rises toward the
maximum of 500 °C, respectively. This feature implies the
reliability of the hybrid-multiscale coating approach, since
TPS shielding is not achieved by adding layers—i.e., chang-
ing materials and construction, and thus making the entire
structure heavier—but only improving the intrinsic physical
properties of the base matrix.

The latter results can be directly correlated to that previ-
ously observed from the CTE characterization of this kind
of materials [21, 24], since a little higher expansion can
be considered as responsible for a slight lowering of heat
conduction/exchange in ceramic materials. Moreover, it is
worth noting that such structural upgrade does not give rise
to overheating drawbacks, since the material volumetric heat
capacity sounds as almost unaffected by the nanoinclusions.
Definitely, considering the combined CTE-A(T) behavior, it
can be assessed that the proposed multiscale ceramic hier-
archical architecture may lead to the formation of a more
resilient coating, thus optimizing the main functionality
of C/C protection from erosion and oxidation. Previously
performed elemental analysis of the coating layer evaluated
the composition of the alumina and silica in the coating
solution, confirming the very low carbon species content.
Further efforts are surely needed to optimize the substrate/
coating interface physical properties, to achieve a suitable
degree of adhesion by maximizing the coating embedding
within the C/C bulk. Basically, the reported results indicate
the proposed hybrid ceramic coating as a feasible technical
strategy to preserve TPS C/C substrate from the space envi-
ronment oxidative conditions, thanks to both an improved
protection effectiveness and LCC safety.

6 Conclusions

In this work, an experimental thermal analysis of a novel
coating material for protecting a carbon—carbon compos-
ite surface was carried out. A commercial product made
of an alumina-based refractory varnish was enriched with
the inclusion of silica nanoparticles aimed at increasing the
oxidation resistance without losing thermomechanical sta-
bility, adhesion and uniformity. The complete thermal char-
acterization was carried out by experimental and numerical
analysis of the coated materials with various concentrations
of n-SiO, addition (0.0-1.0 wt%). In particular, the advanced
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inverse method was adopted for assessing the thermophysi-
cal properties such as heat capacity and thermal conductiv-
ity of the manufactured materials in a broad range of tem-
peratures, by exploiting the input of an in-house developed
experimental setup. The main results of the present study
were:

e establishing the reliability of the materials’ manufactur-
ing methodology and of the experimental framework
designed, as well as the robustness of the mathematical
approach adopted, as testified by the results reproduc-
ibility revealed during similar samples testing and by
the agreement between measured and calculated values
of temperatures throughout the whole thermal range
explored;

e confirming the effectiveness of the hybrid ceramic coat-
ing strategy proposed, since the experimental and numer-
ical results of the thermophysical characterization of the
manufactured specimens outlined that the applied surface
layer would be able to prevent C/C substrate oxidation
without degradation due to high thermal loading;

e promoting the use of ceramic nanosized addition to com-
mercial refractory varnish to improve the overall protec-
tive coating performances, since the improved resistance
to oxidation given by silica-based material does not lead
to a significant weakening of the structure in terms of
thermal stability; in this regard, the experimental and
numerical analysis of thermal conductivity and heat
capacity revealed a slight decrease in the heat transfer
characteristics of the nanostructured coating, confirming
previously reported results about the thermomechanical
analysis of the proposed materials.

The presented results point out that the proposed hybrid
ceramic coating represents a possible technical strategy for
protecting TPS from the detrimental space environment
conditions, with specific regard to the huge thermal shock
(aerothermal heating up to 10* W/cm? for entry velocities
around 11 km/s, temperatures up to 2000 K for about ten
minutes) experienced on the spacecraft exposed surfaces
during re-entry phase.
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