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Abstract: This study examines the thermal deformation behavior of a fiberglass composite polymer
material, specifically a phenol-formaldehyde matrix, under various heating conditions. The material is
subjected to uniform and one-sided heating at rates up to 600°C/min, with a high-temperature gas flow
reaching 2500°C. The research focuses on the kinetics of thermal deformation, assessing how different
heating rates and temperatures impact the composite material. The analysis involves computing the
stressed-deformed state of reinforced plastic samples to measure their expansion under one-sided
heating. Findings reveal that the coefficient of thermal deformation (aT\alpha_TaT) shows a linear
dependence on temperature and stresses, which helps in preventing bending in free samples.
Conversely, for bent samples, the absence of a stress gradient (Ao=0\Delta\sigma = 0Ao=0) at higher
heating rates results in increased stress gradient values. Comparative data from dilatometry tests,
conducted across a temperature range of 20 to 1100°C, corroborate these observations, providing
insights into the material's response to thermal and mechanical loads.

Keywords: Thermal Deformation, Fiberglass Composite, Phenol-Formaldehyde Matrix, Heating
Rates, Stress Gradient

INTRODUCTION

Thermal shield materials (TSMs) used for aircraft and aerospace technologies are classical examples
of objects operating under extreme loads. Extreme conditions are defined by temperature, acting
mechanical stresses, and also by the degree of chemical aggression of an external medium, intense
radiation, abrasive erosion action etc.

In real conditions, thermal shield materials are exposed to thermal and chemical force simultaneously.
Changes in both the velocity and temperature of an incoming flow affect the thermal load on spacecraft
characteristics.

Figure 1 shows the dependencies of parameters of high-temperature gas flow acting on the side surface
of a re-entry spacecraft based on the descent time t from the earth orbit (Dimitrienko, 1997).

In heating process, both physical and chemical transformations occur in thermal shield laminates that
radically change the structure, composition, and density of thermal shield materials.

Non-reversible changes of thermo-physical properties of the materials occur, such as decrease of
density, increase of gas penetration, appearance of secondary porousness, change of thermal
conductivity of materials in the direction of reinforcement and at right angles for all types of composites
(Dzenis and Ponomaryov, 1989; Perepelkin, 1992).
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The major types of surface or local destruction of the materials are as follows (Polezhaev and Jurevich,
1976; Tadmor and Gogos, 2006; Malkin, 1991; Khobragade and Deshmukh, 2005):
Thermal destruction under the action of supercritical camera (Voloshchenko et al., 1980).

thermal flows due to change in the state of matter Large-size models of a conical shape were used
to study the
(melting, evaporation, sublimation); kinetics of

destruction and heat resistance of the thermal shield elements under erosive high-temperature and
corrosive high -

(1)  Mechanical destruction due to thermal stresses density gaseous flow (Figure 2) (Gracheva and
Kharchenko, 2006). caused by thermal expansion (shrinkage) of thermal Cracks can develop
themselves both at lower (a) and upper (b) shield materials under physical and chemical butt, or they
can go across the side surface of a shell (¢). In any transformations at high temperatures; case, they
develop along generatrix of a conical model of thermal (3) Mechanical destruction in friction contact or
while shield laminate due to the action of stretching stresses. These in hitting moving solid objects
quickly; turn appear due to shrinkage laminate under high-temperature heating. of thermal
deformations in the

(4) Chemical destruction in reactions with aggressive the destruction can be caused by the accumulation
of defects in media (liquid or gaseous). the volume of the material that occurs in mechanical
loading and thermal cycling under intense action of radiation.

Under extreme conditions, critical accumulation of defects may interaction between materials in
ambient medium is the = occur within a sufficiently short timeframe.

correspondence of experimental studies on the natural Glass plastics are traditional materials the side
surface of the re-entry spacecraft in the dense layers of the used for the thermal shield of conditions of
operation of a specific structure or model. atmosphere.

The mechanism of thermal shield laminates is based on destroying the surface layer to create an
operational thermal regime for either inner layers or a whole structure.
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Figure 1. Dependence of parameters of gaseous dynamic flow acting on a side surface of a re-entry
spacecraft vs. descent time t from the Earth orbit (H-1; M — 3;Ie — 3; pe — 4; L/cp — 5; e — 6; po - 7)
[1].

MATERIALS AND METHODS

To choose a thermal shield material for specific purposes, thermal stresses that appear in a thermal
shield laminate under designers need to have laboratory setups that imitate conditions of intensive one-
sided heating. Its distribution through the material material operation at maximal thermal loading to
overcome the thickness can be represented as (Lehnitsky, 1977): threshold of ablation of the surface of
thermal shield materials.

To study the deformation and destruction of thel] Oor 0O

models of thermal shield structures, special gaseousE O

dynamics setups are created in the Institute forld 0O O:d7o OOo ___

Problems of Strength (Kiev, Ukraine); they provide al 11T Ox dxO0O0O,

possibility to test models of cylindrical, conical, O

prismatic shapes with length and width (diameter) of more than 300 mm. where [1 1is the

material thickness.

A source of a high-temperature flow (up to 2500°C) was a gas jet Direct measurements of the working
layers of a thermal shield of combustion products (kerosene in oxygen) in an aircraft-type are
practically impossible due to high temperatures and fast timeframe for all the processes.
Therefore, to make conclusions on the working efficiency of thermal shield structures one can just rely
on conditions close to real ones.

Figure 3 shows the results of thermometry of an outer layer of a thermal shield laminate in a weakly
conical model (Figure 2); it was tested in a high-temperature jet of a gaseous dynamics setup that
simulates operation of the structure under real conditions.
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Figure 2. Destruction of surface layers of a thermal shield made of a polymer composite material
tested at a high-temperature of gas flow.
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Figure 3. Temperature distribution (continuous lines) and heating rates (dashed) over the thickness
of a fiberglass laminate under one-sided convective heating in a high-temperature of gas flow [Gracheva
(2006].

The reliability of composite materials destroyed by heat like thermal shield laminates is defined
mainly by the character and magnitude of thermal deformations (TDs) due to increased temperature.
Thermal expansion analysis allows one to make conclusions about the working efficiency of thermal
shield materials. Especially important are studies of linear thermal expansion coefficients conducted
under real modeling conditions.

The goals of this study are (i) to determine the thermal expansion of a typical thermal shield laminate
of a re-entry spacecraft, made of a fiberglass based on a polymer, under one-sided or uniform heating
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(ii) to analyze and compare the data obtained on the thermal expansion of a thermal shield material
under varying types of delivering heating.

The dependence of temperature T of thermal shield laminate surface upon the time of descent of the
apparatus in dense layers of the atmosphere is based on the physical modeling of natural environment
for a thermal shield (temperature, heating and cooling rates, composition and pressure of a gaseous
medium) (Table 1).

A trajectory of the spacecraft descent, divided into time sections, was used to study the thermal
deformation of composite polymer thermal shield material with heating/cooling rates corresponding
to real ones (Gracheva, 2019).

Here, the most reinforced plastics used on a thermo-reactive matrix are considered; their temperature
deformations are changeable; they can shrink up to 5% or more in high-temperature heating. This, in
certain cases, can destroy thermal shield laminate before depleting its thermal shield properties.

RESULTS AND DISCUSSION

Thermal deformation of a TSM under uniform heating

Fiberglass plastics are traditional materials used for the thermal shield material of the side surface of
a re-entry spacecraft in the dense layers of the atmosphere.

Thermal shield material CCTF is a fiberglass, made by the method of hot pressing of silica fabric filled
with phenol-phormaldehyde resin, a type of resol. Temperature deformation of CCTF was studied at
the temperature range of 20 to 1100°C, with changing heating rates under homogeneous and one-sided
thermal action. Deformation measurement was made by an automatic registering system using an opto-
electronic method, excluding errors from the pressure of indentors on a softening sample (Marasin et
al., 1991).

To control the temperature of the sample, a heating rate was brought about using platinum-rhodium
thermocouples placed inside the sample.

Dilatometry was implemented in the air at heating rates of Vx equal to 10, 20, 25, 50, 75, and
100°C/min. Heating of the sample can be considered homogeneous. Thus, at a maximal level of heating
rate (Va = 100°C/min), the temperature gradient from the center to the sample surface was 3-7°C. After
achieving the temperature T = 550-600°C, the readings of two thermocouples (in the center of the
sample and on its surface) were practically the same. Due to the small temperature drops over the
sample thickness, thermal stresses were not taken into account. Temperature stresses arising due to
the inhomogeneity of properties of material in its cross-section were not considered as the
samples were thin (Voloshchenko et al., 1980).

Figure 4 shows the curves of the relative thermal deformation of samples of 3 mm x 10 mm x 60 mm
size, heated at different heating rates (with each given heating rate seven or eight samples were tested)
(Tretyachenko and Gracheva, 1986). In a general case, the curve of the expansion-shrinkage of the
reinforced plastic is characterized by the following processes:

(1) Expansion of the material up to the temperatures of solidification of a binder;
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) Sample shrinkage caused by the decomposition of the polymer binder with gases getting out at
this temperature, and also when coke starts forming;

(3) A simultaneously occurring shrinkage of the fiberglass in pyrolysis and a volume increase of the
sample due to voids and cracks formed, on one hand, and thermal expansion of the coke formed, on the
other hand; (4) Completing mainly of pyrolysis.

It is seen in Figure 4, with an increase in the heating rate, the expansion zone increases. The beginning

of the shrinkage and intersection point of thermal deformation curves crossed by the temperature axis
shifted towards the range of higher temperatures. The largest shrinkage is observed in the samples
heated at the lowest rate.
Curves of thermal expansion of composite polymer materials destroyed by heat are poly-extreme and
changeable. For such materials, analytic presentation of thermal deformation as a function of
temperature is difficult due to a number of factors: first of all, a heating rate, which is connected to the
time of occurring phase and structural transitions in the polymer matrix.

Analytical dependence of TD vs. temperature and heating time

Despite the rather complicated character of the curves of thermal deformation of composites based on
destructive matrices, their analytic presentation is possible with statistical and regression analysis.

To determine the average values of deformation characteristics, confirm the shape of a generalized
empirical dependence, and determine the necessary volume of data to build the function [1=f(T), an
algorithm was developed to automatically process the experimentally results obtained from the thermal
deformation of fiberglass TSP-F based on temperature and time factors.

The code, implemented based on a least squares for an exponential, power, and polynomial
dependencies, is a library of primary modules that allow one to smooth out experimentally obtained
data.

In using polynomial dependence, not only coefficients of the polynome are defined but also its degree,
which are the best for a given dependence in the sense of minimal discrepancy (Dreiper and Smith,
2016).
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Table 1. Values of temperature and heating rate of TSM at various time
intervals of the descent trajectory.

Time, t (s) T (°C) Heating rate

(°C/s)
20...200 520 2.6 (156)
200...300 1200 10 (600)
310...470 1200 3.6 (216)
470...510 700 1.1 (66)

610...1000 260 -
Values in °C/min are shown in parentheses.

T

Figure 4. Dependence of the relative thermal deformation of fiberglass

TSP-F on temperature at heating rates of °C/min: 1 — 10;

2 — 20; 3 -25; 4 — 50; 5 — 75; 6- 5.

To compute unknown coefficients of the method of least squares, the Gauss method of solving linear
algebraic equations was used. The process of solving it consists of steps of smoothening table values of
given functions and formation of the matrix of coefficients obtained.

It is shown that among polynomials of 3rd-i0th order used to build a generalized empirical
dependence by the method of least squares, the best (in the sense of minimal discrepancy) happened to
be polynomials of 45th degree of the type:

L(T,00) o__M[0.182x10712T 4 —0.326x1079T 3 + [o
0.152x1079T 2 —0.204%1074T + 0.759%103

Figure 5 shows the computed data on thermal expansion of fiberglass TSP-F under heating rates
of 25 and 75°C/min.
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Results of a numerical experiment using established polynomial dependence showed relatively high
coincidence with thermal deformation dependencies obtained under homogeneous heating at the rates
of 10, 50, 75, 100°C/min (Figure 4).

Thermal deformation of TSM in one-sided heating

The dependencies of thermal deformation of a composite material are obtained in a homogeneous
heating-through of the samples. Real operating conditions of hightemperature composites are
characterized by a sharp non-homogeneity of temperatures over the thickness of a thermal shield
laminate caused by intense heat flows directed inside the structure. To determine the dependence of
thermal deformation of fiberglass on temperature and time in one-sided heating on a dilatometric
setup, a series of experiments were performed under changing heating rates in the air.

As a model, a narrow sample was chosen; its thickness corresponded to the structure thickness, and its
length exceeded the influence zones of edge effects. To model the influence of action of non-heated
layers of the laminate into pyrolysis layers, the sample was loaded according to the scheme of bending
from the side of a

cooled surface (Figure 6). The bend was compensated in the process of testing by continuously rotating
a circular platform 14, established on a rod 8. To achieve the bend,indicator arrow 11 would have to
remain in the zero position, thus providing a horizontal placement of the sample 2 throughout the
experiment (Gracheva, 2004).

In the layer at a distance of 3 mm from the heated surface of the sample, fiducials 18 was set (Figure 6);
it was registered in the heating process automatically. Heating rate in the studied layer was 25, 50, and
100°C/min (Gracheva, 2016).

Temperature distributions in the sample were defined using platinum-platinum/rhodium
thermocouples; it was set on a heated surface (Tp:), in the middle of the sample at a depth of the tested
layer (Tp=), and on the opposite from the heating side of the sample (Tp3). Thermocouple 2 was the
leading one in testing, and according to its readings, the heating program was set.

Results of the samples from fiberglass CCTF in a onesided heating at different rates are as shown i
Temperature in the studied layer of the sample was set as a linear function of time: T=([1) = To + Vall,
where To = 20°C - initial temperature; [] - time of thermal action. Temperature on the cooled side of
the sample in testing was changed insignificantly (25-28°C) for all heating rates and is not shown in
the figure.

Temperature field over the sample thickness at different time was defined according to the accepted
heating scheme; it corresponded to conditions of regular regime and the test results obtained.
Experiment scheme in defining temperature field gives an opportunity to consider a sample as an
infinite plate heated from one side on linear dependence with sustaining temperature constant on the
other side. Analysis of temperature curves (Figure 7) allows one to assume that temperature fields can
be described by a polynomial of the second degree (Tret'yachenko et al., 1981):

T=Ay2+ By +D

where y — distance to the heated surface. Constants A, B, D are defined from boundary conditions:
Ty=0 =Ti1, Ty=1 =T2, Ty=0 = T3,
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where T4, T», T3 — temperatures obtained experimentally. Results of computation of temperature fields
over the sample thickness at heating rates of 25 and 100°C/min showed that (Gracheva, 2005) decrease
of the heating rate gets closer to the distribution of temperatures over the cross-section of the sample
to a linear one.

Change of mechanical and thermo-physical properties of fiberglass under the conditions of increasing
one -sided thermal action is inherently connected to the state of structure of the material in the heating
process. Heat supplied in the initial moment to the heated surface of the sample is absorbed by a
material and is brought to the lower lying layers with a small rate due to the low thermal increases up
to some limit (300 - 400°C) in the surface conductivity of the fiberglass. As the temperature
layers, thermal decomposition of the binder starts depending not only on temperature of testing
but also on duration of thermal action. With an increased temperature and time of heat supply, the zone
of thermal destruction permanently shifts from a heated material inside, and the remaining thermal
coke; it is indicated by decreased rate of temperature increase 7; after the start of pyrolysis (Figure 7).
Results of temperature deformation of fixed samples in one-sided thermal action are shown in Figure
8. In the experiment, the sample bending [1 was excluded by sample loading from the side opposite to
heating. The bend [ in one-sided heating in a free, non-fixed state was recorded separately (Figure 9)
(Gracheva, 2006 and almost 3 times. Also, the values of shrinkages obtained at temperature 800°C and
heating rate of 25°C/min in onesided heating are lower than the corresponding values in a
homogeneous heating 1.67 times; while at 50°C/min, it is 1.93. For the temperatures used to cross the
curves of thermal deformation, the x-axis obtained in one-sided heating also shifted in the area of large
values for Vi = 25°C/min - on 15%; for Vi = 50°C/min - on 20%.

Physically it is clear that the conditions of the experiment are such that on the opposite, cooled side of
the sample there is constant room temperature. Even though in the surface layers of the material, there
is high temperature shrinkage as a result of thermal destruction, the medium layers of the material
under given heating On the given curves it is seen that in one-sided heating, the curves of thermal
deformation sharply shift to the zone of large values of deformations and temperatures, if they are
compared with analogous curves obtained for the same material under conditions of a homogeneous
temperature field. For comparison, Table 2 shows some characteristic points of curves of thermal
deformation of samples from fiberglass in a homogeneous and in onesided heating.

The difference of values of similar points under nonequal types of thermal action at a heating rate of
50°C/min is higher than that at the heating rate of 25°C/min. Thus, if the largest expansion for Vi =
25°C/min is higher than that in one-sided heating as much as 2.2 times, then at V» =50°C/min it is as
high as rates and corresponding temperature fields are in the zone of thermal expansion. This defines,
in general, the integral characteristic of thermal deformation of the material.

Thus, dependencies of thermal deformation defined in one-sided heating of mechanically loaded
fiberglass samples based on phenol-phormaldehyde, witness a substantial decrease in the level of
shrinkage in the material simultaneously with increase in the zone of expansion compared to the curves
obtained under conditions of homogeneous heating at the sametemperat ures.
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Figure 5. Dependence of relative thermal deformation of glass plastic on temperature (numerical
experiment) at heating rates of °C/min, x — 25; 0 — 75.

Figure 6. Placement of the sample in a testing chamber under oneside heating: 1- carborundum
heater; 2 - sample; 3 - supporting rings; 4 - rubber rings; 5 - chamber wall; 6 - bolt connection; 7 -
spring; 8 - rod; 9 - semi-ring with a tenso-resistor; 10 - clamp; 11 - indicator; 12 - support; 13, 16 -
support nuts; 14 - circular platform; 15 - tubulure; 17 - ram; 18 - fiducial; 19 - sample supports.
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Figure 7. Results of sample tested made of fiberglass in one-side heating at rates equal to 100 (1, 2),
50 (3,4); 25°C/min (5,6) (1, 3, 5 - thermocouple 1; 2, 4, 6 - thermocouple 2).
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Figure 8. Dependence of the relative deformation of fiberglass TSP-F on temperature in one-sided
heating.

A thermal stressed state
Computation of a stressed-deformed state was performed
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Figure 9. Bending of samples from fiberglass in one-sided heating: 1 — Vi = 100°C/min;
2 — Vp=25°C/ min.

Table 2. Characteristic points of curves of thermal deformation in both uniform and one-
sided heating.

Vh = 25°C/min Vh = 50°C/min
i Al
Heating I min A
lo lo 0 lo To lo
Uniform 0.091 480 -1.3 0.094 500 1.2
One-sided 0.2 550 -0.78 0.27 600 0.62

for rectangular samples from a reinforced plastic, operating under conditions of a force load and
thermal load. Having characteristics of thermal deformation and temperature distribution in sample
cross-section, one can evaluate thermal stresses that cause sample bend in one-sided heating. The
problem was solved considering an elastic equilibrium of a homogenous orthotropic body (Becker,
2014; Tanigawa et al., 1995).
To determine thermal stresses in theloaded (straightened) sample, we use the expression,
ool Oooigo

OO0000p0 e OpBs OO e gBO™gOET (1)
O
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where (Al/lo)s - relative elongation of the straightened sample; (Al/lo)T - relative elongation of the
homogeneously heated sample (dilatometric values); Er - Young modulus at a given temperature. A
stressed state of the bent (free) sample was obtained by putting in a field of stresses (Equation 1) of the

bend stress with an opposite sign:
Qooodrg oo zoOd

O OOOO0000on o OOds 0OOoO o OOdr ooooodderd (2)

where [ - radius of neutral plane of the sample of the
thickness [] with coordinates x, y, z: y[1 z L1 - y; (Grigirenko et al., 2018).
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Figure 10. Distribution of stresses in samples from fiberglass in onesided heating: 1 (o) - U = 1.5
min; 2 () - O = 2min; 3 (J) - J = 3 min (continuous curves — straightened sample; non-continuous
— bent)
Distribution of stresses in the sample heated at the rate of 100°C/min and a given depth is shown in
Figure 10. In computation, the dependence (Al/lo)T on the heating rate over the material thickness was
taken into account. Numerals I and II designate curves of distribution of stresses in the loaded and free
samples were correspondingly heated at the rate of 25°C/min for 8 min when the heat started, that is,
the peak moment of the values of thermal expansion. Increase in the heating rate for both free and
loaded sample in the range of linear dependence of the coefficient of thermal deformation on
temperature (up to T = 300°C) causes increase in the stress gradients. Temperature increases above
300°C for fiberglass leads to an increase in the plasticity of the material that achieves its maximum at
the temperatures when transition of curves of thermal deformations (Figure 8) takes place, from
positive to negative (Gracheva, 2019).
Thus, due to the rheological properties of the binder, the material, in a general case, is unloaded and
stresses will be not that high, as the problem is solved in elastic sense.
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At the temperature range of non-linear behavior of [1r, stresses appear just to prevent a free bending
of the sample, that is, for a bent sample, the gradient of stresses is absent (1] = 0).

Figure 11 shows an integral TD of weakly-conical shell, made of fiberglass fabric CCTF. It was obtained
in a test of high-temperature gas flow at a high density (¢ ~ 500 kcal/m2s; Tmax ~ 2500°C) under
modelling conditions of a re-entry spacecraft in dense atmospheric layers (Malkin, 1991).

At the temperature of deformation of fiberglass obtained in one-sided heating set-up on DTM, there
was thermal expansion of the outer layers of large-size models of thermal shield structures (L = 340
mm, D = 240 mm) under testing conditions close to natural ones (Figure 2) (Gracheva, 2019).

Conclusion

An experimental and analytical study of thermal deformation of thermal shield material under one-
sided heating and real modeling conditions is implemented; comparison is made with dilatometry data
obtained in a homogeneous temperature field.

A research method used to study the kinetics of thermal deformation of composite materials under one-
sided heating is described.

It is demonstrated that under one-sided heating, the absolute values obtained from samples deformed
by thermal heat made of fiberglass based on phenolphormaldehyde matrix increase more than twice
compared to the values obtained for the same thicknesses at the same temperature-time interval.

An increase in the heating rate under one-sided heating, and uniform heating shifts deformation curves
to the region of larger values and temperatures. This is due to the decrease in the time of thermal action
necessary for phase transitions to occur in the material.

One-sided heating causes an increase in the stress level at high heating rates (100°C/min), of up to
14-15% in the stretching zone, up to 30% in the compression zone, and almost three-fold increase in
the level of stresses of both signs at low heating rates (25°C/min).

There is a correspondence between the values of thermal deformation obtained under conditions of
onesided heating and an integral thermal deformation of large-size models of a thermal shield tested
under real modeling conditions.

0.48
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0 100 200 300400 500 600
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Figure 11. Thermal deformation of the fiberglass laminate TSP-F tested at a high-temperature flow
of the gas-dynamic set-up, IPS NAS
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