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Abstract: The influence of the hardener (polyaminoamide) and nanofillers (mixture of TiO, and Al,O,
nanooxides) on the thermal protective ablative properties of epoxy resin (Epidian 52) was investigated.
The composites were exposed to exhaust gases at temperatures above 1900°C for 120 s. A statistical
analysis of the results obtained was performed. The best thermo-protective ablative properties showed
the composite based on resin cured with the hardener (mass ratio of epoxy/hardener = 1:1) and 5 vol% of
nanoparticles mixture containing 80% Al,O, and 20% TiO,.

Keywords: ablative properties, thermo-protective properties, epoxy composites, high-melting metal na-
nooxides.

Ablacyjne termoochronne wlasciwosci kompozytow epoksydowych
z wysokotopliwymi nanotlenkami metali

Streszczenie: Zbadano wplyw utwardzacza (poliaminoamid) i nanonapetniaczy (mieszanina nano-
tlenkow TiO, i AL,O,) naablacyjne termoochronne wtasciwosci zywicy epoksydowej (Epidian 52). Kom-
pozyty poddano dziataniu gazéw spalinowych o temperaturze powyzej 1900°C przez 120 s. Przepro-
wadzono analize statystyczna uzyskanych wynikow. Najlepsze wlasciwosci miat kompozyt na bazie
zywicy utwardzanej takq sama iloscia utwardzacza (zywica/utwardzacz 1:1) z dodatkiem 5% obj. mie-
szaniny nanoczastek Al,O, (80%) i TiO, (20%).

Stowa kluczowe: wlasciwosci ablacyjne, wlasciwosci termoochronne, kompozyty epoksydowe, wyso-

kotopliwe nanotlenki metali.

The impact of high-temperature heat sources on build-
ing load-bearing structures, machines, devices and
directly on people has created the need to design com-
posite materials for thermal protective coatings and ther-
mal shields. The experimental work conducted is aimed
at acquiring knowledge about the main phenomena
occurring in the ablation of nanocomposites, in the con-
text of thermal protective features of these materials used
in fire situations.
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The ablation phenomenon is a heat and mass exchange
process, during which physical changes, chemical reactions
and irreversible structural changes in the material occur,
as well as heat absorption. The ablation process is initiated
and maintained by external energy sources [1-3]. Ablation
of the material begins when the temperature on the surface
exposed to the heat source reaches the temperature of ther-
mal decomposition of the material. The ablation temperature
for organic materials is in the range of 150-300°C. In the abla-
tion zone two areas are distinguished [1-4]: primary decom-
position area — the material decomposition processes are ini-
tiated at the ablation temperature, and secondary reaction
zone at a temperature higher than the ablation temperature —
new chemical compounds are formed from the products of
thermal decomposition of the matrix and fillers.

Ablative materials are used in the arms industry [4-7],
space technology [6-9], in the design of protective mate-
rials for load-bearing structures of buildings [10, 11], in
rail transport and construction of underground tunnels
[12, 13] and wherever heat fluxes may pose a threat to
people [14, 15]. Ablative materials are also used for covers
of on-board tape recorders [16].
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Composites with good protective properties in
terms of thermal shock and fire buffering are sought.
Composite polymer coatings with typical ablative com-
posite matrices are known. Such matrices may be sili-
cone resin [17], phenolic resin [18-22] or epoxy resin [15,
23-31] with fillers increasing the thermal stability of the
composite [18-21, 23-28, 32]. Pure resins are good ablative
materials. However, they require reinforcement [33], due
to their low decomposition temperature, porosity, and
fragility of the ablative layer [34]. Addition of powders
(17, 18, 22, 24, 25, 35-37], nanopowder [17, 29, 38], fibres
[19, 20, 23, 33, 39, 40] or reinforcing plates of high melting
temperatures [17, 36, 41] build a composite structure that
substantially improves thermoprotective [37, 38], thermo-
mechanical [38, 41] and mechanical [32, 33, 42] properties
of a polymer ablative composite.

Good thermal protective properties are provided by
polymer shields with typical ablative composite matrices,
such as silicone [17], phenolic [18-22] and epoxy [15, 23-31]
resins modified with fillers increasing the thermal stabil-
ity of the material [18-21, 23-28, 32]. Resins are the basic
ablative materials, but they require reinforcement [33] due
to their low decomposition temperatures and the porosity
and instability of the ablative layer [34]. Modification with
micropowders [17, 18, 22, 24, 25, 35-37], nanopowder [17,
29, 38], glass, carbon, aramid fibers [19, 20, 23, 33, 39, 40] or
“honey comb” type spacers with a high melting point [17,
36, 41] makes it possible to constitute a material with good
thermal protective [37, 38], thermomechanical [38, 41] and
mechanical [32, 33, 42] properties.

Despite many studies, the quantitative and qualitative
relationships between the components and the thermal
protective properties of ablation materials remain unex-
plored [43].

The aim of this study is to understand the basic phe-
nomena occurring in the ablation processes of epoxy
resin-based nanocomposites in the context of their ther-
mal protective properties of materials. The research
conducted provides an opportunity to develop ablative
composites that protect people, machines, devices, and
structures from exposure to heat flow. The aim of this
work was to investigate the effect of the type of metal
nanooxides on the ablation properties of epoxy resin-

T ablel. The tested samples composition

based nanocomposites, i.e., the temperature of the back
surface of the sample and the ablation mass loss.

EXPERIMENTAL PART
Materials

The liquid epoxy resin Epidian 52 produced by Ciech
Sarzyna Co. (Nowa Sarzyna, Poland) was selected as the
matrix for the tested nanocomposites. The factors deter-
mining this choice were: physicochemical properties, ease
of processing, low price, and availability on the market.
Epidian 52 is a mixture of a low molecular weight resin
and an active diluent. It reacts with various hardeners
(Table 1). Polyaminoamide (trade name PAC) produced by
Ciech Sarzyna Co. (Nowa Sarzyna, Poland) was selected as
the hardener [44]. The selected PAC is used to modify and
harden low molecular weight epoxy resin. It is a viscous
liquid with low reactivity. In addition, it hardens epoxy
resins in a wide range of weight ratios of resin and PAC.
Due to the need to carry out various technological opera-
tions, the stability of the epoxy composition with the PAC
hardener is important. This takes several hours, and the
resin is completely hardened in 4-7 days at room temper-
ature [44]. Two kinds of high-melting metal nanooxides
[28] (both produced by Sigma-Aldrich Co, USA) — titanium
dioxide TiO, (as powder) and aluminum trioxide Al,O, (as
nanofibers) were chosen to modify the epoxy resin [45].

Statistical analysis

Statistical analysis was performed according to devel-
oped standards [46].

The number of tested composites (Table 1), equal
to the number of scheduled experiments (N = 8), was
determined based on the experiment plan described by
an orthogonal 1* order full-factorial matrix of type 2°=8.
It included single replications, where two state levels
(lower level “~1” and upper level “+1”) and three inde-
pendent input variables (x, where i =1, 2, 3) [46]:

x, — volumetric content of nanofillers mixture in com-
posite:

lower level “—1” means 2 vol%

Samples
1 5 6 7 8 9 10
Both nanofillers, vol% 2 2 2 5 5 none none
PAC, phr 60 60 60 60 100 100 100 100 60 100
AlLO,, mix% 20 80 20 80 20 80 20 80 none none
TiO,, mix% 80 20 80 20 80 20 80 20 none none
X, -1 -1 +1 +1 -1 -1 +1 +1
X, -1 +1 -1 +1 -1 +1 -1 +1
X, -1 -1 -1 -1 +1 +1 +1 +1
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upper level “+1” means 5 vol%

x,—weight fraction of Al,O,to the sum of the weight of

both nanofillers (AL,O,+ TiO,):
lower level “~1” means 20% Al,0,/80% TiO,
upper level “+1” means 80% Al,0,/20% TiO,

x, — weight proportion of PAC hardener relative to
Epidian 52 resin:

lower level “-1” means Epidian 52 + 60 phr of PAC
upper level “+1” means Epidian 52 + 100 phr of PAC

(phr — means weight proportion of hardener parts per
100 parts of resin).

The components of the response variable “y” (the
output parameters) [46] are the average:

— maximum temperature of rear sample wall surface
T (%), °C

— relative ablative (erosive) weight loss U (x), % after
120 s of treatment with hot combustion gases.

The regression and interaction coefficients (b) of all
function components have been calculated. The thresh-
old relevance of the regression coefficients (b) and esti-
mation of their effect on the output parameters () were
determined. The output value was calculated from
Equation 1 [46]:

y=(by+byx; +byx, + b, +b,xx, +
(1)
D13, + by Xy + b,y X5X) £ 5(Y)

Additionally, the variance s(y), regression error s(b) and
interaction coefficients s(b), as well as the level of their sta-
tistical significance (biign b) have been determined based
on t-Student test at the confidence level a,= 0.05 [46].

Samples preparation

All composites for ablation tests were obtained in lab-
oratory conditions. Samples 1-8 (Table 1) was prepared
according to the following procedure:

— weighed amount of nanofillers mixture (2 or 5 vol%
of total content in composites) was added to epoxy matrix
and the components were mixed by using a Hielscher
UP200H (Teltow, Germany) homogenizer (amplitude —
48%, frequency — 100% and power 40 W) for 5 min

— the obtained mixture was cooled to room temperature,

— mixing with hardener PAC (60 phr or 100 phr),

— mechanical homogenization of the obtained compo-
sition for 5 min,

— pouring the mixture into previously prepared sili-
con forms,

- curing of epoxy compositions in the molds during
4 days at room temperature and then post-cured at 70°C
for 12 h.

The reference samples 9 and 10 (unmodified, only
cured epoxy resin) were obtained by adding the hardener
to the epoxy resin (Table 1) and mixing both components
(also for 5 min). Sample 9 contained 60 phr of PAC, while
sample 10 contained 100 phr of this hardener (Table 1).

Fig. 1. View of the samples and their dimensions

A total of 20 samples (16 composites and 4 pure cured
resin samples) with dimensions of 30 x 10 mm (diameter
x thickness) were prepared for the tests (Fig. 1).

Methods of ablative properties evaluation

All composite samples were weighed and then
mounted on plasterboard shields on a stand with an abla-
tion gun designed for ablation tests [23, 26, 28, 29, 38]. The
ablation test lasted 120 s. The examined composites were
exposed to a stabilized hot stream of combustible gases.
The heat came from burning a propane-butane mixture
(containing 65% propane and 35% butane). The tempera-
ture of flammable gases was above 1900°C.

The flame stabilized with an ablation gun, whose axis
was set perpendicularly to the front surface of the sample
and the gun nozzle was placed 30 mm away from the
surface of the ablation surface.

The stand designed in this way allows stand to sta-
bilize the flame, unify the temperature on the ablation
surface as well as ensure the repeatability of results for
all test samples. Before testing, the gun was preheated
to stabilize and equalize its temperature. The uniform,
pale yellow, becoming almost white, indicates stabiliza-
tion of the flame and uniform heating of the sample sur-
face. The entire sample surface was within the range of
the heat flux with the temperature of flammable gases
above 1900°C.

The following temperatures were recorded during the
experiment:

— the ablative surface T with a thermovision camera
Thermo Tracer NEC H2640 (Yokohama, Japan) at the 60t
second of each test;

— the ablative surface T (T) using an optical pyrom-
eter OPTCT2MHCEF by Optris GmbH (Berlin, Germany),
set at an emissivity of € = 0.95 and featuring a continu-
ous electronic recording of temperature variations using
Compact Connect 1.7.3 software;

- the rear sample wall surface T(T) by means of
TP-204N (NiCrSi-NiSi) thermocouple by Czaki Thermo-
Product using a measurement module USB-4718 by
Advantech (Taiwan).
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Fig. 2. Temperature fields on the ablative surface after 60 s of heat flux exposure: a) sample 1, b) sample 10

RESULTS AND DISCUSSION

The temperature distribution on the ablation surfaces of
the analyzed samples was recorded using a thermal imag-
ing camera. Figure 2a shows the results of the temperature
measurement on the surface of sample 1 (2 vol.% of the
nanoparticle mixture containing 80% TiO, and 20% Al,O,,
resin cured with a smaller amount of hardener) in the 60
s of the ablation test. The brightest, almost white area in
the center of the sample (point A) corresponds to the high-
est surface temperature (812.7°C). However, the red areas
(point B) correspond to their lower value (678.9°C). Lower
temperatures are further from the hot spot of the sample.
The orange-yellow point C, yellow point E and green
point D in the upper part of the sample are caused by the
rising of the hot gas stream upwards. However, in the case
of pure cured epoxy resin, the maximum temperature at
the ablation surface is more than 180°C lower (629.3°C) as
illustrated in Fig. 2b, which proves the faster heat transfer
at the gas-solid (sample material) interface.

The ablative surface temperature T  was assumed as
an indirect input testing parameter (Fig. 8). Additionally,
it was assumed as the first type boundary condition
for Dirichlet (determined by the temperature distribu-
tion anytime on the surface of the body), enabling the
resolution of Fourier-Kirchhoff differential equation of
unsteady heat conduction in solids. Epoxy composites
achieve a higher temperature on ablative surfaces than

unmodified, pure epoxy resin (Fig. 3), which proves their
slower conduction of heat flux.

The mentioned temperature of the ablative surface
relates to the heat transfer at boundary between gas and
solid-state material, the heat conduction through the wall
of the composite and the ablative processes taking place
on the surface layer (endothermic chemical reactions,
polymer degradation and different structural changes).
The value of this temperature depends on the physical
properties of solid material and gas, as well as insulating
wall geometry (Fig. 4).

Reference samples (9 and 10) have an average tempera-
ture on ablation surfaces lower by about 200-250°C T
(Fig. 4). Therefore, they have higher thermal diffusivity
values, i.e., they show a greater ability to equalize tem-
perature across the wall thickness. These are unfavorable
thermal protective properties of pure, cured epoxy resins.

The temperatures T, determined during these tests
indicate the possibility of using the material as a protec-
tive cover.

In the tests performed, the surface temperature of the
rear walls of the sample T (T) was measured for 120 s, and
their distributions for all composites and pure resins are
shown in Fig. 5.

Epoxy resin-based nanocomposites 3 and 4 modified
with 5 vol% of nanoparticle mixture and resin cured
by less addition of hardener (60 phr of PAC), had the
lowest average temperatures T, =58°C from all tested

s_max
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samples (Fig. 6). The reference samples reached the
highest temperature on the rear sample wall surfaces,
T =66°C. This proves their worse thermal protec-
tion properties.

The heat flux density passing through a flat wall is
determined by Pécelt’s law (2), which shows that under
steady-state conditions (g = const), the temperature of the
medium behind the wall will have a value determined
by Equation 2.

@)

where: g — heat flux density (W/m?); T, - temperature of
the medium in front of the face of the wall (°C); Tp2 —tem-
perature of the medium behind the back wall (°C).

pa_max

for the tested composites after 120 s of heat flow exposure

So far, no known engineering materials (metals, ceram-
ics, polymers, composites) have shown a specific resis-
tance to heat transfer 7, of such a high value as to consti-
tute a long-term thermal shield reducing the temperature
in the range up to AT =T, - T, = 2000°C. This is feasible
with insulating walls with a thickness of several meters,
which eliminates the possibility of using this method of
thermal insulation, e.g., in transport [4, 23].

For composites:

4&AT=T, -T,=(794-58)°C=736°C.

3:AT=T,-T,=(805-58)°C=747°C.

For pure, cured epoxy samples:
Sample 9: AT=T - T, = (582 - 66)°C = 516°C
Samplel0: AT=T, - T, = (620 - 66)°C = 554°C
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Fig. 6. Average maximum temperatures (T, ) on the surface of the back wall of the tested compositions after 120 s of heat exposure

It follows from the above that under steady-state condi-
tions, according to Pécelt’s law, the specific resistance to
heat transfer r, for epoxy nanocomposites is almost 40%
higher compared to cured pure epoxy resin.

The composites are characterized by high temperature
on the ablation surface T and low temperature on the
surface of the back wall of the sample. The large gradient
of the mentioned temperatures causes high thermome-
chanical stresses in the material, which may often lead
to the destruction of the ablation shield [23].

Therefore, the loss of composite mass due to erosive
ablation (U ) seems to be important during this evaluation.
The smaller the mass loss of the ablation layer, the greater
the thermal stability of the composite. As a result of ero-

sion of thermally stable composites, a thicker top working
layer [23] remains, which is advantageously characterized
by a low thermal conductivity coefficient I(T).

As can be seen, sample 8 showed the smallest (21%)
weight loss, thus showing the smallest erosive wear
after 120 s of heat exposure. Composites 4 and 7 showed
a slightly more weight loss, indicating worse thermal
protection properties (Fig. 7 and Table 2). It should be
noted that thermal exposure of reference samples (pure
epoxy resin) resulted in up to three times greater U,
mass loss compared to the obtained composites (57%
and 62%).

The best thermal insulation properties are indicated as
underlined bold, and the worst underlined in italic.
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T able 3. Regression and interaction coefficients of experimental plane

Parameter b, b, b, b, b, b,, b, s(y) s(b) b,
v maw C 60.9 -113 | -0.50 1.25 0.75 0.50 0.38 -0.13 1.61 0.57 1.31
U, % 28.8 -482 | -0.80 | -191 | -1.54 0.19 144 -0.37 1.33 0.47 1.08

Table 2 summarizes the results of the ablation tests
performed, i.e, maximum surface temperature ablation
T,,_max, maximum temperature of the rear surface of
the ablation sample T and ablation mass loss U . The
best thermal protection properties of tested samples are
marked in bold and the worst — in italics.

As mentioned, the best thermos-protective properties
have composites that were characterized by the lowest
values of the maximum rear wall surface temperature
T, ... As can be seen, composites 3 and 4 showed the
greatest temperature reduction and the smallest loss of
ablation mass (U ). However, composites 8 and 4 showed
the highest thermal stability and low thermal conductiv-
ity. After exposure to heat, they had the greatest thick-
ness, most internally consistent-and were characterized
by good adhesion to the working layer of the original
ablative material and low conductivity.

Hence, the best thermoprotective properties had 4
(Fig. 8). The worst thermo-protective properties were
shown by samples of pure, unmodified cured epoxy
resin (Ne 0.1 and Ne 0.2).

Statistical analysis of ablation results

The results of the ablation tests were used for statistical cal-
culations of all input parameters of the function. Regression
and interaction coefficients bi of both functions were calcu-
lated. The statistical analysis of the test results allowed us to
determine the threshold significance of the regression coeffi-
cients bid and to estimate their impact on the output param-
eters “y”. The output value of “y” was calculated from the
following experiment objective equation (1) [46]. Moreover,
the variance s(y), errors of the regression coefficients s(b) and
the level of their statistical significance (b?;igrl b) were deter-
mined based on the Student’s t-test with a confidence level of
a,= 0.05 [46]. The calculated values are presented in Table 3.
The parameter bi is marked in bold — it is smaller than bsign
but is subject to the error s(b), which, when considered when
calculating b, allows us to estimate the sum of b, and s(b) as
larger than b, that is, still significant statistically [46].

Calculated regression and interaction coefficients —
b, and their level of significance (bzign b), the following
regression Equations 3 and 4 of the components of the
response function “y” were formulated:

T, ..(x)=(609~-113x, +1.25x, - 0.75x,x,) + 1.61°C (3)

U (x) = (28.8 — 4.82x, - 0.80x, — 191x, + @
— 1.54xx, + 144x,x,) + 1.33%

The coefficients of response function T, __ (x) equation
(3) and U (x) equation 4 indicate the following statements:

— The amount of PAC hardener used to cross-link the
resin (b,) has a significant effect on the temperature of the
rear wall surface. The increase in the quantity of hard-
eners caused an increase in temperature which resulted
from the positive value of the coefficient b..

— The effect comparable to x, has the code variable
x,, which means the volumetric fraction of nanofillers
(ALQO, + TiO,). The higher the content of nanoparticles,
the lower the temperature of the rear wall surface T, .

— The combined variables x, and x, (b,,) have little
influence on the value of the temperature T__ . The
simultaneous increase in the content of used nanopar-
ticles and the quantity of AL,O, in the mixture (80% AL O,
and 20% TiO,) caused an increase in T, .

— The-erosive mass loss depends on the volume frac-
tion of the mixture of nanofillers used (ALO, + TiO,).
A negative value of the coefficient b, indicates that the
increase in the quantity of nanoparticles in the composite
leads to a decrease in the erosive weight loss U, .

- The variable x,, denoting the content of Al,O, nano-
fibers in relation to the sum of the masses of used nano-
fillers, has a small influence on the erosive weight loss.

- Code variable x, denoting the mass fraction of the
hardener significantly influences the value of the abla-
tive weight loss. The results indicate that increasing the
amount of the hardener in the sample caused a decrease
inU.

— Variables x; and x,, in interaction, denoting respec-
tively the share of AL,O, in the mixture (ALO, + TiO,) and
the content of both nanofillers in the composite signifi-
cantly affect the U value. Increasing these values leads
to reduced erosive weight loss.

- The simultaneous increase in the content of Al,O,
in the nanofillers mixture and the hardener causes the

increase of U, which results from the positive value of b,,.
CONCLUSIONS

Composites modified with nanofillers (AL,O, nanofi-
bers and TiO, nanopowder) showed much better heat
protection and thermo-protective properties than virgin
unmodified cured epoxy resin, i.e, lower T tempera-
ture, up to 40% higher specific resistance values to heat
transfer 7, and even three times lower ablative weight
loss U . The best thermo-protective ablative properties
had the composite based on resin cured with the hard-
ener (mass ratio of epoxy resin/hardener = 1:1) and 5 vol%
of nanoparticles mixture containing 80% Al,O, and 20%
TiO,. This is associated with the lowest temperature of
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the rear wall surface (T, _ =58°C) and the lowest ero-
sive weight loss (U, = 22%). The lowest ablative weight
loss (U, = 21%) was shown by the composite containing
5% nanofillers and a greater amount of Al,O, nanofi-
bers than TiO, powder (80% ALO, and 20% TiO, into
mixture) and which was cured with the same amount
(100 phr) of PAC hardener. This composite was character-
ized by the best thermal stability, cohesion of the ablative
layer, therefore the best resistance to thermomechanical
stresses and the ability to create a passive ablative layer.
The nanocomposites based on Epidian 52 resin modified
with 5 vol% of nanoparticle mixture (20% Al,O,+80%
TiO, or 80% Al,O,+80% TiO,) and cured by less amount
of hardener (60 phr of PAC), attained the lowest average
temperatures T. = 58°C from all analyzed composi-
tions. In the case of composites with the same amounts
of nanofillers in the mixture, the increased amount of
the hardener caused an increase in the temperature of
the rear wall surface T and a decrease in ablative
weight loss U . :
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