ELEVATED TEMPERATURE

YOUNG’S MODULUS OF A CARBON-REINFORCED COMPOSITE AT AN

Modut Younga kompozytu wzmacnianego wtéknami weglowymi w podwyzszonej

temperaturze

Robert SZCZEPANIAK ORCID: 0000-0003-3838-548X
Pawet PRZYBYLEK ORCID: 0000-0002-7544-3813
Andrzej KOMOREK ORCID: 0000-0002-2293-714X
Przemystaw SAPINSKI ORCID: 0000-0002-3974-7676
Artur ROWICKI

Stawomir TKACZUK ORCID: 0000-0001-9546-4278
Andrzej RYPULAK ORCID: 0000-0003-3671-661X
Sebastian STABRYN ORCID: 0000-0001-5994-9075

DOI: 10.15199/160.2021.4.5

A bstract: Aviation structures are operated under varying environmental conditions, affecting the properties of polymer
composites, which are often used to manufacture components for airplanes and helicopters. One of such factors is an operating
temperature that changes during a flight in a very wide range. This paper presents the influence of an operating temperature
upon composite properties determined during a tensile test. In addition, composites which are intended for the research were post
cured during their preparation at different temperatures (in accordance with the recommendations of the resin manufacturer which
constitutes a matrix base). The composites consisted of 7 layers of carbon fabric, and matrix of L285 epoxy resin, with a hardener.
As a result of the testing it was noted that a change in the operating temperature exerts a significant effect on composite strength
properties regardless of the post curing temperature. The materials post cured at higher temperatures were characterized by
a greater value of the modulus of elasticity and tensile strength.
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Streszczenie: Konstrukcje lotnicze s eksploatowane w zmiennych warunkach $rodowiskowych wptywajacych na
wiasciwosci kompozytéw polimerowych, z jakich czesto wykonywane sg elementy samolotéw i $migtowcéw. Jednym z takich
czynnikdw jest temperatura uzytkowania, zmieniajgca sie podczas lotu w bardzo szerokim zakresie. W artykule zaprezentowano
wptyw temperatury eksploatacji na wtasciwosci kompozytu wyznaczane podczas proby rozciagania. Dodatkowo kompozyty
przeznaczone do badan wygrzewano w trakcie przygotowania w ré6znych temperaturach (zgodnie z zaleceniami producenta zywicy
bedacej osnowa). Kompozyty sktadaty sie z 7 warstw tkaniny weglowej przesyconych zywicg epoksydowg L285 z utwardzaczem.
W wyniku badan zauwazono, ze zmiana temperatury eksploatacji wywiera istotny wptyw na wiasciwosci wytrzymatosciowe
kompozytu bez wzgledu na temperature wygrzewania. Materiaty wygrzewane w wyzszych temperaturach cechowata wieksza
warto$¢ wspoétczynnika sprezystosci wzdtuznej i wytrzymatosci na rozcigganie.

Stowa kluczowe: préba rozciggania, kompozyt ze wzmocnieniem weglowym, modut Younga, wytrzymatos$¢ statyczna

Introduction

The search for novel material solutions, enabling the
rise of utility performance parameters of products, ta-
king into account the economic and ecological aspects,
is one of the main objectives of materials engineering.
Composites as construction materials offer the designe-
rs a combination of properties not available in traditional
materials [1, 13]. Low production costs and high strength
made composites extremely common. For this reason,
composites are particularly eagerly used by designers of
various means of transport [5, 8], where by reducing we-
ight, greater ranges, lower fuel consumption and greater
transport possibilities are obtained.

The composites are used in aviation, both in the
production of light aircraft e.g. gliders but also in the
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structures of civil aircraft and military aircraft [3, 11].
During flights many planes take to high altitudes, and as
altitude increases, the outside temperature drops. In turn,
jet airplanes (especially military ones) and spacecraft
achieve high speeds during flight, and their fuselages and
other external elements may heat up due to friction [9].
So a lot of aircraft’'s elements operate at different tem-
peratures that may cause changes in their mechanical
properties. Nowadays one of the most frequently used re-
inforcements in polymer composites used in aviation are
carbon fibers [2]. Since the potential change in the me-
chanical properties of the material along with the tempe-
rature of use is a significant problem in aircraft structures,
the authors decided to carry out strength tests as a func-
tion of different operating temperatures of carbon fibers.
Additionally, taking into account the recommendations of
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the manufacturer of the composite matrix material [6], the
influence of the post-curing temperature of the material
at the stage of its production on the modulus of elastici-
ty was determined. When designing various structures,
including aircraft, the mechanical properties of materials
play a very important role. If these properties change
during operation, the structure may be damaged or even
destroyed. One of the most important material mechani-
cal properties of construction materials is the modulus of
elasticity, therefore this physical quantity was analyzed in
the research presented in the article.

The test examination was a static tensile test [7].
Each sample from a batch was heated up at a different
temperature. During the test, the samples were subjected
to a constant temperature, simulating a heightened tem-
perature of operation.

Research methodology

In order to conduct the test, the authors prepared
composite panels, which were then used to cut out sam-
ples. The composite reinforcement was a carbon-fiber
fabric GG 416 P/T, 416 g/m? in weight, with a double we-
ave. The laminate consisted of seven layers.

The matrix base was made up of epoxy resin L285
with H285 hardener, in accordance with the manufactu-
rer's recommendations, mixed in 100:40 weight ratio. In
order to meet the design requirements during the con-
struction of gliders and motor gliders, resin should be
post cured at a temperature of 50-55 °C. If the resin is to
be used to build engine aircraft, it should be post cured at
a temperature of 80°C. The temperature range in which
no significant changes in the properties of the resin are
observed is included between -60°C to 50-60 °C without
post curing, and between —60°C to 80-100°C for a post
cured material.

Fig. 1. Test samples
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In order to remove any air bubbles from the compo-
sition, after mixing the components, the authors removed
gas in an ultrasound bath for five minutes. Then the lay-
ers were put together and laid down in a hydraulic press.
They were exposed to a load of 30 tonnes. The obtained
material was used for the preparation of rectangular sam-
ples for the tests, sized 280 x 25 x 2.5 mm, in accordance
with the EN ISO-527 standard [4]. The samples were cut
out by means of the waterjet method.

The prepared sample (Fig. 1) were exposed to the
process of post curing in a climatic chamber, manufac-
tured by Weiss WKL 64. Each batch was post cured at
a different temperature: 35, 55, 80 and 100°C for 24 ho-
urs, respectively.

The tests were conducted by means of the Instron
5982 Testing System with an optical tensometer, additio-
nally equipped with SF-16 resistance furnace. The traver-
se movement was 2 mm/min during the tests.

In the first stage, the bearing capacity of the prepa-
red samples was determined. For this purpose, a batch
of samples, not subjected to post curing, was used. The
average bearing load of the examined sample batch amo-
unted to 44 kN. It was decided to continue using tensile
load of 25 kN in proper research. In accordance with the
adopted methodology, the sample was inserted in a re-
sistance furnace and heated up to a set temperature. It
was stabilized at this temperature for 5 min. The loading
was increased up to 25 kN (Fig. 2).

Fig. 2. Strength testing machine with a chamber furnace ready
for research
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Research results

The test results of the composite cured at room tem-
perature prove that along with a temperature increase
during an examination, there is an almost linear decrease
in the value of Young's modulus (Fig. 3).
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Fig. 3. Tensile test curves of samples cured at room tempera-
ture

Table 1. Young’s modulus values which are dependent upon
temperature for the composite cured at room temperature

Temperature (°C) 30 40 60 80 100
Modulus of
elasticity (GPa) 75.45 | 74.65 | 62.01 | 53.62 | 47.80

The results of the composite cured at room tempe-
rature are shown in Table 1. Up to the temperature of
40°C, no change in Young’s modulus was observed (Fig.
4). However, above this temperature a steady decline in
the modulus value is noticeable, by 47.80 GPa for the
temperature 100°C.
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Fig. 4. Young’s modulus of the composite hardened at ambient
temperature

Increasing the temperature of testing composites
post cured at 35°C, similar to a non-post cured composi-
te, causes an almost linear decrease in Young’s modu-
lus (Fig. 5, 6). It seems that values close to the value of
the modulus of elasticity during an examination at 30°C
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and 40°C may be due to a slight increase in temperature.
They do not entail changes in the structure of the compo-
site matrix base. At higher research temperatures, there
was a decline in Young’s modulus to a value of 51.91
GPa for the temperature 100°C (Table 2), i.e. by 28%.

Table 2. Young’s modulus values which are dependent on
a temperature for the composite post cured at 35°C

Temperature (°C) 30 40 60 80 100
Young's modulus |/, o1 | 74 02 | 62.38 | 58.08 | 51.91
(GPa)
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Fig. 5. Young’s modulus of composite post cured at 35°C
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Fig. 6. Tensile test graph of samples post cured at 35°C

The examinations of the samples post cured at 55°C
show a drop in Young’s modulus along with increasing
the examination temperature. Young’s modulus changes
in a linear manner, from 76 to 63.18 GPa (Fig. 7), yet
its drop is lower than for samples post cured at a lower
temperature.

Table 3. Young’s modulus values which are dependent on tem-
perature research for the composite post cured at 55°C

Temperature (°C) 30 40 60 80 100
Young'smodulus | /5 4o | 768 | 7367 | 69.39 | 63.18
(GPa)
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Fig. 7. Young’s modulus of samples post cured at 55°C

The examination carried out for the samples post
cured at 80°C demonstrates that the elasticity modulus
initially rose at 40°C, and then, at a further temperature
rise, its value was lowered. The highest value of Young’s
modulus equalled 72.3 GPa (for the research temperatu-
re of 40°C), and the lowest was 59.61 GPa (for the rese-
arch temperature of 100°C) (Fig. 8).

Table 4. Dependence between Young’s modulus values and
research temperature for the composite post cured at 80°C

Temperature (°C) 30 40 60 80 100

Young's modulus
(GPa)

30 40 60 80 100

Temperature of testing (°C)

68.55 | 72.3 | 68.41 | 66.66 | 59.61
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Fig. 8. Young’s modulus of samples post cured at 80°C

No significant differences of Young’s modulus were
observed for samples post cured at 100°C during tests
conducted at 30, 60, 80°C (Fig. 9). During a test at a tem-
perature of 40°C, the value of Young’s modulus exce-
eded 6%, whereas at 100°C it was over 8 % lower than
Young’s modulus, determined at 30°C. The changes can
also be observed on a graph displaying a static tensile
test of the sample (Fig. 10).

Table 5. Dependence between Young’s modulus values and
research temperature for the composite post cured at 100°C

Temperature (°C) 30 40 60 80 100

Young's modulus

(GPa) 83.95

89.60 | 84.71 | 81.47 | 76.86
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Fig.9. Young’s modulus of samples post cured at 100°C
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Fig. 10. Graph of a tensile test of samples post cured at 100°C
was

Young’'s modulus value depended on temperatures,
in which the composite was post cured (Fig. 11). Batch
samples post cured at 100°C are characterized by the
highest value of Young’s modulus, regardless of the test
temperature. Batch samples which were post cured at
ambient temperature and at a temperature of 35°C are
characterized by similar values (the differences do not ex-
ceed 5 GPa). The most stable value of Young’s modulus
is characterized by samples post cured at 55°C (chan-
ging the value is approximately 10 GPa for the whole ran-
ge of the research temperatures). On the other hand, the
biggest changes were observed for the material cured at
room temperature.

100
20

80
— 20

70

— 3 5

— 55
60

Young's modulus (GPa)

80

50 e 100

30 40 60 80 100

Temperature of testing (°C)

Fig. 11. Young’s modulus in a function of temperature for all
batches
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After the tests were carried out in the thermal cham-
ber, all the samples underwent full tensile tests. Exam-
ples of stress-strain curves after temperature testing are
shown in Fig. 12. The highest bearing capacity (approxi-
mately 47 kN) was observed in samples post cured at
55°C and 80°C. It needs to be noted that these are the
temperatures recommended by the resin manufacturer.
The sample post cured at 80°C was also characterized
by the highest value of relative deformation during the
destruction - the lowest deformation during destruction
demonstrated the sample post cured at 100°C, in which
the highest value of Young’s modulus is visible.
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Fig. 12. Tensile test curves of selected samples after tempera-
ture tests

Conclusions

Based on the analysis of the results of the conducted
research, the following conclusions were formulated:

1. The tests carried out have shown that the tempera-
ture change has a significant impact on the strength
properties of the composite. Both the post-curing pro-
cess and the thermal conditions of the exploited com-
posite affect its strength.

2. Post-curing at higher temperatures increases the mo-
dulus of elasticity, which is important in aircraft struc-
tures [10, 12]. The highest value of this coefficient,
regardless of the test temperature, has a composite
hardened at a temperature of 100°C, which shows
that when recommending the value of the post-curing
temperature, the manufacturer was not guided solely
by the value of Young's modulus.

3. The majority of the examined composites were cha-
racterized by the highest value of the modulus of ela-
sticity during the tests at 40°C, the process of post
curing the sample increases the tensile strength of the
examined composites, after the entire testing cycle,
the samples post cured at 55°C (recommended for
gliders) and at 80°C (recommended for engine air-
craft) had the highest bearing capacity.
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