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Eaﬂ{'ty O_fMefhspica' The aim of the article was to determine the compressive strength and compressive
ngineering, Lublin . . . L .

University of Technology, str§|n of an unmodified and a mod|ﬁed epoxy compounds containing a mo.ntmonlf

Nadbystrzycka 36, lonite filler, as well as to determine the effect of temperature and an aging time on

20-618 Lublin, Poland the mechanical parameters of the considered epoxy compounds. The subject of

the research was both the unmodified and the modified adhesive compounds. The
unmodified epoxy compounds were made in four variants, which included the epoxy
resins based on a bisphenol A as well as the curing agents: a triethylenetetramine and
a polyamide curing agent. The modified compounds containing the montmorillonite
filler, were also made in four variants. The samples were subjected in a thermal cham-
ber at 80 °C for 1 and 2 months and in a thermal shock chamber in the temperature
range from — 40 °C to 80 °C for 1 and 2 months. The reference samples were seasoned
at room temperature 20-25 °C. The epoxy compounds samples were subjected to
the compression strength tests in accordance with 1SO 604 standard. The compres-
sive strength is influenced by the environment and temperature, the aging time and
the presence of the modifying agent. The epoxy compounds subjected at elevated

or variable temperatures have higher compressive strength than the reference epoxy
compounds. The operation of the climatic chamber or the thermal shock chamber
makes the samples more deformable than the reference samples.
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Introduction

The epoxy resins were introduced as industrial products more than 70 years ago. They
immediately aroused a great interest due to the valuable properties that distinguish
them from other plastics. They found the application in various fields of a technology,
especially in electronics and an electrical engineering. Due to their extremely favour-
able properties and relatively simple processing methods, the epoxy resins are increas-
ingly used in the industry [1]. Their polar nature causes good adhesion of the resins to
many different materials, such as a glass, the metals, the polymers, the ceramics and a
concrete. During the curing of the resin, slight shrinkage occurs and the castings accu-
rately follow the shape of the mould, making it possible to obtain them without exerting
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pressure. The internal stresses are very slight. The cured resins have high mechanical
strength and resistance to the influence of weather conditions and chemicals. By adding
the fillers to the resin, it is possible to obtain the epoxy materials with different prop-
erties [2—-5]. In order to modify the properties of the epoxy compounds, various addi-
tives (fillers) are added. The one of important filler is montmorillonite. It is assumed that
composites with a filler content in the form of montmorillonite from 2 to 10% by weight
are characterized, among others, by better mechanical properties, as well as an increase
in thermal stability. The characteristics of this filler have been presented in numerous
works [5-8].

During operation, the epoxy compounds in a variety of applications, including as adhe-
sives in the adhesive joints or as coatings, are exposed to various external factors. Unlike
other materials, the polymers show a clear dependence of the mechanical properties
on the external factors, mainly temperature, which should be taken into account when
using these materials in various operating conditions. Many researchers emphasize
the importance of acquaintance changes in both the adhesives and the adhesive joints
under the influence of various conditions (e.g. temperature, thermal shock, time, humid-
ity, etc.) [9-14]. Zhang et al. [15] underlined that one aspect still lack of understanding
with respect to other adhesive applications is the crash resistance of the adhesive bonds
after their short-term or long-term hygrothermal exposure. Han et al. [16] presented the
issue of investigating the residual static strength of adhesively bonded joints after a long-
term exposure to a combined mechanical-hygro-thermal environment. Okba et al. [17]
investigated the effect of temperature and time on the mechanical properties of polymer
adhesives and they noticed that the decrease of strength depends on the type of the pol-
ymer, a temperature, the time and the applied stress. Da Silva and Adams [18] presented
some issue of the adhesive joints designing suitable for use from low to high-tempera-
tures, by the combination of two adhesives, one for strength at high-temperatures and
one for strength at low-temperatures. Viana et al. [9] undelined that despite offering very
attractive advantages over traditional joining methods, one of the setbacks of the adhe-
sive bonding is its long-term strength in aggressive environments, such as environments
with high moisture and extreme temperatures. They presented a review on temperature
and the moisture degradation of the adhesive joints. Hu et al. [19] presented the static
mechanical performance of the adhesively bonded joints after different temperature an
exposure was investigated through joint quasi-static shear-strength test. The test results
demonstrated that long-term temperature exposure caused the degradation in the joint
strength and the failure displacement. Beber et al. [20] underlined that the bonded joints
are exposed to a cyclic loading under a broad range of temperatures during their service
life and the fatigue tests showed there was a reduction in fatigue lifetime with increasing
temperature.

In this work the influence of various conditions (temperature, thermal shock and time
of aging) on the mechanical properties (compressive strength and compressive strain)
of the unmodified and the modified epoxy compounds containing a montmorillonite
filler, was determined. The results of the compressive strength tests are used, inter alia,
to characterize the polymer materials when a given material is to be used as a mate-
rial transferring compressive stresses. The compressive strength answers the question
of what the load should be applied in order for the structure of the polymer material to
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Table 1 Selected properties of epoxy resins

Properties Epoxy resin type

Epidian 5 Epidian 57
Epoxy number (mol/100 g) 0.49-0.52 0.40
Density (g/cm?) at 20 °C 117 1.14-1.17
Viscosity (mPas) at 25 °C max. 30,000 13,000-19,000

Base

Unmodified base resin

Epoxy compound
modified with polyester
resin

Table 2 Selected properties of curing agents

Properties

Curing agent type

Polyaminoamide

Triethylenotetramine

Amine number (mg KOH/g) 290-360 1100
Density (g/cm3) at 20 °C 1.10-1.20 0.978-0.983
Viscosity (mPas) at 25 °C 10,000-25,000 20-30
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be damaged. The higher the value of the compressive strength, the greater the loads can
be applied to the polymer material (as a structural element (in a specific structure). The
issues of the compressive strength of the epoxy materials in various forms are presented,
inter alia, in works [21-23].

Methodology

Characteristics of epoxy compounds

Two types of epoxy compounds were used in the research: the unmodified and the
modified. Eight types of the epoxy compounds were prepared for the tests, made of
two types of the epoxy resins based on the bisphenol A resins (Epidian 5 and Epidian 57
trade name, CIECH Resins, Nowa Sarzyna, Poland) and two types of the curing agents: a
polyaminoamide curing agent (PAC trade name, CIECH Resins, Nowa Sarzyna, Poland)
and a triethylenetetramine curing agent (Z-1 trade name, CIECH Resins, Nowa Sarzyna,
Poland) and montmorillonite filler (NanoBent ZR2 trade name, ZGM “Zebiec” S.A.,
Zebiec, Poland). The selected properties of the epoxy compounds components are listed
in Tables 1 and 2 [3, 24—-26].

The montmorillonite in the form of ZR2 Nanobent is a mineral of volcanic origin, the
density of which is around 1.9-2.7 g/cm?®. The montmorillonite is a layered silicate with
a lamellar structure. The thickness of the plate is 0.96 nm, and its other dimensions are
in the range of 200-1000 nm. ZR2 Nanobent is made of three layers: two external tet-
rahedrons (in the shape of a silicon-oxygen tetrahedron), between which there is one
octahedral layer (octahedron formed by the surrounding of iron, magnesium or alu-
minium ions with hydroxyl groups and oxygen atoms). All layers are held together by
shared oxygen atoms. The forces connecting the layers are the Van der Waals forces. The
distance between successive montmorillonite plates is approx. 0.3 nm. Several (5-9) par-
allel plates constitute the primary montmorillonite particle with a thickness of approx.
7-12 nm 6-8. The characteristics of this type of the filler have been presented in [5, 27].
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Table 3 Types of unmodified epoxy compounds used in the research

Compositions of epoxy Components proportions  Designation Amount of sample
compounds: epoxy resin/curing of epoxy compounds (cylindrical sample)
agent

Epidian 5/PAC 100:80 E5/PAC/100:80 30

Epidian 5/Z-1 100:10 E5/Z-1/100:10 30

Epidian 57/PAC 100:80 E57/PAC/100:80 30

Epidian 57/Z-1 100:10 E57/Z-1/100:10 30

Sum 120

Table 4 Types of modified epoxy compounds used in the research

Compositions of epoxy Components Designation Amount of sample
compounds: epoxy resin/curing proportions of epoxy (cylindrical sample)
agent compounds

Epidian 5/PAC/ZR2 100:80:2 E5/PAC/ZR2/100:80:2 30

Epidian 5/Z-1/ZR2 100:10:2 E5/Z-1/ZR2/100:10:2 30

Epidian 57/PAC/ZR2 100:80:2 E57/PAC/ZR2/100:80:2 30

Epidian 57/Z-1/ZR2 100:10:2 E57/Z-1/ZR2/100:10:2 30

Sum 120

The unmodified compounds, consisting of the resin and the curing agent, as well as
the modified compounds additionally containing a filler, were prepared from the above-
mentioned components.

The amount of the curing agent per 100 g the epoxy resin was applied within the rec-
ommended stoichiometric ratio. Adding the curing agent to the epoxy resin starts the
curing process, which transforms the adhesive from a liquid consistency into a solid
state. For the used the epoxy resins and the polyaminoamide curing agent with an amine
number between 290 and 360 mg KOH/g, a ratio of 100:80 was taken from the recom-
mended range. A ratio of 100 parts by weight of aa epoxy resin and 10 parts by weight
of a curing agent was used for epoxy compounds containing the epoxy resins and the
triethyleneteramine curing agent (1100 mg KOH/g amine number). The amount of used
filler in the form of montmorillonite was adopted due to the results of previous studies
(5, 27].

The types of the epoxy compounds (unmodified and modified with the montmorillon-
ite), the proportions of the epoxy compounds components and the number of the epoxy
compounds samples of a given type are presented in Tables 3 and 4.

Shape and dimensions of the epoxy compounds samples
In order to carry out the compressive strength test, the cylindrical samples were made.
The samples were made using the cylindrical polyethylene moulds. Form in the cylin-
drical form, it made it possible to give the samples a specific diameter d. The final sample
length, the same for all samples, was given in the milling process. The shape and the
dimensions of the cylindrical sample are shown in Fig. 1a and an example of a sample
made of the Epidian 57 epoxy resin and the polyaminoamide curing agent is shown in
Fig. 1b.
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(a) (b)
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Fig. 1 Cylindrical sample epoxy compound for compressive strength test: a shape and dimension in mm. b
Example of epoxy compound sample

The cylindrical specimens were made of all the epoxy compounds presented in
Tables 3 and 4 (30 samples per each type of epoxy compounds). Then, the samples were
checked for the presence of the air bubbles on the milled frontal surfaces.

Technology of preparing epoxy compounds

The preparation of the adhesive compounds involved a series of steps that led to the
formation of the epoxy compounds from the individual components (resin, curing agnet
and filler), which was the epoxy compounds ready for further research. The preparation
of the epoxy compounds consisted in the preparation of appropriate ingredients, their
batching, dosing, mixing and aging. The preparation of the epoxy compounds took place
in the folowing conditions: at room temperature 22—-25 °C and air humidity of 24+ 2%.

The right amount of the ingredients (the epoxy resins, curing agents and filler) for each
epoxy compounds were batched with an electronic scale (TP-2 type, FAWAG S.A, Lub-
lin, Poland) using a polyethylene cup. In the case of the modified epoxy compounds, the
filler was added to the epoxy resin and both ingredients are thoroughly mixed, and after
then then the appropriate amount of curing was added, keeping the required ratio of the
epoxy resin to the curing agent and again mixed. The components of the epoxy com-
pounds were mechanically mixed using an anchor stirrer at a speed of 460 RPM for 90 s
using a stand for mixing adhesives. After mixing the epoxy compounds were kept under
vacuum for 90 s.

The obtained each epoxy mass was placed in the prepared the cylindrical moulds in
the form polyethylene with a capacity of 5 ml. The inner diameter of the mould provided
the assumed sample size. The moulds were filled with adhesive mass up to the 5 ml mark
and then held down with the plunger in order to move all air bubbles in the adhesive
towards the conical connector. The ratio of the length of the cylindrical sample to its
diameter for the strength tests should be 3:1. In order to obtain this ratio and obtain
the perpendicular to the axis of the front surface, the samples taken out of the moulds
were subjected to the milling process using FNB 26 milling machine and six-edge cutter.
The milling speed was 128 m/min, and feed per tooth for samples E5/ PAC and Epidian
5/Z-1 was 0.008 mm/tooth, while for samples E57/PAC and E57/Z-1) was 0.011 mm/
tooth. In order to mill the samples, they were placed in a special form that allowed for
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the simultaneous machining of 5 samples. It was very important to properly press both
parts of the mould, as this prevented the samples from being torn out by the rotating

cutter.

Aging conditions

The prepared epoxy compounds specimens (cured, of the same dimensions) were sub-
jected to operation in various environments and for different times. Description of these
environments is presented in Table 5.

Six specimens of each epoxy compounds were subjected to each condition. A total
of 120 samples of the unmodified epoxy compounds and 120 samples of the modified
epoxy compounds were tested, which gave a total of 240 specimens subjected to condi-
tions mentioned in Table 5.

The reference samples were seasoned under laboratory conditions at a temperature of
23-25 °C and an air humidity of 24%. Two variations of the aging times 1 and 2 months
were used. The samples were seasoned at an elevated temperature in Espec SH-661
(ESPEC EUROPE GmbH, distributed by Klimatest, Poland) in which the temperature
was set to 80 °C and the relative humidity to 95%. The samples were put into the cli-
mate chamber on the special aluminium trays, on which the samples were arranged in
such a way that they did not touch each other. Two variations of the aging times 1 and
2 months were used. The third group of the samples was subjected to a thermal shock
treatment with the use of a thermal shock chamber Espec TSE-11 (distributed by Kli-
matest, Poland). The aging time was 2 months.

Strength test

The specimens of the epoxy compounds, after aging in the appropriate conditions
(Table 5), were subjected to the compression strength tests. All tested specimens were
tested on Zwick/Roell Z150 testing machine (ZwickRoell GmbH&Co. KG, Ulm, Ger-
many) in the laboratory conditions at room temperature and an air humidity of 24%.
The static compression test was performed based on the ISO 604 standard and con-
sisted in squeezing a cylinder-shaped sample placed in a special holder and determining
the mechanical properties of the epoxy compounds from which the sample was made
(Fig. 2).

Table 5 Aging conditions of unmodified and modified epoxy compounds

Quantity Aging conditions
Designation
R cc TSC
Reference Climatic chamber Thermal shock chamber
Temperature 23-25°C 80°C —40°C/+80°C
Humidity 24 4+2% RH 95% RH -
Number of cycles - - 2000
Time of cycle - - 15 min

Time of aging 1 month 2 months 1 month 2 months 2 months
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Fig. 2 Cylindrical sample placed in special holder on testing machine

Thermal chamber
Epidian 5/PAC and Epidian 5/PAC/ZR2

= Epidian 5/PAC (KT) (1 month)

= Epidian 5/PAC (KT) (2 months)
Epidian 5/PAC/ZR2 (KT) (1 month)
Epidian 5/PAC/ZR2 (KT) (2 months)

= Epidian 5/PAC (R) (1 month)

= Epidian 5/PAC (R) (2 months)
Epidian 5/PAC/ZR2 (R) (1 month)
Epidian 5/PAC/ZR2 (R) (2 months)

Compressive strength MPa

Type of epoxy compound

Fig. 3 Compressive strength of Epidian 5/PAC and Epidian 5/PAC/ZR2 epoxy compounds seasoned in a
thermal chamber

The holder with the specimen was placed in the testing machine and compressed at a
speed of 10 mm/min. The squeezing planes (handles of the testing machine) occupied a
position parallel to the plane of the sample bases. The traverse speed when determining
the compression modulus was 1 mm/min. The initial force loading the sample was set
to 10 N. The tested strength parameters are: the compression strength o), and the com-
pressive strain €,;. The compressive strength is calculated by dividing the maximum load
by the original cross-sectional area of the sample subjected to the compression test.

Results: compression strength
Epidian 5/PAC
A comparison of the results of the compression strength for Epidian 5/PAC and Epidian
5/PAC/ZR2 epoxy compounds operated in temperature environments at various times
are shown in Figs. 3 and 4.

The comparison of the results shown in Fig. 3 shows that it is not possible to une-
quivocally state what the effect on the compressive strength is exerted by the extension



Rudawska Appl Adhes Sci (2021) 9:6 Page 8 of 23

Thermal shock chamber
Epidian 5/PAC and Epidian S/PAC/ZR2
£ % T
=7 I I |
£ 60— it E—
§ 50 - 7 Epidian 5/PAC (KSZ)
7 40— ' Epidian 5/PAC/ZR2 (KSZ)
2 30— 0635 607 (09 668 L phidian sPAC R)
[
5 20— — Epidian 5/PAC/ZR2 (R)
E 10— —
“ 9
Type of epoxy compound
Fig. 4 Compressive strength of Epidian 5/PAC and Epidian 5/PAC/ZR2 epoxy compounds seasoned in a
thermal shock chamber

of the aging life of the epoxy compounds in the climatic chamber. For Epidian 5/PAC
epoxy compounds, longer aging time of the samples increases their strength by 6.4%,
while for Epidian 5/PAC/ZR2 epoxy compounds it was decreased by 3.8%. Same as in
the case of the reference samples (R), the samples subjected in the thermal chamber have
a similar compressive strength, therefore it can be concluded that the modification of
the epoxy compounds with the montmorillonite slightly affects the results. It can also
be seen that the strength of the epoxy compounds put in the thermal chamber and the
reference compositions is at a very similar level. Thus, for the tested temperature variant,
the result of the strength is insignificant.

Comparing the results obtained for the reference samples (R), it was noticed that the
longer subjecting time of the samples (2 months) had a positive effect on the value of
compressive strength, causing its increase. A slightly higher increase, amounting to 6.7%,
can be observed in the case of the modified epoxy compounds. In turn, for the second
epoxy compounds, the increase in strength oscillates around 3.8%. All the results pre-
sented in the diagram are of a similar value and are in the range of 60—70 MPa, therefore
it can be concluded that the filler content has a slight influence on the strength of epoxy
compounds.

After analysing the data presented in Fig. 4 it is stated that the addition of a modi-
fying agent to the epoxy compound deteriorates its compressive strength, measured
after operation in a thermal shock chamber for 2 months. A decrease in strength can
be observed, amounting to 8.9%. The strength of the compounds aged in both envi-
ronments is at a similar level. The maximum difference is 10% (for the modified epoxy
compound).

A comparison of the results of the compressive strain for Epidian 5/PAC and Epidian
5/PAC/ZR2 epoxy compounds subjected in temperature environments at various times
are shown in Figs. 5 and 6.

Analysing the graphical summary of the results (Fig. 5) it can be observed that the
extension of the period of placing the epoxy compound in the climatic chamber causes
an increase in the compressive strain for the unmodified epoxy compound and a
decrease in this value for the modified epoxy compound. The decrease in the value of
the compressive strain is much greater, amounting to 59.4%. The greatest compressive
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Thermal chamber
Epidian 5/PAC and Epidian 5/PAC/ZR2

14

< 12 ® Epidian 5/PAC (KT) (1 month)

£ 10 Epidian 5/PAC (KT) (2 months)

=

‘E 3 T T T Epidian 5/PAC/ZR2 (KT) (1 month)

E J. 1 I J_ Epidian 5/PAC/ZR2 (KT) (2 months)

w

§ 6 1 :|: ® Epidian 5/PAC (R) (1 month)

2 9.6

g 4 - 7.8 7.9 — Epidian 5/PAC (R) (2 months)

S 6.3 6.0 6.2 i

o 5 | . . : Epidian 5/PAC/ZR2 (R) (1 month)
Epidian 5/PAC/ZR2 (R) (2 months)

0 n
Type of epoxy compound
Fig.5 Compressive strain of Epidian 5/PAC and Epidian 5/PAC/ZR2 epoxy compounds subjected to thermal
chamber

Thermal shock chamber
Epidian 5/PAC and Epidian 5/PAC/ZR2

10
<
£ 8 ]
<
£ l I T I Epidian 5/PAC (KSZ)
2 1 Epidian 5/PAC/ZR2 (KSZ)
g 41— o — .
5 . 6.4 60 62 Epidian 5/PAC (R)
E , | Epidian 5/PAC/ZR2 (R)
S

0

Type of epoxy compound

Fig. 6 Compressive strain of Epidian 5/PAC and Epidian 5/PAC/ZR2 epoxy compounds subjected to thermal
shock chamber

strain of the samples occurs in the case of the compression of the modified epoxy com-
pound aged for a month, and the smallest in the case of the same epoxy compound sub-
jected to aging for 2 months. It can be noticed that samples aged at a higher temperature
are shorter during compression than the reference samples (R). With reference to the
reference samples (R), when analysing the graphical summary of the results (Fig. 5), it
is possible to observe a decrease in the value of the compressive strain for the epoxy
compound aged for 2 months, compared to the values observed for the samples after a
month of aging. These values for both epoxy compounds are very similar. The difference
for the unmodified epoxy compound is 16.7%, and for the epoxy compound contain-
ing the filler is 21.5%. Epidian 5/PAC/ZR2 (R) reference epoxy compound, seasoned for
1 month, showed the greatest shortening. In the case of the monthly aging period, a dif-
ference in the decreasing value of the samples of both epoxy compounds can be noticed,
which may indicate the dependence of this parameter on the applied modifier.

Based on the comparison of the results presented in Fig. 6, it was found that the filler
content in the form of the montmorillonite reduces the value of the compressive strain
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Thermal chamber
Epidian 5/Z-1 and Epidian 5/Z-1/ZR2

140

]
E 120 I I [ I =T Epidian 5/Z-1 (KT) (1 month)
_s“ 100 +—— S — I T Epidian 5/Z-1 (KT) (2 months)
%ﬁ %0 Epidian 5/Z-1/ZR2 (KT) (1 month)
o 1 | I
E Epidian 5/Z-1/ZR2 (KT) (2 months)
z 60 114 122 441 115 122 00 102 = Epidian 5/Z-1 (R) (1 month)
g 40 +—— — Epidian 5/Z-1(R) (2 months)
§ 20 +—— I Epidian 5/Z-1/ZR2 (R) (1 month)
@)

0 Epidian 5/Z-1/ZR2 (R) (2 months)

Type of epoxy compound

Fig. 7 Compressive strength of Epidian 5/Z-1 and Epidian 5/Z-1/ZR2 epoxy compounds seasoned in a
thermal chamber

Thermal shock chamber
Epidian 5/Z-1 and Epidian 5/Z-1/ZR2

z 140
= 120 I

=

® 122 _ I Epidian 5/Z-1 (KSZ)
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o 60 — 124 116 122 — -

Z 20 102 Epidian 5/Z-1 (R)

g Epidian 5/Z-1/ZR2 (R)

g 20 +— —

=

Q

Type of epoxy compound

Fig. 8 Compressive strength of Epidian 5/Z-1 and Epidian 5/Z-1/ZR2 epoxy compounds seasoned in a
thermal shock chamber

of the compounds subjected to thermal shocks. The decline is 25.3%. It can also be seen
that the compressive strain of the seasoned epoxy compounds in the shock chamber is
higher than the reference epoxy compounds (R), therefore the variable aging tempera-

ture increases the deformation of the tested epoxy compounds.

Epidian 5/Z-1

Figures 7 and 8 present the comparisons of the results of the compression test of
the Epidian 5/Z-1 and Epidian 5/Z-1/ZR2 epoxy compounds subjected to different
environments.

As regards the reference samples, the results of the compression test presented in
Fig. 7 show that the aging of the epoxy compounds samples for a longer time (2 months)
contributes to the improvement of the compressive strength of both epoxy compounds.
In both cases, the increase is small and amounts to approx. 3%. Epidian 5/Z-1 (R) refer-
ence epoxy compound, seasoned for 2 months, is characterized by the highest strength,
while the modified epoxy compound has the lowest with the aging period of 1 month.
A significant difference in the results between the modified and unmodified epoxy
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compounds can be seen, which shows that the modifying agent also has an influence on
the compressive strength.

Based on the analysis of the obtained results (Fig. 7), it is stated that extending the
period of placing the epoxy compounds in the thermal chamber from 1 to 2 months
increases the strength of both epoxy compounds. A slightly greater increase of 7% can be
observed for the Epidian 5/Z-1 (KT) formulation. In turn, the strength of the modified
epoxy compound increased by 3.6%. The results of the strength of all epoxy compounds
are in the range of 110-115 MPa, therefore it can be concluded that the presence of the
filler slightly affects the strength of the tested epoxy compounds. For the modified epoxy
compound, seasoned in a climate chamber, an increase in the compressive strength is
observed compared to the compound seasoned under the reference conditions. On the
other hand, for the unmodified epoxy compound, no difference can be observed (the
epoxy compound is seasoned for 2 months) or a slight decrease in the strength (the
epoxy compound is seasoned for a month).

When analysing the results presented in Fig. 8, slight reductions in the compressive
strength of the modified epoxy compound are noticeable in relation to the unmodified
epoxy compound operated for the same period of time in a thermal shock chamber. The
value of the decline is 6.5%. Aging the samples at changing temperatures it increases
their compressive strength.

Figures 9 and 10 present comparisons of the results of the compressive strain of Epid-
ian 5/Z-1 and Epidian 5/Z-1/ZR2 epoxy compounds subjected to the different environ-
ments for the different periods of time.

The comparison of the results presented in Fig. 9 makes it possible to conclude that the
extension of the aging time of the epoxy compound in the climate chamber reduces their
compressive strain. A slightly greater decrease is characteristic of the modified epoxy
compound, reaching the value of 13.5%. It is also the difference between the highest and
the lowest value of the examined parameter. It is possible to observe a slight influence of
the presence of the modifier on the result of shortening in both periods of the aging, in
the case of a monthly aging period it causes an increase, and in the case of a two-month

Thermal chamber
Epidian 5/Z-1 and Epidian 5/Z-1/ZR2

14
12 Eidi
N pidian 5/Z-1 (KT) (1 month)
g 10 I T I Epidian 5/Z-1 (KT) (2 months)
g g - l I T T Epidian 5/Z-1/ZR2 (KT) (1 month)
2 | l Epidian 5/Z-1/ZR2 (KT) (2 months)
% 61— 10.4 ‘Ij ® Epidian 5/Z-1 (R) (1 month)
2, 98 94 90 .
g 4 +— : 70 74 —_— Epidian 5/Z-1 (R) (2 months)
=] a B
© | 5.9 Epidian 5/Z-1/ZR2 (R) (1 month)
Epidian 5/Z-1/ZR2 (R) (2 months)
0

Type of epoxy compound

Fig. 9 Compressive strain of Epidian 5/Z-1 and Epidian 5/Z-1/ZR2 epoxy compounds subjected to thermal
chamber
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Thermal shock chamber
Epidian 5/Z-1 and Epidian 5/Z-1/ZR2
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S I T
g 8 I
£ 6 | Epidian 5/Z-1 (KSZ)
2 Epidian 5/Z-1/ZR2 (KSZ)
g 4 84 78 | 45 ~—  =Epidian 5/Z-1 (R)
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Fig. 10 Compressive strain of Epidian 5/Z-1 and Epidian 5/Z-1/ZR2 epoxy compounds subjected to thermal
shock chamber

period, a decrease in the results. It can be seen that the described epoxy compounds
shorten much more when compressed than the reference epoxy compound (R).

The summary of data presented in Fig. 9 shows that in the case of the tested references
epoxy compounds (R), the deformation of the samples decreases with the extension of
their aging period. A visibly greater decrease is observed for the reference epoxy com-
pound with the addition of the modifier, it amounts to 20.3%. The greatest compressive
strain result was recorded for the Epidian 5/Z-1 (R) epoxy compound which was sea-
soned shorter, and the lowest for the Epidian 5/Z-1/ZR2 (R) epoxy compound which was
seasoned for a longer time. The different results of the tested value were obtained for
particular periods of aging, so it can be concluded that it depends on the presence of the
filler modifying the compound.

Analysing the data presented in Fig. 10, a slight decrease of the compressive strain
was observed for the modified epoxy compound aged in a thermal shock chamber, com-
pared to the compound without the addition of the filler. This decrease is 7.1%. There is
a significant increase in the deformation of samples seasoned at a higher temperature
compared to the reference samples. The difference is greater for Epidian 5/Z-1/ZR2 and
amounts to 32.2%.

Epidian 57/PAC

Figures 11, 12, 13 and 14 compare the results of the compression test of Epidian 57/PAC
and Epidian 57/PAC/ZR2 epoxy compounds in different environments for different peri-
ods of time.

As results from the comparison of the results obtained for the reference samples (R)
showed in Fig. 11, the extension of the aging time of the samples of the epoxy com-
pounds results in a decrease in its strength in the case of unmodified and modified
epoxy compounds. A visibly greater decrease in the strength value can be seen for Epid-
ian 57/PAC (R), reaching a value of 12.6%. It can also be read from the drawing that the
unmodified epoxy compound, seasoned for a shorter time, has the highest strength, and
the lowest strength is that of a modified epoxy compound, seasoned for 2 months. The
results for the two epoxy compounds are different from each other, which mean that the
filler content affects the strength.
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Fig. 11 Compressive strength of Epidian 57/PAC and Epidian 57/PAC/ZR2 epoxy compounds seasoned in a
thermal chamber
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Fig. 12 Compressive strength of Epidian 57/PAC and Epidian 57/PAC/ZR2 epoxy compounds seasoned in a
thermal shock chamber
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Fig. 13 Compressive strain of Epidian 57/PAC and Epidian 57/PAC/ZR2 epoxy compounds subjected to
thermal chamber
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Fig. 14 Compressive strain of Epidian 57/PAC and Epidian 57/PAC/ZR2 epoxy compounds subjected to
thermal shock chamber

Analysing the comparison of the results presented in Fig. 11, it was found that subject-
ing the epoxy compound for a longer time in the thermal chamber has a positive effect
on the strength value. A slightly greater increase, equal to 22.2%, can be observed in
the case of Epidian 57/PAC (KT) epoxy compound. Due to the addition of the filler, the
strength of the modified epoxy compound after a aging life of one month is higher than
that of the epoxy compound without montmorillonite content. It can therefore be con-
cluded that the addition of the filler improves the strength of the epoxy compound over a
given lifetime. The modified epoxy compound has the highest compressive strength after
2 months of aging, while the unmodified epoxy compound has the lowest seasoned for
a shorter period. In almost all cases, an increase in the operating temperature increases
the compressive strength. The exception is the epoxy compound without the filler, sea-
soned for 1 month; it is characterized by higher strength after aging in the laboratory
conditions.

When analysing the graphical summary of the results (Fig. 12), a decrease in the
strength of Epidian 57/PAC/ZR2 (KSZ) epoxy compound subjected to thermal shocks
was noticed compared to Epidian 57/PAC (KSZ) epoxy compound. It can therefore be
concluded that the presence of the modifying agent reduces the strength of the epoxy
compound. The drop in value is at the level of 11.2%. As shown in the figure above, the
epoxy compound which is seasoned at changing temperatures is more strength.

After analysing the data shown in Fig. 13, it is found that subecting the epoxy com-
pound to the thermal chamber for a longer period of time results in a decrease in rela-
tive contraction. The unmodified epoxy compound shows a much greater decrease,
it amounts to 37.5%. The smallest and the largest value of the compressive strain are
included in the results of Epidian 57/PAC (KT) epoxy compound. The largest is for the
epoxy compound subjected to a shorter period of time, and the smallest for the epoxy
compound which is seasoned for 2 months. The influence of the modifier’s presence
on the shaping of the shortening results can be noticed. In the first month of aging, it
causes a decrease, and in the second, an increase in the value of the tested parameter. In
most cases, the relative reduction is greater for the epoxy compounds with high operat-
ing temperature, with the exception of the epoxy compound without the addition of the
filler, aged for 2 months.
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After analysing the results shown in Fig. 13, refers to reference samples (R), the ten-
dency of the epoxy compound to decrease the compressive strain due to the extension
of the aging time of the samples from 1 to 2 months can be noticed. In the case of both
epoxy compounds, the decrease fluctuates around 20%. The unmodified epoxy com-
pound with a monthly aging period has the greatest reduction, and the modified epoxy
compound, seasoned within 2 months, has the lowest reduction. It can be seen that for a
given period of the aging, the values of both epoxy compounds differ from each other, so
the impact of the filler content on the result of the compressive strain is noticeable here.

On the basis of the graphical summary of the results (Fig. 14), it can be noticed that the
presence of the filler in the epoxy compound subjected to the thermal shocks reduces
the value of its shortening. This change amounts to 12.1%. The compressive strain for the
epoxy compound seasoned in both environments is at a similar level, but the reference
samples are shortened slightly more.

Epidian 57/Z-1

Figures 15, 16, 17 and 18 present the comparisons of the compressive strength values for
Epidian 57/Z-1 and Epidian 57/Z-1/ZR2 epoxy compounds, which were subjected to the
various conditions and periods.

Based on the comparison of the results shown in Fig. 15, a slight decrease in compres-
sive strength can be observed for the compounds aged for a longer time compared to
the compounds aged for a shorter time. The decrease for each of the two compounds is
similar at a maximum of 2.2%. The results for the modified and unmodified compounds
in given periods differ from each other, hence it can be concluded that the modification
of the compound with montmorillonite affects the strength. The compound of Epidian
57/Z-1 (R) modified for a longer time has the highest value, while the compound of Epi-
dian 57/Z-1/ZR2 (R) modified for a shorter time has the lowest value.

The summary of the data presented in Fig. 15 shows that the extension of the sea-
soning life of the samples in the thermal chamber increases the compressive strength
of the tested epoxy compounds. The increase for each of the two epoxy compounds

Thermal chamber
Epidian 57/Z-1 and Epidian 57/Z-1/ZR2
100
< 90 ar T
E g0 L = I I Epidian 57/Z-1 (KT) (1 month)
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on g
E 60 +— Epidian 57/Z-1/ZR2 (KT) (1 month)
‘f 50 +— 902 —_ Epidian 57/Z-1/ZR2 (KT) (2 months)
Z 40 1851 “%< 842 876 820 753 743  ®Epidian 57/Z-1 (R) (1 month)
g 30 +— — Epidian 57/Z-1 (R) (2 months)
g 20 — Epidian 57/Z-1/ZR2 (R) (1 month)
10 +— Epidian 57/Z-1/ZR2 (R) (2 months)
0
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Fig. 15 Compressive strength of Epidian 57/Z-1 and Epidian 57/Z-1/ZR2 epoxy compounds seasoned in a
thermal chamber
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Fig. 16 Compressive strength of Epidian 57/Z-1 and Epidian 57/Z-1/ZR2 epoxy compounds seasoned in a
thermal shock chamber
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Fig. 17 Compressive strain of Epidian 57/Z-1 and Epidian 57/Z-1/ZR2 epoxy compounds subjected to
thermal chamber
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Fig. 18 Compressive strain of Epidian 57/7-1 and Epidian 57/7-1/ZR2 epoxy compounds subjected to
thermal shock chamber
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oscillates around 4—6%. The strength of each composition is similar; therefore it can
be assumed that the modifying agent has very little effect on reducing the strength of
the epoxy compound. The difference between the highest and lowest values is 7%. The
influence of elevated temperature on the strength of the epoxy compound is clear, for
each of them it increases the strength in comparison with reference epoxy compound.

Based on the comparison of the results for the references samples shown in Fig. 15,
a slight decrease in the compressive strength can be observed for the epoxy com-
pounds aged for a longer time compared to the epoxy compounds aged for a shorter
time. The decrease for each of the two epoxy compounds is similar at a maximum of
2.2%. The results for the modified and unmodified epoxy compounds in given periods
differ from each other, hence it can be concluded that the modification of the epoxy
compound with the montmorillonite affects the strength. Epidian 57/Z-1 (R) epoxy
compound modified for a longer time has the highest value, while the epoxy com-
pound of Epidian 57/Z-1/ZR2 (R) modified for a shorter time has the lowest value.

The comparison of the results shown in Fig. 16 makes it possible to conclude that
the filler content has an insignificant but at the same time beneficial effect on the
strength of the tested epoxy compounds, causing its growth. The value of this change
is 2.9%. The epoxy compounds after aging are characterized by higher compressive
strength at variable temperature.

The analysis of the data presented in Fig. 16 shows that the values of the epoxy com-
pounds seasoned for 2 months are lower than the values of the epoxy compounds
seasoned for a month, therefore the extension of the aging time causes the samples
seasoned for shorter periods to have a greater shortening. The epoxy compound with-
out the addition of the filler exhibits a clearly greater decrease; its relative reduction is
equal to 32.2%. In turn, Epidian 57/Z-1/ZR2 (R) epoxy compound undergoes a much
smaller change in the parameter, equal to 13.3%. It can also be read from the drawing
that the samples containing the filler are less shortened than the samples without the
modifier.

The comparison of the results presented in Fig. 17 shows that extending the time of
subjecting the epoxy compounds in the climatic chamber reduces their compressive
strain in relation to the monthly aging period. Epidian 57/Z-1 (KT) epoxy compound
is characterized by a slightly greater decrease, amounting to 11.6%. It can be con-
cluded that the compressive strain values of the samples of both epoxy compounds
in particular aging periods are at a similar level, therefore the influence of the mod-
ifier on the value of the discussed parameter is small. The discrepancy between all
the results is small; they are all in the range of 8.4-9.5%. Apart from the unmodified
epoxy compound aged for 1 month, a greater reduction is characteristic of the epoxy
compounds seasoned at elevated temperature.

The analysis of the data presented in Fig. 17 related to the references samples (R),
shows that the values of the epoxy compounds seasoned for 2 months are lower than
the values of the epoxy compounds seasoned for a month, therefore the extension
of the aging time causes the samples seasoned for shorter periods to have a greater
shortening. The epoxy compound without the addition of the filler exhibits a clearly
greater decrease; its relative reduction is equal to 32.2%. In turn, Epidian 57/Z-1/ZR2
(R) epoxy compound undergoes a much smaller change in the parameter, equal to
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13.3%. It can also be read from the drawing that samples containing the filler are less
shortened than the samples without the modifier.

After analysing the data presented in Fig. 18, it was found that the presence of the
modifying agent in the epoxy compound subjected to thermal shocks lowers it’s the
relative contraction value. This change is 11.9%. The influence of the variable aging
temperature on the value of the compressive strain was also noticed. It increases the
value of this parameter in relation to the reference epoxy compounds.

Discussion
A detailed comparison of the obtained results is presented in point 3, and in the part
concerning the discussion of the results, general observations, prepared on the basis of
the detailed results, are presented. Comparing the results of the compressive strength
tests of the epoxy compounds containing Epidian 5 and Epidian 57 epoxy resins and two
curing agents: polyamide and amine, it was noticed the following trends.

(i) Comparing the type of the epoxy resin and the curing agent that make up the
epoxy compounds:

+ in each case of operating conditions (Fig. 3 and Figs. 4, 7, and Fig. 8) of the epoxy
compounds containing in their composition the base resin unmodified (Epidian 5),
the compressive strength is higher for the epoxy compounds containing the amine
curing agent. Moreover, this applies to both unmodified and modified compounds;

+ in the case of the epoxy compounds containing the modified epoxy resin (Epidian
57), a similar relationship was observed: regardless of the aging conditions and
whether the compound is modified with the montmorillonite or not—the epoxy
compounds containing the triethylenetetramine curing agent were characterized
by higher compressive strength than the polyamide curing agent.

At work [27] was presented that of the compressive strength depending on: (i) the
type of the epoxy compound—the type of the curing agent included in the epoxy com-
pounds, containing the same epoxy resin, (ii) the type of the environment, and (iii) the
aging time. The results were related to the aging in different water environments and at
different times. In this study, a similar dependence was also noticed that the compres-
sive strength depends on the type of the curing included in the epoxy compounds. Okba
et al. [17] pointed out that the decrease of the compressive strengths depends on the
type of adhesive and also other environmental factors. They tested e.g. exposure to dif-
ferent elevated temperature level and the effect on exposure time. Liu et al. [4] presented
among other things the effects of the curing agents and they indicated the influence of
the type of curing agent on the mechanical properties of the epoxy composites.

(ii) Considering the effect of the type of the filler on the obtained results, it was
observed that:

« in relation to the compositions containing Epidian 5 epoxy resin and PAC cur-
ing agent, it was noticed that the filler content slightly affects the strength of the
epoxy compounds, in most cases it is lower for the modified epoxy compounds;
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« in the case of Epidian 5/PAC/ZR2 epoxy compound, the addition of a modifying
agent to the compound deteriorates its compressive strength measured after oper-
ation in a thermal shock chamber for 2 months;

«+ in the case of Epidian 5/PAC and Epidian 57/PAC unmodified epoxy compounds
and modified compounds, the addition of the modifying agent to the compound
deteriorates its compressive strength measured after operation in the thermal
shock chamber for 2 months;

« comparing the results for Epidian 57/Z-1 and Epidian 57/Z-1/ZR2 epoxy com-
pounds, it was noticed that the filler content had a negligible but beneficial effect
on the strength of the tested compounds, causing its growth.

The results of research on epoxy compounds modified with various fillers, including
montmorillonite, are presented at [5, 27]. It has been noticed the addition of mont-
morillonite has a positive effect on the strength of epoxy compositions.

(iii) While analysing the influence of temperature on the strength results, it was
noticed that:

+ in the case of Epidian 5/PAC and Epidian 57/PAC unmodified and modified epoxy
compounds, the addition of the modifying agent to the compounds deteriorates
its compressive strength measured after subjected in a thermal shock chamber for
2 months;

+ it can also be seen that the strength of Epidian 5/PAC/ZR2 epoxy compound sea-
soned in the thermal chamber and the reference compounds is at a very similar
level. Thus, for the tested aging temperature, the result of the strength is insignifi-
cantly influenced.

The paper [28] presents the impact of the epoxy adhesives aging temperature on
the selected mechanical properties. The one of the epoxy compound contained the
triethyleneteramine curing agent. It was noticed that the compressive strength of the
samples seasoned at ambient temperature increases with the aging time increase. The
modified epoxy compounds (by calcium carbonate) with addition of the triethylene-
tetramine curing agent show a greater compressive strength at ambient temperature
than the unmodified this kind of epoxy compound. Rudawska [25] emphasized that
both the type of resin and the amount of the curing agent in the epoxy adhesive and
also stoichiometric ratio have a significant impact both on the mechanical proper-
ties of the epoxy adhesive. Grant et al. [12] noticed that an increase in temperature
decreases the adherend yield stress and causes reduction in the failure envelope. The
failure load of the lap joints under tension at both+ 90 and — 40 °C show the same
decrease in the strength of the joint as the bondline thickness increases as those joints
tested at+ 20 °C.

(iv) considering the influence of the aging time of epoxy compounds in specific tem-
perature conditions, it was noticed that:

« In the case of Epidian 5/PAC and Epidian 5/PAC/ ZR2 reference samples (R), it
was noticed that the longer aging time of the samples (2 months) had a positive
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effect on the value of the compressive strength, causing it to increase, the samples
subjected in the thermal chamber had a similar compressive strength as the refer-
ence samples, therefore it can be concluded that the modification of the epoxy
compound with the montmorillonite slightly affects the results; similar to Epidian
57/PAC and Epidian 57/PAC/ZR2 epoxy compounds,

+ In the case of Epidian 5/Z-1 and Epidian 5/Z-1/ZR2 epoxy compounds, extend-
ing the period of placing the epoxy compounds in the thermal chamber from 1 to
2 months increases the strength of both compounds.

The works [10, 27, 28] also emphasize the significant influence of the temperature and
the aging time on the mechanical properties of epoxy compositions, both modified and
unmodified. The compressive strength of the epoxy compounds samples seasoned at
ambient temperature increases with the aging time increase. The result presented in [24]
show that the type of the tested epoxy compound and the quantity and type of a filler
determine the effect of the climate chamber ageing and the thermal shock chamber pro-
cessing on the compressive strength for the tested epoxy compounds. In work [11] dem-
onstrated that both the aging time and the amount of filler have a significant impact on
the value of this mechanical characteristic. Hu et al. [19] presented that long-term tem-
perature exposure caused degradation in the joint strength and the failure displacement.
In the carried out test it can be noticed that in many cases extending the period of sub-
jecting the epoxy compounds in the thermal chamber from 1 to 2 months increases the
strength of the epoxy compound. The degradation of the plastics under the influence of
the various factors (temperature, time) primarily causes changes in the molecular struc-
ture of the material. However, it should be noted that in some cases, in the first stage of
degradation, the degradation factor improves some properties of the material, and above
all mechanical strength. This is done by additional cross-linking of the structure mate-
rial under the influence of, for example, heat. Only at a later stage, for example, exces-
sive cross-linking or reduction of the molecular weight occurs, which contributes to the
deterioration of the properties. Therefore, in the presented studies, no deterioration in
strength was observed in many cases. However, it is likely that the extension of the ser-
vice life under the same conditions will contribute to the deterioration of the properties.

The article does not include all stress—strain curves, due to the large amount of data,
but the cumulative results are presented in Figs. 5, 6, 9, 10, 13, 14, 17, 18 and the sam-
ples of the stress—strain curves presented in Fig. 19. The data presented in Fig. 19 refer
to the epoxy compounds: Epidian 5/PAC (R) (1 month)—Fig. 19a, Epidian 5/PAC (KT)
(1 month)—Fig. 19b, Epidian 5/PAC (SZ)—Fig. 19c.

Based on the analysis of the stress—strain curves, it was noticed that the stress—strain
curve takes the form of a curve for the elastic materials with forced elasticity (referred to
as materials with reduced stiffness). This applies to both the analysed reference samples
as well as samples subjected to high temperature and thermal shocks.

Conclusion

The aim of the article was to determine the compressive strength and compres-
sive strain of unmodified and modified epoxy compounds containing the montmo-
rillonite filler, as well as to determine the effect of temperature and aging time on
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Fig. 19 Stress—strain curves of the epoxy compounds samples: Epidian 5/PAC (R) (1 month), Epidian 5/PAC

(KT) (1 month), Epidian 5/PAC (SZ)

the mechanical parameters of the considered epoxy compounds. Based on the
obtained results and comparing them with each other, the following conclusions were

formulated.
(i) In the most cases, the unmodified epoxy compositions have higher compressive
strength.
(i) The longer aging time was more likely to increase the compressive strength than

decrease it.
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(iii) The epoxy compounds subjected at elevated or variable temperatures have higher
the compressive strength than the reference epoxy compound.

(iv) Subjecting the samples in the climatic chamber or the thermal shock chamber
causes the samples to be more deformed than the reference samples.

To conclude, both the environmental conditions and the modification have the
impact on the compressive strength and compressive strain of the epoxy compounds.
It is necessary to know what changes occur under the influence of various conditions
(e.g. temperature, thermal shock, time, humidity, etc.) in relation to the use of the epoxy
compounds, e.g. making the adhesive joints exposed to various external factors. The
studies found that in most cases the filler addition in the form of montmorillonite had
a beneficial effect on the strength of the tested epoxy compounds that remained in the
thermal chamber and the thermal shocks, causing the strength growth. Of course, such
a relationship is influenced by other factors, such as the type of epoxy composition or
the operating conditions. One of the purposes of using the montmorillonite as filler in
polymer composites (including epoxide) is to improve the mechanical properties and
increase the thermal stability. The addition of the bentonite fillers may also reduce the
flammability of the polymeric materials. The epoxy compounds modified with montmo-
rillonite filler are an interesting subject of the research.
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