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Abstract. We present the results analyzing the climatic resistance of epoxy polymers obtained on the basis of a
modified Etal-247 resin cured by Etal-45M under the effect of natural climatic factors in a temperate continental
climate. The kinetics of damage accumulation in the structure of polymer samples under tensile loads was stud-
ied on the basis of the results obtained using the author's method. The essence of the technique was to determine
the coordinates of the “critical” points of deformation curves based on the time series fractal analysis methods,
recorded with a high readings frequency (0.01 s). To estimate the level of accumulated failures leading to the de-
struction of samples under tensile loads, we used a parameter defined as the ratio of the number of points with a
fractality index less than 0.5 to the total number of points on deformation curves (until reaching the level of
“critical” tensile stresses). Time intervals of 0.16 seconds were studied with analyzed area shifted with a step of
0.01 sec. A specific index is proposed that characterizes the accumulated number of damages in the polymer
sample structure per unit of its strength. Its achievement leads to the destruction of the composite under study.
We have determined the moisture state effect and climatic aging duration on the damage accumulation kinetics
in the polymer sample structure under tensile loads.

Keywords: climatic aging, polymers, moisture content, damage accumulation,
specific index, fractal analysis.

AHAJIN3 BJIUAHUSA BJATOCOAEPKAHUSA
HA YJIEJIbHBIN IMMOKA3ATEJIb U KHHETUKY
HAKOILIEHUS IOBPEXJEHUN B CTPYKTYPE
HOJIMMEPHbBIX MATEPHUAJIOB B ITPOLHECCE
HATYPHOI'O KIMMATHYECKOI'O CTAPEHUA

B.II. Censes, T.A. Huzuna, /I.P. Huzun, H.C. Kanaesa

HanmonanbHbIHM HecaenoBaTenbckuii MopoBCKuit TocyiapcTBeHHbIi yHuBepcuteT uM. H.IT. Orapéga,
r. Capanck, POCCUA
HayuHo-uccrenoBaresibCKuii HHCTUTYT cTpouTenbHoil ¢pusnkn PAACH, r. Mocksa, POCCHU S

AnnoTtauus. [IpencraBieHsl pe3yabTaThl aHATU3a KIMMATUUYECKONH CTOMKOCTH SMOKCHAHBIX MOJMMEPOB, MOJY-
YaeMbIX Ha OCHOBE MOJU(PHUIMPOBAHHON cMOIEI DTan-247, oTBepkaacMoil Dtan-45M, mon AeicTBUEM HATYp-
HBIX KJIMMAaTHYECKUX (PAKTOPOB B YCIOBUSAX YMEPECHHO-KOHTHHCHTAIBHOTO KinMaTa. 3ydeHa KHHETHKA HAKOII-
JICHUSI IOBPSKACHUHN B CTPYKTYpE MOJIMMEPHBIX 00pa3IoB MO JSHCTBUEM PACTITHBAIOIINX HATPY30K HA OCHOBE
Ppe3yIBTaTOB, OIYYCHHBIX C MTOMOIIBIO0 aBTOPCKOM MeToanku. CyIIHOCTh METOIMKH 3aK/IF0Yaach B OMpeese-
HUHU KOOPIUHAT «KPUTHUECKUX» TOUEK KPUBHIX Ie(OPMHUPOBAHUSA Ha OCHOBE METOAOB ()PAKTATHHOTO aHAIH3a
BPEMEHHBIX PSIIOB, (PUKCHPYEMBIX C BBICOKOH 4yacTOTOi cHstus mokaszanuii (0.01 cek.). JIast omeHKH ypoBHS
HAKOIUICHHBIX OTKA30B, MPHUBOSIINX K pa3pymIeHUI0 00pa3IoB MO/ NeHCTBUEM PACTITUBAIOIINX HATPY30K, UC-
MOJIB30BAJICSI TIOKA3aTellb, ONPEACISICMbIH KaK OTHOIICHHE YMCIIa TOUYCK ¢ MHICKCOM (DPaKTaIbHOCTH, MEHBIIUM
0,5, k o0IIEeMy YHCITy TOYEK KPUBBIX Ne(OPMHUPOBAHUS (110 TOCTHIKCHUS «KPUTHICCKUX» YPOBHEH PacTATUBAIO-
LIUX HanpspkeHuit). McenenoBaniuch BpeMEHHbIE HHTEPBAJIbI IPOAOIIKUTENBHOCTHIO (.16 ceKyH[ co cMelleHueM
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aHanmusupyemoit oosactu ¢ marom 0.01 cek. [Ipeasioxken yaeabHbIH OKa3aTeib, XapaKTCPU3YIOIINN HAKOIIJICH-
HOE YHCJIO MMOBPEKCHUIN B CTPYKTYPE MOJMMEPHBIX 00PA3I[OB K CAUHUIIC €r0 MPOYHOCTH, TOCTHKEHUE KOTOPO-
rO MPHUBOJHT K Pa3pyIICHUIO UCCIICAYEMOr0 KOMITO3UTA. BBISBICHO BIMSHUE BIAKHOCTHOI'O COCTOSHUS U JUTH-
TENBHOCTH KIMMATHYECKOT'0 CTAPCHUS Ha KHHETHKY HAKOIUICHUS MMOBPEXKICHUH B CTPYKTYpE TOIHMEPHBIX 00-

pa3noB non ﬂeﬁCTBHeM pacCTATruBarOIIMX HArpy30K.

Ki1roueBble c10Ba: KIIMMATHYECKOE CTAPEHHUE, TIOJIMMEPHI, BIarocoiepXKaHue, HAKOIJICHHE TOBPEXICHUH,
YAETBHBIN MOKa3aTelb, ppaKkTalbHBIN aHATIH3.

1. INTRODUCTION

Polymer materials are widely used almost in all
existing industries. By analogy with other mate-
rials, the main requirement for polymer-based
products and structures is to ensure uninterrupt-
ed operation throughout the entire service life.
However, the solution to this problem is ex-
tremely complicated under the effect of natural
climatic factors, as practically all products and
structures are exposed to the effect thereof, re-
gardless of their functional purpose. This is due
to the high complexity of climatic effects both
for analysis and for replication in laboratory
conditions with sufficient accuracy and com-
pleteness [1 — 6].

Since the complete reproduction of the envi-
ronment impact in artificial conditions at the
moment is not possible due to the insufficient
level of instrumental and technical develop-
ment, the main source of reliable information on
the phenomena that arise in the polymer struc-
ture during climatic aging are natural climatic
studies [7 — 13]. One of these phenomena is the
reversibility of changes in the physical and me-
chanical properties of epoxy polymers, depend-
ing on the content of adsorbed moisture. Ac-
cording to the data given in the scientific litera-
ture, as well as the author's studies [14 — 16], the
spread of strength parameters in the limiting
moisture states (moisture saturated and dried)
reaches 30% for polymer composites and 50%
for unfilled epoxy resin-based polymers. As a
result, during the operation of polymer compo-
sites, one should take into account both irre-
versible changes in properties caused by degra-
dation of the surface layers of the product, dis-
ordering of filler fibers, photodestruction and
chemical transformations of the polymer matrix,
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as well as reversible changes caused by the pro-
cesses of sorption and desorption of atmospher-
ic moisture.

The aim of this work is to quantitatively assess
the kinetics of damage accumulation in the
structure of epoxy polymer samples exposed to
natural climatic factors, depending on their du-
ration, the level of applied mechanical impacts,
and the polymer material moisture state.

2. METHODS AND MATERIALS

The objects of the study were samples based on
Etal-247 resin and Etal-45M hardener by
ENPTs EPITAL JSC. Etal-247 is a modified
epoxy resin with a mass fraction of epoxy
groups of at least 21.4+22.8% and a Brookfield
viscosity at 25 °C in the range of 650+750 cP.
Etal-45M hardener is a mixture of aromatic and
aliphatic di- or polyamines modified with sali-
cylic acid.

The samples were subjected to natural exposure
on the test stands of the environmental and me-
teorological monitoring laboratory, construction
technologies and examinations of the Ogarev
National Research Mordovia State University
(Saransk, temperate continental climate). Physi-
comechanical parameters were determined for
samples in a control state, as well as after 67,
151, 306, 531 and 765 days of natural exposure.

The samples were conditioned in accordance
with GOST 12423-2013 “Plastics. Conditioning
and Testing of Samples”. To establish the effect
of the moisture state on the change in the physi-
cal and mechanical parameters of epoxy poly-
mers under natural climatic factors, a series of
36 samples exposed in parallel was divided into
3 equal batches tested: immediately after re-
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moval from the test site (series “without condi-
tioning”); after moistening to constant weight at
a relative humidity of 98+2% (“moisture-
saturated” series) and after drying to constant
weight at 60 °C (“dried” series) in accordance
with GOST R 56762-2015 “Polymer Compo-
sites. Method for Determining Moisture Ab-
sorption and Equilibrium State”.

Mechanical tensile tests of samples (type 2 ac-
cording to GOST 11262-2017) (ISO 527-2:
2012) “Plastics. Tensile Testing Method”) were
made using an AGS-X series tensile testing ma-
chine with TRAPEZIUM X software. Test tem-
perature was 23+2 °C and relative air humidity
of 50+5%. The tensile testing machine clamp
movement speed was 2 mm/min.

Quantitative values of accumulated failures are
determined on the basis of the author’s tech-
nique, which allows determining the coordinates
of critical points of deformation curves "o — &"
built by methods of fractal analysis [17 — 20].
As “critical” points, we consider the points of
the deformation curves for which the u(o,¢)
fractality index values calculated over the pre-
vious short time intervals using the least cover-
age method, are less than 0.5. Time intervals of
0.16 seconds were studied with analyzed area
shifted with a step equal to 0.01 sec.

To estimate the level of accumulated failures
leading to the destruction of samples under ten-
sile loads, we used a parameter defined as the
ratio of the number of points with a fractality
index less than 0.5 to the total number of points
on deformation curves (until reaching the de-
structing level of tensile stresses)

m
w(o, &) = —22.100%,
Mu(o,e)

(D)

where m ;) 18 the number of points of the
studied series for which the condition u(o, €) <
0.5 is satisfied; 1,4 1s the total number of
analyzed points.

To take into account the effect of changes in the
strength parameters of polymers on the value of
accumulated failures (until the sample reaches
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maximum tensile stresses), we introduce specif-
ic index 6 defined as [13]

)

where w is the relative number of accumulated
damages determined according to (1) when the
sample reaches the level of maximum tensile
stresses [%]; R is the tensile strength of poly-
meric materials [MPa].

3. RESULTS AND DISCUSSION

The change in the sample mass after drying and
moistening according to the above modes is
shown in Fig. 1. Depending on the moisture
state of the samples after being removed from
the test stands during drying and moistening to
constant weight, a decrease and increase in the
weight of the samples by 0.67+1.35% and
0.88+1.94%, respectively, is observed. Depend-
ing on the duration of natural climatic aging, the
range of change in the sample mass ranged (the
sum of absolute values of the mass increase and
decrease) from 2.09% to 2.73%, and the highest
value was recorded for the samples in the con-
trol state.

According to the results of the studies, it was
established (Fig. 1, 2) that an increase in the
moisture content of the control samples from
0.79 to 2.72% (moisture-saturated state) leads to
a decrease in the ultimate tensile strength from
37.3 to 26.7 MPa, which corresponds to a resid-
ual strength of 71.5% (of the control values in
an equilibrium-moisture state). Natural exposure
of polymer samples of the studied composition
without additional drying and moistening is ac-
companied by a decrease in strength parameters
for the entire exposure time (765 days) by no
more than 15%. In this case, the moisture satu-
ration of the samples contributes to an addition-
al decrease in the tensile strength, reaching
24+35% of the initial value (before the begin-
ning of natural exposure).

The strength parameters of dried samples with the
duration of natural climatic exposure not exceed-
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ing 306 days, are higher than those for samples
not subjected to additional drying. Such restora-
tion of properties is referred to as a reversible
change in strength parameters due to the elimina-
tion of free moisture. In addition, with an increase
in the natural exposure duration, we observed a
gradual narrowing of the range of variation of the
polymer sample strength parameters in the mois-
ture-saturated and dried states. For time intervals
of 531 and 765 days, the difference is only
0.3+0.65 MPa (Fig. 2, a). At the same time, the
tensile strength for samples not subjected to addi-
tional conditioning is 15-18% higher than the
same parameter in the limiting moisture states.
Obviously, for a given natural climatic impact du-
ration, the presence of sorbed moisture in the pol-
ymer matrix structure acts as a mechanism that
compensates for irreversible changes. At the same
time, for the state of samples aged more than 531
days, it is obvious that there is a certain point of
optimum moisture content corresponding to the
highest ultimate tensile strength value. By analogy
with the plasticizing effect of moisture, one can
assume a gradual decrease in the contribution of
the considered synergistic effect analyzed in [20],
from the maximum value at the point correspond-
ing to the moisture-saturated state to zero at the
point corresponding to the dried state.
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BEmoisture saturation B drying

Figure 1. Change in the mass (%)of Etal-247 +
Etal-45M polymer samples during their drying
and moisture saturation to constant mass

Accumulation curves of failures depending on the
level of applied stresses and elongation in tension
for control samples in different moisture conditions
after natural climatic exposure are shown, respec-
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tively, in Fig. 3 and 4. Numerical values of the lev-
els of accumulated failures corresponding to the
achievement of the maximum tensile loads by the
samples are given in Table 1. It was found that the
limiting level of accumulated damage for all types
of moisture state of samples of the studied compo-
sition varies from 5.06 to 6.05%, increasing in the
series: dried (5.06+5.61%), moisture-saturated
(5.23+6.01%), without additional conditioning
(5.53+6.05%). The analysis results show (Fig. 3, a)
that curves of failure rate accumulation depending
on the level of applied stress for samples in equilib-
rium-moisture or dry states are similar. Moisture
saturation of the samples leads to a significant (up
to two times) acceleration of the process, depend-
ing on the level of applied stresses.
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Figure 2. Change in elastic-strength parameters
(a — tensile strength; b — relative elongation at
maximum load) of polymer samples of the com-
position Etal-247 + Etal-45M during natural
climatic aging in three moisture states (without

conditioning, moisture-saturated, dried)

International Journal for Computational Civil and Structural Engineering



Analysis of the Moisture Content Effect on the Specific Index and Damage Accumulation Kinetics in the Structure

of Polymeric Materials During Natural Climatic Aging

Table 1. Change in the cumulative failure
rate of epoxy polymer (Etal-247+Etal-45M)
during natural climatic aging in three
moisture conditions (without conditioning,
moisture-saturated, dried).

Humidity Natural exposure duration, days
state of
samples 0 67 | 151 | 306 | 531 | 765
without
. 6,0 | 57 | 57 | 57| 55
con.dltlon— 5,69 5 1 6 5 3
ing
moisture- 6.01 56 | 52 | 56 | 55 | 5,8
saturated ’ 1 3 4 0 6
. 56 | 55| 50| 54|55
dried 5,53 1 1 6 3 4

~
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Figure 3. Failure accumulation curves
for a series of polymer samples
(Etal-247+Etal-45M) in different moisture
states depending on the level of applied stresses
(a) and relative elongations at stretching (b)
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Analysis of changes in the curves for epoxy pol-
ymers (Etal-247 + Etal-45M) (Fig. 4) after natural
exposure in a temperate continental climate for
765 days indicates that the nature of damage ac-
cumulation depending on the level of applied
stresses for samples in equilibrium-humidity and
moisture-saturated states are similar, especially at
levels of tensile stresses not exceeding 40-50% of
destructive ones. Moisture saturation of the sam-
ples after climatic aging over the entire studied
time interval also leads to an acceleration of dam-
age accumulation in comparison with the samples
not subjected to additional conditioning. The
greatest changes in the damage accumulation ki-
netics, depending on the natural exposure dura-
tion, were recorded for dried samples (Fig. 4, e, f).
Thus, an increase in the climatic impact terms of
up to 306 days and more leads to a significant ac-
celeration of damage accumulation even at low
stresses (Fig. 4, e). At the same time, the shape of
the curve “accumulated failure rate —tensile stress”
also changes — from concave to close to linear.

An analysis of similar curves for a series of dried
samples plotted depending on the level of elonga-
tion under tension (Fig. 4, 1) also clearly shows the
change in the nature of damage accumulation.
When physically bound water is removed from the
studied epoxy polymer structure exposed to the nat-
ural factors site for 306 days or more, brittle fracture
of the samples under tensile loads is observed.

The correlation dependence between specific in-
dex 6 and the ultimate tensile strength of the
epoxy polymer (Etal-247 + Etal-45M) in various
moisture states (equilibrium-humidity, moisture-
saturated and dried) with a sufficiently high reli-
ability (R? = 0.856) is approximated by an ex-
ponential dependence (Fig. 5, a) of the form

0 = 0.492 X exp(—0.031 X R,).  (3)

Approximating the correlation dependence "6 —
Ag;" (Fig. 5, b) by the equation (without taking into
account the data for dried samples after climatic
exposure with a duration of 306, 531 and 765 days)

0 = 0.484 x exp(—0.296 X Agg) 4)

the reliability drops to 0.684.
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The possibility of approximating the correlation
dependences shown in Fig. 5 (a) by for all series
of the studied composition depending on the
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Figure 4. Failure accumulation curves for a series of polymer samples (Etal-247+Etal-45M)
during natural aging in different moisture states (a, b — without conditioning;
¢, d — moisture-saturated, e, — dried) depending on the level of applied stresses(a, c, e)
and relative elongations at stretching (b, d, f)

moisture state of the samples and the duration of
natural exposure, confirms the advisability of
using specific index 8 as a quantitative charac-
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teristic of assessing the level of accumulated
damage, where its achievement leads to the de-
struction of polymers. In this case, the analysis
of Fig. 5 (b) is an additional confirmation of the
change in the mechanism of destruction for
samples, with aging duration exceeding 306
days.
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Figure 5. Correlation dependences between
the specific index of the number of damages 6
and elastic-strength characteristics
(a — tensile strength; b — tensile elongation)
of an epoxy polymer (Etal-247 + Etal-45M)
in different moisture conditions.

4. CONCLUSION
The analysis of the research results showed that

the sorbed moisture content is the main source
of reversible changes in the elastic-strength pa-
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rameters of polymer material samples. When the
exposure time does not exceed 306 days, the
decrease in the ultimate strength of the samples
in the moisture-saturated state varies in the
range from 16 to 34% of the analogous parame-
ters for the dried samples. An increase in the
duration of natural climatic exposure to 531
days and more leads to a change in the nature of
the effect of adsorbed moisture on the strength
parameters of epoxy polymers (Etal-247 + Etal-
45M). In particular, the tensile strength of the
samples tested immediately after removing the
samples from the test benches (without addi-
tional conditioning) is 15-18% higher than the
strength parameters in the limiting (moisture-
saturated and dried) moisture states.

A sharp decrease in the deformative characteris-
tics of the dried samples was also revealed when
the time of natural exposure reached 306 days
or more. The climatic effect in the time interval
from 151 to 306 days is characterized by a two-
fold decrease in the relative elongation during
stretching of the dried samples (Fig. 2), which is
presumably due to their additional embrittle-
ment due to the removal of sorbed moisture,
which in this case plays the role of a compensa-
tor for irreversible changes in the polymer ma-
trix structure during natural climatic aging. In
this case, a change in the damage accumulation
kinetics is also observed depending on the level
of applied tensile stresses.
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