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Effect of synergistic environmental conditions onhliermal properties of a cold
curing epoxy resin

Hamid Maljaee", Bahman Ghiass}, Paulo B. Louren¢d

ISISE, University of Minho, Department of Civil Emggering, Guimarées, Portugal

ABSTRACT

This study presents an investigation addressingetfext of environmental conditions on the
thermal properties of a cold curing epoxy resinduse repair and strengthening of masonry
structures. The exposure conditions consist ofrktboy indoor conditions (IC), long-term water
immersion (WI), hygrothermal exposure (HG) and ootdreal exposure conditions (OC). The
changes in the glass transition temperatufg, relaxation enthalpy and enthalpy peak
temperature are monitored with Differential ScagnirCalorimetry (DSC). Different
measurement techniques for obtaining Thérom DSC curves are also presented and discussed.
The results showed a reduction@fin WI tests due to plasticization, which revers¢dong-
term periods. In HG conditions, post-curing of epagsin led to an increment af. It was
observed that the changes Tf in OC conditions in the studied environment havegoad

correlation with the moisture absorption level #mel obtained results from WI tests.
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1 Introduction

Cold-curing thermoset epoxy resins have been extgsused in construction industry and
rehabilitation projects as the matrix of structucalmposites or as the adhesive for externally
bonded reinforcements and bonded joints. Thesarmoly cure at low temperatures, i.e. they do
not need a heat source for curing, have a relgtilelg curing process and have reasonable
mechanical and bond properties. Epoxy resins apgyeher, susceptible to environmental
conditions. Changes in mechanical properties atejiity, which can affect the performance of
the bonded systems, have been reported as aoésulposure to environmental agents [1-8].
The most common exposure conditions in civil engimg structures are concurrent moisture
and temperature variations, also called hygrothkooaditions. Many studies have focused on
the effect of moisture and temperature (in an uptmlior coupled manner) on the epoxy resins
and the knowledge on curing kinetics and degradatiechanisms are rapidly growing [9-14].
The effect of moisture and hygrothermal conditionsghe bond performance in FRPs bonded to
concrete, to steel [15-19], and more recently tsangy [3,4,20,21] have also been under

investigation.

The polymer network of epoxies is formed from tkaation of a monomer, as the responsible
for polymerization, and a hardener. Once they apeednin the liquid state, the cross linking
process starts and the overall molecular strudiaoemes rigid (amorphous). Due to the locked-
shape of the amorphous molecular structures, afisgmt free volume is formed in the linear
network of epoxy. Epoxy resins, in chemical poifitveew, are cross-linked polymers. This
implies that epoxies are initially in non-equiliam state and as the crosslinking continues
progressively higher equilibrium degrees are aaddeHowever, a full degree of curing may

never be achieved when the epoxy is cured in lawperatures (i.e. natural environmental



conditions). With increasing the curing degree,ftee volume and the molecular mobility in the
polymer network decrease. This leads to incremetiteocross-linking density and consequently

the glass transition temperatufg,[5,22].

By continuation of curing reaction in epoxy resitise Ty surpasses the cure temperaturg. (
The time in which thelTy becomes equal to the cure temperature is callgfication time.
Vitrification is referred to a stage in which thelymer transforms from the a liquid or rubbery
state to a glassy solid [23]. When epoxy resineptkn the isothermal curing conditions with
temperatures beloWy, (Tyof the fully-cured epoxy resin), the epoxy resithisrmodynamically
non-equilibrium and tends to evolve toward an elguim state. This gradual transition is
known as structural relaxation process or physagging [5,23,24], and is accompanied with
molecular rearrangements in the structure. The emprence of physical ageing process in a
polymeric network is reduction of free volume, gwcalled densification process, and leads to
increment of relaxation times in epoxy resin [2Physical ageing is also associated with
reversible changes in mechanical and physical ptiegeof materials. In general, elastic
modulus of epoxy resin increases with physicalram§22,26]. The traces of physical ageing can
be identified in Differential Scanning Calorimetffp SC) test results. In the DSC curves, the
endothermic ageing peak and relaxation enthalpghvbsually occur near the glass transition

temperatureTg) are the evidences of the physical aging in theehoold-curing epoxies [25].

The changes of epoxy resins in hygrothermal comftiare the result of several complex and
interrelated mechanisms. Moisture absorption camseareversible (plasticization) and
irreversible (hydrolysis, cracking and crazing) mpe@s in physical, chemical and mechanical
properties of epoxy resins. Moisture leads to imaet of free volume in cross-link chain and

subsequently depression of glass transition tertyrerdl,) [27,28]. This process, also called
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plasticization, is a physical aging mechanism a@addversed upon drying. Long-term exposure
to moisture can however lead to chemical changethenpolymeric ester linkage (chemical
aging) [29], and in some cases can lead to furtmess-linking in the epoxy resin (thus
increment ofTy). The effect of curing temperature and time on iechanical and physical
properties of thermoset resins has been extensivedgtigated and reported, see e.g. [30-32]. In
thermosets which are not-fully cross-linked, expesto temperatures above the curing
temperatureT) leads to post-curing of the epoxy resins. Thd-posng is usually reflected in
increment ofTy up to reaching th&y of the fully-cured epoxy resimg.). It is worth noting that
exposure to temperatures abolg can lead to reduction ofy and thermal degradation in
thermosets [26,33]. Temperature elevations can lals® to increment of moisture absorption
rate and thus faster plasticization [34].

Reduction ofTy as a result of environmental conditions can becatiespecially in cold-curing
epoxies that theify is only few degrees above the ambient temperatfline. mechanical
properties of epoxy resins reduce significantlyemperatures, near or aboligwhich can lead

to failure of structural components [35]. For themson, several design codes have established
limitations for the minimum acceptablg with respect to the environment’s temperaturelearc
understanding of the changes of in different environmental conditions and devel@pmof
suitable predictive models is thus be critical fegrvice life performance prediction of
composites or bonded structures.

Another challenge is the suitability of acceleratading tests in replicating the real
environmental conditions. Accelerated aging tests generally performed at elevated
temperatures or increased rate of load applicatimt can produce unrealistic degradation

mechanisms. Monitoring the changesTgfduring the accelerated aging tests and comparison



with short-term real exposure tests can be a daitatethod for reliability assessment of the
tests.

The aim of this paper is to investigate the effefcaccelerated and real exposure conditions on
the curing and thermal behavior of a typical epoegin used for strengthening of masonry and
historical structures. Differential Scanning Cateeiry (DSC) tests are used for tracing the
changes of glass transition temperature with exgoqueriod. The accelerated exposure
conditions are chosen among the most common testoae adopted by researchers but also
with the aim of isolating the effect of differenégltading mechanisms. The considered exposure
conditions include indoor laboratory conditions )l@ater immersion at constant temperature
(W1), hygrothermal conditions (HG), and outdoorlregposure conditions (OC). The effect of
measurement technique for obtaining Tgdrom DSC curves, another challenge for researchers

and engineers, has also been deeply investigatedrasented.
2 Experimental program

2.1 Materials and specimens

A commercial medium density epoxy resin (Mapei Mafjpap 31) representative of common
adhesive used for preparation and application oP$-Fh strengthening and rehabilitation
projects, was selected in this study. This eposynrbad two components including part A as a
base resin (composed of bisphenol-A epichlorhydnd hexanediol diglycidyl ether) and part B
as a hardener (composed of m-xylylenediamine), rdoug to the manufacturer's technical
datasheets, with the mixing ratio of 4:1.

The samples were prepared by adding the hardetrethi@ base resin in the recommended ratio
followed by gently stirring the mix, with speciahre to avoid formation of air bubbles, until a

homogenous mix was reached. The specimens werarptepnd stored in laboratory (at 20°C



and 60% RH) for two months before exposure to emwarental conditions. The specimens
prepared for HG exposure were cured for a longeogéthree months) due to the unavailability
of the climatic chamber.

2.2 Exposure conditions

The samples, after curing in the laboratory, wexposed to four environmental conditions
according to Table 1. The exposure conditions &tedi of real (outdoor) environmental
conditions (OC), water immersion (WI), and hygrothal conditions (HG). In order to provide a
baseline, a set of control specimens was also kepindoor laboratory conditions (IC)
throughout the tests.

The real exposure (OC) consisted of placing theispens in North of Portugal (Guimaraes) in
direct exposure to sun and rain (with the geogr@apbordinates of 41°27'06.9"N 8°17'32.8"W).
The variations of temperature, relative humidityd amin content during the test period are
shown in Fig 1. The specimens, after two monthsuning, were exposed to 9 months in total
with the post-ageing tests performed after 2, dnd 9 months.

The water immersion (WI) consisted of immersing specimens in a water tank in a controlled
environmental chamber room with 20°C and 60% R.kt Tank was filled with pure tab water
having a pH in the range of 6.7-7.9 (with 8S@0 mg/L, Mg<1l mg/L, CI<10 pg/L and
Ca=6 mg/L), according to the water supplier. Thektavas periodically checked and changed
with fresh water during the tests. The specimefter &vo months curing, were immersed for a
total of 9 months and were taken from the tankrdtted4, 7 and 9 months for performing the
tests.

The hygrothermal exposure (HG) consisted of exgpie samples to 6-hour temperature cycles

(2 hrs at 10°C, transition to 50°C in 1 hr, 2 hr$@’C, transition to 10°C in 1 hr) with constant



relative humidity of 90%. The specimens were cunéhlly for three months, exposed to a total
of 960 cycles and were taken from the climatic chamevery 240 cycles (corresponding to two
months of exposure) for performing the DSC tests.

The specimens, after removal from the climatic dbars, were stored in controlled laboratory
conditions for one week before performing the D®Gtd. The water immersion (WI) and
hygrothermal exposure (HG) tests were a replicabibthe conditions investigated by Maljaee
et. al. [3,21] on the environmental degradatiobarid in FRP-masonry systems.

2.3 Test procedures

2.3.1 Gravimetric measurement

The weight changes in the samples were measuredsiss the moisture uptake during each
exposure condition. Five specimens were periodicaken from the environment, wiped with a
dry cloth and carefully weighed using digital balanwith the accuracy of 0.01 gr. After the
measurements, the samples were promptly placed agtie test conditions.

2.3.2 Calorimetric analysis

Several methods have been used in the literaturthéomal characterization of polymers, such
as Differential Scanning Calorimetry (DSC) and Dyma Mechanical Analysis (DMA)
[31,36,37]. Non-isothermal DSC tests were perfornimethis study to quantify the variation of
Ty and relaxation enthalpy during each environmestpbsure.

The samples were taken from the dog-bone shapecinsges using a specific cutter and
weighed carefully with a high resolution digitalldwace (with accuracy of 0.001 mg). Three
samples for each exposure period (10~14 mg) wettedeusing TA instruments (NETZSCH)
DSC 200 F3 Maia. The samples were placed insidesoneg pans, sealed, and then heated

between 20°C and 200°C at a constant heating fat8°€/min under nitrogen atmosphere. An



empty stainless sealed pan was also used as anegeinside the furnace. Attention was given
in cutting the samples such that their shapes @slregular as the bed of measuring pans.

In WI and HG-specimens, the DSC tests were perfdriméwo scans. In this case, the samples,
after heating up to 200°C in the first scan, wereled at the controlled rate of 10°C/min down to
20°C followed by reheating up to 200°C with the sarate. The results obtained from the first
heating, indeed, represents the effect of thernsébty and curing of the sample, i.e. processing
and ageing, on its thermal properties [38,39]. Triterent properties of the material (and the
reversibility of the observed changes in the fasan) can be however observed in the second
scan, as the thermal history and the physical ggaie eliminated during the first scan [40]. The
objective was therefore to see if the specimen®segh to WI and HG conditions experienced
any irreversible structural change.

2.4 Methodology and DSC curve interpretation

Interpretation of the DSC curves of the specimem®sed to different environmental conditions
is a complex task as the curves are not usuallgncknd contain several artifacts. A clear
understanding of the factors that lead to the ofeskartifacts is important in the analysis of the
obtained results.

A virtual DSC curve containing all the observed rela¢eristic regions is presented in Fig 2. It
should be noted that this is a manipulated cundetans not all the test results contained these
artifacts together. In general, four key regionsendentified in the results from the first heating
scan: (1) a small endothermic peak occurred in sgpeeimens before the relaxation enthalpy
zone (in which thdy occurs). The peak may be resulted due to settieafehe samples inside
the sealed pan accompanied with heat absorptidnThis artifact was removed from the curves

before interpretation and analysis of the res@ftsthe relaxation enthalpy peak in which the



can be identified. This subFy endothermic reaction can also represent the pdlyageing in
epoxy resins [42]; (3) some artifacts were obselnetthe third region that are probably due to
the movement of sample inside the pan. These paats be neglected in the thermal
interpretation as no weight loss was observed dutie transition; (4) an exothermic reaction
was observed at higher temperatures in some spesirrecold-curing epoxies that are not fully
cross-linked, such an exothermic peak has beentsgpo the literature and attributed to the
residual cross-linking reaction and completion ofireg [11,25,43,44]. This exothermic peak,
which occurs at temperatures higher thign diminished in the specimens cured for longer
periods. The results from the second heating spamerally, did not contain these artifacts as a
natural consequence of elimination of the therngtbhy and physical aging of the specimens.
Among the outputs of non-isothermal DSC tests, rsd\mrameters are frequently presented and
used (throughout this paper) such as the glassiti@amtemperaturelf), the relaxation peakg)

and its corresponding heat flow, and relaxatioma&ipy (AH;ejay).

Ty is defined as the temperature in which the polytmamsforms from the glassy state to the
rubbery state [45]. This transformation usuallywsan a temperature range rather than an exact
temperature and its characterization is not alwstyasightforward. Several methods have thus
been proposed in the literature for obtaining Thérom the DSC tests. The obtained results are
consequently dependent on the adopted method iiticaddo the other influencing factors
including heating/cooling rate [46]. The measuremeanditions were thus kept constant
throughout this study for logically comparing thesults of different exposures. All the tests
were conducted by applying thermal scans betweé&@ aAd 200°C at a constant heating rate of

10°C/min under nitrogen atmosphere.



As for identification of theTy, the three characteristic temperatures proposediSiyM E1356-

08 [47] are considered here and the results arepawed throughout the paper: (1) the
extrapolated onset temperatuiige) (2) the midpoint temperature which occurs at tiadf-
height of the heat capacitYymy and (3) the inflection point temperatulgy.

The analysis of the results was performed by TAvwane (NETZSCH Proteus TA). For
calculation of theTy, it is important to accurately select the slopehef curves before and after
the relaxation enthalpy. This is a challenging teskases in which the curves contain several
artifacts, see Fig 3. After selection of these shapes, thdy is automatically determined by TA
software according to all three adopted methods.

The relaxation peakTf) is corresponding to the temperature in which peak relaxation
enthalpy occurs. The endothermic peak occurredr,afiet close to, the glass transition
temperature and represents the physical ageingopteon. This increase in the heat capacity is
due to the increase in required energy to initthee molecular motions in rubbery phase. The
position of endothermic peak and its intensity chelseupon ageing conditions, i.e. temperature
and time [48]. In current study, it was observedha DSC curves that the endothermic peak
tends to be centered at higher temperaturesTharhis phenomenon which is also calledlgs
overshoot, shows a high level of ageing in eposynr§22,49].

The relaxation enthalpyAH,eay IS the area of endothermic peak over the basefneirtual
baseline is thus required to be introduced to ti®&Cxurves. The baseline connects the two
points (before and after the relaxation enthalpy@rahe DSC thermograph where the specimen
is in a steady state with no transition or reacioncurring in the sample [50]. Several baseline
types such as line, spline, and tangential baselnebe applied for this reason [51]. Among the

available models, the ‘Bezier’ fitting method wdmosen in this study.
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3 Experimental results

3.1 Laboratory isothermal curing condition (IC)

The DSC curves of the IC samples are presentedign4F The variation ofT, and the
corresponding heat flow (denoted as peak heat ftowhe figures) are also presented as the
average of three tested specimens. The DSC tests peeformed using a single heating scan
(heated once between 20°C-200°C) after two, six eleden months of isothermal curing
condition. The results are used to investigatectienges in thermal behavior of epoxy in long-
term isothermal conditions as well as for providangaseline for other considered environmental
conditions. The gravimetric measurements did noixshny specific changes of weight in the
specimens along the exposure period and thus tioeded changes in the thermal properties are
solely related to curing time. It must be noticedttthe moisture content of the specimens in
unconditioned IC-specimens (reference specimeredciar two months) was assumed zero in
the presented graph, see Figs 5, 7, 9, 12. Thevaltesented for other exposure periods are
therefore relative to these specimens.

The DSC curves, see Fig 4, show consistent increwifethe T, reaching about 15% increase
after eleven months. The heat flow has increasetiarfirst three months and then decreased
until the end of the tests. The observed decreasind heat flow intensity at peak can be
attributed to the cross link density improvementthe specimens. DSC curves show that an
exothermic peak has started at around 160°C isgheimens cured for more than six months.
The changes ofy and relaxation enthalpyH,eiax With curing time are presented in Fig 5. The
predicted Ty values differ slightly with respect to the adopte@thod. While, Tym) and Ty
increased until the end of the testg,) seems to have reached a plateau after six months of

curing, Fig 5a. The coefficient of variation (Co®f) the Ty) and Tym) are generally more than
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Tgi but all in an acceptable range. The sensitivitghef obtainedly values and their variation
with time to the adopted measurement method ig atethe obtained results. The incremental
trend observed iy is a direct result of progress in cross-linkingatsons through the time. It is
well known thafTy can be used as an accurate indication of the-irdsdensity in epoxy resins
[52]. As the curing continues, the cross-link dgnsicreases which is reflected in increment of
Ty [53]. This increment until considerably long pe$o in comparison to the short periods
usually indicated in technical datasheets for ceteplcuring of epoxy resins, has also been
reported before for cold-curing epoxies [11,43]isTis due to the molecular conformation and
reduction of free volume in long-term curing atmotemperature conditions.

The changes of relaxation enthalpy., with curing time are presented in Fig 5b. The
relaxation enthalpy, which is a measure of physatahg, does not show any specific changes
during the first six months and then decreasesifsigntly until 11 months. This shows
reduction of physical aging and increment of criads density in the epoxy resin in the second
half of the exposure period [22].

3.2 Effect of water immersion (WI)

The DSC curves of WI samples are shown in Fig @th heating scans. The figure also shows
how the enthalpy relaxation peak temperature atehsity [, and the heat flow) vary with
immersion time. The tests were performed after faoe scan), four (one scan), seven (two
scans) and nine (two scans) months of immersioocarit be observed th@} decreases (about
6%) until seven months and then it increases aétetsv This observation is in contrary to the IC
specimens in which increment @f with curing time was observed in the specimens.ti@n

other hand, the heat flow at relaxation peak, lssisbme fluctuations, seems constant until
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seven months followed by a decrement afterwardsedins that the long-term water immersion
(after seven months) has induced a contrary effied}, and peak heat flow intensity.

The thermal behavior of WI samples after the enelotiic region is also interesting. It seems the
exothermic reaction, which was observed in IC gpecis at temperatures higher than 160°C,
has slightly shifted to lower temperatures, seetkig

The changes ofy in the first and the second scans, together with hoisture content, are
shown in Fig 7a-b. The variation of the results wasan acceptable range with the largest
CoV=9%. The specimens absorbed 2.05% mass wathe a&nd of the exposure period and it
seems that the saturation level was not yet reachidough the absolute values ®f are
slightly different forTy), Tgm andTym), it sSeems that the general trend of its changssnsar in

all adopted models. The first scagslightly decreases with time (and water absorptiontil
seven months and then it increases afterwardsFige@a. In the first scan of DSC test, the
sample was heated up to far above Thend consequently its thermal history was elimigate
The specimens are then fully cured during the ogolprocess. By elimination of all the
reversible effects of physical ageing and curinghaf epoxy resin in the second scan, The
stands on a higher value compared o The increment oy, until the end of exposure period,
see Fig 7b, is an indication of chemical changeshia structure of epoxy resin in this
environment. This value increased up to 8% by titea WI exposure.

In the presence of moisture, two major mechanismségly plasticization and hydrolysis) can
become activated leading to decrementpf29]. Plasticization is a physical ageing procasd
possesses a reversible effect on the epoxy resinth® other hand, hydrolysis is a chemical
aging process and can change the chemical struatuine epoxy resin irreversibly. Exposure to

long-term moisture conditions can also lead to josing (also a chemical mechanism) of
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epoxy resins and thus increment Bf [54], as explained before. The chemical changes of
epoxies can be distinguished in the DSC resultginéd from the second heating scig)([40],

as also explained in the last sections. The cortibmaf all the above mentioned mechanisms
has led to the observed changes inTipgresented in Fig 7. The initial decremenfgf shows
the larger contribution of plasticization and hylgisis in this period, see Fig 7a. Meanwhile, the
increment ofTy, at the end of WI exposure can be associated ttathger contribution of post-
curing [55,56].

The enthalpy relaxation shows large variations fuduations with immersion time, see Fig 7c.
The general trend, however, seems to be slightiyneards.

3.3 Effect of hygrothermal exposure (HG)

The DSC curves of HG specimens in both heatingsstagether with the variation of enthalpy
relaxation peak temperature and heat flow are shimwhkig 8. Interesting changes can be
observed in the thermal behavior of epoxy resintduexposure to hygrothermal conditions. The
exposure has led to a shift & towards higher temperatures (total 24% increaser 60
cycles) and to decrement of its peak intensity fleat (about 40% reduction in total). It can be
observed that the first two months of exposure eceduthe largest changes in the thermal
properties.

The changes iy and relaxation enthalpy of the specimens are pteden Fig 9. The results
from the first heating scan show that fiechanges with a slightly different trend Tgm) and
Ty IN comparison tdly). While it seems thalym) and Ty have reached a plateau after the
initial increment in the first two months of exposuTye) shows a slight decrement in this
period. TheTy from the second heating scans, however, follosisngar trend in all methods by

increasing in the first two months and then stainij until the end of the tests.
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The observed changes in thig are the result of several counteracting and intext
mechanisms which affect the network structure & #poxy resin. As observed in the WI
specimens, moisture absorption causes plasticizati@poxy resin and thus leads to reduction
of Tg. However, long-term exposure can change the tegntllead to increment df;. On the
other hand, the epoxy is exposed to temperatumsedts curing temperature (23°C) and near its
Ty during the hygrothermal exposure (when the tentpezaises to 50°C). This leads to further
cross-linking and post-curing of epoxy and thusenwent ofT [56,57].

The changes of relaxation enthalpy are also iistt in Fig 9c. A significant decrement of
enthalpy has occurred during the first four montfisexposure. This, which can be directly
correlated to reduction of intensity of relaxatip@ak in DSC thermographs, is an evidence of
progress in the cross-link density in the specintaresto post-curing. Post-curing, as a chemical
reaction, is the responsible for the observed dgveént ofTy,, see Fig 9b.

A comparison betweeily, in WI and HG conditions, Fig 10, shows while thespcuring of
epoxy resin was advancing after 9 months of watenersion, the HG-specimens reached the
Tg- (about 76°C) after only two months of exposure.

3.4 Effect of outdoor curing (OC)

The DSC curves together with changesphind heat flow at peak relaxation in OC-specimens
are shown Fig 11. The thermal behavior of OC-spensrdid not change significantly during the
exposure. Besides some slight fluctuations, noiBpetanges is observed Ty and heat flow at
peak intensity. Only a 26% decrease can be obsarvélde heat flow after nine months of
exposure.

The Ty of the samples, presented in Fig 12a, does notsllsw specific changes with exposure

time. Although, again, there is a sight differencethe Ty obtained from different methods.
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Again, Tgi andTym) have the largest and smallest values, respectiltetan be observed that
the absorbed moisture is less in these specimensniparison to HG- or WI-specimens. An
incremental moisture content is observed until fmanths of exposure (reaching less than 1%)
and then the trend is reversed until the end. Ténersal trend in the moisture level is due to
reduction of rain content and relative humidityrajdhis period, see Fig 1.

The variation of relaxation enthalpy is presented=ig 12b. In general, 65% increase in the
enthalpy is observed until four months of expogareevidence of physical aging), and then the
values are dropped. During the OC exposure, theirspas are subjected to several
environmental factors such as humidity, solar Wikt (UV) light, heat and chemical
components, which can intrinsically lead to degtiatiain polymeric materials [38]. The

obtained results are therefore a combination fdlo®unteracting effects.
4 Effect of moisture absorption

The changes of moisture content aiydof the specimens in different exposure conditiores a
compared in Fig 13. It can be observed that theaWd HG specimens have reached a similar
amount of moisture level at the end of exposuréodetHG specimens show a higher rate of
moisture absorption during the first months whieh be due to exposure to higher temperatures
in this condition. The specimens exposed to repbsure conditions (OC) have absorbed the
lowest amount of moisture during the tests periBdth WI and HG conditions seem to
significantly increase the rate of water absorptiomomparison to real exposure conditions (in
the selected region and in the studied period). fdselts related to IC specimens are not
presented here as the specimens did not show agifisghange of weight.

A look at the changes df, Fig 13(b), shows the HG specimens experiencathprovement in

cross-link density during the exposure. Althougk tHG specimens have a similar moisture
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absorption as WI specimens, it seems that the quostg mechanism have governed the
moisture-induced plasticization leading to improesmof T,. IC specimens also show an
improvement of cross-link density, but smaller th#@, until the end of exposure.
The results from the WI tests can be used for taiimg the changes ofy with moisture
absorption (neglecting the effect of natural aginge). It was assumed that a quadratic equation,
as also used in [58], can be used to correlatgdhation of glass transition temperature with the
moisture absorption:

ToW/ Tg=A0*-Bo+C 1)
whereTyw, Tga areTyin wet and dry states, respectivalyjs the percentage of moisture content
and A, B, C are the constants. These constantbeaitained by fitting the experimental results
of WI specimens (see Fig 14a) leading to the faihmarelation:

Tow Tg=0.060>-0.140+1 (2)
As the water immersion tests were performed inrodlett temperature conditions, it is expected
that the obtained changes of glass transition temtype are solely related to water absorption in
combination with the contrary effect of curing tinfer natural aging of the specimens). As
explained in the last sections, partially-cured xgpoesins under moisture conditions, are
contemporary subjected to different complex proggssuch as continuation of cure as a
chemical process, plasticization as a physicalgagiocess, and hydrolysis and post-curing (in
long-term periods) as chemical aging processeshoAgh the water-induced changes
(plasticization, hydrolysis, post-curing, etc.) damrelated to moisture absorption level (as also
previously done in the literature), the effect ohdé (natural aging) should be considered

separately. As in the experimental data presemedis study the effect of natural curing is not
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isolated from water induced degradation procedsgg?2) is not applicable to other sets of data
and is solely presented for comparison with otlkx@osure conditions investigated here.
Application of Eq (2) to the results obtained fréite and OC conditions (having the moisture
absorption level in each condition) helps in idalgtthe effect of moisture level (and curing
time) from other active mechanisms (temperaturdéesysun, etc.), see Fig 14(b, Itshould be
noted that th@y values are normalized to their reference valuethabcomparison can be done
between different environmental conditions. The ngfes of Ty in IC-conditions are also
presented in the figures as the baseline.

Fig 14(b) shows the expected reductionTgfwith moisture absorption in HG conditions. The
difference of predicted values with experimentaé®oan be attributed to the post-curing effects
[11,27]. A comparison between the change$gah OC and HG specimens, shows probably the
HG exposure studied here is not the best repligatondition for the studied region and is
possibly more suitable in warmer areas in whichqpasing effects can be more pronounced. It
should however be noted that this comparison isentetiveen long-term accelerated aging tests
and extremely short real exposure periods which lsananother reason for the observed
differences.

Fig 14(c) shows the expected depressiofiyofith exposure time due to moisture absorption in
OC conditions. It seems that Eq. (2) can predietdhanges ofy in real exposure conditions
(OC) with an acceptable degree of accuracy. Thishé evidence of the fact that in OC
conditions considered in this study, the governemging mechanism has been moisture
absorption and curing time although other existadggradation mechanisms, such as UV

exposure and temperature variations, concurrexist.e
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5 Conclusion

This study focused on the influence of long-ternviemmental conditions on the thermal
behavior of a typical epoxy resin used for extdynlabnded reinforcement of masonry structures
through DSC tests. Four different environmental dibons including water immersion,
accelerated hygrothermal exposure, outdoor expoandeindoor laboratory conditions were
considered. Three conventional characteristic teatpees (onset, midpoint and inflection point)
were considered for calculating the glass transitemperature]y, and the sensitivity of the
results to the adopted method was investigated.fdlkmving conclusions can be drawn from
the experimental observations:

. Using different characteristic temperatures, a watege ofTy values and in some cases
different degradation trends were observed, whiem @ffect the interpretation of the
experimental results.

. The Ty of epoxy resin increased 12% after eleven monthguoing in laboratory
conditions. This observation is contradictory t@ tshort periods suggested in the technical
datasheets for complete curing of epoxy resins.s&hehanges should be considered in
interpretation of the experimental results anchatdesign stage as usually the measurements are
conducted at relatively early ages (e.g. 2 months).

. Water immersion (WI) led to a reduction @ with moisture absorption level. Cyclic
DSC tests showed that a significant portion of tiserved depression was reversible. An
increase ofTy was observed after seven months of immersion winels attributed to the
contradictory effect of water absorption in longateperiods.

. Hygrothermal conditions (HG) led to increment ohgg transition temperature. This

observation was due to the fact that post-curingpaixy resin governed the plasticization effect
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of moisture in these specimens. The incremerfyafas in contrary to the observed changes in
the specimens exposed to outdoor conditions, shpthizt possibly the considered hygrothermal
conditions was not the most suitable for predictimg real conditions in this region. It should be
however noted that the comparisons were made betvedatively long-term accelerated aging
tests and extremely short real exposure tests ét) wehich can be another reason for the
observed differences.

. An analytical model was developed for correlatihg thanges offy with moisture
absorption level. The developed model was then d@sedvestigating the effect of moisture
absorption in hygrothermal and outdoor exposurs téiswas observed that the change3oh

the specimens exposed to outdoor conditions caacbarately predicted with the developed
analytical model.

. The impact of moisture on the glass transition terafure of epoxy resins is a complex
phenomenon. Complementary tests such as FTIR @fotransform infrared spectroscopy),
TGA (thermal gravimetric analysis) and MDSC (Modath DSC) are recommended for better
understanding the degradation mechanisms. Sinceyemsin is a non-crystalline polymer,
performing the DSC tests with a wider temperatarege will not give us important information,
while, starting tests from lower temperature ran@g&9°C), seems interesting particularly in the

specimens exposed to moist environments.
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Table 1. Tests program.

Exposure Condition Total Test interval No. of
exposure (months) thermal
time scans
(months)

IC (indoor laboratory condition) 20-23°C, 60% R.HL1 3-6-11 1

OC (outdoor exposure condition)  Variable along tinge 2-4-7-9 1

WI (water immersion) 20-23°C, immersed 9 2-4-7-9 2

HG (hygrothermal conditions) 10-50°C, 90% R.H. 8 4-8- 2
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