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ABSTRACT: The article investigates the effects of long term environmental aging on thermal and mechanical properties of epoxy-silica

hybrids. These nanostructured materials, prepared by non-aqueous sol-gel process and in situ generation of nanosilica during epoxy

curing at room temperature, present the potential to be used as cold-cured adhesives for civil engineering and Cultural Heritage

applications. A specifically developed conditioning procedure for these cold-cured nanostructured materials was applied before mois-

ture/water absorption tests. The work evidenced the superior durability of the studied epoxy-silica hybrid, which kept its performan-

ces in severe, but realistic, environmental conditions with respect to traditional epoxy adhesives. The reduction in the glass transition

temperature and mechanical properties of the studied epoxy-silica hybrid, observed in the first weeks of environmental aging, was fol-

lowed by a significant recovery. This was attributed to two concomitant phenomena: the reactivation of the incomplete curing reac-

tions in the epoxy domains and the continuation of the condensation reactions in the siloxane domains activated by the absorbed

water. Finally, the Fickian behavior, presented by the studied epoxy-silica hybrid, was used as an indirect indication of the homogene-

ity of achieved microstructure, with well dispersed silica nanostructures in the epoxy network. VC 2013 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 2014, 131, 40093.
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INTRODUCTION

Organic-inorganic (O-I) polymers with in situ generated nano-

structures are a special category of nanostructured materials

extensively studied for their unique characteristics arising from

the integration of compatible organic and inorganic components

at a molecular scale.1–11 Recently, O-I polymer nanocomposites

based on epoxy systems with interpenetrating silica domains have

been optimized by the authors.12,13 The methodology for their

production is based on solvent-free nonaqueous sol–gel process,

involving the hydrolysis and condensation of metal alkoxides,

which is able to bind chemically, at nanometric scale, the organic

phase with the inorganic one. The solventless technique made it

possible to avoid drawbacks of the classical aqueous procedure.

These novel epoxy-silica hybrids present superior properties then

those of the parent epoxy resins mainly due to the interaction of

the silica nanodomains with the thermosetting matrix at a molec-

ular level and by the restriction of molecular dynamics at the

interface. In particular, higher glass transition temperatures and

greater mechanical properties than those experienced by epoxy

resins have been previously reported by the authors.12,13

The presence of nanostructured co-continuous organic and inor-

ganic domains is expected to give an enhanced adhesion of the

hybrids to different substrates. For such a reason, these epoxy-

based hybrid systems have been investigated by the authors as

potential “cold-cured” adhesives, i.e. to be cured at ambient tem-

peratures and to be used in civil engineering or in Cultural Herit-

age applications, for restoration of artefacts and consolidation of

concrete or masonry structures instead of the cold-cured epoxy res-

ins, traditionally used in these applications as adhesives and matri-

ces for FRP (Fiber Reinforced Plastics).14 To the best of our

knowledge, there are no studies in literature on the evaluation of

epoxy hybrids as cold-cured adhesives, apart from recent works of

the authors.15. The few reports available on literature concern, in

fact, hot-cured systems for industrial applications.16,17

The main advantages in using epoxy-silica hybrids as cold-cured

adhesives for civil engineering and Cultural Heritage applica-

tions lie, in particular, in the possibility of overcoming the main

limitations of conventional cold-cured epoxy resins associated

to the very long curing times (in order of months) required at

room temperature, often not sufficient to complete the curing

reactions and achieve a full development of physical and

mechanical properties.18,19 Due to the incomplete cure at ambi-

ent temperatures, the cold-cured epoxy systems typically display

a glass transition temperature (Tg) never greater than 65–

70�C.20–22
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Moreover, when used in outdoor applications, the humid environ-

ment often acts as a degrading agent for the epoxy resin, with detri-

mental effects on glass transition temperature (Tg) and mechanical

properties. Epoxy adhesives exposed to a wet environment absorb

water because they possess polar groups attracting water molecules.

Once inside, water may alter the properties of the polymer both in

a reversible manner, through plasticization phenomena caused by

strong association of OH groups of water with NH groups of the

epoxy,23 and in an irreversible manner if hydrolysis, cracking, or

crazing occur.24 The lowering of the Tg due to water ingress into

epoxy resins can be particularly harmful for cold-curing epoxies

whose typical Tg is not much higher than the service temperature.

Therefore, if the service temperature approaches the Tg of the sys-

tem, a lowering of the adhesion strength and of the mechanical

properties of the adhesive could occur.

Although the great interest of the scientific community towards

epoxy-silica hybrids, to our knowledge no studies on the water

uptake behavior of these novel materials have been performed. This

lack of information on the durability of O-I hybrids limits the

spreading of these materials. The present work is aimed to overcome

the lack of data on the kinetics of moisture uptake and the influence

of water on the physical properties of epoxy-silica hybrids.

The underlying idea of this work arises from the experimental

results obtained by the authors on an optimized formulation of

epoxy-silica hybrid (silica content 15 wt %) aged at room tem-

perature at 55% R.H. up to 1 year. It has been observed that

the little ambient humidity is sufficient to reactivate the sol-gel

reactions in the inorganic domains by hydrolysing the residual

alkoxysilane groups and promoting further condensation reac-

tions within siloxane domains.13 Starting from this information,

an experimental study has been devoted to the effects of water

absorption on thermal and mechanical properties of an opti-

mized formulation of epoxy-silica adhesive either immersed in

water or exposed to high level of relative humidity.

In order to better understand the independent effects of water

on the studied resin, the synergistic influence of moisture and

temperature has been avoided. To this aim, a novel conditioning

procedure before exposure to water/moisture has been tailored

to these cold-cured epoxy-silica hybrids. The proposed proce-

dure is aimed to overcome the difficulty to assess the long-term

performance of cold-curing epoxy-silica systems, amplified by

the lack of appropriate standards for durability tests for these

particular systems curing at ambient temperature.

EXPERIMENTAL

Materials

The epoxy-silica hybrid was prepared starting from diglycidy-

lether of bisphenol A (DGEBA) with an epoxy equivalent weight

of 184–190 g/mol, commercially known as Epikote 828 (sup-

plied by Resolution Performance Products). A bis-(c-propyltri-

methoxysilane) amine obtained from Aldrich (purity> 90%)

was used to partially functionalize the DGEBA resin.

An alkoxysilane mixture was used as alkoxide precursors for the

hydrolysis and condensation reactions. The mixture was based

on a fixed combination of tetraethoxysilane (TEOS) and

c-glycidoxypropyltrimethoxysilane (GOTMS) in amounts that

would produce a nominal silica content of about 15 wt %. Both

TEOS and GOTMS were obtained from Aldrich (purity> 97%).

The hardener was 4-40 methylene bis-cyclohexaneamine

(PACM), a cycloaliphatic amine supplied by Aldrich and used

at molar ratio epoxy/amine 5 1 : 0.75.

The epoxy control system was a DGEBA resin modified with a

tertiary amine, dibutylamine (DBA, supplied by Aldrich) at

molar ratio DGEBA/DBA 5 10 : 1. The hardener for the control

resin was 4-40 methylene bis-cyclohexaneamine (PACM), as in

the case of O-I epoxy hybrid.

The chemical formula of the materials used is reported in

Scheme 1. The compositions of the systems prepared are

reported in Table I.

Synthesis of Epoxy-Silica Hybrid

The epoxy-silica hybrid was prepared by a two-step procedure

starting from the functionalization of the DGEBA resin with the

Scheme 1. Chemical structure of: DGEBA epoxy resin; bis-(c-propyltrime-

thoxysilane); TEOS, tetraethoxysilane; GOTMS, Gamma-glycidoxypro-

pyltrimethoxysilane; PACM, 4-4’ methylene bis-cyclohexaneamine; DBA,

Dibutylamine.
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bis-(c-propyltrialkoxysilane) amine at 10 : 1 epoxy/silane molar

ratio, under continuous stirring at 90�C for 2 h. It was previ-

ously found by the authors that, under anhydrous conditions,

the reaction of epoxy groups with the amine groups of a silane

coupling agent enhanced considerably the formation of co-

continuous phases by balancing the rate of reactions for the

evolution of the epoxy network to the condensation reactions

between the alkoxylsilane species present in the system.13

A mixture TEOS/GOTMS (molar ratio 1 : 0.12) was prepared at

90�C for 2 h in amounts that would produce a nominal silica

content of about 15 wt % in the final epoxy-silica hybrid sys-

tem. This procedure was adopted as a means of inducing a lim-

ited extent of condensation reactions between the two

alkoxysilane components so that products of low volatility could

be obtained and prevent losses by evaporation during curing.

The small amount of GOTMS in the siloxane precursor was

used to provide functional groups for the reaction with the

amine hardener in the resin, as a means of enhancing the com-

patibilization drive derived from the reactions between the com-

ponents of silane-functionalized epoxy resin and the

alkoxysilane groups in the siloxane precursor mixture.

The prepared TEOS/GOTMS mixture was then stirred with the

silane-functionalized resin at 90�C for 2 h. After cooling down

to ambient temperature, the PACM hardener was added and

mixed for 30 min.

Curing Procedures

For both the studied systems, twenty specimens were cast in tef-

lon moulds, cured for 14 days at ambient temperature in a con-

trolled environment (23 6 2�C and 55 6 5% relative humidity)

and then aged in open air for one year in the same controlled

environment. The specimens’ shape and dimensions (100 x 10 x

4 mm3) were chosen on the basis of ASTM D790 standard for

flexural mechanical tests.25 After this period, they were exposed

to two different aging regimes, as described in the next section.

The necessity of a such long aging period (1 year) arises from

the very long time required from the cold-cured systems (both

conventional epoxy structural adhesives used in civil engineering

and novel epoxy-silica hybrids) to complete their cure process.

It should be kept in mind that low-temperature curing leads to

an incompletely cured adhesive system, with a greatly deceler-

ated development of full physical and mechanical properties,

which can only be achieved after significantly longer curing

periods, since thermal post-curing is not practically possible to

be realized in civil engineering applications. As recently demon-

strated by Moussa et al.,18 the long-term development of

thermo-physical and mechanical properties of cold-curing struc-

tural adhesives can be predicted until periods of up 17 years.

As concerning the short term environmental ageing, twenty

specimens of hybrid and control systems, possessing the same

dimensions (100 x 10 x 4 mm3), were cured in a teflon mold at

23 6 2�C and 55 6 5% relative humidity for 14 days and 2

months in open air. They were, then, immersed in water, as fol-

lowing explained.

The experiments of long-term and short-term aging would

compare the behavior of both epoxy-based systems, i.e. hybrid

and control systems, if exposed to severe, but realistic, wet/

moist conditions when their cure is roughly completed since the

degree of cure is 0.95 (long-term aging) or, conversely, during

the proceeding of the cross-linking process (short-term aging).

The aging conditions and times for the analyzed systems are

reported in Table I.

Water/Moisture Tests

Tests of moisture/water absorption were performed on cured

samples according to a novel procedure specifically developed

for cold cured epoxy-silica hybrids. It consisted in storing the

samples in a desiccator with silica gel at ambient temperature

until their weight achieved a constant value, i.e. when the differ-

ence between two consecutive weighing was less than 1% of the

original weight of the sample. This procedure, even if time-

consuming, allows to eliminate the water contained in the

specimens without the use of a thermal treatment performed in

oven at 50�C, as indicated by the ASTM D 570 standard,26

which is the solely code available to measure the water absorp-

tion for plastics. The latter, in fact, is absolutely inadequate for

cold-cured systems that, as previously underlined, are not fully

cured even when the cure at ambient temperature is performed

for a long time (several months). As a consequence, the thermal

treatment used to dry the specimens, carried out at a tempera-

ture close to the Tg of cold-cured systems, is able to post-cure

them, affecting their behavior towards the water absorption.

Moreover, in civil engineering applications, as those thought for

the novel epoxy-silica hybrids studied in this work, the thermal

post-cure is not practically possible. The conditioning procedure

proposed, therefore, is able to overcome the mentioned limits

Table I. Formulation of the Analyzed Epoxy Systems, Cured Using a Molar Ratio (Amine/Epoxy) of 0.75/1

System Resin Hardener Exposure conditions
Exposure
time(weeks)

Control 21 DGEBA-DBA PACM 75% R.H. 25

Immersion in water 25

Hybrid-1 Hybrid DGEBA with 15 wt %
of SiO2 in-situ generated

PACM 75 % R.H. 25

Immersion in water 25

Control 22 DGEBA-DBA PACM Immersion in water 3

Hybrid-2 Hybrid DGEBA with 15 wt %
of SiO2 in-situ generated

PACM Immersion in water 3
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of the standard in respect of the peculiarities of cold-cured

epoxy-based structural adhesives.

After the drying of the specimens was completed, they were

placed in a climatic chamber at 23 6 2�C and 75 6 5% relative

humidity or immersed in distilled water at a constant tempera-

ture of 23 6 2�C. In both cases, the samples were periodically

taken from the storage box, wiped with a dry cloth and weighed

to calculate the percentage of water absorption using an analyti-

cal balance with an accuracy of 6 0.1 mg. After the measure-

ments, the samples were replaced in the container. From the

weight variations of all the samples subjected to these two treat-

ments, the moisture content absorbed during any exposure was

assessed. The moisture content Mt at time t was expressed as

the increase in weight percent, i.e.:

Mt 5
Wt 2W0

W0

� 100ð%Þ (1)

where Wt was the weight of the specimens at exposure time t

and W0 the weight of the dry specimen before the exposure

procedure to water/moisture.

This procedure continued until the increase in weight for three

subsequent periods, as shown by two consecutive weightings, was

less than 1% of the original weight of the sample. At this point,

the samples were considered to have reached the saturation condi-

tion. The reported weight data were calculated as the mean value

of measurements performed on 10 samples for each system.

As concerning the short-term environmental ageing, twenty

specimens of hybrid and control systems, cured at 23 6 2�C
and 55 6 5% relative humidity for 14 days in a teflon mold

and for 2 months in open air, were immersed in water for 3

weeks.

A schematization of the procedure used for long-term and

short-term aging is reported in Scheme 2.

Characterization

The thermal properties of the hybrid and control epoxy systems

at each time of exposure to water/moisture were determined by

Differential Scanning Calorimetry (DSC). A DSC 822 Mettler

Todedo was employed to this aim. Each sample, with an average

weight around 10–14 mg, was heated under nitrogen atmosphere

(flow rate 5 80 mL/min) from 5� to 200�C at a 10�C/min heat-

ing rate. The glass transition temperature was determined as the

transition midpoint; the relaxation enthalpy and the residual heat

of cross-linking reactions were evaluated from the peak area

delimited by the tangent line to DSC curve. In order to prove

the repeatability of results, the calorimetric experiments were

repeated at least three times and the results averaged.

The effect of water on the mechanical properties of the analyzed

systems was investigated by mechanical tests performed on

specimens at different times of exposure to water/moisture.

Three point bending test were performed following the ASTM

D790 standard25 in order to determine the flexural properties of

the adhesives. Specimens with a span/thickness ratio of 16 : 1

were tested using a LR5K Lloyd Instruments Machine with dis-

placement control, at a cross-head speed of 2 mm/min. Flexural

modulus of elasticity and flexural strength were calculated by

performing the tests at room temperature. The reported results

were the average values of at least five experiments.

The light transmittance characteristics of the samples were

determined in the spectral range of wavelength 300–1100 nm,

using a Varian CARY 50 SCAN UV-Vis spectrophotometer.

Wide-angle X-ray diffractions (WAXD) were collected on a

Rigaku Ultima1 diffractometer. The X-ray generator was

Scheme 2. A schematization of the procedure used for long term and short term aging is reported in Scheme 2. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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equipped with a copper tube operating at 40 kV and 26 mA

and irradiating the sample with a monochromatic CuKa radia-

tion with a wavelength of 0.154 nm. XRD spectra were acquired

at room temperature over the 2h range of 1�–15� at 0.05� inter-

vals with a measurement time of 1 s per 2h intervals.

The morphology of the fractured samples was examined by

scanning electron microscopy (SEM) using a Zeiss EVO 40 SEM

instrument at variable pressure operating with a voltage of

20KV. Control and hybrid samples, aged in air or immersed in

water up to saturation, were analyzed.

RESULTS AND DISCUSSION

Water/Moisture Absorption in Long-Term Aging Behavior

The water/moisture absorption profiles of hybrid and control

systems, immersed in distilled water or exposed to 75% relative

humidity, are shown in Figure 1, where the values of water gain

are reported as a function of the square root of the exposure

time. Weight gain Mt due to water/moisture absorption

increases proportionally to t1/2 before beginning to level off to a

saturation level, M1, which depends on the material structure

and on the exposure conditions. As expected, increasing the

humidity level causes a corresponding increase in the saturation

level. From Figure 1 it can be also noted that control and

epoxy-silica systems exhibit differences both in the water/mois-

ture uptake behavior and saturation level.

The experimental data from gravimetric measurements have

been fitted by the single Fickian model given in eq. (2), com-

monly used to model the diffusion behavior of water into adhe-

sive polymers27:

Mt

M1
512

8

p2

X1
n50

1

ð2n11Þ2
exp

2Dð2n11Þ2p2t

4L2

" #
(2)

where Mt represents the mass of water absorbed at time t, M1
is the absorbed water in correspondence of the saturation con-

dition, D is the diffusion coefficient, and L is the sample

thickness.

The comparison between experimental results and fit with the

single Fickian model are reported in Figures 2 and 3. The

response of the epoxy control system, immersed in deionized

water or exposed to 75% R.H., is roughly Fickian with some

anomalies. Approaching the saturation level, in fact, the diffu-

sion rate does not decrease to zero but seems to reach a con-

stant value. Deviations from the Fickian behavior in the studied

control epoxy system are in agreement with literature data on

different epoxy resins, mostly for specimens thickness lower

than 2 mm.27–30 In particular, Vanlandingham et al.28 has

related the non–Fickian effects in the moisture diffusion behav-

ior of epoxy systems to the existence of a two-phase morphol-

ogy consisting of a nodular or microgel phase with high

Figure 1. Water absorption profiles of the hybrid and control systems

exposed to 75% R.H. or immersed in distilled water.
Figure 2. Water absorption profiles of the hybrid and control systems

immersed in distilled water. The fitted curves represent Fickian water

absorption.

Figure 3. Water absorption profiles of the hybrid and control systems

immersed in distilled water. The fitted curves represent Fickian moisture

absorption.
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crosslinking density, surrounded by a low-density phase, which

is composed of unreacted and/or partially reacted material.

On the other hand, epoxy–silica hybrids show a Fickian behav-

ior, with the Fickian curve well fitting the experimental results.

In fact, a slow and steady increase in water/moisture level is

observed after the initial linear increase of Mt with t1/2 until a

stable saturation level is achieved. It is no possible to compare

this behavior with literature data since, to the best of our

knowledge, this is the first time that the absorption behavior of

an epoxy-silica hybrid has been studied in detail. In the present

case, the Fickian uptake behavior of the studied organic-

inorganic hybrid can be considered an indication of an homog-

enous morphology. This conclusion is confirmed by Wide Angle

X-Ray Diffraction (WAXD) and transmittance measurements,

performed on the studied systems. The plots the transmittance

against wavelength of the incident light, shown in Figure 4, evi-

dence that at low wavelengths (<350 nm) all samples exhibit a

very low light transmittance, whereas at the upper end of the

visible spectrum the Hybrid sample displays about 40% higher

level of transparency than the control sample. This result indi-

cates the presence of fluctuations in density in the control sam-

ples, which may cause a loss of transparency through internal

light scattering. The important result is the absence of these

density fluctuations in the epoxy-silica hybrid, as also confirmed

by the absence of the broad band with a maximum at 2h 5 6�

observed in the epoxy control from WAXD measurements (Fig-

ure 5).

Epoxy-silica hybrids show much higher values of water uptake

than the control system at the same exposure conditions, as

also reported in Table II. The reason of this can be related to

the higher polymer-water affinity and free volume of the stud-

ied hybrid system, which, as known from literature,28,31,32 are

the major parameters governing the absorption and diffusion of

water in polymers. In epoxy-silica hybrids the polymer–water

affinity is higher than in neat epoxy resins, since is caused by:

(i) the polar hydroxyl (-OH) groups created by the epoxide

ring-opening reaction with primary and secondary amines, and

(ii) the highly hydrophilic nature of the siloxane networks, that

may act as the major recipient of the water absorbed by the

system.

The amount of free volume is affected by both the cross-linking

density and “physical aging” process.21,33 In the studied epoxy-

silica hybrids, the free volume is higher than that of the parent

epoxy resin due to: (i) a reduced physical aging, as evidenced

by the value of relaxation enthalpy (DHrel) in Table III, and (ii)

a higher cross-linking density along with the presence of more

polar groups. Steric hindrances at the cross-link junctions, in

fact, introduce unoccupied volume elements coincident with the

polar hydroxyls and amines. This opens the matrix and facili-

tates the access and the association of water molecules with the

polar groups, thus increasing the water uptake.

The values of the coefficient of diffusion D, estimated from the

fit with the single Fickian model, are reported in Table II

together with the water content in correspondence of the satu-

ration condition M1 and the time required to reach the satura-

tion condition. The values obtained in the present study for the

control system are in line with those available from previous

works21 on different epoxy adhesives which are commercially

Table II. Water/Moisture Absorption of Epoxy-Silica Hybrid and Control

Systems Cured 1 Year

Exposure
condition

Water
content at
saturation
(%)

Time to
saturation
(weeks)

Diffusion
coefficient
(cm2/s)

Control-1 75% R.H. 0.85 25 3.47*1029

Immersion in
water

1.47 25 5.35*1029

Hybrid 21 75% R.H. 1.91 25 5.12*1029

Immersion
in water

4.92 25 7.28*1029

Figure 4. Glass Variation of light transmittance as a function of the wave-

length of incident light for hybrid and control specimens.

Figure 5. WAXD patterns for the hybrid and control samples.
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available and have a similar molecular structure of the control

epoxy resin studied in this work, apart from the DBA func-

tionalization. Commercial cold-cured epoxy-based adhesives

present, in fact, a water content at saturation ranging from 1

to 7%, a time to reach saturation between 19 and 24 weeks

and diffusion coefficients with an order of magnitude of 1029

cm2/s. The D and M1 values of the hybrid system cannot be

compared with literature data, since no absorption studies has

been undertaken, up to our knowledge, on this novel type of

structural adhesives.

Thermal, Mechanical, and Morphological Properties During

Water/Moisture Absorption

In Figure 6, the glass transition temperatures, Tg, calculated on

the two analyzed systems, are reported as function of the expo-

sure/immersion time. An initial Tg value (about 73�C) substan-

tially higher than the cure temperature is found for the hybrid

system. The Tg measured on the control epoxy-based system, on

the other hand, is roughly in line with those reported for com-

mercial products, never higher than 65–70�C, as already under-

lined. The higher Tg values represent a first distinctive

advantage offered by organic-inorganic hybrid systems over the

traditional cold-cured epoxy adhesives.

With increasing water/moisture uptake, the Tg decreases due to

the plasticization of the network. A drop in the Tg values is

observed for hybrid and control system in the first week of

immersion in distilled water (Figure 6(a)]. The Tg reduction is

around 13�C and 8�C for immersed hybrid and control systems,

respectively, with respect to the initial Tg measured on dry speci-

mens. The specimens exposed to 75% R.H. [Figure 6(b)] show a

similar behavior than those immersed but present a delayed (of

about 5 weeks) and alleviated drop in Tg values. Again, the

decrease in Tg is more pronounced for the hybrid system (about

11�C) with respect to the control one (about 4�C).

After reaching a minimum, the Tg begins to increase with expo-

sure/immersion time, irrespective to the system analyzed. This

phenomenon is due to the further cross-linking reactions during

Table III. Thermal Properties Measured by DSC on the Epoxy Adhesives

During Their Exposure to Water/Moisture Environment

Exposure
condition

Exposure
time
(weeks)

DHrel

(J/g)
DHr

(J/g)

Control-1 75% R.H. 0 8.7 6 0.7 15.4 6 0.2

4 6.6 6 0.6 12.5 6 0.3

25 7.6 6 0.5 11.9 6 0.1

Immersion
in water

0 8.7 6 0.7 15.4 6 0.2

4 5.5 6 0.5 13.4 6 0.2

25 5.4 6 0.3 12.1 6 0.1

Hybrid-1 75% R.H. 0 2.5 6 0.1 5.3 6 0.4

4 2.2 6 0.1 2.5 6 0.4

25 2.1 6 0.1 2.0 6 0.2

Immersion
in water

0 2.5 6 0.1 5.3 6 0.4

4 1.9 6 0.4 4.3 6 0.1

25 2.6 6 0.2 3.6 6 0.1

DHrel, relaxation enthalpy; DHr 5 residual heat of reaction.

Figure 6. Glass transition temperatures of hybrid and control systems versus exposure time for: (a) specimens immersed in distilled water; (b) specimens

exposed to 75% R.H.
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environmental aging. It is reported that the lower Tg allows the

polymer chains to become mobile, increasing the probability of

a contact between the unreacted groups.23 This leads to the

reactivation of the incomplete curing reactions for the not fully

cured samples, as testified by the substantial reduction of resid-

ual heat of reaction (Table III), or the formation of pseudo or

secondary cross-linking brought about by water molecules

forming bridging between chain segments. In that case, an

increase in Tg is expected. This phenomenon has been observed

both in heat cured34,35 and cold cured epoxy resins.22 The fur-

ther cross-linking brings about additional restrictions to the

molecular relaxations within the network, thus counteracting

the plasticization effect of the bound water and contributing to

lessen the Tg depression. Due to the competition between plasti-

cization and further cross-linking, the Tg recovery in control

epoxy system is not complete and the control resin does not

achieve the original Tg value of the dry state. In Figure 6 it is

also evident the effect of the structure of epoxy and the expo-

sure conditions on the kinetics of the Tg recovering. The Tg

increase is faster for samples immersed (Figure 6a) than for

sample exposed to 75% R.H. [Figure 6(b)].

The literature on water sorption in epoxy resins indicates that

the water molecules into the resin have a double nature:

unbound molecules, confined into the free volume of the sys-

tem, and molecules bound to hydrophilic sites along the poly-

mer.34,36,37 In the absorption process of epoxy networks, water

molecules firstly bind with the hydrophilic groups, then, diffuse

into free volume elements as unbound water. As the water con-

centration increases, the number of polar groups on the net-

work available for hydrogen bonding remains unvaried, but

they result saturated by water and additional water molecules

prefer to form hydrogen bonds with other water molecules

rather than with the polar groups in the polymer.38–40

The hybrid system shows a peculiar behavior with a much faster

and complete Tg recovery than that experimented by the control

system. The final Tg, in fact, is only 2�C lower than that of the

initial dry state. The different behavior of hybrid and control

systems is well evidenced in Figure 7, where the Tg’s for the two

immersed systems are reported as a function of water content.

After the minimum achieved in the Tg for a water uptake of

about 1%, the epoxy silica hybrid presents a Tg recovery of

about 11�C accompanied by a water gain of 4%. The control

resin presents a minimum at a water uptake of about 0.5%, fol-

lowed by a Tg recovery of 4�C and a water gain of 1%. A simi-

lar behavior has been observed for the samples exposed to 75%

R.H., even though the Tg recovery is reduced (DTg of 8� and

2�C, for epoxy silica and control resin, respectively).

The reductions in Tg observed at low amounts of absorbed

water can be ascribed to the prevailing of plasticization effects

on the post-curing. At low amount of absorbed water, in fact,

strong water–resin interactions are more likely to occur: in this

case, bound molecules, which are responsible of Tg decrease,

prevail. On the other hand, as the water content increases, the

occurrence of a more rigid molecular structure, caused by both

the post-curing process and doubly hydrogen-bonded water

molecules, is able to counteract the decrease in Tg due to the

plasticization.

The Tg recovery of hybrid system cannot be explained only in

terms of reactivation of incomplete curing of the organic

domains, since the residual heat of reaction of the hybrid adhe-

sive is three times lower than the value of the control resin

reported in Table III, indicating a very small further cross-

linking. The high Tg recovery of the hybrid system is, then,

attributed to two concomitant processes: the (small) further

cross-linking of the organic domains and, for the most part, the

prosecution of the sol–gel process activated by the absorbed

water. This latter, in fact, hydrolyses the residual alkoxysilane

groups and promotes further condensation reactions within

siloxane domains, as already observed by the authors on sam-

ples aged at room temperature for 1 year but not immersed, in

which the humidity of the storage ambient was sufficient to

reactivate the sol–gel reactions in the inorganic domains.13

The key result of the work is that, during immersion in water

or aging at high humid conditions, the siloxane domains of

epoxy-silica hybrids cured at ambient temperature undergo fur-

ther sol–gel reactions, causing a nearly complete recovery of Tg

and mechanical properties which mitigates their initial reduc-

tions due to plasticization phenomena. This constitutes a

distinct advantage of epoxy-silica hybrid systems over corre-

sponding conventional cold-cured epoxy resins for outdoor

applications.

In Table IV the results of flexural tests performed on both cold-

cured epoxy-based resins at the saturation conditions are pre-

sented. For comparison purposes, the properties calculated on

the samples before the immersion or exposure to 75% R.H. are

reported in order to assess the influence of the aging on the

final properties of the adhesives. The mechanical characteristics

displayed by the epoxy control are very similar to those calcu-

lated on commercially available unfilled epoxy systems.21 On

the other hand, a very large improvement, especially in flexural

strength, over the control epoxy is provided by the efficient

reinforcement and toughening effects of the siloxane domains,

as already underlined in a previous study.13

Figure 7. Glass transition temperatures versus water gain of hybrid and

control system immersed in distilled water.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4009340093 (8 of 12)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


The obtained results confirm the behaviour observed for cold-

cured epoxy resins at longer immersion or exposure times,21

whose flexural strength and modulus significantly decrease to

values lower than those of the unaged polymer as the result of

the degradation produced by moisture or water. As expected,

and well documented in literature, the decrease in mechanical

properties is more appreciable after a prolonged immersion in

water than upon exposure to 75% R.H. In both cases, however,

the decrease in flexural properties shown by hybrid specimens is

lower than that of control samples. Moreover, the superior per-

formance of the hybrid system is confirmed since when it is

exposed to 75% R.H. or immersed in water its mechanical per-

formance still remain well above those relative to the control

resin. This result corroborate the indubitable advantages offered

by hybrid systems over parent epoxy systems, since their proper-

ties, measured in presence of severe environments (as long-term

immersion in water) always overcome those measured in stand-

ard conditions on the corresponding parent epoxies.

Table IV. Mechanical Properties of the Epoxy Adhesives Before and During Their Aging at 75% R.H. or Immersion in Distilled Water

Exposure condition Exposure time (weeks) ry (MPa) Dry (%) E (GPa) DE (%)

Control-1 75% R.H. 0 36.6 6 6.3 2.6 6 0.2

25 29.6 6 4.5 219 2.1 6 0.1 218

Immersion in water 0 36.6 6 6.3 2.6 6 0.2

25 24.3 6 7.3 234 2.2 6 0.4 215

Hybrid-1 75% R.H. 0 76.3 6 4.7 3.5 6 0.1

25 66.3 6 8.1 213 3.1 6 0.1 29

Immersion in water 0 76.3 6 4.7 3.5 6 0.1

25 58.5 6 12.5 223 3.0 6 0.3 213

ry, strength at yield; E, flexural modulus of elasticity. For each data set the maximum deviation is reported. Dry and DE are calculated respect to the
values of the corresponding system before the exposure to water/moisture (i.e., at 0 weeks).

Figure 8. SEM micrographs of fractured samples of: (a) control aged in air; (b) control immersed in water; (c) hybrid aged in air; (d) hybrid immersed

in water.
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The observation of the morphology of the fractured samples,

presented in Figure 8(a–d), can provide a qualitative view of the

effect of the sorbed water inside the studied systems. The con-

trol sample aged in air [Figure 8(a)] presents distinct fracture

lines, characteristics of brittle resins. The cracks mainly orient

in one direction, i.e. the direction of the applied load. The con-

trol sample immersed in water [Figure 8(b)] evidences two dis-

tinct zones: an external zone that appears had fractured in a

ductile manner [as better evidenced by the micrograph in Fig-

ure 8(b) at higher magnification] and an internal zone with

thinner fracture lines which can be however ascribed to a brittle

failure.

The SEM micrograph of the hybrid sample aged in air [Figure

8(c)] displays the typical features of organic-inorganic hybrids,

which consists of diffuse silica domains very well dispersed

within an organic matrix without fracture lines. Some micro-

scopic and irregularly shaped agglomerations are also discernible

as dark shades. The effect of water on the morphology is far

less evident in the hybrid sample than in the control one. As

shown in Figure 8(d), in fact, the morphology of the hybrid

sample immersed in water is not significantly altered by this

agent.

Short-Term Aging Behavior

The good thermal and mechanical performance in the long-

term immersion in water achieved by the novel hybrid system

in comparison to a standard cold-cured epoxy, pushed the

researchers to analyze the short-term aging behaviour of sam-

ples not yet fully cured, being the latter a more realistic envi-

ronmental condition that cold-cured adhesives can

experience. To this aim, 2-months cured specimens of both

hybrid and control systems were immersed in distilled water

for 3 weeks.

The results from thermal analysis performed on the specimens,

just before and after the aging procedure, are reported in Table

V. As expected, the Tg values of both the control and hybrid

adhesives before the immersion (time50 in Table V), are lower

than those obtained after 1 year of curing at room temperature

(time 5 0 in Table II). In accordance, the residual heat of reac-

tion of both systems are appreciably higher, especially in the

case of the control, than those measured of the same systems

cured for one year. As already stated in the Introduction, this is

due to the peculiar behaviour of cold-cured epoxy resins, whose

cross-linking reactions needs several months at room tempera-

ture to be almost completed, or at least frozen by energetic bar-

riers (the cross-linking reaction became diffusion controlled).

As further indirect indication of systems in which the cure pro-

cess in still in progress, it can be noticed that the physical aging

process has not yet achieved its maximum level, testified by the

relaxation enthalpy values (DHrel in Table V) lower for both sys-

tems than those measured on the same systems after one year

Table V. Thermal Properties Measured by DSC on the Epoxy Adhesives

Cured 2 Months Before and After Their Immersion in Water

Immersion
time
(weeks) Tg (�C)

DHrel

(J/g)
DHr

(J/g)

Control-2 0 63.1 6 0.5 6.1 6 0.5 42.9 6 0.6

3 59.4 6 0.8 4.1 6 0.5 41.5 6 1.2

Hybrid-2 0 62.6 6 0.7 1.8 6 0.1 5.8 6 0.5

3 58.7 6 0.6 1.2 6 0.1 4.7 6 0.8

Tg, glass transition temperatures; DHrel, relaxation enthalpy; DHr 5 residual
heat of reaction.

Figure 9. Flexural properties of the epoxy adhesives cured for 2 months, before and after their immersion for 3 weeks in distilled water.
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of cure. Both systems, therefore, are still able to arrange their

molecular structure towards the last thermodynamic

equilibrium.

The Tg value of hybrid-2, reported in Table V, is comparable at

this time to that developed by the control-2 system. This has

been attributed to a phenomenon already observed by the

authors in 4 mm thick specimens of O-I epoxy-silica hybrid,

where the entrapment of ethanol formed into the specimens as

by-product during the hydrolysis of TEOS, acting as a plasti-

cizer for the epoxy network, has been found to slow down the

condensation reactions.12 It is necessary a longer curing period

at room temperature to obtain for the hybrid a Tg higher than

that of the control sample, as found for hybrid-1 samples.

Despite the negligible difference of Tg, the difference in the

mechanical response is significant, as observed in Figure 9. The

hybrid system, in fact, exhibits comparable stiffness but appreci-

ably higher flexural strength (almost doubled) than the control

one, being both systems cured for “only” two months. This

constitutes another distinct advantage of a cold-cured epoxy-

based hybrid over the parent epoxy resin.

Finally, the effects of a short immersion (3 weeks) in water on

the Tg and on the flexural mechanical properties of hybrid and

control systems have been assessed. Referring to the Tg values, a

little reduction (never exceeding 4�C) has been found as conse-

quence of a short-term immersion, irrespective to the system

analyzed. More impressive are the results of flexural tests per-

formed on immersed specimens: the superior mechanical per-

formance of the hybrid system, in fact, is confirmed also in the

short term ageing in water. The reductions in flexural properties

are, in fact, much smaller than those measured on the control

system. Furthermore, the immersed hybrid system maintains a

flexural strength much higher than that measured on un-

immersed control one.

CONCLUSIONS

The durability in water of an experimental cold-cured epoxy-

silica hybrid, prepared by sol–gel process, has been analyzed. A

tailored conditioning procedure of the specimens before expo-

sure to water/moisture has been developed in order to over-

come the well known lack of standard conditioning procedures

for epoxy structural adhesives cured at room temperature. The

conclusions of the study are summarized as follows:

1. Epoxy-silica hybrid have a Fickian sorption behaviour, char-

acterized by higher saturation level and diffusion coefficient

compared to the epoxy control at the same exposure condi-

tions due to a higher polymer-water affinity and free

volume.

2. The siloxane domains of epoxy-silica hybrids cured at ambi-

ent temperature undergo further sol–gel reactions during

aging under high humidity conditions, causing a nearly

complete recovery of Tg and mechanical properties which

mitigates their initial reductions due to plasticization phe-

nomena. This constitutes a distinct advantage of epoxy-silica

hybrid systems over corresponding conventional cold-cured

epoxy resins for outdoor applications.

3. Cold-cured epoxy-silica hybrids can be formulated and

processed to provide a tailored “dual curing” mechanism,

i.e. relative to the organic (thermosetting) and inorganic

(silica constituents), which takes even advantage from envi-

ronmental conditions to enhance their service performance.

To conclude, the enhanced performance of the novel epoxy-

silica hybrids may open the possibility of overcoming some of

the well known deficiencies of conventional epoxy adhesives in

concrete/masonry repairing and structure strengthening applica-

tions: for the latter, in fact, environmental factors have a signifi-

cant detrimental effect on the performance of the adhesives in

service. Further studies are in progress to evaluate the desorp-

tion behaviour of the investigated systems.
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