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Glass transition temperatures of some semi-interpenetrating polymer networks based on aromatic poly-
urethane and cross-linked epoxy resin were determined by differential scanning calorimetry. The influ-
ence of increasing epoxy network content on the glass transition temperatures was studied. Absolute
heat capacities and cross-linking densities were determined. It was observed that the glass transition
temperatures increased with increasing epoxy resin content until phase separation. Miscibility studies
were conducted by applying Fox and Gordon-Taylor equations. Morphological studies were conducted
by optical microscopy and scanning electron microscopy.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Epoxies are reactive thermosetting resins which have the
advantages of presenting multiple cross-linking possibilities and
their networks exhibit superior physical properties such as good
adhesion to metals and high mechanical strength [1-3]. How-
ever, there exist a series of limitations in the future applications
of the pure epoxy resins such as easy stress cracking under im-
pact forces, brittleness and stress after curing [4-6]. In order to
surpass these impediments and improve their physico-chemical
properties, a proposed way consists in mixing them with elasto-
mers. Blending processes between two or more polymers may
improve some physical properties of the final mixture relative
to the individual pure comprising polymers characteristics [7].
However, the lack of miscibility between the comprising poly-
mers often limits the blending process [8]. Therefore, semi-inter-
penetrating networks must be synthesized. Such networks are
particular blends comprised of chemically dissimilar cross-linked
polymer chains not chemically linked between them [8,9]. When
a polymer with linear structure is entangled at molecular scale
in the network of another polymer with cross-linked structure
a semi-interpenetrating polymer network (S-IPN) is formed. S-
IPN structures obtained between thermosetting resins such as
epoxy resins or modified epoxy resins and elastomeric materials
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such as polyurethanes are known in literature [8-12]. Epoxies
and polyurethanes provide the best overall combinations of film
properties than any other organic coatings and are applied for
protection of masonry and/or concrete constructions because
the linear polyurethanes have excellent elasticity, abrasive resis-
tance and damping properties and the epoxy resins networks
present the above mentioned advantages.

In this paper authors report the results of miscibility studies of
some S-IPN samples based on linear polyurethane and increasing
epoxy resin network (ERN) content. The structures were character-
ized by differential scanning calorimetry (DSC), optical microscopy
(OM) and scanning electron microscopy (SEM).

2. Experimental
2.1. Materials

The numeric average molecular weight (Mn) of the polyure-
thane elastomer (PU), measured by gel permeation chromatogra-
phy, was 120.000. The molar ratio of the components
poly(ethylene adipate)diol (PEA), butylene glycol (BG) and 4,40-
diphenylmethane diisocyanate (MDI) was 1:5:6.

The epoxy resin (ER) was a commercial product obtained from 4,4
isopropylidenediphenol and epichlorohydrin (Policolor Bucharest,
Romania) as Ropoxid 501. The ER has the Mn value equal to 380 and
an epoxy equivalent of 0.525 equiv/100 g. Ethylenediamine, pur-
chased from Aldrich, was used as curing agent for the epoxy resin.
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2.2. Synthesis of S-IPNs

S-IPNs with increasing ERN content of 5% (S-IPN-1), 10% (S-IPN-
2), 15% (S-IPN-3), 20% (S-IPN-4), 30% (S-IPN-5) and 40% (S-IPN-6)
were synthesized (Scheme 1) and their synthesis was reported in
a previous paper [13]. According to the reported procedure, the
solution of polymers was cast as films on glass sides and was kept
for 24 h at room temperature. The resulting films were washed
with water in order to remove solvent traces. Afterwards the films
were detached from the glass support and were maintained for
10 h at 80 °C in order to remove the traces of amine.

2.3. Characterization

2.3.1. Differential scanning calorimetry

DSC curves were recorded on a DSC 200 F3 Maia device (Net-
zsch, Germany). A mass of 10 mg of each sample was heated in
pressed and pierced aluminum crucibles at a heating rate of
10 °C min~". Nitrogen was used as inert atmosphere at a flow rate
of 50 mL min~!. The temperature against heat flow was recorded.
The baseline was obtained by scanning the temperature domain
of the experiments with an empty pan. The enthalpy was cali-
brated with an indium standard as well as the heat capacity was
calibrated by measuring with sapphire disk supplied by Netzsch.
The temperature calibration was performed by using indium as
standard metal at various heating rates.

2.3.2. Optical micrographs

Optical images of the films were obtained by means of Leica
DM2500M microscope, using a 5x objective with numerical aper-
ture of 0.12.

2.3.3. Scanning electron microscopy

Morphological studies of the S-IPN films were performed using a
scanning electron microscope (Quanta 200-FEI). Environmental
scanning electron microscopy (ESEM) was used in order to deter-
mine the morphology, size and elemental composition of the sam-
ples. The Quanta 200 scanning electron microscope equipped with
an EDX system allows quantitative and qualitative compositional
analysis.

an(R-NHCOO~P—OOCNH)x—(R~NHCOO-R'-OOCNH)y

where,

P= FCH,~CH~O— ﬁ-{-CH,}c—o-}-CHZ—CHZ—o—
m=13

—CH,—CH,— CH,~CH,—

R
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Double-sided carbon tape was used to mount the samples on
aluminum stubs. SEM investigations were performed in Low Vac-
uum mode using a secondary electron detector ETD at accelerating
voltage of 20 kV.

3. Results and discussion
3.1. Glass transition measurements

Fig. 1 presents the heating curves (Fig. 1a) and cooling curves
(Fig. 1b) of the pure polyurethane (PU) and of the S-IPN networks.
The DSC heating curve of the ERN, recorded up to 600 °C, in the
same experimental conditions, was reported in a previous paper.
Due to its cross-linked structure the ERN showed no melting pro-
file and only a glass transition (Tg) at 120 °C [14]. It is a fact that
the synthesis of such networks determines a forced compatibiliza-
tion upon the pure polymeric components [15]. A good miscibility
between the comprising polymers is indicated by the presence of a
single glass transition temperature (T,) [16,17]. The composition
and T, values of the initial polymers and of the network structures
are listed in Table 1.

As it can be observed from Fig. 1 and Table 1, the studied S-IPNs
show a single composition-dependent T,. The T, values slowly shifts
to upper temperature ranges with ERN percentage increase. This as-
pect is due to the reduction of free volume between chain segments,
thus weakening their motion by sterical hindering[18,19]. The melt-
ing/crystallization profile of the pure PU decreases in intensity with
cross-linking density increase up to sample S-IPN-5. This is also a
sign of compatibility of the comprising polymers in the S-IPN struc-
tures. In a previous paper, no significant differences were observed
between the melting peak intensities of S-IPNs with low epoxy resin
content (5%, 10%). Animportant decrease in the intensity of the melt-
ing peaks was presented by the other samples with higher epoxy re-
sin content (15%, 20%). The melting process DSC signals completely
disappeared for samples with higher than 20% epoxy resin content.
This general behavior of the melting pattern was explained by the in-
crease of the cross-linking density of high content epoxy resin in S-
IPN samples. This aspect was further confirmed by the decreasing
in melting heat values [14]. Sample S-IPN-5 presents the highest T,
value of the network, indicating that 30% ERN content yields a max-
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Scheme 1.



Table 1

Composition and T, of the S-IPNs.
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Fig. 1. DSC heating (a) and cooling (b) curves of the S-IPNs and of the initial polymers.

The results obtained using both the experimental data and the
Fox equation are shown in Fig. 2. The positive deviation between
the experimental and theoretical values, as can be observed in

Sample PU (%) ER (%) T, (°C)

PU 100 0 327 Fig.. 2, is evidence of th presence of some specific interaFtions

SIPN1 95 5 295 which lead to good miscibility between the two polymers in the

SIPN2 90 10 ~25.67 studied S-IPNs [21,22].

SIPN3 85 15 —23.46 An appreciation of the strength of the interaction between the

SIPN4 80 20 -21.31 . .

SIPNG 70 30 15.74 two pure polymers in the S-IPNs was performed using the Gor-

SIPNG 60 40 _32.39 don-Taylor equation [23], shown in the following equation:
105.46

ERN 0 100 120 kerwi(Tg — Tg2)

imum cross-linking degree. S-IPN-6 presents two T values, thus
indicating phase separation.

3.2. Miscibility studies

Fox equation [20] (Eq. (1)), was used in order to carry out the

variation of T,s of the blends vs. composition (% ERN).

17W1 W

T, T T

(1)

where w; and w,, are the weight fractions, and Tg; and Ty, are T,s of
the two starting polymers.
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Fig. 2. Plot of T against composition for S-IPNs: (@) experimental T, vales; (--)
theoretical plot based on the Fox equation.

Tg‘l - Tg.2 - (2)

Wy

where kg is a constant which indicates the strength of the interac-
tions in the studied S-IPNs and which has to be evaluated from
experimental data.

Fig. 3 indicates the plot Ty — Tg,q Vs. wy(Tg2 — Tg)/ws. It can be
observed that the plot in Fig. 3 is a typical characteristic S-shaped
curve showing negative and positive deviations from the Gordon-
Taylor equation. Using the Gordon-Taylor equation a straight line
was obtained, with a slope value of kgt = 1.9392. If the value were
to be close to unity, it would suggest that the interactions between
the two studied polymers would not be very strong [24]. However,
in this case, a value close to 2 suggests the opposite.

Miscibility studies may be correlated with thermal behavior in
inert atmosphere. Authors reported in a previous paper that sam-
ples containing up to a maximum of 10% epoxy resin started
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Fig. 3. Plot of Ty — Tg,1 vs. Wo(Ty2 — Tg)/w; (Gordon-Taylor equation) for the S-IPNs:
(@) experimental T, values; (—) Gordon-Taylor equation.
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decomposing at temperatures between those of pure components,
suggesting the existence of weak interactions between the pure
comprising contents. Samples with a higher than 10% content of
epoxy resin decomposed at temperatures below that of the poly-
urethane. The higher the ERN content, the lower the thermal sta-
bility [14]. Such behavior could be attributed to an intensification
of the specific interactions between pure components which lead
to a slight decrease in thermal stability [25]. The existence of these
specific interactions were determined by dynamic mechanical
analysis and reported in a previous paper [26]. Concentrations of
cross-linked resin up to 10% in the S-IPN structure enhance the
macromolecules mobility in polyurethane as a result of lessening
of the hydrogen bonds between hard segments and soft/hard seg-
ments domains. When the epoxy resin content exceeds 10% it con-
trols the material rigidity and at 40% ERN content in S-IPNs the
movements of soft segments are totally hindered [26].

3.3. Absolute heat capacities and cross-linking densities determination

According to the literature, one of the proposed methods for
determining cross-linking density values requires absolute heat
capacities values determination [27]:

i 0 i

P :Cp_cp:Acp
c 0 0
G G

(3)

where CL and Cg are the heat capacities of the network at a given
cross-linking density, (p.)', and that of the pure PU, respectively.
In order to determine the heat capacities, three measurements were
carried out for each sample: (1) measurements with empty cruci-
bles; (2) measurements with a reference material (pure sapphire)
with a known specific heat capacity [28]; (3) measurements of
the specific heats of S-IPNs (Fig. 3). The relationship between the
heat capacity of the sample, C, (sample), consisting in sample pan
support + sample pan + sample, of the reference material, C, (refer-
ence), consisting in reference material support + reference material
pan + reference material and the heating rate () can be expressed
as the following equation [29]:

T(sample) — T(reference)
AR

where T(sample) is the temperature of the sample; T(reference) is
the temperature of the pure sapphire; R is the instrument constant
(resistance between sample, reference material and furnace) and
T(sample) — T(reference) is the DSC displacement, which is propor-
tional to the difference between C, (sample) and C, (reference). If
the DSC displacement is D and the proportionality constant is k,
Eq. (4) becomes Eq. (5):

Cp(sample) — —C(reference) =

(4)

Cp(sample) — Cy(reference) = kD (5)

The heat capacities of the sample support and the reference
material support can be noted Cg(sample) and Cg(reference), the
specific heat capacities of the reference material and sample can
be represented by c; and ¢, and the mass of the reference material
and of the sample, m, and ms, respectively, leading to the obtaining
of the following equations:

C';(sample) - Cg(reference) = kD, (6)
(Cg(sample) + myCy) — Cg(reference) = kD, (7)
(Ch(sample) + mcs) — Ch(reference) = kD3 (8)

where D, D,, D3 are the effective thermal displacements of the DSC
related to the blank, the reference and the sample.
From Egs. (6)—(8), Eq. (9) is obtained:

msCs o D3 — D,
m.¢c; D, — Dy

9)

Since the specific heat capacity of the reference material is
known, the heat capacity of the samples can be calculated using
the following equation:

m;Cy D3 - Dl

Cp(sample) = m. D, D,

(10)

D4, Do, D3 are continuous functions related to the temperature, con-
sequently the specific heat capacities can be determined continu-
ously [30]. Heat capacities were calculated for the approximate
temperature corresponding to the end of the T process for each
studied sample. Heat capacity values and cross-linking density val-
ues are given in Table 2. It can be observed that T and cross-linking
density values increase with the heat capacity values decrease, as
expected. The heat capacity is an energetic characteristic of the
chain segments movement. Upon increasing values of the cross-
linking degree, reduction of free volume between chain segments
sterically hinders their movement, thus lowering the heat capacity
values [27].

3.4. Morphological studies

The microstructure of both ERN and PU is very important be-
cause it has profound effects on the morphology, thermal and
mechanical properties [31]. Binder and Frisch have suggested that
apparently miscible interpenetrating networks (IPNs) could form
from polymers with immiscible linear chains. According to Frisch
the condition of miscibility of IPNs does not consist solely on the
existence of a single T,. The absence of discernible phase domains,
demonstrated by microscopic techniques, is also a mandatory cri-
terion [32]. IPNs and S-IPNs often exhibit microphase separation
inside the miscibility gap, as opposed to linear polymer blends,
which undergo macrophase separation [8]. This aspect leads to
the formation of a macroscopic dispersed phase with divided phase
domains. These phase domains, each rich in a particular polymer
species, interpenetrate each other in a highly cross-linked struc-
ture and often undetectable by SEM in a highly miscible S-IPN sys-
tem [33].

Fig. 4 displays the OM micrographs of the S-IPNs. The formation
of the S-IPNs can be clearly observed for S-IPN-1 (Fig. 4a), S-IPN-2
(Fig. 4b), S-IPN-3 (Fig. 4c) and S-IPN-4 (Fig. 4d). When the cross-
linking density of the ERN network increases (20%, 30% and 40%),
the resulting S-IPNs show more compact structures (Fig. 4d-f).
Phase separation is clearly evidenced for S-IPN-6 (Fig. 4f). This as-
pect is in good agreement with the DSC results.

Fig. 5 shows the SEM images of the S-IPNs and the initial poly-
mers. The ERN micrograph (Fig. 5b) depicts a sea-island morphol-
ogy. The same aspect can be noticed for the S-IPN-5 (Fig. 5g) and S-
IPN-6 (Fig. 5h) structures with the apparition of ERN islands having
sizes in the range 1.03-7.80 um for S-IPN-5 and 4.05-8.86 um for
S-IPN-6. Although this aspect demonstrates the occurring of phase
separation, the difference in micrographs from Fig. 5g and h is just
slightly discernible and not in total correlation with the DSC data

Table 2
Heat capacities and related cross-linking data.

Sample Heat capacity, G, Jg ' °C™1) p. (mol cm™—3)
PU 1.485 -

S-IPN-1 1.466 0.0128
S-IPN-2 1.417 0.0458
S-IPN-3 1.335 0.101

S-IPN-4 1.290 0.131

S-IPN-5 1.172 0.210
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(d)

(e)

Fig. 4. OM micrographs of S-IPN-1 (a), S-IPN-2 (b), S-IPN-3 (c), S-IPN-4 (d), S-IPN-5 (e) and S-IPN-6 (f).

which showed phase separation occurring for sample S-IPN-6. This
aspect was elucidated by recording the OM micrographs discussed
above (Fig. 4).

4. Conclusions

Obtaining of S-IPNs offers attractive opportunities for developing
new multicomponent materials with enhanced preordained proper-
ties. The S-IPNs based on an aromatic PU and increasing ERN content
(5%,10%,15%,20%,30%,40%) showed a good miscibility, up toan ERN
content of 30%, which was established by the presence of a single T,.
DSC measurements and microscopy studied (OM, SEM) indicated

(2 (h)

Fig. 5. SEM micrographs of PU (a), ERN (b), S-IPN-1 (c), S-IPN-2 (d), S-IPN-3 (e), S-IPN-4 (f), S-IPN-5 (g) and S-IPN-6 (h).

phase separation for an ERN content of 40% in the S-IPN structures.
Miscibility studies were conducted by applying the Fox and Gor-
don-Taylor equations and the results were in good correlation with
the data obtained from the characterization methods. Cross-linking
densities were determined for the S-IPNs and their values increase
with heat capacity values decrease, as expected.
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