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ABSTRACT

The thermo-mechanical properties of diglycidyl ether of bisphenol-A (DGEBA) epoxy / silyl-
diglycidyl ether terminated polydimethyl siloxane (PDMS) composites have been investigated;
PDMS concentration was increased up to 15 wt%. Differential scanning calorimetry (DSC)
evidenced a phase separated microstructure as two glass transition temperatures, T4, were
detected: a high Tg at ca. 103°C corresponding to DGEBA phase, and a lower Tg at ca. 40°C. The
lower Ty suggests interpenetration of PDMS into the DGEBA molecular network. SEM and
AFM analyses confirmed the phase separated, droplet morphology, with well dispersed PDMS
domains into the epoxy matrix. The PDMS droplets had diameters as small as 0.6 um, and the
droplet size increased up to ca. 1.8 um at 15% PDMS content. Detailed EDS elemental mapping
of the fractured composites evidenced siloxane residue in epoxy cavities suggesting
incorporation of siloxane into the epoxy network, in agreement with DSC. Flexural testing
showed a monotonic reduction of modulus (E) as PDMS content increased, as usually observed
in rubber reinforced epoxy resins: However, strain at fracture and toughness increased twofold at
about 10 wt% PDMS content. Water contact angle increased and then decreased as PDMS
content increased, reaching maxima at ca. 10 wt% concentration. This behavior was apparently
driven by surface roughness. The elastic mechanical modulus was found to scale with the droplet

size of the rubbery phase.
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1. Introduction

Epoxy resins have found diverse applications in electronic, automotive and aerospace
industries due to high chemical and corrosion resistance, good mechanical and thermal
properties, outstanding adhesion to various substrates, low shrinkage upon cure, and good
electrical insulating properties. [1] The addition of curing agents gives insoluble and intractable
thermoset polymers which at the molecular scale consist of an interconnected molecular
network. [2-5] However, epoxy resins are usually brittle and have low impact resistance,
therefore efforts have been focused on toughness improvement by addition of elastomers. [6-9]

It has been shown that the rubber particle size in rubber-modified epoxy resins influences
the toughness of the composite, significantly higher impact strength was found in the composite
with 10-50 pum. [10, 11] Initially, the epoxy-rubber mixture has some degree of miscibility
depending on their solubility parameters. However, as a molecular network forms during curing
reaction, there is phase separation giving rise to epoxy-rich and rubber-rich phases. The control
of phase separation and of rubber domains size, at a given concentration of rubber, determines
ultimately the mechanical performance of the reinforced epoxy resin. [12-17] Rubber
nanoparticles with-pre-defined size (ca. 100 nm) recently reported can overcome the issue of
phase separation and provided increase of toughness in epoxy resins [18]. However, the
additional step of first synthesizing and characterizing the nanoparticles would be time
consuming and not cost effective.

The search of epoxy formulations with resistance to high temperatures or moisture for
long periods of time has led to the investigation of functional silanes, polysiloxanes,
silsesquioxanes, and nanosilicas as possible reinforcers of epoxy resins. [19-29] For instance, it

has been shown that poly(dimethylsiloxane) (PDMS) can be effective to improve the



thermomechanical properties and toughness of epoxy resins. [19, 27-29] Random siloxane
copolymers have a low glass transition temperature (ca. -120°C), are hydrophobic, flexible, and
thermally and oxidative stable. However, the solubility parameters of polysiloxanes can be quite
different from epoxy giving rise to phase separation into large domains which do not increase
fracture toughness. Hence, polysiloxanes with appropriate end groups which could promote
compatibility with the epoxy phase have been investigated.

PDMS with compatible, functional end groups would reduce the rate of phase separation,
incorporate to some extent into the crosslinked network, and therefore produce domains ca. 200
nm to 3 um size, a size shown to be effective in enhancing fracture toughness [19, 28, 29], and
reducing hardness [27].

The utilization of siloxanes with functional end groups has been the approach of this
research program. The aim is to fine tune the thermal and mechanical properties of epoxy resins
through the incorporation of tailored siloxanes in order to obtain tougher composites and
nanocomposites for more demanding applications [27-29].

This research has led to the discovery that ether-terminated polydimethyl siloxane
(PDMS-DGE) mixed with diglycidyl ether of bisphenol-A (DGEBA) and cured with 1,2-
diaminocyclohexane (DCH) have given rise to either composites [27] or nanocomposites [28, 29]
depending of the synthesis route. These syntheses routes are shown in scheme 1.

That is, it was shown that direct mixing of PDMS-DGE (and hydroxyl-terminated PDMS,
denoted PDMS-co-DPS-OH) with DGEBA and cured with DCH was effective to produce
composites with significantly reduced hardness. Furthermore, the curing kinetics was studied in
detail by shear rheometry, and the results showed that both functional siloxanes (ether-

terminated and hydroxyl-terminated) had an autocatalytic effect in the curing reaction which



significantly reduced the gel point time, relative to the neat epoxy. SEM showed that the final
morphology of these composites, cured over a range of temperatures (90 to 140°C) consisted of
well dispersed PDMS micro-droplets sized ca. 1-3 um [27]. The final composites were optically
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Scheme 1. Synthetic routes to obtain composites and nanocomposites using the same reactants,

DGEBA epoxy, ether-terminated PDMS and curing agent DCH [27-29].




On the other hand, a facile method was developed in our lab to produce nanocomposites
utilizing exactly the same reactants, PDMS-DGE, DGEBA and DCH [28, 29]. For this, PDMS-
DGE was first pre-reacted with the hardener 1,2-diaminocyclohexane (DCH). During this pre-
reaction stage the oxirane groups of PDMS were consumed, leaving only the amine groups of
DCH available for further reaction. Then, the pre-reacted mixture was mixed with-DGEBA and
cured thus producing nanocomposites with strikingly enhanced flexural mechanical properties.
Relative to the neat DGEBA, the nanocomposites exhibited a threefold increase in Young’s
modulus, the strain at fracture increased two-fold, and the toughness increased an order of
magnitude, at only 5 wt% PDMS content. Transmission electron microscopy (TEM) showed that
the final morphology of nanocomposites consisted of PDMS nano-domains with size averaging
200 nm [28, 29]. The final nanocomposites were optically transparent and hydrophobic.

This research now focuses on the<influence of PDMS concentration on thermal and
mechanical properties, and the correlation with the morphology of ether-terminated PDMS /

DGEBA composites.

2. Experimental
2.1 Materials.

The epoxy resin was diglycidyl ether of bisphenol-A (DGEBA), with equivalent weight
of epoxy group 170.2 g/eq, functionality of 2, molecular weight MW=340.41 g/mol, p=1.16 g/ml
(25°C) and viscosity 7=4000-6000 cP. 1,2-diaminocyclohexane (1,2-DCH) with 28.5 g/eq,
functionality of 4, p=0.931 g/ml (25°C) and MW=114.19 g/mol was used as hardener. The liquid
rubber was poly(dimethyl siloxane) diglycidyl ether terminated (PDMS-DGE) with 490 Eq./g,

functionality of 2, MW~800 g/mol, p=0.99 g/ml (25°C) and r=15 cSt (25°C). The molecular



weight and viscosity values of the reactants are reported by the supplier, Sigma-Aldrich (St
Louis MO, USA; sigma-aldrich.com). The reactants were used as received without further
purification. Scheme 2 shows their chemical structures.
2.2 Sample preparation

The sample preparation has been previously reported [27]. For the neat epoxy DGEBA
and the hardener 1,2-DCH were initially mixed in a stochiometric ratio of 2:1. For the
composites the amount of hardener was adjusted for each concentration of ether-terminated
PDMS (up to 15%), the formulations are listed in Table 1. All reactants were mixed at 40°C, first
mixing the epoxy and hardener, and then adding the PDMS until @ homogeneous mixture was

obtained, poured onto molds and then cured at 90°C for 180 min.
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Scheme 2. Chemical structure of (a) diglycidyl ether of bisphenol-A (DGEBA), (b)
poly(dimethyl siloxane) diglycidyl ether terminated (PDMS-DGE), and (c) 2-
diaminocyclohexane (1,2-DCH).




Table 1. Recipe for DGEBA-PDMS composites.

PDMS DGEBA 1,2-DCH PDMS-DGE
(wt9o) (@) (9) (9)

0 6.8076 11727 0

5 6.8090 1.1645 0.3995

10 6.8092 1.2008 0.7960

15 6.8032 1.2772 1.2026

2.3 Thermal analysis

The thermal decomposition temperatures, Tge, Were determined by modulated
thermogravimetric analysis (MTGA), coupled to high-resolution mode, using the TGA Q5000ir
manufactured by TA Instruments (New Castle, DE, USA) under dry nitrogen atmosphere.
Samples of about 20 mg were scanned from room temperature at 5°C/min, modulating £ 4°C
using 30 seconds-period. The thermal transitions were determined by differential scanning
calorimetry (DSC) using the Q200™ calorimeter manufactured by TA Instruments (New Castle,
DE, USA). Temperature and enthalpy calibration were carried out using analytical grade indium
(T = 156.6 °C). The thermal transitions were determined at a heating rate of 10 °C/min under
dry nitrogen atmosphere.
2.4 Mechanical properties

The flexural elastic modulus and stress at fracture were determined in flexural mode at

room temperature using the solids analyzer RSA G2 (TA Instruments, New Castle DE, USA)



and three-point bending mode according to ASTM D-790. The specimen dimension was 25 mm
x 3 mm x 1.3 mm. The average value was recorded by testing at least three specimens.
2.5 Hardness

Hardness of epoxy composites were evaluated by conventional Vickers
indentation measurements. The tests were carried out at room temperature using a HMV Micro
Hardness Tester 2.0 (Shimadzu, Kyoto, Japan) equipped with a Vickers indenter. This test uses a
square pyramid of diamond with angles o between non-adjacent faces of the pyramid of 136°
and the Vickers hardness HV was determined by

_2-P-sin(a/2)

HV g

P
=1.85410° - 1)

where P is the force in Newtons and d is the mean diagonal length of the impression in
millimeters [30]. HV is then expressed in MPa. Sections of 3 cm x 0.5 cm about 0.2 cm were
subjected to a load P of 0.25 N for 6 sec. Each sample was tested at least on five random
locations following this protocol and the results are the average of these measurements.
2.6 Morphology

The morphology of the composites was investigated by scanning electron microscopy
(SEM) utilizing the VEGA3 SBU (TESCAN, Brno, Czech Republic). Energy dispersive
spectroscopy (EDS) was utilized for elemental mapping using an EDS detector XFlash™ 410 M,
manufactured by Bruker (MA, USA). Images were obtained in high vacuum mode at 20 kV.
EDS spectra and elemental maps were obtained at 20 KV and < 2.5 kcps. Prior to SEM analysis
the specimens were gold coated using the SPI Module sputter coater manufactured by SPI
Supplies (West Chester PA, USA). The images were analyzed with the software ImageJ [31].

2.7 Contact Angle Measurements



Contact angle measurements of the epoxies were conducted with an in-house built
instrument utilizing an optical microscope Stereomaster 1l, Fisher Scientific Model SPT-ITH
equipped with a Motic1000 digital camera (Motic, China) and sand blasted glass (Edmunds
Optics) [32]. The volume of the drop was maintained at 10 xL in all cases using a microsyringe.

Measurements were repeated 5 times on different regions of the same sample.

3. Results and discussion

3.1 Thermal properties

The kinetics of curing of DGEBA-PDMS composites with 5 wt% ether-terminated
PDMS content was investigated over a range of temperatures (90 to 140°C) and has been
reported elsewhere [27]. In this research composites where the PDMS content was varied up to
15 wt% and cured at 90 °C for 180 minutes were investigated. The thermal stability of the
composites thus obtained was determined via thermogravimetric analysis, TGA, using modulated
mode and high resolution. Figure 1 shows mass loss traces as a function of temperature for
DGEBA-PDMS composites with (a) 0, (b) 5, (c) 10, and (d) 15 wt% PDMS content. The results

show that neat DGEBA (Figure 1(a)) exhibit a 5 % mass loss at Tgec =287.9°C.
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Increasing temperature there is a sudden mass loss up to about 300°C where the rate of
mass loss slowed down, decaying gradually, and by 520°C all material has burnt up and mass
loss has reached a plateau. The composites with Swt% PDMS (Figure 1(b)) exhibited an onset of
mass loss at ca. 195°C. This composite lost about 10 % mass before reaching a second onset of
thermal decomposition temperature at Tqec =297°C, as clearly shown in the inset of Figure 1. The
increase of concentration of PDMS up to 15 wt% did not increase the thermal decomposition
temperature but rather Tgec slightly decreased relative to the neat epoxy resin. After the onset of
thermal decomposition the nanocomposites initially exhibited a rapid mass loss, and afterwards
the rate of mass loss was slower than the neat resin. It is suggested that at 5 wt% concentration
the siloxane phase is better dispersed in the epoxy matrix and acting as “protective layer” of the
epoxy.matrix thus rendering higher thermal stability. However, it is unclear why the 5 wt%
composite exhibit thermal decomposition at lower temperature. Experiments have been repeated
for freshly cured specimens and the results are reproducible. In order to better understand this

behavior more TGA investigation is being carried out for a range of compositions around 5 wt%.
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Figure 2. (i) DSC heating
scans of DGEBA/PDMS
composites containing (a)
0, (b) 5, (c) 10, and (d) 15
wt% PDMS. (ii) Glass
transition temperatures T
as a function of PDMS
content. Inset shows weak
high temperature Ty for the
5 wt% composite.
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Modulated TGA also enabled the determination of the activation energy for thermal

decomposition for each sample, and these are listed in Table 2.

The influence of the rubbery phase on the thermal transitions of the composites was

investigated by DSC, Figure 2(i) shows heating scans of the as-cured composites. The neat

epoxy (trace a) exhibits a glass transition temperature Tq at ca. 103 °C. Strikingly, the composites

with 5 and 10 wt% PDMS content (traces b and c) exhibit two glass transitions, a low

temperature Ty in the range of 50-60 °C, and a high temperature T4 at ca. 105-108 °C. Further

increase of PDMS content decreased the high temperature Ty (trace d). The behavior of glass

12



transition temperatures as a function of PDMS concentration is clearly appreciated in Figure

2(ii); the thermal properties are summarized in Table 2.

Table 2. Thermal properties of DGEBA-PDMS composites

CpDMS Ty Tec Eadec
(Wt%) (°C) (°C) (KJ/mol)
0 103.9 287 185
5 46.8 198.3 252

105.4 296.9 88
10 57.1 285.4 164
108.6
15 50.3 287.2 140
94.6

The higher glass transition temperatures for the 5 and 10 wt% composites could be

rationalized as follows: dissolution of PDMS into the epoxy matrix should decrease its T,

(plasticization effect). However, Figure 2ii and Table 2 show a slight increase in the T, of the

matrix (the highest T,) for formulations containing 5 and 10 wt % PDMS. Apart from the

micrometric phase separation, there should be a secondary phase separation of nanometric

PDMS/epoxy interpenetrated domains with a T, lower than the neat matrix (see section 3.4, in

particular Figure 11b, where it shows a uniform distribution of siloxane phase throughout the

epoxy matrix). The increase in crosslink density produced by these domains could explain the

slight increase in the T, of the epoxy matrix devoid of PDMS.
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On the other hand, the low glass transition temperatures (~50°C) suggest some
interactions and degree of interpenetration of the ether-terminated PDMS into the epoxy phase.
That is, it is suggested that this functional PDMS disrupted/interpenetrated to some extent the
epoxy phase, a result observed in epoxy resins blended with polymers with different
functionalities, epoxy-rubbers and epoxy-thermoplastics blends [33, 34]. Phase separation of
PDMS takes place during cure thus generating heterogeneity, and hence a very low content
would be enough for toughening (as shown in section 3.2). Furthermore, it is believed that the
oxirane functionality of PDMS permits to form covalent interactions at the epoxy interface
giving rise to the low temperature T4. The low temperature Ty upon addition of PDMS would
arise from the incomplete phase separation caused by plasticization phenomenon, i.e., a degree
of interpenetration between phases, that has been reported in several rubber modified epoxy
formulations [11, 33, 35]. These covalent interactions would be reflected in the mechanical
properties of these composites, as shown below. The low temperature phase transition of PDMS
was investigated by dynamic mechanical analysis (DMA) by carrying out dynamic temperature
ramps from -140°C. However, it was found that the glassy modulus of the epoxy phase (>3 GPa)
overwhelms any possible signal arising from PDMS, especially so as we are using low
concentrations ‘of PDMS. However, the influence of the rubbery phase is manifested in the
higher temperature range (above room temperature) due to the macromolecular mobility of the

epoxy phase. The dynamic mechanical properties of the composites will be reported elsewhere.
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3.2 Mechanical properties

The mechanical behavior of the epoxy-siloxane composites was investigated via flexural
deformation, at room temperature. Figure 3 shows the stress-strain traces of DGEBA-PDMS
with (a) 0, (b) 5, (c) 10, and (d) 15 wt% PDMS content. The traces correspond to the average of
at least three tests on each sample. The trace of the neat epoxy exhibits linear, elastic regime up
to about 1.5% strain and fractured at about 3.5% strain. Strikingly, the composites (traces b-d)
exhibited considerable more flexural deformation than DGEBA, at 5 wt% the strain at fractured
increased up to 5% and at 10 wt% the strain at fractured reached ca. 7%, i.e., a twofold increase
relative to the neat epoxy. Further increase of PDMS concentration up to 15 wt% did not
increase the strain at fracture, but actually decreased relative to the neat epoxy resin.

The Young’s modulus was extracted from the elastic regime of the stress-strain curves,
and it was found to be a decreasing function of PDMS content, these values are summarized in
Table 2. Furthermore, from the area under the stress-strain traces the toughness was determined

and the results are also summarized in Table 3. Note that with 5wt% PDMS the composite
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exhibited a modest increase in toughness relative to the neat epoxy. However, at 10 wt% PDMS
content the toughness increased twofold. Further increase of PDMS content did not increase
toughness, but it actually significantly decreased. It is suggested that the high concentration of
PDMS droplets in the epoxy matrix induced defects thus compromising the flexural mechanical
properties. This will be further discussed in light of the morphology analysis in section 3.4. The
stress and strain at fracture (o, &) for all composites are listed in Table 3.

The flexural stress-strain behavior of these composites shown in Figure 3 mimics the
behavior reported for the nanocomposite counterparts [28, 29]. However, the DGEBA-PDMS
nanocomposites exhibited considerable more strain at fracture and toughness, denoting the
degree of interaction/interpenetration at the nanoscale between the siloxane and epoxy phases.
For instance, at 5 wt% concentration of PDMS the nanocomposites exhibited over 9% strain at
fracture and toughness of 450 KJ/m®, nearly twofold increase relative to the composite at the
same PDMS content [29]. The increase and then decrease of toughness with rubber content has
also been reported for an epoxy-natural rubber composite [36]. It is noted that the critical stress
intensity factor would be a better measurement of toughness. However, the area under the stress-
strain curve is also an acceptable and widely used measurement of toughness, see Gleghorn et.

al. (2008) [37] and references therein.

Table 3. Mechanical properties of DGEBA-PDMS composites.

CrDMms E fo & Toughness
(Wt.%) (GPa) (MPa) (%) (kd/m?)
0 3.3+0.12 10648 3.5£0.5 200+18
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5 2.840.16 100+12 4.4+0.6 252424

10 2.5+0.15 100+18 6.9+0.9 470+36

15 2.3+0.21 7519 3.3+0.6 125+16

Hardness measurements, Vickers type, of the composites, HV, at room temperature were
attempted using micro-indentation. During the course of the measurements it was noticed that
upon releasing the weight the indentations exhibited some elastic recovery. Moreover, for the
composite with 15 wt% PDMS content the indentations nearly disappeared after few minutes.
The partial elastic recovery of the indentations gave rise to unreasonably high hardness values.
Therefore, the partial recovery of the indentations prevented reliable hardness measurements, at

least at the conditions utilized in this research:.

3.3 Wetting behavior

Water contact angle measurements were carried out on all DGEBA-PDMS composites,
and photographs of water droplets on the specimens’ surfaces are shown in Figure 4(a-d). The
neat DGEBA epoxy displayed a water contact angle of 78°, Figure 4(a), in agreement with
previous reports [27-29]. At 5 wt% PDMS content the contact angle increased up to 89°. It is
noted that the contact angles are accurate within +3° based on 10 independent measurements for each
specimen. Figure 4 shows that at 10 and 15 wt% PDMS content the contact angle decreased even
below that for the neat epoxy resin. Then, it appears that there is an optimum concentration of
PDMS between 5 and 10 wt% for slightly hydrophobic behavior of these composites, as shown

in Figure 4(e).
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Figure 4. Water droplets on
DGEBA/PDMS composites
as a function of PDMS
concentration: (a) 0, (b) 5,
(c) 10, and (d) 15 wt%.
Contact angles (£3°) are
indicated. (e) Plot of contact
angle as a function of
PDMS concentration (e).
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These results are distinctly different to those .obtained with the DGEBA-PDMS
nanocomposites.[28, 29] For instance, the water contact angle was as high as 110° for the
nanocomposite with 5 wt% PDMS concentration, as shown in Figure 4(e). However, it is noted
that the contact angle was then reduced to only 82° when increasing the concentration of PDMS
up to 10 wt%, quite similar to the values obtained with the composite counterpart, Figure 4(e). A
reduction of contact angle has also been observed when increasing curing temperature of the
DGEBA-PDMS composites (filled triangles in Figure 4e) [27]. AFM measurements on the
composites were carried out and found an increase and then a reduction of roughness when
increasing the concentration of PDMS (see section 3.4). This may be the reason for the contact
angle reduction in the composites. The significantly higher contact angle found for the
nanocomposite with 5 wt% PDMS was also attributed to the well dispersed PDMS nanodomains
in the epoxy matrix [29]. AFM measurements remain to be carried out on the nanocomposites.
However, it is recognized that more research needs to be done to better understand the wetting

behavior in DGEBA-PDMS composites and nanocomposites.
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3.4 Morphology

The fractured specimens were examined using scanning electron microscopy (SEM) in
order to better understand the mechanical behavior of these composites. Figure 5 shows a SEM
micrograph and EDS maps and spectrum of a fractured surface of the neat epoxy resin DGEBA
cured at 90°C. The micrograph shows that the fractured surface exhibits sharp edges and fan

morphology, typical of brittle mechanical behavior.

Figure 5. SEM micrographs and corresponding EDS elemental maps and X-ray spectrum of a
fractured surface of DGEBA epoxy resin.
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The Figure 6(a) shows SEM a micrograph of the fractured surface of the composite
DGEBA-PDMS 5wt%. Figure 6(b) shows a higher magnification evidencing the homogeneous
dispersion of micro droplets. A number of micrographs were analyzed to build a histogram of
droplet diameter for this composite; the size distribution is shown in Figure 6(c). The size

distribution is bimodal and the mean diameter was found to be 0.78 um. A smaller population of

smaller droplet diameter about 0.3 um was also detected.

Figure 6. (a, b) SEM micrographs of
fractured surface of DGEBA-PDMS
composite with 5 wt% PDMS concentration.
(c) Histogram of PDMS droplets diameter.
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The SEM micrographs show that the composite still exhibits brittle fracture despite
smaller Young’s modulus and greater toughness than the neat epoxy resin. The rather small
PDMS droplet sizes are consistent with a previous study [27], suggesting the oxirane end groups

of PDMS indeed contributed to reduce the DGEBA-PDMS phase separation during curing.
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Figure 7. AFM micrographs of DGEBA-PDMS composites with: (a) 0, and (b) 5 wt% PDMS
content. (c) AFM micrograph of fractured surface of the 5 wt% composite. (d) Histogram of
droplet diameters determined from AFM micrographs.

As the composites morphology exhibit craters and pits, the composites were also
examined by atomic force microscopy (AFM) in order to better assess the droplet morphology

and the droplet sizes. Figure 7 shows a series of AFM micrographs of the surface of (a) the neat
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epoxy and (b) the 5 wt% composite. The droplet morphology is apparent in this micrograph.
Figure 7(c) shows the micrograph of a fractured surface of the composite, this clearly enables to
better assess the size of the droplets. Figure 7(d) shows the histogram of droplet diameters
determined from AFM micrographs. The results showed a mean droplet diameter of 1.3 um, the
same order of magnitude but slightly larger than values obtained from the analysis of SEM
micrographs. The roughness was also determined using AFM and the RMS roughness for the
neat epoxy was 9 (£2) nm. On the other hand, the RMS roughness for the 5 wt% composite was

significantly increased up to 18 (x4) nm.

Figure 8. (a, b) SEM micrographs of
fractured surface of DGEBA-PDMS
composite with 10 wt% PDMS
concentration.  (c)  Histogram  of
droplets diameter.
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Figure 8(a, b) shows SEM micrographs of the fractured surface of DGEBA-PDMS

composite with 10 wt% PDMS content. The morphology exhibits sharp edges in the epoxy
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matrix and uniform distribution of droplets. These results suggest that the composite suffered
brittle fracture. Examination of the PDMS droplet morphology at higher magnification shown in
Figure 8(b) clearly identifies two types of failure. There are rather few empty circular cavities
where the PDMS phase was pulled off the epoxy matrix during fracture. This morphology would
suggest no interaction between the siloxane and epoxy phases. On the other hand, the majority of
droplet morphology consists of circular cavities resembling craters. This morphology would arise
from incomplete pull off of the PDMS phase, and therefore it suggests strong interaction
between the siloxane and epoxy phases. This interaction would explain the much greater
toughness of this composite. Figure 8(c) shows the distribution of droplet size of this composite,
the mean droplet diameter being 1.51 pum.

Figure 9(a) shows an AFM micrograph- of the surface of the 10 wt% composite. The
droplet morphology is apparent in this micrograph. Figure 9(b) shows the histogram of droplet
diameters determined from AFM micrographs. The results showed a mean droplet diameter of
2.2 um, this is again of the same order of magnitude but slightly larger than values obtained from
the analysis of SEM micrographs (see Figure 8(c)). Interestingly, the roughness of this composite
was reduced; it was determined to be 7 (£3) nm. Note that the increase and then decrease of
roughness as determined by AFM mimics the behavior of water contact angle (see Figure 4),
thus suggesting that roughness drives this phenomenon. However, more research needs to be
done on' composites cured under different conditions as well as on the equivalent

nanocomposites before any conclusions could be drawn.
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Figure 9. (a) AFM micrograph of DGEBA-
PDMS composites with 10 wt% PDMS
content. (b) Histogram of droplet diameters
determined from AFM micrographs.
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The morphology of the composite with 15 wt% concentration of PDMS is shown in
Figure 10. The SEM micrographs show a droplet morphology uniformly dispersed indicating

that the PDMS phase is well dispersed throughout the epoxy resin.
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Figure 10. (a, b) SEM micrographs of
fractured surface of DGEBA-PDMS
composite  with 15 wt%  PDMS
concentration. (c) Histogram of droplets
diameter.
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The droplet size distribution is shown in Figure 10(c), and the results show that the
droplets for the 15 wt% composite have a mean diameter of 1.92 um. It is noted that the
morphology of the fractured surfaces consist of greater population of empty cavities as well as

incomplete, crater-like, cavities.
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Figure 11. EDS elemental maps and X-ray spectrum of fractured surface of DGEBA-PDMS

composite with 5 wt% PDMS concentration.

The question of the possible interaction between DGEBA and PDMS was further
investigated by carrying out elemental mapping using EDS analysis of the cavities left after the
PDMS phase was pulled off the epoxy matrix, i.e., the crater-like droplet morphology was
investigated in detail carrying out EDS analysis. Figure 11(a) shows a higher magnification SEM
micrograph, Figure 11(b-e) the corresponding elemental maps, and Figure 11(f) shows the X-ray
spectrum of a fractured surface of the DGEBA-PDMS composite with 5 wt% PDMS content.

The arrows in Figures 11 (a) and (b) define the location of the cavities created after the PDMS
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phase was pulled off the epoxy matrix during fracturing. The Si map, shown in Figure 11(b),
demonstrates a uniform distribution of siloxane phase throughout the epoxy matrix. Furthermore,
the intensity of the Si signal is not reduced at the cavities thus suggesting that a fraction of the
siloxane phase remained attached to the epoxy matrix after fracturing. It is pointed out that the
histogram of droplet diameter shown in Figure 7(c) was determined from a number of SEM
micrographs. The higher magnification SEM micrograph shown in Figure 10-exhibits one rather
large cavity which is not representative of the overall morphology. This micrograph was only

utilized to show the presence of Si in the cavities.

Map data 71

SE MAG: 4169x HV: 10kV_WD: 15mm

Figure 12. EDS elemental maps and X-ray spectrum of fractured surface of DGEBA-PDMS

composite with 10 wt% PDMS concentration.
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The detailed analysis of the cavities was also carried out for the DGEBA-PDMS
composite with 10 wt% PDMS content, a higher magnification SEM micrograph and
corresponding elemental maps and X-ray spectrum are shown in Figure 12. The arrows.in
Figures 12 (a) and (b) define the location of the cavities created after the PDMS phase was
pulled off the epoxy matrix during fracturing. The Si map clearly shows that the composite
contains a relatively uniform distribution of siloxane throughout the epoxy matrix. Strikingly, the
Si signal is stronger at the cavities suggesting therefore higher concentration of siloxane phase
and confirming that during fracture a layer of siloxane was left behind. The X-ray spectrum also
shows that the signal of the Si-Ka. peak is also stronger (relative to C and O peaks) due to the
higher concentration of Si in the composite.

The partial miscibility of the ether terminated PDMS into the epoxy resin indicated by the
DCS results would suggest that some fraction of PDMS was incorporated into the crosslinked
network. It is considered that this system cannot be treated as a particulate filled epoxy
composite. To test this hypothesis the Young’s modulus was fitted using Phillips model [38]
which has been shown to work well for preformed silicone rubber particles dispersed in an epoxy

resin [39].
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Phillips [38] suggested the following expression for.the Young’s modulus of micrometer
scale particles reinforced composites assuming a simple model based on a cubic array of

equivalent volume fraction to spherical particles dispersed in a continuous phase

XZ
T1-X-(1-E,/E,)

E
E

C

+(1-X?) 2)

m
where E¢, E, and Ef are the Young’s moduli of the composite, the matrix and the microfiller,

respectively. X is related to the volume fraction of the microfiller, ¢, by

X =(P-¢)" ®)
where P is a disposable parameter described as “relative volume fraction” since it is the ratio of
volume of equivalent cubic particles/volume of spherical particles. For spherical particles P=1.91
and 2/A/3"-1=0.37 for the upper and lower bound, respectively. The results are shown in Figure
13. The dotted line corresponds to Young’s modulus values calculated by equation 2 and using
Ef =3 MPa [39] and P=0.11. Note that Phillips model does a reasonable job, however the value
of P is below the lower limit of spherical particles suggesting therefore that the model is not

adequate for our system. This may be due to the interpenetrated nature of the composite.
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The mechanical properties however were found to obey simple scaling relationships with
PDMS’ average droplet size (as determined by SEM), as shown in Figure 14. These results show
that the composite Young’s modulus obeys a linear relation, and the best fit to experimental data
gives

1
E, = 3.24—§-dpDMs (4)

with fit factor r=0.98. It was verified that the same scaling applies when using diameter values
obtained by AFM. On the other hand, the composite’s toughness appears to follow an
exponential growth up to 10 wt% PDMS content. However, at 15 wt% concentration the
toughness drops drastically reflecting the influence of the soft rubbery phase, a behavior typical
of epoxy/rubber composites [40-42].

The results of this investigation showed that ether-terminated PDMS is effective to
enhance strain at fracture and toughness in DGEBA epoxy resin. These mechanical properties
showed a maximum at ca. 10 wt% PDMS content. The method to produce these composites is
simple as it only involves the direct mixing of PDMS with DGEBA and the curing agent, DCH.

The critical concentration found in this research is similar to that identified for functional rubber
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modified epoxy resin composites. For instance, Barcia et al [40] showed that the impact strength
of hydroxyl terminated polybutadiene (HTPB), first functionalized with a silane, was optimum at
ca. 10% concentration. A pre-step was involved as HTPB was first reacted with toluene di-
isocyanate (TDI) to enhance the compatibility with the epoxy resin. Similarly, Matthew et al [41]
showed that epoxidized natural rubber (ENR) increased the fracture toughness of epoxy,
reaching a maximum at ca. 10 wt % concentration. The droplet size, however, ranged from ca. 2
to 5 um. On the other hand, Thomas et al [42] reported an optimum concentration of 15 wt% for
maximum impact strength of carboxyl-terminated poly(butadiene-co-acrylonitrile) (CTBN) /
epoxy blends. The size of the precipitated rubber ranged from 0.8 to 1.4 um. Although partial
miscibility of PDMS into the epoxy matrix was present, as evidenced by a lower temperature
glass transition, at 10 wt% PDMS content the flexural modulus only decreased by ca. 25%, but
toughness and strain at fracture increased ca. 200%, relative to the neat epoxy.

The mechanical behavior of these composites is distinctly different, actually inferior to
that reported in its nanocomposite counterparts [28, 29]. The DGEBA-PDMS nanocomposites
exhibited droplet size ca. 250 nm and an optimum concentration of PDMS of 5 wt%, where
strain at fracture and toughness increased up to 300%.

Further insight into the reinforcing mechanism of ether terminated PDMS would arise
from the kinetics of droplet formation and dynamic mechanical properties of these composites.

These have been investigated and will be reported elsewhere.

4. Conclusions

This research has shown that the addition of ether-terminated PDMS to DGEBA epoxy

was effective to produce composites with enhanced toughness and strain at fracture; toughness
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increased twofold at only 10 wt% PDMS content. PDMS and DGEBA phase separated during
curing forming droplet morphology. However, the phase separation was greatly hindered by the
functional end groups of PDMS thus producing droplets with sizes ranging from 0.6 um to 1.8
um. Furthermore, there was some degree of interpenetration of the siloxane phase into the epoxy

network. The composites exhibited a high glass transition temperature, T,, around 103°C, with a

slight increase of T, for formulations containing 5 and 10 wt % PDMS, and a lower T, ca. 50°C.

The unusual higher T, suggests a secondary phase separation of nanometric PDMS/epoxy

interpenetrated domains with a T, lower than the neat matrix. The increase in crosslink density

produced by these domains could explain the slight increase.in the T, of the epoxy matrix devoid

of PDMS. The dispersed siloxane phase also initially produced an increase and then a decrease

of toughness as PDMS content increased. The mechanical modulus was found to decrease with

linear scaling with droplet size, as determined from SEM micrographs. The results of this

investigation suggest that utilization of functional PDMS is a good approach to produce epoxy
composites with enhanced flexural properties thus opening up opportunities in diverse

applications as electronic-coatings and structural applications.

Symbols and Abbreviations

AFM atomic force microscopy

DGEBA diglycidyl ether of bisphenol-A

PDMS-DGE poly(dimethyl siloxane) diglycidyl ether terminated
1,2-DCH 1,2-diaminocyclohexane

DSC differential scanning calorimetry

E Young’s elastic modulus
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Ea dec activation energy for thermal degradation

EDS Energy dispersive spectroscopy
SEM Scanning electron microscopy
Tg glass transition temperature
TGA Thermogravimetric analysis
Taec thermal degradation temperature
o stress

€ strain
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Highlights
Functional PDMS enhanced strain at fracture and toughness of DGEBA epoxy resin
A Romo-Uribe, K Santiago-Santiago, A Reyes-Mayer & M Aguilar-Franco

- Ether-terminated PDMS increased strain at fracture and toughness of epoxy by twofold

- PDMS droplet size range from 0.6 to 1.8 um
- Flexural modulus scaled with PDMS droplet size
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