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Studies on the Properties of a New Hybrid
Materials Containing Hyperbranched Polymer

and SiO2-TiO2 Networks
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2Key Laboratory of Nonferrous Metal Materials and New Processing Technology
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EP/SiO2-TiO2 hybrid materials, which contained hyperbranched polymers (HBPs)
chain-extended urea, were prepared through a sol-gel process of triethoxylsilyl func-
tionalized HBPs, i.e., chain-extended urea—H20-Si(OC2H5), Tetraethoxysilane
(TEOS) and tetrabutyltitanate (TBT) using HCl as catalyst. The H20-Si(OC2H5)3

was obtained by endcapped H20 with tolylene 2,4-diisocyanate (TDI), followed by a
reaction with 3-aminopropyltriethoxylsilane (WD-50). The chemical structure of the
products was confirmed by IR spectroscopy. The mechanical properties of composites
such as, impact strength, tensile strength, dynamic mechanical thermal properties were
investigated. The results showed that the glass transition temperatures and the modulus
of the modified systems were higher than that of the unmodified system, and the impact
strength was enhanced by two times or that compared with the neat epoxy. The mor-
phological structure of the impact fracture surface and the surface of the hybrid
were observed by scanning electron microscope (SEM) and atomic force microscopy
(AFM), respectively.

Keywords hybrid materials, epoxy/silica-tinatia, hyperbranched polymers, sol-gel
process

Introduction

Epoxy-based materials have been widely used commercially in modern industries because

of low shrinkage on curing, good adhesion to substrate, superior electrical, and mechanical

resistance. Frequently, crosslinking is accompanied by embrittlement causing mechanical

failure upon straining and impact. It is an important objective to explore new routes

toward toughening of epoxy resins without their affecting stiffness, strength, and glass

temperature (1).
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Recently, hyperbranched polymers (HBPs) have been widely used for toughening

epoxy resin (2–8). Since their Newtonian behavior, low viscosity, and the small dimen-

sions of the hyperbranched polymer, molecules compared to their molecular weight

make them extremely suitable as toughness modifiers in low viscosity epoxy resins (2).

The specific advantages of the dendritic hyperbranched polymer molecules are that:

(a) their chemistry can readily be tailored to have suitable mechanisms; (b) they are

reactive; (c) they can readily be made compatible with the surrounding matrix material

(9). They are thus particularly applicable to almost any thermoset resin system.

Prominent representatives of HBPs used in thermoset toughening are aliphatic polyesters,

commercially available from perstorp polyols under the trade name of Boltorn and various

end group modifications are available (10). Manson et al. reported toughening of epoxy

resins by epoxy-functional Bolton. According to these works, the stress intensity factor

(KIC) values of the prepared resins were improved up to 300%, depending on the

degree of modification of the HBP and the curing cycle (8). In contrast, Heiden et al.

reported only slightly improved toughness when employing hydroxyl-terminated Bolton

in epoxy formulations (11). The improvement of fracture toughness by the addition of

HBP modifiers, however, is frequently associated with softening of the matrix due to

matrix flexibilization. This is not unexpected since the modulus and glass transition temp-

erature of the modifiers is much lower than that of the matrix (12).

Nanocomposites technology using metal alkoxide as in situ route to nanoreinforce-

ment offers new opportunities for the modification of thermoset micromechanics. Large

improvements of mechanical and physical properties including modulus (13), barrier

properties (14) and flammability resistance (15) have been reported for this type of

material at low inorganic nanoparticles. In principle, it should be possible to compensate

matrix flexibilizaton via matrix reinforcement using inorganic nanoparticles.

This paper presents results of a new strategy to produce toughened epoxy resins with a

high modulus and glass transition temperature. A ternary cured networks with epoxy resin,

hydroxyl functionalized hyperbranched polymer and SiO2-TiO2 formed by a sol-gel

process, has been obtained in this composite. In this work, HBP was used as the toughen-

ing agent and the inorganic SiO2-TiO2 nanoparticles may help recover some of the rigidity

lost due to the addition of toughening agents, and may also contribute to improve

toughness as well. Dynamic mechanical analysis (DMA), mechanical testing, X-ray

diffraction (XRD), and scanning electron microscopy (SEM) were used to examine the

thermal, mechanical and morphological behaviors of the hybrid materials.

Experimental

Materials and Measurements

BoltonTM 20 (H20) was provided by Perstorp AB Company (Sweden) and used directly.

The epoxy resin need (diglycidyl ether of bisphenol A, DGEBA(E-51), Wep ¼ 196)

was purchased from Yueyang Chemical Plant (China) without further purification).

3-aminopropyltrimethoxysilane (WD-50) was purchased from Chemical Reagent Co. of

Wuhan University (China) and was purified by distillation before use. Toluenediiso-

cyanate (TDI) (80/20) was purified by distillation under vacuum, 4,40-diaminodiphenyl-

sulphone (DDS) was obtained from Shanghai Chemical Reagent Company (China) with

a molecular mass of 248.31 and purity .96% according to the supplier. Tetraethoxysilane

(TEOS) and Tetrabutyltitanate (TBT) (both chemical reagent grade) were ordered from

Xilong Chemical Factory, Guangdong (China). Fourier transformed infrared spectroscopy

S.-R. Lu et al.1692

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
2
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



(FT-IR) was recorded between 4000 and 400 cm21 on a Perkin-Elmer 1710 instrument

using KBr pellets for organic polymer samples. The crystalline behavior of the EP and

EP/SiO2-TiO2 material were analyzed by X-ray diffractometry (XRD: D/max-RB,

Japan). UV-Vis spectra were measured on a Shimadzu UV-265 Spectrophotometer. The

impact strength was measured on a tester, XJJ-5, with no notch in the specimen.

According to the China National Standard GB1043-79, the size of the sample was

4.0 � 10.0 � 80 mm3. The tensile strength was examined on an electron omnipotence

tester of type RGT-5, at the rate of 2 mm . min21. According to the China National

Standard GB1040-92, all the presented results are the average of five specimen tests.

Dynamic mechanical analysis (DMA) was made with a TA Instruments (902-50010

dynamic mechanical analyzer) under a frequency of 1 Hz from 21208C to 258C at a

heating rate of 58C/min. The rectangular bending mode was chosen and the dimensions

of the specimen were 48 � 5 � 2.5 mm3. Atomic force microscopy (AFM) was carried

out using AJ-IIIa (Shanghai AJ Nano-Science Development Co. Ltd). The scan rate is

2.00061 Hz, scan size 5.00061, number of sample 256.

Preparation of Sol-Gel Precursor H20-Si(OC2H5)3

5.36 g (3.07 mmol) H20 dissolved in the proper amount of acetone was added into a three-

necked round-bottomed flask equipped with a mechanical stirrer, a N2 inlet-outlet and a

cooler. The mixture of 7.0 mL TDI and 10 mL acetone was then dropped into the flask

within 1 h. The solution was stirred for an additional 20 h at 308C, and a yellow

solution was obtained. The terminal of the reaction was confirmed by titration of the iso-

cyanate group content. A certain amount of WD-50 and acetone mixture were then

dropped into the above solution within 3 h and stirred at 308C for additional 1 day. The

acetone was distilled under vacuum at 508C to get the final precursor H20-Si(OC2H5)3.

Preparation of Sol-Gel Precursor for Hybrid Materials

In a 250 mL round-bottom flask, about 100 g epoxy resin, an appropriate amount of H20-

Si(OC2H5)3, TBT, TEOS, hydrochloric acid, distilled H2O and Tetrahydrofuran (THF)

were introduced. After vigorous stirring for 30 min, the mixture became homogenous.

Then, the solution was transferred into a 250 mL beaker covered with parafilm to allow

the evaporation of small molecules for a few days. The epoxy/silica-titatia hybrid precur-

sors were obtained. The contents of all the components in various samples are shown in

Table 1.

Curing Procedure

A mixture of epoxy/silica-titatia hybrid precursor and a stoichiometric amount of DDS

(30 g per 100 g of epoxy resin) was degassed in vacuum at 1308C for about 30 min. The

resulting mixture was then cast into a preheated mold coated with silicone resin. All

samples were cured at 1208C for 2 h, 1508C for 2 h, and 1708C for 2 h.

Results and Discussion

Characterization of the Hybrid Materials

As mentioned in section 2, the preparation of the hybrid materials included three steps.

The possible reactions are shown in Scheme 1. Step1 was a hydrogen shift reaction
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between tolylene 2,4-diisocyanate (TDI) and H20, resulting in producing the endcapped

H20. Since the molar ratio of TDI/H2O was 16/1, basically only one of the –NCO

groups on TDI could participate in this reaction and all of the –OH groups on H20 was

endcapped. Step 2 is a coupling reaction of WD-50 with the endcapped H20. In this

step, the –NH2 groups of WD-50 reacted with the –NCO groups of the endcapped

H20, forming carbamido linklage—H20-Si(OC2H5)3, which contains –Si(OC2H5)3

and –NH groups. Step 3 is the preparation of EP/SiO2-TiO2 hybrid materials. This step

includes two steps, first, epoxy, H20-Si(OC2H5)3, Si(OC2H5)4 and Ti(OC4H9)4 were

hydrolysized by using hydrochloric acid as the catalyst and THF as the solvent, and

produced the precursors of the hybrid materials. The other step is a curing reaction of

the precursor of hybrid materials with DDS as curing agent forming polymer network.

Figure 1 shows the FT-IR spectra of (a) H20 (b) endcapped H20 (c) H20-Si(OC2H5)3

(d) EP/SiO2-TiO2 hybrid material. In (a), a distinct absorption peak at �1100 cm21 is

in the region of –C-O-C stretching for ether groups and the peak at 3474 cm21 belongs

to –OH group. In (b) the peak at �2274 cm21 confirms the existence of –NCO groups.

In (c) the disappearance of isocyanate peak at 2274 cm21 and formation N-H peak of

urethane group at 3327 cm21 and 1590–1520 cm21, while the peak at �1100 cm21

increased and broadened since the –C-O-C stretching over lapped with Si-O-C stretching

band. In (d) the peak at 3413 cm21, (characteristic of –OH stretching, which is the unreac-

tive Ti-OH or Si-OH groups in inorganic networks) and 1108 cm21 (characteristic of Si-O-

C). In addition, there was also the broad absorption at lower wavenumber region. Especially

1100�920 cm21 (characteristic of Si-O-Si and Si-O-Ti networks) at 900�450 cm21 due to

Ti-O-Ti linkage in the titania matrix. The band at around 950 cm21 is attributed to Si-O-Ti

bonds (16).

Mechanical Performance

The impact resistance property of the cured epoxy with different contents of H20-

Si(OC2H5)3 and SiO2-TiO2 nanoparticles were evaluated on a Charpy impact testing

machine, and the results are listed in Table 1. It is very clear that the addition of the

H20-Si(OC2H5)3, TBT and TEOS significantly improves the toughness of the cured

Table 1
Sample preparation and compositiona

Sample

EP

(g)

TBT

(g)

TEOS

(g)

H20-Si(OC2H5)3

(g)

SiO2-TiO2
b

(wt%)

Impact strength

(KJ/m2)

0 100 0 0 0 0 11.6

1 100 0.75 1.8 10 1.67 24.8

2 100 1.50 3.6 10 2.23 26.7

3 100 2.25 5.4 10 2.78 27.5

4 100 2.95 7.2 10 3.30 23.6

5 100 1.50 3.6 5 1.81 18.7

6 100 1.50 3.6 15 2.65 27.8

7 100 1.50 3.6 0 3.00 24.3

aPreparation condition: [H2O]: [TEOSþ TBT] ¼ 1 : 1, [HCl]: [TEOSþ TBT] ¼ 0.05 (mol. rate).
bSilica and titania contents were calculated theoretically.
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epoxy resin. In this study, H20-Si(OC2H5)3 and SiO2-TiO2 nanoparticles act as a softer

second phase and a stress concentrators, respectively.

Table 1 also shows the impact toughness of the composites increases slightly with

SiO2-TiO2 contents. Since unnotched Charpy impact strength reflects the energy

consumed before fracture, and SiO2-TiO2 nanoparticles in the composites are able to

induce plastic deformation of the surrounding matrix polymer to a certain extent under

Scheme 1. The step reactions for preparing EP/SiO2-TiO2 hybrid materials.

Figure 1. The FT-IR absorption peaks of (a) H20, (b) endcapped H20, (c) H20-Si(OC2H5)3, and

(d) EP/SiO2-TiO2 hybrid material.
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the high strain rate conditions. The results of Table 1 show that the impact strength reaches

the highest level for SiO2-TiO2 contents about 2.78 wt% or so. The impact strength

decreases gradually with SiO2-TiO2 contents increasing. Although SiO2-TiO2/epoxy

matrix adhesion is improved, agglomeration of the SiO2-TiO2 nanoparticles is severe in

the high SiO2-TiO2 content (.3.0 wt%). However, it remains well above the performance

of the pure epoxy.

Figure 2 shows the relation between H20-Si(OC2H5)3 content and tensile strength and

modulus. The experiment results indicated that both tensile strength and modulus increase

with H20-Si(OC2H5)3 content increasing. The addition of H20-Si(OC2H5)3 beneficially

improved the tensile strength of the modified system, it reached a maximum (78 Mpa)

when the H20-Si(OC2H5)3 content was up to 15 wt%. This value was 47% higher than

that of the unmodified system (53 Mpa). The tensile strength decreased while the

H20-Si(OC2H5)3 content was more than 15 wt%, but it was still 30% higher than that of

the unmodified system. The modulus of the modified system had the same behavior as

the tensile strength, and it was 14.8% higher than the unmodified system when the

H20-Si(OC2H5)3 content was 15 wt%. The tensile modulus increased at first and then

decreased with the increase of the H20-Si(OC2H5)3 content.

XRD Analysis

Figure 3 shows the XRD patterns of the EP and EP/SiO2-TiO2 hybrid materials. It can be

seen that the patterns of EP and EP/SiO2-TiO2 are very similar. Both of them have a broad

amorphous peak. The contact angle of the peaks is between 58 and 308. It means that SiO2-

TiO2 networks and epoxy matrix incorporated through the covalent and hydrogen bond,

and did not simple mixing. This is also proved by the FT-IR spectrum.

Morphology of the Fractured Surface

The impact fracture surfaces of the hybrid samples were observed by SEM. Some repre-

sentative specimens were chosen to study the deformation mechanism. Figure 4 shows the

morphology of the impact fracture surface of the hybrid materials with different SiO2-

TiO2 contents. It can be seen that the morphologies of the epoxy resins modified with

Figure 2. The relation between H20-Si(OC2H5)3, wt% and tensile strengths and tensile modulus.
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H20-Si(OC2H5)3 are quite different from that of the unmodified system. The fracture

surface of the unmodified system reveals a brittle behavior characterized by large

smooth veining and fracture steps in the direction of crack propagation, which indicates

a weak resistance to crack propagation. As for the modified systems, the fracture

surfaces present a rough and irregular appearance with many holes or indentations,

which indicates that there are many micro-phase-separation uniform distribution in the

Figure 3. X-ray diffraction patterns of the EP and EP/SiO2-TiO2 hybrid material.

Figure 4. SEM graphs of hybrid materials with the different SiO2-TiO2 contents.
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fracture surface. It can consume a large amount of energy under impact process and

disperse stress, indicating the characteristic of toughening fracture. This is in very good

agreement with the impact resistance property of the hybrid materials shown in Table 1.

Dynamic Mechanical Behavior

The storage modulus data of the modified system and unmodified system are shown in

Figure 5. It can be seen that below 1108C the storage modulus of the modified systems

is approximate to that of the pure EP. As we know, when rubbery components are used

to modify epoxy resin, the modulus is usually sacrificed at elevated temperature.

Similar observation was reported by D. Ratna et al. (17) for HBPs and epoxy resin

systems. However, the modified system prepared in this work consisted of HBPs frame

with SiO2-TiO2 inorganic particle in the network. It must be the rigid SiO2-TiO2

inorganic networks play a great role in maintaining the high modulus of the cured

hybrid materials. With the temperature increasing, the modulus of the modified system

(4.3E9) appears much higher than that of the unmodified system (1.8E8) at 1708C,

Figure 5. Modulus vs. temperature for curing system.

Figure 6. Mechanical loss vs. temperature for curing system.
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indicating that the motion of the molecular chains in the materials is strongly restricted by

the HBPs network and SiO2-TiO2 inorganic network. These phenomena were also

observed in other hybrids materials (18, 19).

The loss tangent data of the hybrid materials are shown in Figure 6. The peak values

and temperature of the transition are summarized in Table 2. It can be seen that all the

specimen exhibit a- and b-relaxation peak. The peak values of tan d for modified

system appear to be slightly decreased with H20-Si(OC2H5)3 content increasing. The

tan d peak temperature for the modified systems are considerably higher than that of the

unmodified system, indicating that the addition of H20-Si(OC2H5)3, TEOS and TBT in

materials made it difficult for the chain segiments moving, therefore, the glass transition

temperatures (Tg) of the hybrid materials were shifted to a higher temperature. It is

possibly attributed by the co-effect of the HBPs network and the SiO2-TiO2 inorganic

network.

AFM Surface Image of Hybrid Material

The surface topography structure of the hybrid film (2.78% SiO2-TiO2 content) is charac-

terized by AFM (Figure 7). The film thickness is about 20 nm, the scan area is

Table 2
The loss tangent values (tan d) and glass transition temperatures of the cured system

No. H20-Si(OC2H5)3 wt% tan d Tb (8C) Ta (8C)

0 0 0.712 257.284 169.8

1 5 (SiO2-TiO2 1.81 wt%) 0.653 246.807 189.8

2 10 (SiO2-TiO2 2.23 wt%) 0.639 247.543 192.0

3 15 (SiO2-TiO2 2.65 wt%) 0.644 247.19 192.2

4 20 (SiO2-TiO2 3.00 wt%) 0.621 255.01 189.6

5 10 (SiO2-TiO2 1.67 wt%) 0.682 241.57 190.6

Figure 7. AFM surface images of the SiO2-TiO2 composite specimen. The scan area is

3mm � 3mm.
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3mm � 3mm. From the micrograph, it can be seen that the SiO2-TiO2 particle size is

about 20–60 nm, and the SiO2-TiO2 particles are homogeneously dispersed in the

hybrid material matrix.

Conclusions

A new hybrid material incorporating H20-Si(OC2H5)3 with inorganic compounds

(Ti(OC4H9)4 and Si(OC2H5)4 via sol-gel process has been successfully prepared. The

experimental results showed the silica and titatia particle size in the hybrid films was

about 20–60 nm. The impact strength of the cured systems modified with H20-

Si(OC2H5)3 was 2 times higher than that of the unmodified epoxy. The glass transition

temperatures (Tg) of the hybrid materials are much higher than that of the unmodified

system, and the fracture surfaces of all modified systems exhibit the character of tough

fracture feature.
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