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Simultaneous reinforcement and toughness
improvement of an epoxy—phenolic network with
a hyperbranched polysiloxane modifierf

Hanchao Liu, Jungi Zhang, Xiaoxiao Gao and Guangsu Huang (& *

An epoxy—phenolic network is modified with hyperbranched polysiloxane (HBPSi). The addition of HBPSi-2,
which has medium molecular weight, can significantly decrease the viscosity of the uncured epoxy—
phenolic system and increase the crosslinking density and homogeneity of the cured crosslinking
network. With 10% HBPSIi-2, the mechanical properties of the samples are improved comprehensively:
tensile modulus and maximum strength increase by 11.4% and 36.2%, respectively, while elongation at
impact strength increase by 153.8% and 186.7%, respectively. The comprehensive
improvements in the mechanical properties are attributed to combined effects of crosslinking density,
network rigidity, cohesive density and the matrix-modifier compatibility. What is more, HBPSi-2 also
significantly increases the char yield of the material and decreases the thermal weight loss rate,

break and

indicating an improved thermal stability. All these results may provide a new strategy for toughness and
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Introduction

Epoxy resin is an important and versatile subset of thermoset
materials. According to different applications, epoxy resins with
required properties can be prepared by adjusting the type and
dosage of each ingredient in the epoxy formula. Phenolic curing
agent has been widely used in the preparation of epoxy resins
for the encapsulation of microelectronic devices because of its
well-balanced properties including excellent chemical resis-
tance, superior mechanical properties, ideal electrical proper-
ties and good adherence to many substrates." However, the rigid
structure and high phenolic hydroxyl density of the phenolic
curing agent often result in high brittleness of the cured resin,
making the material prone to cracking under external force.>*

Toughening of epoxy resin has been a subject of intense
investigation. Over the past few decades, tremendous efforts
have been made and different kinds of modifiers have been
developed to improve the toughness of epoxy resins, such as
liquid rubber or rubber particles,> thermoplastics,” and
nanoparticles.*'® In most cases, blending modifiers into the
epoxy matrix brings about the improvement of toughness but
often significantly compromises the thermal properties,*>**
modulus and strength of the resins.’'* Moreover, phase sepa-
ration before or during the curing process after incorporation of
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strength improvement of the epoxy—phenolic network.

these modifiers may result in great difficulty in the design of
interfacial chemistry and cure schemes to guarantee a proper
morphology of the cured networks."” Compared with these
traditional modifiers, hyperbranched polymers have shown
great potential.'®"” With a highly branched structure, ample
terminal groups, and inherent cavities, hyperbranched mole-
cules possess advantages over conventional modifiers, for
example, better miscibility, lower viscosity, and higher reac-
tivity. Generally, aliphatic polyesters backbones are most
popular in the design of hyperbranched molecules because of
the mature craft of esterification reaction. However, epoxies
modified with those hyperbranched molecules tend to show
decreased modulus or T. Boltorn™, the commercially available
hydroxyl-terminated hyperbranched polymers with aliphatic
polyesters backbones have been extensively studied."®>* Results
show that Boltorn™ can effectively improve toughness or the
epoxy matrix. However, the strength and T, were significantly
compromised. Moreover, phase separation also appeared
because of the poor miscibility between the epoxy matrix and
the modifier. Sarah E. Morgan synthesized an aliphatic,
epoxide-functional hyperbranched polymer and cured it into an
aromatic epoxy—amine network without cure-induced phase
separation.” It is found that the hyperbranched molecules
allowed for simultaneous enhancement in both fracture tough-
ness and Young's modulus. But the flexible hyperbranched
structure drastically decreased T, of the network. Hyperbranched
molecules with other backbones have also been studied. Jin and
Park® reported a hyperbranched polyimide which could increase
the toughness of diglycidyl ether of bisphenol A/
diaminodiphenylmethane (DGEBA/DDM) system without

This journal is © The Royal Society of Chemistry 2018
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forming phase separation and lowering T,. X. Miao et al. reported
an epoxide-terminated hyperbranched polyether sulphone which
simultaneously improved the toughness, strength and thermal
properties.** However, the synthetic processes of these hyper-
branched modifiers tend to be complicated, which make them
less promising for industrial mass production.

Hyperbranched polysiloxane (HBPSi) is a class of hyper-
branched molecules with siloxane backbone and reactive end
groups. Because of its simple preparation procedure and high
designability, HBPSi has been used in the improvement of
thermal and mechanical property for epoxy,” cyanate ester
resins,”®*” bismaleimide*® and polyamine.”® However, in the
synthesis of HBPSi, crosslinking often occurs among tri-
functional or tetra-functional precursors, resulting in a highly
crosslinked structure. Moreover, the high polarity of the HBPSi
backbone often causes poor miscibility with epoxy matrix. Thus,
report involving modification of epoxy resins with HBPSi is rare.
Songqi Ma et al. reported a novel dendritic polysiloxane (DPSO)
bearing epoxide groups modifying the diglycidyl ether of
DGEBA-aromatic amine system.** Toughness and thermal
stability of epoxy resin were improved after the addition of the
DPSO, while the effects of the modifier on strength and
modulus were not reported. Moreover, the synthesis procedure
of the dendritic molecules is complicated.

In this paper, a series of novel HBPSi was synthesized and
then cured into an epoxy-phenolic network. The HBPSi and the
network of the modified resin were fully characterized. More-
over, the mechanical and thermal properties of the modified
epoxy resins were systematically investigated. Involving mech-
anisms of the improved properties were fully discussed.

Experimental
Materials

DGEBF, with an epoxy equivalent weight of 170 g (equiv.” "), butyl
glycidyl ether (BGE) and 1,4-bis((2,3-epoxypropoxy) methyl)
cyclohexane (EMCH) were purchased from Luohe Chemistry Co.
Ltd., China. Curing agent, PF8011 (PF) with a hydroxyl equivalent
weight of 105 g (equiv.”!), was purchased from Shandong
Shengquan Co. Ltd., China. y-Aminopropylmethyldiethoxysilane
(APMS) and phenyltrimethoxysilane (PTMS) were purchased
from Nanjing Kuncheng Co., Ltd. Tetrahydrofuran (THF) and 2-
methyl-4-ethylimidazole (EMI) were purchased from Tansoole
Co. Ltd. The chemical structures of these reactants are shown in
Scheme 1. All materials were used as received without further
purification.

Synthesis of the HBPSi

48.2 mmol of APMS, 15.6 mmol of EMCH and 68.5 mmol of
PTMS were mixed in a flask containing 0.97 mol of THF. Then
the mixture was stirred at 60 °C for 4 h. The control of hydrolysis
and condensation of the precursors was based on previous
literature.***> Typically, the mixture was firstly cooled in ice
water. Then 0.32 mol of deionized water was injected during
a period of 30 min into the mixture. The mixture was stirred in
an ice-water bath and allowed to hydrolyze for 1 h.

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 The chemical structures of reactants.

Subsequently, the system was heated to 50 °C and stirred for 1-
4 h. The mixture was then evaporated under a reduced pressure
to remove THF and small molecules. Finally, a transparent and
viscous liquid mixture was obtained. By controlling the reaction
time in the last synthesis step and changing the aging time of
the product solution, HBPSi with different molecular weights
can be prepared. In this paper, HBPSi with M,, of 1516 g mol ,
3219 g mol ' and 7635 g mol ' are denoted as HBPSi-1, HBPSi-2
and HBPSi-3, respectively. To study the effect of EMCH on the
property of the hyperbranched molecule, HBPSi-0 was synthe-
sized as control sample with only APMS and PTMS. The
synthesize scheme of HBPSi is shown in Scheme 2 and the
characterization results are shown in Table 1. Detailed charac-
terization of the HBPSi can be seen in the ESL.}

Preparation of curing system

The HBPSI solution was directly used for the preparation of
hybrid curing system. A certain amount of HBPSi solution was
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Scheme 2 Synthetic scheme and representative structure of HBPSi.
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Table 1 The characterization results of HBPSI

Sample Reaction/aging time M, M,, PDI
HBPSi-0 50 °C for4 h 3120 3740 1.20
HBPSi-1 50°Cfor1h 1516 2016 1.33
HBPSi-2 50 °C for 3 h 3219 4120 1.28
HBPSi-3 50 °C for 4 h, aging for 12 hat 25°C 7635 11412 1.49

mixed into the mixture of DGEBF, BGE and PF. The mass ratio
of DGEBF and BGE was 3 : 1. The mixture was mechanically
stirred for 20 min before it was evaporated in a vacuum to
remove THF and air bubbles. Then a certain amount of accel-
erant EMI was added into the mixture. Considering that during
the temperature programming process, the high post curing
temperature may be unfavorable for the stability of the matrix
for applications like bonding and packaging, isothermal curing
procedure was conducted for the epoxy system. Specifically, the
degassed mixture was poured into a preheated PTFE mold and
cured for 48 h at 150 °C. In this article, the hybrid resins
modified with HBPSi-0, HBPSi-1, HBPSi-2 and HBPSi-3 are
denoted as E-HBPSi-0, E-HBPSi-1, E-HBPSi-2 and E-HBPSI-3,
respectively. For all samples, the HBPSi content in the hybrid
is expressed as weight percent.

Characterization

Fourier transform infrared (FTIR) spectroscopy was performed
on a Thermo Scientific Nicolet 6700 spectrometer in the range
from 400 to 4000 cm™ " using KBr pellets. >°Si NMR spectra were
collected using a Bruker AV-600 spectrometer (600 MHz) with
CDCl; as the solvent. HPLC grade tetrahydrofuran (THF) was
used as the eluent with a flow rate of 1 mL min ' at 25 °C.
Rheology study of HBPSi and uncured epoxy-phenolic mixtures
were conducted on a AR2000 rheometer. The measurements
were performed at a steady flow mode with shear rate between
0.1 and 1000 s~ at room temperature. Differential scanning
calorimetry (DSC) measurements were conducted under
nitrogen using a DSC Q1000 (TA instruments). The samples
were heated from 30 °C to 280 °C at 10 °C min~'. Dynamic
mechanical analysis (DMA) experiments were conducted in
a three-point bending mode using a DMA Q800 (TA instru-
ments). All non-isothermal runs (temperature scans) were per-
formed in the “multifrequency, strain” mode at 1 Hz, from 30 °C
to 250 °C at a heating rate of 3 °C min . The temperature where
the maximum of the loss factor tan ¢ showed was evaluated as
the glass transition temperature (Ty). The specimen was made
into dumbbell shaped strip (150 x 10 x 4 mm?®) and the tensile
measurement of mechanical property was conducted on
a universal testing machine (Instron 5567, US) at room
temperature with a cross-head speed of 1 mm min . The
tensile fractured surfaces of samples were examined by a scan-
ning electron microscopy (SEM) instrument with an accelera-
tion voltage of 15 kV. All the surfaces were sputtered with a thin
gold film before observation. The thermal stability was
measured by thermalgravimetric analysis (TG209F1, Netzsch,
Germany) under nitrogen atmosphere. The heating rate was

10 °C min ™.
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Results and discussion
Effect of PF content on neat epoxy system

The curing mechanism and property of the epoxy-phenolic-
EMI system are dependent on the ratio between the epoxy and
phenolic. In epoxy-phenolic-EMI system, when the amount of
phenolic is insufficient, reaction between epoxy groups and
aliphatic hydroxyl groups, or reaction among epoxy groups
themselves, can still happen under the acceleration of EMI. In
other words, epoxy-phenolic-EMI system may also reach
complete cure even with insufficient phenolic. DCS thermo-
graphs and AH of curing systems with various stoichiometric
ratios (7g) from 0.7 to 1.2 are shown in Fig. 1(a) and (b). As the
increases from 0.7 to 1.2, the initial reaction temperature rises
stepwise and the exothermal peak becomes wider (Fig. 1(a)),
which are derived from the high viscosity and steric effect of the
phenolic, hindering the curing process of the system. The heat
enthalpy first increases and then decreases as the rg increases
from 0.7 to 1.2 (Fig. 1(b)). When r, reaches 0.8, the heat enthalpy
reaches maximum, indicating the addition reaction between
epoxy and phenolic and the side reactions as mentioned
contribute to a complete reaction of the curing system. When r;
increases to 1.0, however, the high viscosity results in incom-
plete cure, leading to a decreased enthalpy. Loss tangent and
the dependence of T, on ry are shown in Fig. 1(c) and (d). The
temperature where the maximum of the loss factor tan d
showed is evaluated as T,. As shown, Ty first increases and then
decreases as the r, increases from 0.7 to 1.2. When 7, is 0.9, T,
reaches maximum. This result is not completely consistent with
that from the DSC test because the polymer network formed by
the reactions between epoxy and phenolic is more rigid and
compact than that formed by the self-condensing ring-opening
polymerization. When rg is 0.9, though the high viscosity may
lead to incomplete reaction, the sample still shows a high T,
due to the rigid and compact structure. In this paper, r is fixed
at 0.9 for whether neat DGEBF or hybrid samples.

Rheology of modified system

The viscosity, shear response, and viscosity stability are
important key parameters reflecting the processibility, flow-
ability and pot life of the epoxy mixture. The study of the shear
response behaviors of HBPSi and epoxy-phenolic mixtures was
conducted at 0 h, 24 h, and 48 h under room temperature.
Because the modified epoxies containing HBPSi-2 show the best
overall performance, which will be shown next, the rheology
results are only demonstrated for the case of HBPSi-2 and the
modified mixtures with HBPSi-2. As shown in Fig. 2(a), HBPSi-2
shows significant shear thinning behavior: as the shear rate
increases from 0.1 to 100 s~ %, the viscosity decreases from 15.5
Pa s to 3.2 Pa s. The shear thinning behavior of HBPSi-2 is
believed to be derived from the hydrogen bonds between HBPSi-
2 molecules, which are easy to be destroyed under the external
shear forces.**** For epoxy mixtures with varying HBPSi-2
loadings, the viscosity of the mixture decreases as the HBPSi-2
loading increases, indicating an improved flowability after the
addition of HBPSi-2 (Fig. 2(b)). In the mixture, because of the

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 DCS thermographs (a) and AH (b) of curing systems with varying rs; loss tangent (c) and the dependence of T, (d) on r..

dilution effect, the hydrogen bonds between HBPSi-2 molecules
are weakened. Thus, the viscosity of epoxy mixtures decreases
evidently with the increasing HBPSi-2 loading because of the
intrinsic low viscosity of HBPSi-2. After addition of HBPSi-2,
epoxy mixture also exhibits different shear response. As
shown in Fig. 2(b), neat DGEBF exhibits Newtonian behavior
with a slight shear thinning behavior at high shear rate, which

g
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to the alignment of the epoxy and phenolic molecules
the shear force.*® After addition of HBPSi-2, the shear
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the system.** As the HBPSi-2 content increases to 15%,

the high HBPSi-2 content leads to strong non-bond interaction.
Thus, the shear thinning behavior is much more pronounced.
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The rheology property of neat DGEBF and mixtures with
varying HBPSi-2 loadings after 24 h and 48 h are shown in
Fig. 2(c) and (d), respectively. As shown, the shear response of
the neat EP still maintains a Newtonian characteristic and the
viscosity of the neat EP barely changes, indicating a long pot life
of the epoxy-phenolic mixture. However, after addition of
HBPSI-2, the viscosity of the mixture increases apparently as the
storage time increases. After 48 h, all mixtures with HBPSi-2
exhibit higher viscosity than that of the neat DGEBF. Espe-
cially, after 24 h and 48 h, drastic increases of viscosities can be
seen for mixtures with 10% and 15% HBPSi-2 loading. The
increase of viscosity is believed to be caused by the formation of
oligomer. Due to the higher reactivity of the amine groups on
HBPSi-2, epoxy groups react with HBPSi-2 slowly even at room
temperature (ESI, Fig. S31). Meanwhile, the generated tertiary
amine can act as accelerator for the reaction between epoxy and
phenolic. When the HBPSi-2 loading is high, entanglements
among molecular chains and slight crosslinking caused by the
reaction between epoxy and HBPSi-2 both drastically increase
the viscosity of the mixture. Also, with high HBPSi-2 content
(10% and 15%), the fluid is more sensitive to the shear rate after
long period of storage because of the large amounts of physical
association, leading to more significant shear thinning
behavior (Fig. 2(d)).

DMA characterization

Effects of HBPSi-2 loading on storage moduli (E') and loss
tangent (tan 6) as a function of temperature are shown in Fig. 3.
Obviously, for all samples, only one step change in E' and one
peak in tan ¢ can be observed. This result suggests no signs of
phase separation, indicating a good compatibility between
HBPSi-2 and the epoxy matrix. As shown in Fig. 3(a), the glassy
storage modulus (E,) of each hybrid is much higher than that of
the neat DGEBF, which is attributed to the large amounts of
benzene rings in the HBPSi-2, contributing to the rigidity of the
network and the restriction of short-range molecular motions.
The rubbery storage modulus (E,) increases as HBPSi-2 loading
increases from 0% to 3%. According to the classical theory of
rubber elasticity,*® the average crosslinking density increases
with 3% HBPSi-2 loading, which is due to the higher functionality
(terminal amine groups) of HBPSi-2. However, as the HBPSi-2
loading increases from 3% to 15%, the average crosslinking
density decreases stepwise. This can be attributed to the shifts of
the resin/hardener ratio after introducing HBPSi-2 into the
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Fig. 3 Variation of storage modulus (a) and tan ¢ (b) with temperature
in neat DGEBF and E-HBPSi-2 with varying HBPSi-2 loadings.
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system. At 10% and 15% HBPSi-2 loading, the hybrid's average
crosslinking density decreases below that of the neat epoxy,
suggesting the effect of the excessive hardener overwhelming that
of the high functionality of the HBPSi-2. As shown in Fig. 3(b), as
the HBPSi-2 loading increases from 0% to 15%, T, of E-HBPSi-2
decreases stepwise. Various research groups®* have reported
a decrease in T, when silica or organosilicone are added to epoxy
or some other matrix. Generally, this behavior has been attrib-
uted to plasticizing effect or to a limited amount of unreacted
reactant.” For the present curing system, when HBPSi-2 loading
is 3%, the crosslinking density increases. However, the addition
of HBPSi may also bring some moistures and residual small
molecules into the curing mixture,* leading to a slight decrease
of the hybrid's T,. As HBPSi-2 loading furtherly increases, the
excessive hardener results in the decrease of the crosslinking
density. Together with the plasticizing effect, the further decrease
of the T, of the hybrid can be expected. The shape and width of
tan ¢ peak are related to the homogeneity of the crosslinking
network. As shown in Table 2, full width at half maximum
(FWHM) for the glass transitions of hybrids with 3-10% HBPSi-2
loadings are narrower than that of the neat DGEBF, suggesting
that hybrids have a more homogeneous network structure.
Nevertheless, FWHM of the hybrid begins to increase at higher
HBPSi-2 loading. The broadening of FWHM at high loadings may
be related to the incomplete cure. As shown in Fig. 4(a), only one
endothermic peak, i.e. glass transition, shows up for neat DGEBF
and E-HBPSi-2 with HBPSi-2 loading between 3-10%. Clearly, T,
values obtained from DMA and DSC show the same trend: T,
decreases monotonically with increasing HBPSi-2 loading.
However, for E-HBPSi-2 with 15% HBPSi-2 loading, an
exothermic peak can be observed in the temperature range of
130 °C to 200 °C, indicating an incomplete cure of the isother-
mally cured sample. Similar results can be got from FTIR spec-
trum. As shown in Fig. 4(b), an absorption peak of epoxy group at
915 cm™ ' can be clearly observed for 15% E-HBPSi-2, while no
obvious peak at the same wavenumber is observed for any other
sample. It can be concluded that when r is 0.9, a complete
consumption of epoxy can be got. However, because of the large
steric hindrance that the high content of HBPSi-2 brings about,
complete reaction between epoxy and cuing agent is hard to
achieve without post cure. During the curing process, epoxy
reacts with HBPSi-2 first, forming structures with higher cross-
linking density. As the reaction goes on, the high steric hindrance
leads to structures with lower crosslinking density.** Thus, at
high HBPSi-2 loadings, the heterogeneous structure is expected.

Table 2 Parameters of networks summarized and calculated from
DMA

Samples Ty (°C) E, (MPa) E. (MPa) FWHM (°C)
Neat DGEBF 101.5 1382.8 7.6 221
3% E-HBPSi-2 99.2 2610.2 9.5 18.1
5% E-HBPSi-2 96.3 2768.6 7.8 21.4
10% E-HBPSi-2 92.0 27221 7.2 22.0
15% E-HBPSi-2 84.5 2504.9 6.4 23.3

This journal is © The Royal Society of Chemistry 2018
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Mechanical properties

Effects of M,, and HBPSi loading on tensile modulus, strength,
elongation at break and impact strength are shown in Fig. 5(a),
(b), (c) and (d), respectively. Tensile modulus and maximum
stress of samples modified by HBPSi-1 and HBPSi-3 both
decrease as the HBPSi loading increase. However, incorporation
of HBPSi-2 can significantly increase the modulus and strength:
when HBPSi-2 content increases to 10%, tensile modulus and
maximum strength increase by 11.4% and 36.2%, respectively.
On the other hand, elongation at break and impact strength of
samples modified by HBPSi-2 and HBPSi-3 are significantly
increased: when HBPSi-2 content increases to 10%, elongation
at break and impact strength increase by 153.8% and 186.7%,
respectively. However, HBPSi-1 does not affect these two prop-
erties obviously. This result indicates that HBPSi with high M,
can improve sample's toughness but impact the modulus and
strength, while HBPSi with medium M, can simultaneously
reinforce and toughen the epoxy matrix.
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Fracture surface morphology

The SEM images of tensile fracture surfaces of E-HBPSi-2 with
varying HBPSi-2 contents are displayed in Fig. 6. The neat
specimens exhibit characteristic brittle fracture surface
morphology, with minimal deformation observed from the
smooth surface pattern, indicative of poor fracture toughness.
The fracture surfaces of E-HBPSi-2 show substantial increase in
the surface roughness, indicating improved toughness. The
rough fracture surface indicates deflection of crack path, i.e. the
crack deviation from its original plane, increasing the area of
the crack and the required energy for the propagation of the
cracks on the fracture surfaces.*® Moreover, dimples appear in
the fracture surface of E-HBPSi-2, indicating plastic deforma-
tion may be produced under tension and much fracture energy
is likely dissipated.””*®* The neat DGEBF exhibits a smooth area
with clear fracture boundaries, which means the crack propa-
gation resistance is small and there is almost no plastic defor-
mation, showing brittle fracture and poor toughness.

Thermal stability

To investigate the thermal stability of the neat DGEBF and
modified system, TGA was conducted and the TGA and DTG
curves of samples with varying HBPSi-2 contents in a nitrogen
atmosphere are shown in Fig. 7. The initial thermal decompo-
sition temperatures [T; (°C)], the temperatures of the maximum
decomposition rate [Tpax (°C)], and the final char yields at
750 °C are also summarized in Table 3. Results show that all
cured resins have one-stage decomposition process, demon-
strating that the neat and modified resins have similar degra-
dation processes. As the content of HBPSi increases, the
maximum mass loss rate of the samples decreases stepwise,
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strength (d).
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Fig.6 SEM images of fracture surfaces from fracture toughness specimens: neat DGEBF (a), 3% E-HBPSIi-2 (b), 5% E-HBPSi-2 (c), 10% E-HBPSI-2

(d) and 15% E-HBPSi-2 (e).

which is attributed to the thermal insulation effect of silicone-
containing chains.**® As the HBPSi-2 content increases to
5%, T; and Ty, increase due to the more stable structure
derived from the increased crosslinking density and higher
content of aromatic ring. However, as the HBPSi-2 content
increases to 15%, T; and Ty,., decrease because of the incom-
plete curing. What is more, due to the high decomposition
temperature of inorganic moieties, char residue at 750 °C
remarkably increases from 14.2% to 23.8% with HPBSI-2
content increases from 0% to 15%, showing a similar trend to
that reported in other literature.>*

Discussion about the toughening and reinforcement
mechanism

In most cases, the improvements in toughness of the resins
modified with hyperbranched polymers are attributed to the
increased fractional free volume.*** According to X. Miao
et al.,* the fractional free volume (f7) can be expressed as f = f
+Aa(T — Tg), where A is the difference between the volumetric
coefficients of thermal expansion (CTE) in the rubbery and
glassy states, respectively, and f; is the fractional free volume
“frozen” at T,. Thus, A« is directly proportional to fractional
free volume. Results of TMA test are shown in Table 4. A«
increases as the HBPSi-2 content increases, indicating that
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Fig. 7 TGA (a) and DTG (b) curves of samples with varying HBPSi-2
contents in a nitrogen atmosphere.
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samples with higher content of HBPSi-2 have higher fractional
free volume, leading to improved toughness. When the HBPSi-2
loading increases to 15%, though the sample shows higher
fractional free volume, the toughness begins to decrease due to
the incomplete cure. In addition, A« of the hybrid also depends
on M, of the HBPSi. When the HBPSi loading is 5%, the frac-
tional free volume increases with M,. This result is similar to
those reported elsewhere, which could be explained by the
bigger internal cavities and lower ultimate conversion in
hybrids containing HBPSi of higher M,.>*® Thus, HBPSi-3
shows effective toughening effect just like HBPSi-2 does, while
HBPSi-1 doesn't have obvious effect on the toughness
improvement of the matrix because of its low contribution to
the increase of the fractional free volume.

As shown in Fig. 5, with a certain loading of HBPSi-2, resin
sample can be simultaneously reinforced and toughened. In
HBPSi-2 molecule, the high density of aromatic ring leads to
a structure of high rigidity. At 10% loading, the rigid network
contributes to an increased modulus, while the high toughness
of the sample also decreases the sensitivity to defect, leading to
a high maximum stress. As the HBPSi-2 loading furtherly
increases, incomplete cure results in the decrease of the
strength, modulus and toughness. E-HBPSi-1 and E-HBPSi-3
don't show comprehensively improved mechanical property.
Because of the higher reactivity, HBPSi can be more easily
incorporated in the network during the early stage of cure,

Table 3 Thermal stability properties of samples with varying HBPSi-2
contents calculated from TGA curves

Sample T; (°C) Tmax (°C) Char yield (%)
Neat DGEBF 343.0 387.8 14.2
3% E-HBPSi-2 347.9 388.6 15.0
5% E-HBPSi-2 350.4 389.9 16.2
10% E-HBPSi-2 349.1 388.5 18.7
15% E-HBPSi-2 337.9 385.1 23.8

This journal is © The Royal Society of Chemistry 2018
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Table 4 Linear coefficients of thermal expansion of neat DGEBF and
hybrids

Sample 0y (x10°K ™) o (x10° K™ Aa (x10°K™)
0% E-HBPSi-2 82.34 242.05 159.71
3% E-HBPSi-2 80.41 248.15 167.74
5% E-HBPSi-2 78.08 252.90 174.82
10% E-HBPSi-2 76.85 255.78 178.93
15% E-HBPSi-2 74.36 260.64 186.28
5% E-HBPSi-1 80.67 243.92 163.25
5% E-HBPSi-3 73.02 253.51 180.49

leading to acceleration of gelation.?” As the curing reaction goes
on, the hyperbranched molecule can build up a percolation
scaffold in the early stage of cure. According to Xiaoyu Li et al.,
each hyperbranched crosslink and its immediately connecting
regions can be treated as an “effective sphere”.>* Once those
effective spheres percolate through the epoxy network, toughness
and other performance are greatly improved. However, for
HBPSi-1, M,, is too low to create enough fractional free volume,
resulting in poor toughening effect. Because of the low molecular
weight, HBPSi-1 play a role of plasticizer rather than toughener,
for which effective percolation is hard to form. Thus, neither the
strength nor the toughness of E-HBPSi-1 are improved. For
HBPSi-3, large fractional free volume derived from high molec-
ular weight endows E-HBPSi-3 with significantly improved
toughness. However, high molecular weight also results in
increased viscosity and steric hindrance, hindering the reaction
among reactants during the formation of the percolation network
and the later stage of curing. Thus, for E-HBPSi-3, incomplete
curing results in decrease of stress and modulus though tough-
ness of the system is improved. The difference in the reinforcing
effect of different HBPSi on the epoxy matrix can also be reflected
by the DMA results (Fig. S61). E; of 5% E-HBPSi-2 is higher than
that of the neat DGEBF, indicating an increased crosslinking
density. However, 5% E-HBPSi-1 and 5% E-HBPSi-3 show lower
crosslinking densities than that of the neat DGEBF, resulting in
a decreased modulus and stress. Also, T, of 5% E-HBPSi-1 and
5% E-HBPSi-3 is much lower than that of E-HBPSi-2. The high
density of aromatic ring and high functionality of HBPSi-2
contribute to the reinforcement of the modified epoxy, while
the plasticizing effect and incomplete curing in the E-HBPSi-1
and E-HBPSi-3 lead to a decreased modulus and stress.

As mentioned in the “rheology of modified system” section,
after the addition of HBPSi-2, strong hydrogen-bond interaction
exists in the curing system between hydroxyl groups in DGEBF,
phenolic and HBPSi. During the reaction, phenolic hydroxy is
consumed due to the polymerization. However, at the same
time new hydroxyl is generated because of the ring-opening of
the epoxy group. Thus, the hydroxyl content still maintains at
a high level, especially for systems with high HBPSi contents. As
shown in Fig. 4(b), in the spectrum of E-HBPSi-2 with higher
HBPSi-2 content, stronger absorption peak of hydroxyl group
shows up, indicating a high possibility of the formation of
hydrogen bonding network. For this reason, it is possible that
this hydroxyl-rich system allows for an increase in secondary
bonding and interaction.”**®* FTIR was conducted under

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 FTIR spectrums of the neat DGEBA (a) and 10% E-HBPSi-2 (b)
under ramping temperature.

ramping temperature for neat DGEBF and E-HBPSi-2. As shown
in Fig. 8, for neat DGEBF, peak shape and peak height barely
change as the temperature rises from 25 °C to 150 °C. However,
for E-HBPSi-2, significant change of hydroxyl group absorption
peak appears: peak ranging from 3350 cm ' to 3450 cm '
becomes weaker, while peak ranging from 3500 cm™' to
3700 cm™ ' becomes stronger. This result indicates that
hydrogen bonding network, which is destroyed at high
temperature, do exists in the modified system. Thus, it is
believed that in addition to the aforementioned structural
effect, the increased cohesive energy density derived from the
secondary bonding and interaction also contributes to the
increased modulus of the modified system.

Compatibility between the modifier and the matrix also has
significant effect on the mechanical property of the hybrid. In the
design of HBPSi molecular structure, EMCH was used to increase
the miscibility between the HBPSi and epoxy matrix. Tensile curves
of E-HBPSi-0 and E-HBPSi-2 with varying modifier contents are
shown in Fig. S4.7 The tensile modulus, strength and elongation at
break are all increased after incorporation of HBPSi-0, which is
similar to the effect of HBPSi-2. However, compared with E-HBPSi-
2, E-HBPSI-0 is prone to break and no maximum in the stress is
observed. By contrast, yielding is observed for E-HBPSi-2. Mean-
while, when the HBPSi-2 loading is 10%, the fracture strain
exceeds 6.5%, showing a ductile behavior, which is drastically
different from the commonly brittle behavior of neat DGEBF and
E-HBPSI-0. For HBPSI-0, large amounts of hydroxyl groups result in
strong polarity, making aggregation easy to happen. High magni-
fication SEM images of morphology of E-HBPSi-0 and E-HBPSi-2
with 10% HBPSi content are shown in Fig. S5.f Small round
spheres with diameter of about 100 nm, which are derived from
the aggregation of HBPSI-0, can be observed in fracture surfaces of
E-HBPSI-0. By contrast, no aggregations can be observed in frac-
ture surfaces of E-HBPSi-2, showing no evidence of phase separa-
tion. Higher compatibility between resin matrix and modifier
reduces the chance of aggregation and ensures the hyperbranched
molecular chains spreading well, for which defects under tensile
forces are decreased, contributing to the overall improvement of
the mechanical property.

Conclusions

A series of hyperbranched polysiloxane (HBPSi) are synthesized
and used for modification of the epoxy—phenolic network. The
addition of HBPSi-2, which has medium M,, can significantly
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decrease the viscosity and increase the shear thinning effect of
the epoxy-phenolic mixture because of HBPSi's low intrinsic
viscosity and the hydrogen bonding network in the modified
mixture. After curing, for the hybrid with moderate content of
HBPSi-2, the crosslinking density and the homogeneity of the
crosslinking network show simultaneous increase. Mechanical
tests show that HBPSi-2 can simultaneously improve the
toughness and strength of the epoxy matrix: with 10% HBPSi-2,
tensile modulus and maximum strength of the hybrid are
increased by 11.4% and 36.2%, respectively, while elongation at
break and impact strength are increased by 153.8% and 186.7%,
respectively. However, for HBPSi-1 or HBPSi-3, which has rela-
tive low or high molecular weight, respectively, fails to
comprehensively enhance resin's mechanical performance.
Through dynamic mechanical analysis, thermomechanical
analysis and FTIR, it is found that the higher free volume
contributes to the improved toughness, while the higher
strength and modulus are derived from the combined effects of
the crosslinking density, network rigidity and cohesive density.
The addition of HBPSi also significantly increases the char yield
of the material and decreases the thermal weight loss rate,
indicating an improved thermal stability. These findings may
provide a new strategy for comprehensive improvement of
epoxy-phenolic network.
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