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Abstract. The tensile and thermo-mechanical properties, as well as the fracture mechanical behavior of a high strength
epoxy/amine system modified with particulates of a block copolymer (BCP), a core shell rubber (CSR) and a mixture of
them, were investigated at 23 °C. The results show that the fracture energy was increased by more than 700% with a filler
content of 12 wt% BCP and by more than 600% with a filler content of 12 wt% CSR particles. The content of BCP and CSR
particles influences the final morphology and, thus, also the tensile properties, fracture toughness and thermo-mechanical
behavior of the modified systems. The toughening mechanisms induced by the BCP and CSR particles were identified as
(a) localized plastic shear yielding around the particles and (b) cavitation of the particles followed by plastic void growth of
the epoxy polymer. The fracture toughness and fracture energy were co-related to the plastic zone size for all systems mod-
ified. These mechanisms were modeled using the Hsieh et al. [45] approach which also allows calculating the values of Gy,
of the differently modified polymers. Excellent agreement was found between the predictions and the experimentally meas-
ured fracture energies.

Keywords: nanocomposites, thermosetting resin, mechanical properties

1. Introduction approaches were followed by researchers to toughen
Epoxies are commonly used as a matrix in a wide  brittle epoxy-based systems e.g. the use of chemical
range of aerospace applications, electronics, and var-  modifications that involve chain extenders or plasti-
ious diverse industrial applications. Their excellent  cizers. The second most common method is intro-
electrical and chemical properties, high strength, low  duction of a second phase i.e. liquid rubber. The dif-
shrinkage, and low absorption of moisture make ferent types of rubber modifiers that have been in
them the most used matrix system. Besides incredi-  practice so far are a carboxyl-terminated copolymer
ble mechanical and thermal properties, the highly  of butadiene and acrylonitrile (CTBN) [2] or an
crosslinked [1] microstructure makes, however, an  amine-terminated copolymer of butadiene and acry-
unmodified epoxy system brittle, resulting also in  lonitrile (ATBN) [3]. Rezaifard ef al. [4] have used
poor resistance to crack initiation and propagation.  poly(methyl methacrylate) (PMMA) grafted natural
As a consequence, epoxies must usually be tough-  rubber instead of CTBN for toughening of epoxy, re-
ened by the addition of a second component. Various  sulting in an improved adhesive joint failure strength
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by controlling the resin solubility parameter. The ad-
dition of thermoplastics to epoxy has been reported
by several researchers, and this approach is recog-
nized as an alternative to rubber toughening to im-
prove the toughness of brittle epoxy networks. Ther-
moplastics such as poly(phenylene oxide) (PPO) [5],
poly(ether imide) (PEI) [6], poly(ether ether ketone)
(PEEK) [7] and poly(ether sulphone) (PES) [8] were
added to epoxies in order to tailor the fracture prop-
erties of the whole system without reducing the glass
transition temperature. Thermoplastics were either
dispersed in the epoxy by reaction-induced phase
separation [9, 10] or by the suspension of pre-formed
particles. Studies show that morphologies of these
systems have a direct influence on the properties of
the modified systems [11]. While in some cases, sat-
isfactory results have been achieved, in other cases
the thermoplastic toughening agents did not bring
significant improvement in fracture toughness, and
in some cases even a decrease due to poor filler-ma-
trix adhesion [12]. Further, epoxy-thermoplastic sys-
tems are also associated with processing problems,
which is due to poor compatibility between the un-
cured epoxy resin and the thermoplastic toughening
phase [13]. The pre-formed elastomeric particles also
belong to the category of rubber-modified epoxies,
in which the particles are formed by a rubber core sur-
rounded by a thin glassy shell, not allowing the rub-
ber particles to agglomerate. They are also called
core-shell rubber particles (CSR). Poly-butadiene,
poly-butyl (acrylate), poly-styrene butadiene or poly-
siloxane are used for the core material and PMMA
as the commonly used shell material. Giannakopou-
los et al. [14] have modified epoxy resin by the ad-
dition of pre-formed core-shell rubber particles of a
size of 100 to 300 nm in diameter, whereby the glass
transition temperature 7, of the epoxy used remained
unchanged even after curing; however a significant
decrease in Young’s modulus and tensile strength
took place. The fracture energy was also increased
from 77 to 840 J/m? for the epoxy with 15 wt% of
the 100 nm diameter CSR particles.

Block copolymers (BCP) have gained importance as
the latest type of rubbery modifiers used for tough-
ening epoxy polymers. Barsotti [15] compared the
fracture toughness improvement ability of block
copolymer and CTBN in the same epoxy system but
using another block copolymer poly(methyl methacry-
late)-b-poly(butyl acrylate)-b-poly(methyl methacry-
late) (MAM). They reported that, for the same wt%

loading, MAM modified epoxies have a significantly
higher fracture toughness than the CTBN modified
epoxies. They also stated that a dicyandiamide
(DICY) cured DGEBA epoxy, 5 wt% MAM modi-
fier gave a value of Ki. = 1.64 MPa-m'? while a
value of K. = 1.32 MPa-m"? was measured for a
5 wt% CTBN modifier. Pearson ef al. [16] compared
the fracture toughness improvement ability of SBM
block copolymer, core-shell rubber particles and
CTBN rubber on lightly cross-linked piperidine cured
epoxy. These researchers found that the SBM block
copolymers could continuously toughen the epoxies
up to 25 wt% of the SBM, while a plateau or a peak
of fracture toughness was observed at about 10 wt%
for the core-shell rubber particle or CTBN modified
epoxies. More importantly, the maximum value of
K for the SBM modified epoxies was reported to
nearly approach 5 MPa-m'?, while the core-shell rub-
ber particle or CTBN modified epoxies reached a
plateau or maximum at about 3 MPa-m"2. The results
from the previous studies have demonstrated that
block copolymer toughening has the potential to pro-
vide a higher toughness improvement compared to
traditional homopolymers and random copolymer
toughening agents. But the main problem involved in
the addition of BCP is that they can reduce all other
properties like elastic modulus, tensile strength, and
T, [17,18].

Adding rigid particles can improve the strength and
modulus of epoxy nanocomposites while increasing
also its fracture toughness, and without decreasing
the glass transition temperature. Many authors have
studied the use of rigid particles such as titanium
dioxide (TiO,) [19], alumina (Al,O3) [20], silica
(Si0,) [21] and glass [22]. Though the rubber tough-
ened epoxy system gained prominence for the im-
provement of the impact properties of cured epoxy,
there is a significant decrease in the modulus and
thermal stability of the materials an and increasing
tendency to absorb water with an adjacent loss of
properties at elevated temperatures. So, the search
for alternative toughening methods led to discover a
new method using two different types of fillers si-
multaneously. While one will increase the fracture
toughness, the other may increase at the same time
the modulus and glass transition temperature or at
least hinder them from decreasing. Such a type of
approach is known as hybrid toughening, and this
was first adapted by Maxwell et al. [23] who tried
to restore the lost stiffness caused by the application
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of rubber modification. Since then, several re-
searchers have started examining many combina-
tions of different sized particles for hybrid toughen-
ing. The following systems were examined by
different researchers, e.g. SiO, and CSR [24, 25],
BCP, and TiO; nanoparticles [19] and CTBN-rubber
and CNT [26, 27]. However, no synergies were ob-
served in the case of BCP-CNT hybrids [28]. Recently
some researchers reported hybrid toughening of BCP
and CSR nanoparticles [29, 30].

In the present work block co-polymer and core-shell
rubber particles with a stiff core were used to tough-
en a high strength amine cured epoxy system. The
mechanical properties and fracture energies of BCP,
CSR and BCP/CSR hybrid toughened epoxy sys-
tems were quantified. Also, the thermal-mechanical
behavior and structure-property relationship of the
modified epoxy systems were determined. Further,
the toughening mechanisms involved were identi-
fied, and existing analytical models were used to pre-
dict the elastic modulus and fracture energy.

2. Materials

In the present work, EPON™ Resin 862 (), the digly-
cidyl ether of bisphenol F, was used [31], having an
epoxy equivalent weight (EEW) of 169 g-eq”' sup-
plied by Hexion Inc. It was mixed with LME10169
developmental epoxy resin supplied by Huntsman
Corporation, having an EEW of 250 g-eq!, is a di-
functional epoxy resin, with a bulky backbone show-
ing structural rigidity with high aromatic content [32].
The mixing ratio of EP and LME10169 amounted to
93:7 and can be considered as the base matrix (MEP).
The curing agent, Ethacure100 (H) was an aromatic
amine-based curing agent which contains 3,5-diethyl-
toluene-2,4-diamine (75-81%) and 3,5-diethyl-
toluene-2,6-diamine (18-24%) was supplied by Albe-
marle GmbH, Germany.

A poly[(methyl)methacrylate-co-polar comonomer]
-b-poly(butyl acrylate) MAM functional block
copolymer (trade name D51N) supplied as powder by
Arkema, France, was used as the toughening agent.
The CSR nanoparticles used in this work were Kane
Ace MX170 supplied by Kaneka, Belgium. The ma-
terial was supplied in the form of a masterbatch with
a 25 wt% concentrate of core-shell rubber toughen-
ing agent in unmodified liquid epoxy resin based on
bisphenol A. The specific gravity amounted to
1.1 g/cm? and the nominal viscosity @ 50°C was
12000 mPa-s [33].
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Before completing the final MEP/BCP-systems, a
BCP-masterbatch with a concentration of 25 wt%
was prepared. The corresponding amount of modi-
fier was added to the resin and mixed with a dis-
solver aggregate (Dispermat, VMA Getzmann
GmbH), then heated up to 100 °C until a homoge-
nous solution was reached and optical transparency
observed. For curing the MEP/BCP samples, the
BCP-masterbatch was diluted with neat resin at
50°C to the targeted concentration, and then a stoi-
chiometric amount of curing agent was added. This
mixture was stirred for 20 min. Finally, the reactive
system was cast into glass molds, which were coated
with a PAT-607/FB (E. und P. Wiirtz GmbH & Co
KG, Germany) release agent. The samples were then
cured using a three-step curing cycle: (1) 80°C for
4 h, (2) 105°C for 4 h, and (3) 120°C for 18 h. The
CSR-systems were manufactured in the same way as
the block copolymer systems. For preparing the hy-
brids, an appropriate amount of CSR-masterbatch
and BCP-masterbatch was added to the neat resin
and then stirred at 60 °C for 30 min to ensure a ho-
mogenous mixture of the components. After the sys-
tem was cooled down to 50°C, a stoichiometric
amount of curing agent was added. Series of three
types of systems were prepared accordingly: (1) the
BCP toughened systems, with varying concentra-
tions between 2 and 12 wt%, (2) the CSR modified
systems with varying concentrations between 2 and
12 wt%, and (3) hybridized systems thereof, con-
taining equal wt% of BCP/CSR (1/1, 2/2 and 3/3).

3. Experimental methods

A Mettler-Toledo system DSC1 STAR® was used to
determine the thermal quantities. Firstly, the cured
sample material was weighed (~7—13 mg) and placed
in a crucible, sealed with lids with the help of a cru-
cible sealing press. In the first cycle, the sample was
heated from room temperature up to 200°C and
cooled down to room temperature and again heated
to 200 °C with a heating rate of 10 °C/min. In the pres-
ent study, the storage moduli, the loss moduli, and
the tan o values of all the bulk samples were meas-
ured by dynamic mechanical thermal analysis. A
Q800 V7.5 Build 127 DMTA machine from TA In-
struments, operating in 3-point bending mode at
1 Hz, was used to characterize specimens of
60 mmx>10 mmx4 mm in size. The glass transition
temperature 7, of the bulk epoxy samples was de-
termined by the peak value of tan 6. The temperature
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range was set from —120 to 200 °C with a heating rate
of 2°C/min. Plane strain compression (PSC) tests
were conducted to determine the yield stress and fail-
ure strain according to standard DIN EN ISO 604.
The tests were performed on a universal testing ma-
chine (Zwick 1474, Zwick Roell AG, Ulm, Germany)
in compression configuration with a constant strain
rate of 2 mm/min and a temperature of 23 °C. Before
testing, the samples were cut with a microtome to en-
sure parallel and smooth surfaces. Tensile tests were
conducted at 23 °C on a universal testing machine
(Zwick 1474, Zwick Roell AG, Ulm, Germany) in a
tensile configuration according to standard DIN EN
ISO 527-2, using dog-bone shaped (ISO 572-2 type
1B) samples. The testing speed was chosen to be
2 mm/min, whereby a 10 kN load cell and a precision
sensor-arm extensometer for determining the speci-
men strain were used. The plane strain fracture tough-
ness (K.) of the materials was measured experimen-
tally in a universal testing machine (Zwick 1474,
Zwick Roell AG, Ulm, Germany) at 23 °C by using
compact tension (Figure 1) samples under tensile
loading conditions (according to the standard ISO
13586) and at a strain rate of 0.2 mm/min. The thick-
ness B and the width ¥ of the specimens were chosen
to be 6 and 36 mm, respectively. Before testing, a
notch was machined and then sharpened by tapping
a fresh razor blade [34] into the material, so that a
sharp crack was initiated with a length @ (0.45W <
ap < 0.55W). The fracture toughness K|, was then cal-
culated by Equation (1), where F' is the maximum
force observed in the load-displacement curve and ao
is the initial crack length for calculating o = ao/W and
flag/W) as shown in Equations (1) and (2) [17]:

a 2+
f(WO) = flo) = m(o,sw + 4,640 — 13,320% + 14,720° — 5,600.)

Load F t

Machined notch @ i . E.
A . . Crack tip g
%/ S
. j =)
' ‘-\_\_‘ g
‘ Direction of crack n
] propagation E
. W=

Load F ‘

Figure 1. Compact tension sample geometry used for frac-
ture toughness measurement.

The knowledge of the critical stress intensity factor
K., the elastic modulus E; and Poisson’s ratio v
(~0.35) [18] allows calculating the critical energy re-
lease rate G, defined in Equation (3):

_ke(1-v?)

Gie=—"F 3)

The fractured surfaces of the CT tested nanocompos-
ites were studied with the help of a field emission
scanning electron microscope (SEM SUPRA™ 40
VP, Carl Zeiss NTS GmbH, Oberkochen, Germany).
Before scanning, the surfaces of the samples were
sputtered with a thin layer of gold and platinum for
70 sec using a sputtering device (SCD-050, Oerlikon
Balzers, Bingen, Germany). A white light profilome-
ter (FRT MicroProf, FRT GmbH, Bergisch Glad-
bach, Germany) was employed to measure the sur-
face roughness of fractured compact tension samples
in non-contact mode. It has a lateral resolution of
1 um, the vertical resolution of 3 nm, x/y scan range:
100 mmx100 mm, and z-scan range: 3 mm.

2

Table 1. Glass transition temperature, 7, of amine cured unmodified epoxy system and amine cured epoxy system modified

with BCP and CSR.
System Tg[oléS]C T [[:glll 8] System Tg[ O%S]C Ty [[:2111 ol System Tg[ ODCS]C Ty [[:2;]1 3l
MEP H 134 139 MEP _2CSR 136 n/a MEP_12BCP 134 138
MEP_2BCP 134 n/a MEP _4CSR 136 146 MEP_2BCP_2CSR 135 138
MEP 4BCP 135 140 MEP 6CSR 134 n/a MEP 1BCP_1CSR 136 146
MEP_6BCP 136 n/a MEP 8CSR 140 146 MEP _3BCP _3CSR 138 146
MEP §BCP 136 138 MEP_10CSR 138 n/a
MEP_10BCP 136 n/a MEP_12CSR 143 146
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4. Results and discussion
4.1. Glass transition and viscoelastic
properties

The glass transition temperature 7, of amine-cured
unmodified and BCP, CSR, and hybrid modified sys-
tems were measured with the help DSC and DMTA
techniques. The results were tabulated as shown in
Table 1. It was observed that for the MEP system, the
T, was measured as 134 °C by DSC. The addition of
block copolymers does not influence the T, of the
modified systems which was confirmed by other re-
searchers as well [35-37]. The main a relaxation
was found at around 139 °C (Figures 2a, 2b), which

11— . . . : —
—— MEP T ~139°C #
- — -MEP_4BCP
—-— MEP_8BCP
---— MEP_12BCP

=]
§ 017
0.01
a) Temperature [°C]
1 T T T -
—— MEP T ~139°C A¢ 146°C
- — -MEP_4CSR “ [
—-— MEP_8CSR -l
---— MEP_12CSR .
a
& i
= g i
8 011 1. [f:;
' § '
: o Jh
] L Al (.
] ' | g
i 1 1)
: i 1)
0.01 T — T T Ly by
-100 -50 0 50 100 150 200
c) Temperature [°C]
1 T T T T T v
—— MEP o gt 146°C
- — - MEP_1BCP_1CSR 139°C £\
—-— MEP_2BCP_2CSR e
---— MEP_3BCP_3CSR 1t
A
Ak
1
] i
[ =4
8 i
' Vi
L Vo
8 1
0.01 - . ; ‘ i
-100 -50 0 50 100 150 200
e) Temperature [°C]

was associated with the glass transition temperature
of the epoxy-rich phase, where larger segments of
the polymer become mobile. A B-transition peak (7})
was observed at —66 °C. The B relaxation of epoxy
results from molecular motions of the epoxy net-
work. The addition of BCP was found to have no ef-
fect on the B relaxation of the epoxy, however, for
all the modified systems a dip is observed in the
B-transition peak because of the plasticization effect
caused by the PbuA blocks incorporation in the epoxy.
Small shoulders (at 64 °C) were observed next to the
main o relaxation of the epoxies on the tand curves
of the BCP modified epoxies, but a similar shoulder

10000 7— T T T T T
1000 5 E
T
o
=3
W
100 5 3
—— MEP :
- — - MEP_4BCP !
—-—- MEP_8BCP e |
104 ----- MEPT12BCP ' 1
-100 50 0 50 100 150 200
b) Temperature [°C]

— MEP
- — - MEP_4CSR AN
—-=— MEP_8CSR ), -
104 —--— MEP_12CSR o J
-100 -50 0 50 100 150 200
d) Temperature [°C]
10000
1000 1 L
o
o
=
Y 100 ;
—— MEP \
- = - MEP_1BCP_1CSR :
—-—+ MEP_2BCP_2CSR
o ===== MEP_3BCP_3CSR r
-100 -50 0 50 100 150 200
f) Temperature [°C]

Figure 2. Graphs showing damping factor (tan §) and storage modulus (£') with respect to temperature, for different modified
epoxy systems. (a, b) MEP_BCP system, (c, d) MEP_CSR system and (e, f) MEP_BCP_CSR system.
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was not observed in the tand curve of the unmodified
epoxy. These shoulders may be representing presence
of some random block copolymer or may be caused
by the combination of PbuA and PMMA blocks. A
micro-phase separation was also observed for all
compositions modified with CSR nanoparticles. This
was evident from the small shoulders at 94 °C which
represent the glass transition temperature of the core
present in the CSR particle, see Figures 2c, 2d. The
peak’s height does not change considerably with the
incorporation of CSR particles, which explains that
the damping factor remains almost the same for all
wt% of CSR, however a shift in the peak was ob-
served towards higher temperature, which indicates
a rise in the glass transition temperature due to the
addition of bisphenol-A resin from the CSR master-
batch. For hybrid nanocomposites, the stiff CSR par-
ticles suppress the microphase separation of block
copolymers, providing lower and broader peaks of
the tan 6 curve as compared to the epoxy/CSR and
epoxy/ BCP modified systems for the same compo-
sition alone (Figures 2e¢, 2f).

4.2. Compressive properties

The addition of BCP and CSR particles reduces the
compressive true yield stress due to the soft nature
of the modifiers. The representative compressive
true stress-strain curves of the unmodified and the
modified epoxy systems with different wt% of mod-
ifiers are shown in Figure 3. The compressive mod-
ulus of the unmodified epoxy system was measured
as 2020 MPa which was lower than its tensile mod-
ulus due to the frictional effects and compliance cor-
rections from the plane compression test [38]. Three
different stages of deformation were observed on the
representative true stress-strain curve obtained from
PSC. An initial linear elastic region up to the yield

350
g 74
g 3001 ) _ Strain hardening /1
=, Strain softening region /
£ i f
£ 2501 region 4’
& \_ d
i - /"
£ 200 \ Y
g 150+ ==
£ =
[&] el
100 A — MEP
— MEP_4BCP
50 - — MEP_8BCP
-- MEP_12BCP
0 T T T T T
0 10 20 30 40 50 60
a) Comp. strain [%]

point was followed by a strain-softening region where
the stress nearly remains on a plateau with increasing
strain. The latter can be also considered as a neces-
sary phenomenon for localized shear banding [39].
Further increasing the strain results in strain harden-
ing where stress increases swiftly until the material
breaks. In BCP modified systems, on the one hand,
the yield stress and the strain-softening becomes flat-
ter with increasing BCP wt%. To support this theory,
researchers [35, 40] performed cross-polarized im-
ages of the cross-section of PSC test samples that
were loaded up to their strain-softening limit. The
CSR modified epoxies, on the other hand, showed
very slight changes in strain-softening and shear
yielding behavior (Figure 3b). The fracture strengths
of the modified systems did not show any clear trend
with increasing BCP or CSR concentration because
fracture was highly sensitive to defects present with-
in and on the surface of the samples [40].

4.3. Tensile properties

The tensile properties such as tensile strength oy,
strain g, and elastic modulus £; measured at 23 °C
were tabulated in Table 2. For the unmodified epoxy
system, the modulus amounted to 3230 MPa, and the
tensile strength was 95.0 MPa. Later, with the addi-
tion of block copolymers to the epoxy, the modulus
and tensile strength were decreased with an increase
in particle content. This was because of the presence
of soft blocks in the block copolymer (Epsin=
245 MPa, 6, = 7 MPa). Due to this, BCP’s plasticize
the whole network leading to a decrease in modulus
and strength at relative higher wt%. Later, with the
addition of CSR to the epoxy, modulus and tensile
strength also decreased with an increase in particle
content, but this decrease was not as pronounced as
for BCP’s. It clearly indicates that the rubber core of

350
E 300 1
= ) Strain hardening o
= | Strain softening region 7
'é-, 250 region
e .
£ 200
£ 1501
=]
(6]
1009 _ MEP
~ MEP_4CSR
50
—. MEP_12CSR
0 T T T T T
0 10 20 30 40 50 60
b) Comp. strain [%]

Figure 3. Compressive true stress vs. strain diagram of the unmodified and modified epoxy systems at different wt% (a) BCP

modified, (b) CSR modified.
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Table 2. Tensile properties amine cured unmodified epoxy system and amine cured epoxy system modified with different

modifiers at 23 °C.
Systems [Nﬁt’a] [N(ITlTa] [ﬁ/";] [MPI:f;nm] [kJG/i:ﬁ]
EP 2950 (£75.8) 84.0 (x0.7) 6.3 (+0.2) 0.57 (+0.04) 0.10 (20.03)
MEP 3230 (=18.7) 95.0 (£0.4) 7.0 (£0.1) 0.55 (0.08) 0.08 (+0.03)
MEP_ 2BCP 3120 (£28.1) 90.1 (£0.3) 6.8(£0.2) 0.85 (£0.05) 0.20 (+0.02)
MEP_4BCP 3020 (£24.1) 85.2 (+0.6) 6.6 (£0.3) 1.09 (£0.06) 0.36 (0.04)
MEP_6BCP 2920 (£33.0) 82.2 (20.5) 6.6 (+0.2) 111 (£0.02) 0.38 (20.05)
MEP $BCP 2870 (+29.4) 82.0 (+0.4) 6.4 (+0.4) 1.36 (£0.05) 0.56 (+0.04)
MEP_10BCP 2855 (+38.2) 81.0 (£0.9) 6.4 (£0.3) 1.41 (+0.02) 0.61 (x0.05)
MEP_12BCP 2720 (+40.5) 80.0 (+0.6) 6.3 (£0.3) 1.43 (20.07) 0.64 (+0.08)
MEP_2CSR 3190 (£12.0) 92.1 (+0.3) 6.8 (x0.1) 0.84 (+0.08) 0.19 (+0.04)
MEP 4 CSR 3150 (£14.4) 90.3 (20.8) 6.8 (+0.3) 1.05 (£0.05) 0.30 (20.02)
MEP 6 CSR 3110 (+27.8) 86.0 (=0.5) 6.8 (+0.1) 1.19 (£0.06) 0.41 (x0.04)
MEP 8 CSR 3090 (+40.5) 86. 0(+0.5) 6.8 (£0.1) 1.29 (+0.05) 0.48 (+0.05)
MEP_10CSR 3050 (+£57.0) 85.0 (+1.9) 6.6 (£0.3) 1.40 (£0.05) 0.55 (0.04)
MEP_12CSR 3020 (£34.6) 84.0 (£0.5) 6.5 (£0.3) 1.43 (20.07) 0.57 (+0.05)
MEP_IBCP_ICSR 3100 (£58.2) 913 (£1.5) 6.7 (+0.3) 1.01 (£0.01) 0.29 (20.01)
MEP 2BCP 2CSR 3050 (+61.0) 89.0 (=1.3) 6.4 (+0.2) 1.15 (£0.03) 039 (20.02)
MEP 3BCP 3CSR 2920 (£7.21) 84.4 (+0.6) 6.0 (£0.4) 131 (£0.05) 0.52 (0.04)

CSR was stiffer than that of conventional CSR’s.
Moreover, this was supported by the CSR (MX170)
TDS, which claims to maintain the flexural modulus
even at higher loadings [33]. For the addition of
2 wt% of the particle content, the values were ob-
served to be 3190 and 92.1 MPa, respectively. Then,
they decreased further with higher wt%, until for
12 wt%, modulus and strength reached 3020 and
84 MPa only. This trend was due to the presence of
the rubber particles which were having relatively
lower modulus when compared to the unmodified
epoxy system. Later, with the addition of 3 wt% of
each BCP’s and CSR particles to the epoxy, modu-
lus, and tensile strength at 23 °C were reduced to
2920 and 84.4 MPa, respectively.

4.4. Fracture properties

The fracture toughness, K., and fracture energy, Gy,
values of the amine cured unmodified epoxy system,
and BCP modified epoxy systems are listed in
Table 2. The fracture toughness and fracture energy
of the unmodified epoxy were determined as
0.55 MPa-m'? and 0.08 kJ/m?, respectively. By the
addition of block copolymers, these properties in-
creased gradually to 1.43 MPa-m'2 and 0.64 kJ/m?
(e.g. for 12 wt% BCP). This corresponds to an in-
crease of 160 and 700%, respectively, compared to
the unmodified epoxy. It is in line with fracture tough-
ness values reported in the product technical data

sheet [41]. The gains in the values of Gy, and K. by
the addition of the BCP were found to be almost lin-
ear. By the addition of CSR particles, these properties
were also linearly increased to 1.43 MPa-m'? and
0.57 kJ/m? (for 12 wt% CSR), which is a very similar
improvement as for BCP. By a simultaneous addition
of BCP’s and CSR particles, the properties were in-
creased gradually to 1.01 MPa-m'"? and 0.29 kJ/m?
(for 2 wt% of each of the two particles). By a simul-
taneous addition of 6 wt% of the two, the properties
further increased to 1.31 MPa-m!? and 0.52 kJ/m?.
These were about 138 and 550% increments in the
toughness and energy values when compared to the
unmodified epoxy system.

4.5. Toughening mechanisms

The morphologies of the BCP and CSR modified
epoxy systems were observed using AFM. Spherical
micelles were observed on the surface of BCP mod-
ified systems, whereas uniformly distributed CSR
particles were seen in the epoxy matrix for CSR
modified systems as shown in Figure 4. Comprehen-
sive fractographic studies were performed on the
broken surfaces by using scanning electron mi-
croscopy (SEM). It was expected to find reasons es-
pecially for the improvement of fracture toughness
and the bonding quality between the epoxy matrix
and the filler material. Several mechanisms were
identified that were responsible for the increase in
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MEP_4BCP

Spherical micelles

0 250pum 0 2.50 um
a) Height image b) Phase image
MEP_4CSR  ~@' .

", %

c) Height image d) Phase image

Figure 4. AFM height and phase images of MEP_4BCP and MEP_4CSR systems. (a) AFM height image of MEP_4BCP
system, (b) AFM phase image MEP_4BCP system, (c) AFM height image of MEP_4CSR system, (d) AFM phase
image of MEP_4CSR system

fracture toughness and they will be discussed in the  of unmodified brittle epoxies due to the absence of
following sections accordingly. any filler materials that promote plastic deformation
The fractured surface of the amine cured unmodified  or other effects. The addition of BCP increased the
epoxy appeared to be smooth, without any traces of  fracture surface roughness, which was composed of
plastic deformation. This is usually seen in all types  river lines and sites of matrix tearing, indicating en-

EP

c) d)

Figure 5. SEM micrographs of the fracture surface of the unmodified and BCP modified amine cured epoxy, taken in the
vicinity of the tip of the pre-crack at 23 °C. The white arrow indicates the direction of crack propagation. (a) EP,
(b) EP_4BCP, (c) EP_8BCP and (d) EP_12BCP.
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Figure 6. SEM micrographs of the fracture surface of the unmodified and CSR modified amine cured epoxy, taken in the
vicinity of the tip of the pre-crack at 23 °C. The white arrow indicates the direction of crack propagation. (a) EP,

(b) EP_ 4CSR, (c) EP_6CSR and (d) EP_ 12CSR

hanced plastic deformation. This can be observed for
the 4, 8, and 12 wt% BCP samples in Figure 5. Fig-
ure 5b shows that the fracture surface of BCP modi-
fied systems was already rough at the nanometer
scale, with many small nodule-like protrusions. It
should be noted that the cavities and nodule like pro-
trusions were not artifacts of the sputtering process
used prior to the SEM imaging because they were not
observed on the coated unmodified epoxy, and the
presence of the nano-cavities and protrusions was in-
dependent of the coating material used. Furthermore,
small-scale matrix tearing was observed on the frac-
ture surfaces of the BCP modified epoxies for all con-
centrations of BCP’s. These features indicate the en-
hanced plastic deformation of the epoxies.

Based on the SEM images of the fracture surfaces de-
scribed above, certain toughening mechanisms in-
volved in the BCP modified amine cured epoxies with
different morphologies can be proposed. The filler
particles can induce shear yielding in the matrix by
building up a change in the stress state. This may re-
sult in the formation of nano-voids, nano-cavities and
debonding effects in the process zone at the crack tip
vicinity [42]. For the BCP modified epoxy, the tough-
ening mechanisms were the cavitation of the latter
and the plastic deformation of the epoxy. With the ad-
dition of CSR particles, the roughness of the surface
was also increased, indicating that plastic deforma-
tion of the matrix occurred. At higher magnifica-
tions, the fractured surface of the CT specimens
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showed cavitation of rubber particles, followed by
void formation see Figure 6b—6d. The average diam-
eter of the rubber particles was measured to be in the
range of 100 to 150 nm. A little increase in the diam-
eters was observed for the voids formed by the cav-
itation of the particles. This means that plastic void
growth took place around the particles during the de-
formation process.

From the micrographs, it can also be noted that the
dispersion of the particles was uniform, meaning that
only hardly any agglomerates were observed. Again,
the major toughening mechanisms were cavitation
of rubber particles, followed by void formation and
shear yielding of the matrix see Figure 7.

4.6. Plastic zone size

The plain strain dimension of the plastic zone size
can be quantified by Irwin’s model, using Equa-
tion (4) [29] and assuming that the zone was circular
and the crack occurs in the matrix. K| is the fracture
toughness and oy is the tensile true yield stress of the
bulk polymer. In this way, a plastic zone radius of
2.13 pm could be calculated for the MEP_H system
using Equation (4), while a maximum plastic zone
size of 17 pm was determined for the MEP _12BCP.
All other modified systems had a plastic zone size
between these two extremes:

&

Oy

1
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3BCP_3CSR

a)

Figure 7. (a) SEM micrographs of the fracture surface. (b) The fracture surface of MEP_3BCP_3CSR system showing the
crack arrest region associated with plastic zone size r,. White arrows are representing the crack propagation direction.

Table 3. Plastic zone size values (measured and predicted)

The plastic zone was considerably larger than the ra-
and surface roughness values of fractured samples.

dius of the BCP or CSR nanoparticles (Figure 8b).

Therefore, these particles lie within the plastic zone . PZS PZS Surface
. . Series measured predicted | roughness
and favor matrix toughening by events such as cav- [um] e (um]
itation, plastic void growth (for BCP), crack pinning, |MEP_H X 2.13 0.158
and crack deflection, compelling the material to dis-  |MEP_2BCP 2.90 3.10 0.169
sipate more energy before failure. The plastic zone  |MEP_4BCP 4.12 4.72 0.182
size radius from Irwin’s model prediction and exper-  |MEP_6BCP 7.20 8.70 0.195
imental measurement are listed in Table 3 along with ~ |[MEP_8BCP 8.51 9.70 0.210
surface roughness values of fractured samples. It can | MEP_10BCP 11.24 14.60 0218
be observed that Irwin’s model over predicted the ra- | MEP_12BCP 12.56 16.10 0.240
dius which was also supported by other researchers MEP_2CSR 325 442 0-172
MEP_4CSR . 2 1
[29. 43, 44]. _622 2 zg 12 zg g 1?2
. L MEP_6CSR . . .
The reason for this over-prediction is due to the fact =
-, . . MEP_8CSR 8.50 12.10 0.225
that Irwin’s model assumes that only shear yielding
the def d hanism is dominant in th MEP_10CSR 11.67 14.40 0.230
as the deformation mechanism is dominant in the  Ge>=p o 54 540 045
processing zone. Figure 8a shows different modi- 5 1BCP 1CSR 310 530 0175
fied systems and reference systems. In the first step | yigp 25cp 20SR 560 2,90 0185
the strength of reference bis-F based epoxy system  [\ep 3pcp 3CSR 750 12.80 0220
8 74 T T . - 2.0 ——— 1.00
] *MEP_BCP ! ] * MEP
71 & 28CPe . ! Toughness modification s 2BCP
64 = 4BCP a Y¢ wmm—e_ - . 438;
¢ o] °6BcP & B ] 154 . S50F a L0.75
o ot My < 10BCP i £14
o 41 =128CP - g A % 1] F v 12BCP i LRI { i
= 34 © 2CsR = a4 v E b 3 2 ) O 1 3
= = 4CSR . MEP d 1.0 = 1k F0.50 =
® 2{ = 6CSR & ® 1 &2 |—o} Lo 2csR ©
© o 8CSR bt 2 I g I & 4CSv
@ 11 <10CSR X . i o = = 6CSR
2 o] e©12csRr T A s ¥ = 8CSR
8 A 1BCP_ 1CSR | Teee__ . - 0.5 = o < 10CSR -0.25
i -1] a 2BCP2CSR : B « 12CSR
4 3BCP_3CSR Strength modification . 7 » 1BCP_1CSR
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a) Tensile strength, 6, /0 .., b) r, lum]

Figure 8. (a) Graph showing the relation between the normalized fracture energy and normalized tensile strength for different
modified systems in comparison to the EP system. (b) Fracture toughness and critical energy release rate of different
toughened epoxy systems as a function of plastic zone radius ().
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is increased to ~15% by adding 7wt% of LME10169.
Later toughness modifiers were incorporated in the
modified reference system resulting in an increase in
fracture energy with a decline in tensile strength of
the system. But when compared with ref. bis-F sys-
tem a few materials still possess superior tensile, frac-
ture mechanical and thermo-mechanical properties.

5. Modeling studies

5.1. Rubber particle toughening

The toughening effects due to the mechanisms men-
tioned above can be estimated by using an analytical
model developed by Hsieh et al. [45], based on a pre-
vious Huang and Kinloch model [46, 47]. This model
was used by several researchers [14, 35, 40] and re-
sults revealed that this analytical model could accu-
rately predict the fracture energy of particle modified
epoxies with toughening mechanisms of void growth
and shear band yielding.

Huang et al. [46] proposed that the toughening in-
crement of fracture energy can be written as shown
in Equation (5):

Gcm = GCU + lP (5)

where G, is the fracture energy of the unmodified
epoxy polymer and ¥ represents the overall tough-
ening contribution provided by the presence of the
particulate phase. The model directly addressed the
toughening mechanisms observed from the experi-
mental observations and assumed that the mecha-
nisms are mutually exclusive to each other. The
overall toughening contribution was divided into
the relative toughening contributions, see Equa-
tion (6):

Yip = AG,+ AG, (6)

(i) Localized shear band yielding, AGs, (ii) plastic
void growth of the epoxy polymer, AG,. The fracture
energy contribution from plastic shear band yielding,
AGg initiated by the particles is referred to the size of
the plastic zone from [45] as shown in Equation (7):

AGs = O'Spro-ycu'quF,(r)’) (7)

where V%, is the particle volume fraction, oy, is the
plane strain compressive true yield stress, v, is the
fracture strain for the unmodified epoxy, and F'(ry)
is given by Equation (8):

3/2

F/(rY> = ry

1/3 3
An ) o n) _40(nh ) h(7 B, k) 16
3V r 35\n n\5 r 3 3
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where 7, is the particle radius, 7y is the increased
plastic zone size due to the stress concentrations in
the epoxy matrix. It is defined by Equation (9):

2
M
=Ko (1 + 317) o ©)

where K., 1s the maximum stress concentration for
the von Mises stresses around the particle and p, is
a material constant that allows for the pressure-de-
pendency of the yield stress. The value of py, is a ma-
terial constant relating to the hydrostatic dependence
of yielding, and was measured to be between 0.175
and 0.225 for rubber-modified epoxy polymers [48].
The value of K, is dependent on the volume frac-
tion of particles and was calculated numerically by
Huang and Kinloch [46]. The value of K, varies with
volume fraction, and a simple linear relationship can
be obtained for soft modifiers by Equation (10):

Ky = 3.9337V;, +2.1126 (10)

Similarly, for hard (rigid) modifiers, the value of Ky,
is given by Equation (11):

Ky = 0.918V; +2.1126 (11)

The Irwin prediction of plain strain plastic zone ra-
dius for the unmodified epoxy at fracture was calcu-
lated by [49] Equation (12):

2
r :L Kic
pzu 6T Oy

where Kj is the fracture toughness and oy is the ten-
sile true yield strength of the unmodified epoxy
polymer.

The contribution of AG, through plastic void
growth mechanism can be calculated using Equa-
tion (13) [47]:

(12)

roK?

yt'pzu©tvm

2
AGV=(1+;—;3) (Vo= Vio)o (13)
where 1, is material constant as discussed above,
Vi, is the particle volume fraction and V3, is the vol-
ume fraction of voids. The term Vi, — Vi, can either
be determined experimentally from SEM pictures or
predicted from the Equations (14) and (15):

rre = L+ Yr)r, (14)
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3 3

o T
va_vfp_vfp 3 (15)

"p

where 7y, is the void radius, and vy, is the failure strain.
The measured values of Vy, were found by several au-
thors [21, 50] to be in good agreement with the val-
ues measured from the fracture surfaces, within a
certain experimental error. It is worth noting that the
contribution from shear band yielding and void
growth dominates the total energy contribution at
various volume fractions, as well as at different test
temperatures [47]. No traces of rubber bridging mech-
anisms were found in the current systems; hence a
rubber bridging term can be neglected while calcu-
lating the fracture energy contribution. Therefore,
the total predicted fracture energy is given by Equa-
tion (16):

Gcm = ch + lPEP (16)

where Wgp is the summation of energy contribution
by shear yielding and void growth, using the values
of AG; and AG, from Equations (7) and (13) respec-
tively. Equation (5) can then be written as shown in
Equation (17):

Gcm = ch + O'Sv}po-ycu'quF,(r)) +

2
(18] b Voot ()

yt'pzu
The main toughening mechanisms for BCP modified
epoxy polymers were identified as plastic void
growth initiated by the cavitation of the BCP particles
and localized shear yielding. The main toughening
mechanisms for CSR particle modified epoxy poly-
mers were identified as localized shear yielding and
plastic void growth initiated by the cavitation of the

CSR particles. The individual contributions for each
toughening mechanism can be predicted and com-
pared with the experimental results. The parameters
used and calculations done in the modeling are listed
in Table 4 and Table 5 respectively. The contribution
in fracture energy from shear yielding was calculated
by Equation (7) and plastic void growth by Equa-
tion (13). From cryo-fracture specimens of the bulk
samples, the radius of the block copolymer phase in
epoxy was measured as 10 nm. It was difficult to ac-
curately determine the volume fraction of particles
that undergo cavitation experimentally. Finite element
studies by Guild et al. [51] suggest that all rubbery
particles in the fracture plane should cavitate, and
analysis of the fracture surfaces confirms this. More-
over, it was assumed that all the cavities would not
undergo the maximum extent of plastic void growth,
i.e. only up to a void radius equal to (1 + yg)rp, due
to a local reduction in stress near a void. This means,
the particles which cavitate and undergo full plastic
void growth vary between an upper bound of 100%
and a lower bound of 14.3% [45, 51].

However, in the current work, fractographic exami-
nation revealed that BCP particles did not undergo
full cavitation. Therefore, only 15% of the BCP par-
ticles were assumed to cavitate fully. Similarly, the
CSR particles used were stiff as compared to con-
ventional polysiloxane based CSR particles, and this
effect was evident from the mechanical properties of
the MEP_CSR system, as discussed from the frac-
tographic examinations. Also here, it can be conclud-
ed that only a few CSR particles were cavitated (the
assumption was 10% of CSR particles). For EP_ BCP
and EP_CSR systems, a good agreement was found
between experimentally measured and predicted val-
ues of fracture energy Gj. see Figure 9.

Table 4. Parameters and values for the modeling studies to predict the fracture energy for modified epoxy systems at 23 °C.

Name Variable Value
Radius of the particles p [nm] Table 5
Void radius Ty [nm] Table 5
Vi = Ve Viv, Vip Table 5
Poisson’s ratio of the unmodified epoxy v 0.35 [52]
Plane-strain compressive yield true stress oyc [MPa] 108 (Present study)
Plane-strain compressive fracture true strain Ve 0.98 (Present study)
Uniaxial tensile yield true stress oyt [MPa] 95 (Present study)
Pressure-dependent yield stress parameter m 0.2 [47]
Fracture energy G [J/m?] 85 (Present study)
Critical stress intensity factor K. [MPa'm'?] 0.55 (Present study)
von Mises stress concentration factor Kym Ky =3.9337V, +2.1126  [46]
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Table 5. Corresponding volume %, mean radius, void radius
and (Vy, — V§,) values of anhydride based BCP and
CSR modified epoxy systems respectively.

BCP BCP Radius Void radius Vae—Vip
[wt%] [vol%] [nm] [nm]
2 2.1 10 19.8 0.145
4 42 10 19.8 0.288
6 6.3 10 19.8 0.432
8 8.5 10 19.8 0.575
10 10.6 10 19.8 0.718
12 12.7 10 19.8 0.860
CSR CSR Radius Void radius
[Wt%] | [vol%l] [nm] [nm] Ve Vip
2 2.1 50 99 0.139
4 4.1 50 99 0.278
6 6.2 50 99 0.417
8 8.2 50 99 0.556
10 10.3 50 99 0.695
12 12.3 50 99 0.833

6. Conclusions

A high strength epoxy/amine system was modified
with the addition of different toughening agents
mainly BCP, CSR, and a combination of them to in-
vestigate their mechanical and thermo-mechanical
properties as well as their fracture mechanical be-
havior. The BCP’s have no detrimental effect on the
glass transition temperature of the composites. The
tensile tests showed that the strength and modulus
decreased upon an increase in the filler concentration,
because of the soft block content of PbuA present in
BCP. At the same time, the fracture toughness K. and
the fracture energy Gy were increased by a factor of
2 and 8, respectively. The toughening mechanisms
responsible for this improvement were identified as
shear yielding, nano-cavitation of spherical particles,
followed by void growth. For the amine cured epoxy

800
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= 400 A 1
o
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0.00 002 004 006 008 010 012 0.14
a) BCP [Volume fraction]

modified with core-shell rubber (CSR) particles, the
glass transition temperature either remains the same
or increased due to an addition of bisphenol-A based
masterbatch of CSR particles. Tensile tests showed
that the strength and modulus were decreased due to
the presence of rubber particles, which were having
lower modulus when compared to the unmodified
epoxy system, but this decreasing rate was less when
compared with block copolymer particles. But at the
same time, the fracture toughness K. and the frac-
ture energy Gy, were increased by an average factor
of 2.5 and 7, respectively. The principle toughening
mechanisms observed were cavitation of rubber par-
ticles, shear yielding of the matrix. Fracture energy
was predicted by using the modified Huang-Kinloch
fracture energy model, which assumes that the total
fracture energy of the modified systems consists of
fracture energy of an unmodified epoxy sample, en-
ergy contribution from shear band yielding, energy
contribution from void growth mechanism and en-
ergy contribution from rubber bridging mechanisms.
For the BCP modified amine-based system the total
fracture energy contribution considered from shear
band yielding and cavitation followed by void growth
and the predicted results were in good agreement
with the experimental values. Similarly, for CSR
particles modified systems, the main contribution
comes from shear band yielding and relatively low
contribution from debonding and void growth (which
was 10% for amine-based systems).
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Figure 9. Fracture energy vs volume fraction for the (a) BCP and (b) CSR modified MEP system at 23 °C. Data points were
experimental data, the line represents theoretical prediction.
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