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Three types of core-shell particles with different epoxy contents were used as a toughening agent
for bisphenol A-derived epoxy resins and carbon fiber-reinforced plastics (CFRPs) prepared
therefrom. Influences of the epoxy content of the core-shell particles on heat resistance, rigidity
and toughness of the cured epoxy resins and the CFRPs were investigated. The addition of the
epoxy-containing core-shell particles slightly increased glass transition temperature (7;) of the cured
epoxyresins. An increase in the epoxy content of the core-shell particles increased tensile modulus
(E) of the cured epoxy resin among the samples in the presence of the core-shell particles. The
addition of the core-shell particles decreased the interfacial shear strength (IFSS) between the cured
epoxy droplet and a carbon fiber in the measurement by the micro-droplet method, but an increase
in the epoxy content of the core-shell particles increased IFSS. In the single-edge-notch bending
(SENB) test, the presence of the core-shell particles improved the stress intensity factor (Kic) of the
cured epoxy resins, but an increase in the epoxy content of the core-shell particles rather lowered
Kic of the cured epoxy resins.  An increase in the epoxy content of the core-shell particles increased
E of the prepared CFRPs among the samples containing the core-shell particles. The presence of
the core-shell particles improved the Charpy impact strength (acn) of the cured epoxy resins and the
CFRPs, but an increase in the epoxy content of the core-shell particles did not necessarily increase
their acn.  In the end notched fracture (ENF) test, interlaminar fracture toughness (G) of the CFRPs
was improved by the presence of the epoxy-containing core-shell particles, but an increase in the
epoxy content of the core-shell particles rather lowered G of the CFRPs. These results indicate
that the use of optimum epoxy content of the core-shell particle is important to obtain highly-tough
CFRPs.
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Figure 2. Image of core shell particles used.
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Scheme 1. Schematic picture of preparation of
core shell-containing cured epoxy
resin (CER) and CFRP.
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L0 EE 2 &, 2 mm JEOmE L= R ¥ M5
- F£7, BEX4mm o7 T7er— rEHN
T 4 mm JEDOHLTRF MR L.

24 a7 v =x)VAIF & BA O CFRP OEHRL
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Table 1. Composition of cured epoxy resins (CERs)?
CERD Epoxy content of Core shell particle, Low-molecular-weight BA9), High-molecular-weight BA ,
core shell, mmol/g phro) wt% wt%
Neat CER - 0 40 60
UF1-CER 0 15 40 60
UF2-CER 0.383 15 40 60
UF3-CER 0.690 15 40 60

a) (Low-molecular-weight BA) + (High-molecular-weight BA) = 100 wt%.
b) [Epoxy group of epoxy resins]o/[active hydrogen of amine groups of DICY]y = 0.72.
[DCMU (curing accelerator)]o/[DICY (curing agent)]o = 0.14.

¢) Per hundred resin.

d) (BAin MX-EXP) + (JER-828) = (Low-molecular-weight BA).

89

HONTITW,



90

WrEk 2 D CHIE L, 80 mm (£ &) x10 mm (fiF)
DR A VER LTz (0D A [FEEHE ; S0mm). & L
T, BH/ERT R AUTOGRAPHAGIS (17— K& /1
SKN E/L) T, fEHREEERE 20 mm, 519REE
0.5 mm/min DTl 72091 BIRREM O~ A 7
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Wik 4 T, 80mm (R &) x10mm (hE) OFER
FafERl U=, (ERLL7=3B oo e, /v
FaAI (/v F P n=0.25+0.05mm), 2 HE
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ST = AN RERTT - 7222, CFRP D3| 9B BRI
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(EX) x25mm (h§) OREBF ZER L7z (D0
MIEEEE ; 100 mm) . SI9ERER CI1x, B fER
AUTOGRAPHAGIS (m— RFE&/L ;5kN &) %4
WG, AERRRIEREE 50 mm, F13EE#E 1.0 mm/min O
St TIT o 721231, CFRP D3 % /L & —fli 3R 13 JIS
K 7077 IZ SN\ T o 7=,
80 mm (E ) x10 mm (1) OB ZER L 7.
AR RUERT (BR) o2 HVC, #BR
D& 5], 77 v MU A REEIZ L VAT - 72124,
CFRP O¥mm bR Z #ilf (ENF) #UBRIE JISK 7086 (2
FEDNTITV, BRI RRIEAR O g R - ) A
HMADD, T7u Ly — b &R R kR
MEBRLHI 70 L EAI/2 D KON (25 mm) L72pk
FEAR 2 Tz, E 2, EAEMEINTEZ VT, 140
mm (&) x20 mm (IF) OB Z/FR L7z, 3
B ClE, BiEEUETTR. AUTOGRAPH AGIS (21— R
BV 5KN BV) ZHWT, SOREEEBE 100 mm,

BEAEM I Z T,

B 0.5 mm/min DS TIT - 721251, EERIE
FEAMMEE (SEM) #1213, HITACHI S-3400N % Jf >
T, MEEE 10KV IZT{T R~ 7-.
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FEL, a7 VRO RF U EA IS K D MHEL
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9, FLaRTEY N v ANICES LIZBRICAE
Ub T, O FIF Z 5720 572, ¥ =)L T3 L
DD TNDI LT, TLEEHY DTHRFT
BHEOMIRZHNET=oTho EEZLND. &6
2, a7y VRIADOTRXERRENENT D 2
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FN, BESNENLIZ2DThrEEZLND.
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Figure 3. DSC thermograms of core shell containing-
cured epoxy resins (CERs): Neat CER (no
core shell particle), UF1-CER (epoxy
content of core shell 0 mmol/g), UF2-CER
(epoxy content of core shell 0.383
mmol/g), UF3-CER (epoxy content of core
shell 0.690 mmol/g).

3.2 Bb R URHEE D SR R

VERL U 7ot fb = AR % IR O ) FFeE %2, Fl5R
R, v/ 7oy Ly MR, vy —fl
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fE® 1FSS X7 ¥ = VR TZF A LTV W
LHARTILFLZ. LL, a7z /lOTRF
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EROE LT~ MU v 7 ARG & IR T & D %
RLTWDEEZLND.

¥y L Bl O R A Figure 6 IT”T. &
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= VR Z B A LI b= AR VIR D aen 13X, f
fRlza T v = VR Z2BA L TR W L= AR o
B &b _TR Y RERfEE L. LarL, a7
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VHENEEINT A Z LIZE Y, Kie BMRAIIKTT 52
Enbrots. VLA L TWA TRV HENE
DO~ ) w7 ATKRFUBIELEBET D Lz
v, REEEENTEL, 7V v SO RITN
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Figure 4. Stress-strain curve of core shell-containing

cured epoxy resins (CERs): Neat CER (no
core shell particle), UF1-CER (epoxy
content of core shell 0 mmol/g), UF2-CER
(epoxy content of core shell 0.383
mmol/g), UF3-CER (epoxy content of core
shell 0.690 mmol/g).

Table 2. Thermal and mechanical properties of cured epoxy resins (CERs)
Epoxy content of 5
CERY T, °C Gimax®), MPa EY, GPa IFSS®), MPa acend, kJ/m Kie®, MPa-m'?
core shell, mmol/g
Neat CER - 110 72.08 2.68 22.07 1.42 1.38
UF1-CER 0 116 51.03 2.10 12.30 2.90 3.11
UF2-CER 0.383 117 56.58 2.20 13.01 2.91 2.68
UF3-CER 0.690 118 59.56 2.20 15.15 3.01 2.51

a) [Epoxy group of epoxy resins]o/[active hydrogen of amine groups of DICY ]y = 0.72.
[DCMU (curing accelerator)]o/[DICY (curing agent)]o = 0.14.
b) Glass transition temperature measured by differential scanning calorimetry (DSC) on second heating scan.

¢) Maximum stress measured by tensile test.

d) Initial elastic modulus (Strain 0.1 — 0.3 %) measured by tensile test.

e) Interfacial adhesive strength measured by micro-droplet method.

f) Charpy impact strength.

g) Stress intensity factor measured by single-edge-notch bending (SENB) test.
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Figure 5.

Figure 6.

Stress Intensity Factor K, (MPa-m'2)

Figure 7.

Charpy Impact Strength ag,, (kJ / m?)
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Interfacial adhesive strength of core shell-
containing cured epoxy resins (CERs):
Neat CER (no core shell particle), UF1-
CER (epoxy content of core shell 0
mmol/g), UF2-CER (epoxy content of core
shell 0.383 mmol/g), UF3-CER (epoxy
content of core shell 0.690 mmol/g) .
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Charpy impact strength of core shell-

UF1-CER UF2-CER UF3-CER

containing cured epoxy resins (CERs):
Neat CER (no core shell particle), UF1-
CER (epoxy content of core shell 0
mmol/g), UF2-CER (epoxy content of core
shell 0.383 mmol/g), UF3-CER (epoxy
content of core shell 0.690 mmol/g).

1@'
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il
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Stress intensity factor of core shell-
containing cured epoxy resins (CERs):
Neat CER (no core shell particle), UF1-
CER (epoxy content of core shell 0
mmol/g), UF2-CER (epoxy content of core
shell 0.383 mmol/g), UF3-CER (epoxy
content of core shell 0.690 mmol/g).
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7. 2, a7 VRITENEY O R RHE
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1W

Fiber
Direction

Lamination Structure

Mw I 50 sheets
o

Neat CFRP UF1-CFRP UF2-CFRP UF3-CFRP

Charpy impact strength of core shell-
containing CFRPs: Neat CFRP (no core
shell UF1-CFRP  (epoxy
content of core shell 0 mmol/g), UF2-
CFRP (epoxy content of core shell 0.383
mmol/g), UF3-CFRP (epoxy content of

core shell 0.690 mmol/g).

particle),

Figure 10.

Lamination Structure

©

PR S

= }40 sheets

-
=
T

Fiber Direction

o =
o N
T T

Interlaminar Fracture Toughness G, (kJ / m?}
=}
kY

(=

Neat CFRP UF1-CFRP UF2-CFRP UF3-CFRP

Interlaminar fracture toughness of core
shell-containing CFRPs: Neat CFRP (no
core shell particle), UF1-CFRP (epoxy
content of core shell 0 mmol/g), UF2-
CFRP (epoxy content of core shell 0.383
mmol/g), UF3-CFRP (epoxy content of
core shell 0.690 mmol/g).

3.4 CFRP OWmEisE

YERL L 7= CFRP % E&ME 7B (SEM) %=
WCHELEE LT, CFRP O Wi % Figure 11 12759, UF1-
CFRP & UF2-CFRP Tlf, REAMEL-Z LTk
0, TRFIBAENS a7 2 = VRN HIBE L 7= B
NRBNT=. Lo L, UF3-CFRP TlI= 7 v = LHL
TRHEEL =R R onhotc. ZUFaTr v
MR- DR IR O OR X MR & FEC
BBEL WD ThHDEEZLND. D=9,
ENF #BR Tl UF3-CERP (321 7 3 = /LRI DZETE A
EZ BT, MRE L TEERM ELRhoT B X
bND.

Table 3. Mechanical properties of carbon fiber-reinforced plastics (CFRPs)

Epoxy content of

CFRP? Omax”, MPa E9, GPa aen®, kJ/m’ G9, K)/m’
core shell, mmol/g
Neat CFRP - 75.59 7.87 9.93 0.80
UFI1-CFRP 0 29.44 3.96 23.23 0.98
UF2-CFRP 0.383 43.27 5.98 20.54 1.30
UF3-CFRP 0.690 42.12 6.31 16.99 0.69

[Epoxy group of epoxy resins]o/[active hydrogen of amine groups of DICY ]y = 0.72.
[DCMU (curing accelerator)]o/[DICY (curing agent)]o = 0.14.
Maximum stress measured by tensile test.

Initial elastic modulus (Strain 0.1 — 0.25 %) measured by tensile test.

Charpy impact strength.

Interlaminar fracture toughness measured by end notched flexure (ENF) test.
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= 104 nm

Figure 11. SEM image of core shell-containing
CFRPs: (A) Neat CFRP (no core shell
particle), (B) UF1-CFRP (epoxy content
of core shell 0 mmol/g), (C) UF2-CFRP
(epoxy content of core shell 0.383
mmol/g), (D) UF3-CFRP (epoxy content
of core shell 0.690 mmol/g).
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TARFUBARD T, Wiz b3 25 2 Enbn
St a7y VRO TR VEOEFEE, =T
T VKL DOELEIC X Dl b =R % S HffE, CFRP
D E DK FZ#IH L. LRI UHIED Kl
a7 vz VR DRI VEAENENTHITL,
KFL7. CFRP ® GlIa7 ¥ = /Vhi DRI
O L VSESI DY, a7 vz ViD=
REVEHBEOIMILCFRP O G # K F&E-. 2
nNo Lo, a7y VRiORAIZ K DHEDK T
L, BRI R D & WP A R LT
UF2 3 b BWBREI LRI CH 7=, 2%V, Aa7T
Y VR R UEREZEAT LA, BiE
EEHEZ 0383 mmol/g FREIZTRETH DL EH %
bhb.
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