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A Study on the Fracture Toughness and Characteristics of Twill

Carbon/Aramid Composites under Environmental Variations

Woo Deok Kwon

Department of Safety Engineering, Graduate School,

Pukyong National University

Abstract

Since the industrial revolution, renewable energy and eco—friendly
materials have been required worldwide due to global warming and
depletion of fossil fuels. Composite materials are materials that overcome
the disadvantages of existing metal materials such as strength, stiffness,
corrosion resistance, and heat resistance. A hybrid fiber composite is
manufactured using two or more fibers such as carbon fiber, aramid fiber,
and glass fiber. The aramid fiber has high toughness and heat resistance
and high elasticity, and is wused in various fields such as industrial
protective materials, bulletproof helmets and vests. However carbon fiber
composites are somewhat vulnerable to the impact of external objects even
though it has excellent specific properties. On the other hand, the aramid
fiber tends to decrease in elastic modulus and strength when applied to
the epoxy matrix and if the aramid fiber is exposed to water or heat, its
mechanical properties are often deteriorated. Thus, the carbon and aramid
fiber are selected to hybrid for the complementary relationship.

In this study, the tensile and flexural test were accomplished on the

- viil -



twill woven carbon/aramid fiber hybrid composites to investigate the
effects of high temperature and water absorption. And a delamination
fracture toughness was investigated under mode I loading by 2 kinds of
MBT and MCC deduction. An acoustic emission (AE) evaluation was
conducted for the carbon fiber/aramid fiber hybrid composites degraded
and damaged by high-temperature seawater environments. The test
specimen was molded using an autoclave. The flexural test specimen was
fabricated as non treated (N), high temperature (H), impacted (I), water
absorption (W). And mode I test specimen was fabricated with 20 hybrid
fabric plies. The initial crack was made by inserting the teflon tape in the
center plane with ay/W=0.5 length. The test specimen was immersed in
70°C seawater for 224 days. In order to imitate the damage, a hole was
machined with a diameter of 3 mm wusing a diamond drill. And the
specimen with a hole was repaired by patch attachment processing. The
flexural experiment was implemented by a three—point bending and an AE
sensor with a resonance frequency of 150 kHz was attached to evaluate
the damage and the effect of patch attachment.

From the tensile test of the twill carbon fiber/aramid fiber hybrid
composite, the elastic modulus was 234 GPa, the poisson’s ratio was
0.032, and the tensile strength was 539 MPa.

On the flexural test, the impact damage with absorbing moisture
showed the largest a reduction rate of flexural strength among the IW,
H300, I specimen.

And from the results of the MBT and MCC evaluation methods for the
energy release rate, the MCC evaluation showed a difference of about 4 to

12% in the two evaluation values according to on the crack growth length,

_ix_



and the fracture toughness value was 0.1849 kJ/m? and 0.1916 kJ/m?® in
MBT and MCC, respectively. With resin impregnation and patch fiber
lamination in the hole damage area of the SWH specimen, the maximum
load was recovered up to 99% of SW specimen. AE accumulative counts
obtained at the maximum load were 69.2, 67.1, and 91.2 for SW, SHH,
SWR. AE maximum amplitude was detected as almost same with low
values.

The results obtained in this study are expected to be useful for
designing safety and health structures and mechanical facilities composed

of twill weave carbon fiber/aramid fiber hybrid composites.
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(a) particulate composite

(c) fiber reinforced composite
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(b) laminar composite

(d) flake composite

Fig. 1. Configuration of typical composite materials.
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Fig. 4. The types of fracture mechanisms in composites.
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Fig. 5. Stresses near the tip of a crack in an elastic material.
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Merit and demerit of acoustic emission method.

Table 1.

T L
. —
-
® g
R fm
7 o
§= ) )
g 0o Z T
<
o s 5 B
o o 3
£ 8 E
B =
= .8
> & 0
SR
S n w
o g i
3 s 1S
5 2 g5
3 5 S B
D = o g
o © 8
-
g =
) o— —_ s
— 0
=S (]
= Q £ g
g[F .5 £%
(D] \m/y .nla
Mh e O
S ] = g
R=0 3 g .8
[ nm
- QO lav]
& g, =
+—
c %3 EE
g = L =
V.lme,O
= T £ O
n 2 o .
5 o & z
© 50 30®9 3

No

242 AE 21359

AE =

=13
=

3)

sl 9

o] Lol M FE

ol
=

Aol A% ®B=a

)

—

0

Njo

i
file)

ol

ol

B
0

Godl

p—

0

&
4
B!

o

REE 7AW, dAHow AR UolA

o)
NI

0
Hr
3

)

o

4

AE 230 A

{oz G

e

o8

o
Gl

14

o

olo

o
&R

.

<
fnase)

o

HA dofuAl =i vt

o

il

-
T

o] 7474914

- 32 -



2.4.3
AE Az 54
bl OHO]_%

A

Colcy

W
P T R
v x
T B o 5T
- s =T m = T T
= 2 T T T BT . T T
X Njo © fop) T w N 3 = T X
w x = = wp A e : i = T
_dMEHBImwb ﬁ?%% hﬂﬂ%ﬂMﬂ
TSN < l S 8 P N-E W= = o 3 T =
m_z}gmkft ﬂ%gw ﬁaﬁwoﬂﬁ
]L N ~ jia wAO 8o ~ jm] ~
< o o, E ) e o_ = - { o
] w B T 0 L7 Tl N il i ou < 3 oo
= X = 3% o X & ™ i Al
BT 0T>E7 T TR 2y P Eow
@;@HrA B AR
& R = = A ) & <° wp =~ B o W
‘m\ﬂ ™ O‘.ﬁ f m. HL O# n_AlL \;b {r ~n ;Imﬂ N 0 ﬂ AT ﬁl
=0 1 _E < ﬁ &) 760 = Bo 3 zT at [
- 5 < s o0 < B B = . - AR s =
o - &) i =) i AT o OT il o" & 1) =
i B W & o = N ol T X o o |
l;;_aﬂa PESF o Sy T o 8
X o ; n s L1 y
we Lﬂo M m o © T 1dr|L . - %om 1d|r WL i = %
N ; = ™ il .Ur _]o o B = ) o X
ﬁn zT o o E_ my ﬂﬁ Xn_ mﬁ = E_v = D._.A &o l,w-% w0 ;o._ Ee
RSN R = oo X P G Yy~ g S S
o T ~ ol o — R 3 F N T M) - ko
e B CUTY G oH v PRy e — o 9 %0 T = ™
X F m - o /1 o
_éﬁoﬂﬂ o W ﬂﬂ%r?%ﬂﬂ%wi
Eﬂ@%Ai _wblagﬁéﬂq 1 B —
A 2 o7, P EzTAOMH_;]A
;o* ‘_E ﬂ_wm z.; Mﬁl.! ,Ol EW Eo o .|-ﬁ AT ..oﬂmm ﬂ_rW 0# l_ﬁl ~_|4.“.VH
= < o T = Mo o oW w - o
> e o No ° o) wON Oh % N R0 B oy
< of x X o xR — gk o 11 o~ Hr
Wz,ﬂ%ﬂ% Mmﬂﬁl HM@% o Mo
j@ﬂ&aqm%%wm@@OOEqu
wﬁ1%A¥@ﬂ@mﬁ%4$w§&
g = N ®OW ol o
o) o X o o <!
Sn o Ho RO %o T a0 By
do RO Hﬁ Hr
N

- 33 -

)
(16)2+ 2ol 42
o] = o}

o

j=4



AEDSP
board

.7 .
e - TEE=IL] ' AT
AE sensor E G :IHIIEHHEII]I;!I]]
" /AE PC system \
I I A n A Surface wave

[
D e

VVVVV

Preamplifier

AE stress wave

Applied stress ::) * <::Z Applied stress

AEFE source

Fig. 9. Basic principle of the acoustic emission method.

- 34 -



v
dB = 201og(—1 (16)

1

A7NA, Vot ZZ e AE 359 Zrlolw, V& ZZ Fo| AR 239
A71E YERAY 40 dBE 1008, 18] 31 60 dB+= 1,0008] el 3@
229 ojvlar).

AE A1z 5 AT o A7 H= A

l" o

L
ox
o
=2
>
i
o
>,
fos
N
N
o
9
T,
L
oo

RIS

= Agsk= AJH ol& AAste o HEstuA sk AEE TEE F 3

(high frequency filter), 58 T35 A& olsty AEwkE FA]
7%= AF3 ZE(ow frequency filter) 22l 54 Fu¢= AR Yo A%

s HEsE 9 ZE(band pass filter)7F Ath #2457t A de] o g

g 4 Qlth Fig. 102 23S 7 A= ol stzo] 7oz s dA
H dolo v mE Ao AE A E(AE Hit)e] /MF=ZA AE ®5E YE
Heh Fig. 10914 sue] AE HitZ 2719 AE event® 7FAW, 9] AE
eventol = 10712 AE count’} At on, 29 A AE eventol & 5719 AE
count7b LA F ATt o]# gk AE AEFA 0 o] §5H&= 84hE o 22 A

Sol g,

1) Threshold voltage(V,,)

gk AS7] AATE 2 fee AAS] A% 7SR = AE A7)

Sl



« AEHIit: 1 - AE event : 2 + AE counts : 15

~ Duration time (tg) _ HDT
. Threshold(V,)

Rise time (t,)

Peak voltage
Amplitude (Vp)

.

N Y~
AR =

A

RinE down count(10) Rin% dO\UN]J count(5)

AE event AFE event

Thres?old(Vt)

AE RMS

Fig. 10. Parameter analysis from acoustic emission signal.

- 36 -



AE 138 AXSEs Adas Aol %, 7Eke A4ste Ax7 w
e N F o NERS o= Aaw BAAT F9) ge v @ uwa
o] grel wmebd A® A
5

= L= [e]
A% grel Fe@e A%

A

2) Event count(N,)

g el Jiek AE RIEE YUErdth FEY3S dolA event FE AlA
A A sk EA g Al =EE Age] AR 2xle] EEEGS e

O

HAl A 1719 AE &2 7FFst U FolA] tadkAlZ2 3k #leo] AE Al
o] o8 719 AE event HATE AXE & Qo HA| A 7Hdead time)S

2ol nAG,

3) Ring-down count(N,)

\= (e} o ] A= == )= o
THIES d¥ @ad 5% TEHIE T

rot
ol

iy
1

T A& ol t}.

=t Avlol A= AR AR AE AA e &g b

A

N

>
ey
r!I.

VD
N, =—In| > (17)

4) Peak Amplitude(V,)
AE eventoll A Hdl Fojw Dol A7|e} Fiol| weta] debA= A
o]t}

5) AE energy(E)

37 -



oH
ol
ﬂ
o
o

A sgets A2 AE UES A

3 719l AE event?
3o A (I8)= Alstsly dAYe] Al7|E YERd

E=V] (18)

6) AE rise time(ty)

el 05 AFe R g AE eventoll Al £H#E =
Ao W&o mded w7bA A™ AS UErdE Felth

& Z3pshE AE AAHRY

=

|

7) AE duration time(t;)

3k AE eventol Al AE AlZtol 4] AE 3 7FA 9] Al7HS 9]H]

th®E HAEY
oot A A9t

@tk =, BERE ol At FANE A &

Zgl__q_ﬁ()).

(19)

- 38 -



3. AlEAE
A& AFEH 54 CF/AF stolB = B34 2 (HTCAC)E Torayol Al A3

2= = CF T300B-3K<e} Kolonoll A A34kE  mhefolebn] =] f-(para aramid
fiber)® K300-14205 A&ttt A& 725 JA 7] 98 CF= 4T
F(warp) &2 otal grefolgpr| =4 FE AP (weft) 082 A Xk owH, 9
o] FA= 0.22+0.02 mmeolth E=3 A9 A5 E Epovia®RF-1001 H]Y
o ~H| 2 Z=%](CCP Composites Korea(F))E AF-&3tth. Table 2= A& H

Azl AbgE Aol ek 2EA SA4S eI

— 4

Table 2. Physical and mechanical properties of materials.

Material Thread Weicht Tensile strength| Woven
(Product) (count/mm) = (GPa) type
p-Aramid fiber Weft 16
(K300-1420) 55 200 '
. 2x2 Twill
Carbon fiber Warp (g/m’) 353
(T300B-3K) 55 )
Vinyl-ester 3
N/A 1.04 .031 N/A
Epovia®RF-1001 / 04 (glem’) 0.03 /
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Fig. 11. Configuration of tensile specimen.
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Fig. 12. 3 point flexural specimen configuration.
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Table 4. Specifications of the test specimen.

Name Comments
SW Hot seawater absorption (70C, 33 weeks)
SWH Seawater absorption after drill hole processing

SWR Repaired-patch for hole area

& AE sensor e —

‘i
7 %
_J_|L| 40 30 |_Lg__

= L

S b

-

fran
=

Fig. 14. A geometry of SWH specimen with AE sensor under the flexural test.
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Tinius Olsen

(a) tensile specimen (b) DCB specimen (¢) 3-point specimen
e

o
Fig. 15. The photos and schematics experimental apparatus.
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34 B &AY dHED

B AT solng s Hf BPARS FYLA CF, AF % A=A
o WA xR ndd BEAnd dHsaAY A4S s T A 2
Aol sl mde] ALEY Fig. 16& % 4704 L8 nA 4 2
Aol RVE sl wee dehin glon, Fig. 17& ANE 2A9e 34 7
g AN A% AdBel BF HNEDL herack

HHE CFolal Z Wato s was gl 4o 4at AFelth ¥ £7e)
HH7h 420} e Fake] RVE wdolth A% Abo] 1T A EA] &3
= A9A Q= Wgow mds {9tk Table 5= RVE 4 mdo] 443

Table 5. Material properties in analysis model.

Epoxy Aramid
Elastic modulus (GPa) 3.34 112
Poisson’ ratio 0.35 0.36

Carbon fiber

£,(GPa) 294 £,(GPa) 6.21
Vig 020 Vo3 040
G.,(GPa) 7.59 G,,(GPa) 221

Fig. 17¢] AAA =AY A 2d2 CF/AF S3As5e digh Algdd 24

3 33 WSS AR sk AVFE B SF AAF A HA dEEeR
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Fig. 16. Schematic of RVE.

Width: 13 mm

4 mm

An
%

Fig. 17. Schematic of 3 point bending analysis.
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AE 54 #H7b= AEDSP 32/16 RE=(USA, PAC Co)E wWHstel &3
PC A 2=®¥lS o] &3} t} Fig. 18& AE Ald&Ax9 AFEE vepich A g
A WFol A HAst= B 0E g5at7] el AE A= R15 AA(XF
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2 gz F RAEY. AE A5 E AE AMZRE A7A Aav) v oA

%
QY5 7] wEeo] ZePZoA 40 dBE FEZ8th E£3 AE A HIlolA
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rir
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Table 6. AE parameter setup.

Parameter type Instrument set values
Threshold type Fixed
Threshold value 26 dB
Peak Definition Time(PDT) 50 us
Hit Lock Time(HLT) 300 ps
Hit Definition Time(HDT) 200 ps
Sampling time 2 MHz
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Fig. 18. A photos of a AE experimental apparatus.

- 55 -



4, 23 2 33

41 JAFAEE T 71AAH 54 Bt

)
>
)
)
1o,
i
ox,
)
¥
rlr
)
w
[\
o
S
o

N\
()
N
®
g
o

[\
o
O
Q1
o
S
Q

SE,
[\
—
o
9
Q

o,
o
uu?

AAlTE N Aol vl H300 Ald#| L2 oF 16.0%, W A H 2 °F 344

X

N
]
-
ofo
_O|L
- 2
m 4

g

N, H100 2 We| Q1A dH ] xolFul= 2k 0.04, 0.06, 0.072 doH
Table 72 AR 7AH 245 YERATH

Table 7. Mechanical properties of the tensile specimen.

CF/Aramid Elastic modulus Poisson’s ratio
test specimen (GPa) (v)

N 32 0.04
H100 25.4 0.06
H300 26.95 -

w 21 0.07
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Fig. 19. The variations of the stress and strain under the tensile test.

- 57 -



..h
[\'.)
w
)
gl
ok
>,
o
[
o,
OEL
N
—I—l

Fig. 20& 202 7}9¥ HI100, H200, H300 Al@#H 3} dwk N Al
e #$3SE-wEE g Zoltt HAFIAEE N AFHAe] 311.31
MPazZ 7}4 Eom 257} A&hel we} 7h7b 29348 MPa, 264.29 MPa,
25627 MPa= UElSTH N AJgHE] 7]FEelA 300C 2olxe] AdA
H300°] tiatedr= oF 18%9] #A&S Uehddrh =, AgHe %7} 1)
2 AL & F Jduh BE AFHAA oF 100 MPa2l #7714 =
Ay wsgletglon, o]F npAyg Friste Hul&E A F7EA

wAWHFEEY AT HAA Sl A s FUksttrt o] $ Al@ e #d

o] AAHHA GHol Tt B HAE WHRSIHA ArbsHAl ZHAskTE o]

Fig. 212 29 N Al@#e] whg A 9 w43es dehith Fig. 21 (a)
t S3FHS tehin] sFo] Ald AT CEsh AFS 99 JEE nelF

itk (b= SdFHAMTH 7R StellA mawde] LAHI e
LrebdiTh o] wiol &5 H el HFA8] Astetdar ol MM &
o] T7tsk= ZHE HoF=d oA (odA dehd AAL CFHEo] o

B osgE o0 gRol AR/ F@ol olele] A4Ho] AvA Az WE
o] wAlse] Yehbs Aol (Dt aEwsh 48 wEe Jepua A

o

- 58 -



350
—N
300 i L H100
J s H200
-~ i | — - - - - H300
s - 7%
m 250 [III .‘I' . = ;"‘h:'.-".'.
1 A1 o %)
< 200 [y Y et T
@ ¥ ' e A
o i ? 0
& 150 i L N
i 5
100 -
t\]‘-“ !
50 - P,
0 .......................

0 0.02 0.04 0.06 0.08 0.1 0.12
Strain, (mm/mm)

Fig. 20. The high temperature effect for the stress-strain curve
under flexural test.
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Fig. 21. The micrograph pattern of the crack extension with
an interlaminar delamination.
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Fig. 22. The micrograph pattern of the crack extension
with an interlaminar delamination for heat
specimen at 300C.
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Fig. 24. The micrograph pattern of the crack extension and
delamination for W specimen.
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Fig. 25. Results of RVE analysis contour(unit : MPa).
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Table 8. Homogeneous material properties of RVE.

Homogenization : Carbon/Aramid fiber/epoxy

Ei (GPa) 45.95 Vi, 0.38
Ex (GPa) 7.69 Vis 0.32
Es (GPa) 13.85 Vai 0.063
Gy (GPa) 2.29 Vas 0.22
Gi; (GPa) 7.20 Vi, 0.96
Gi> (GPa) 3.31 Vi 0.39
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S, Mises

(Awvg: 75%)
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+3.212e-02

Fig. 26. Results of 3 point bending analysis.
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Fig. 34. The flexural behavior of SW and SWR specimen.
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Fig. 35. The flexural behavior of SWH specimen.
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NOMENCLATURE

a : Crack length

AE : acoustic emission

AF : Aramid Fiber

C . Compliance

CC : Compact Compression

CF . Cabon Fiber

CFRP  : Carbon Fiber Reinforced Plastic
CT . Compact Tension

CTOD : Crack Tip Opening Displacement
DCB : Double Cantilever Beam

E : Yong's modulus

ELS © End Loaded Split

ENF : End Notched Flexure

EPFM : Elastic Plastic Fracture Mechanics
FRP . Fiber Reinforced Plastic

G . Energy release rate

Ge . Critical energy release rate

GRP . Glass Reinforced Plastic

HTCAC : Hybrid Twill Carbon Fiber Aramid Composite
I : moment of inertia

K . Stress intensity factor

LEFM : Linear Elastic Fracture Mechanics
MBT . Modified Beam Theory
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[m/N]



MCC : Modified Compliance Calibration Method [-]

P : Load [N]
PBC . Periodic Boundary Condition [-]
RVE : Representative Volume Element [-]

GREEK LETTERS

NN [-]

0 : Opening displacement of DCB specimen [mm)]

v Poisson’s ratio [mm/mm]
o  Stress [Pal
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