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Introduction & Background

- What is Micromechanical Testing Methods for interfacial
evaluation of composite materials?

- Any fibers and matrix system can be available for brittle, ductile,
thermosetting, thermoplastic, even ceramic matrix under room
and high and cryogenic temperatures under short or long terms.

- Fragmentation, microdroplet tests for micro-IFSS versus short
beam test for macro-ILSS

- NDE using AE by emitting elastic wave coming from damage
sources can be combined with micromechanical fragmentation test

- Damage sensing using conductive nano-fillers applicable to
predict micro-failure of structural composites by 2D or 3D ER

- Biodegradable-, high temperature-, high toughness DCPD-,
multifunctional-, nano-composites can be applicable for the tests.
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Part 1

Micromechanicial Testing methods &
AE with Electrical Resistance (ER)
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< Micro-mechanical test method

QO Kelly - Tyson equation

Single-Fiber Tensile Test

d: Fiber diameter

Q Strength distribution depends on fiber volume r= o d o - Fiber tensile strength at the
21 '
vV (c) ¢ critical fragment length, /.
<«—— Paper Frame P(o)=1-exp IZ—V—(;] ]
,,,,,,, e Epoxy Adhesive ‘ 0 Drzal equation
Q Strength distribution depends on fiber length .
Gauge ) 8 r:—f-l" 1-1/
Length Fiber P(c)=1-exp {- Il—(%] ] 2a 1-1/5)

I" : Gamma function
a, B : Scale and shape parameter of the

Q Strength distribution depends on fiber length

Scotch Tape and fiber diameter

y 5 Weibull distribution for the aspect ratio
P(oc)=1-exp (4 (i]
1,\d,) \a 0 Weakest link rule
Single Fiber Composite (SFC) Test 1p
0 Gauge length: 2-100 mm V,: reference volume o _ IL oy Fiber strength at gauge length, I,
Q Test speed: 0.5 mm/min :::ﬁ::;:::::ngm Loy a l0 - Shape parameter for fiber strength
a: scale parameter
B: shape parameter
|
Acoustic Emission Microdroplet Test
I —
50
. ) FiberFracture
Tensile Load Compressive Load 0F A e
Lol Loading 1
UTM Ji Platen O MISTRAS 2001 System ~ ﬁ Y
ig 3ol 1 4
r Fiber - R15 sensor g
O AE Sensor (Resonance type: 50-200 kHz) ETgengg]ed £ sk Fiberbull-out;
H—— Matrix - Pre-amplifier : 40, 60 dB ! K -
N\ ,/ Critical
| - Threshold : 35 dB 1r iEmbedded
UTM Jig 1Length
60 /40 dB 0 ] ! 1 ! 1
Pre-amp O UTM (Lloyd Ltd. LR 10K) System 0 50 100 150 200 250
- . Embedded Length (um)
—— -Load Cell : 10 kN Where
- Test speed : 0.5 mm/min. 7, F, : Pull-out force
d T L ) ) -
I Lt - Tensile/Compressive load Sl DL D Fiber diameter
— 7

L : Embedded length

| MISTRAS 2001 system |
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IFSS tests (Microdroplet, Pullout/Fragmentation tests)

Fragmentation test 3
2L [= e Weibull weakest link rule
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% Wetting test method

Static/dynamic contact angles

Modeling of wetting equationp

-Dynamic contact angle- -Young’s equation-
Ysc = VsL +Vig - cos 6

-Static contact angle-

y are the surface tension coefficients of
solid-gas (SG), solid-liquid (SL) and
liquid-gas (LG) interfaces.

-Wenzel’s equation (Advancing CA < 150°)-

- Wetting + - Buoyancy —
Gravitation Force l cos 8 =1, - cos(By)
- Hydrophilic - Hydrophobic o Acsa
=
APro Ji

cos(B,) is an apparent contact angle.
r is proportional to the extension of surface area

Acsa 1s the contact surface.
Aproj 1s the horizontal projection.

Work of adhesion

-Cassie-Baxter’s equation (Advancing CA > 150°)-

m cosOc = 1y, fs cos Oy — 1+ fo
fsi. is the fraction of the solid surface in
contact with the liquid.

Nanocomposites Interface & NDE

-Owens and Wendt equation-
W, = 2(va%ys D2 +(vaPys")?

{1 —

-Third material present-
W' = {yi —(ra VDY =(vaPviP)Y? - (YBled)l/z \
—(vePYiPM? + (atye DY+ (vaPysP)Y 2} Third

material
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s+ Electro-mechanical test method <* What is acoustic emission (AE)?

Electro-pullout test “Contact Resisance” Kaiser Effect
ﬁ e If the effect is present, there is an absence of detectable AE
Tensile Loa . . .
< e R CTECEEEEEE . until previously applied stress levels are exceeded.
Silver Paste @

Propagation and Receiving AE waveforms

)
o
~
A%

[----

N A

Fiber Interface Mastrix(Paste)

Copper Wire
Mastrix(Paste) T TTTTTTTTTTIOS

RT — vaiber+ RC+ Rvmatrix

R, fiber is negligible to be conductive fiber. Surface of Medium
R, matrix {5 also negligible to be small in volume resistivity. \ 1\

Cyclic loading test “Interface effect” &%

Propagation of
AE

A
__________ Waveform
. Current o !
Rise ti eak amplitude
Thlrd. 1 Matrix Embedded Contact @ < Imy
materia Length Length § § Count Threshold
--------- : N[ TN—
© Kaiser E """"""""
o Eflfect < IATAA e ee
v unload/ @
it reload™ § o
< Duration time
Load -. Time
-
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% Treatment/Dispersion methods

Plasma treatment Surface functional Introduction’ Electrodeposition
. Power Source D:G Regulated Cathod Anod
Plasma Q . e HP Multimeter (Ifttp(r)olje) (cafb:n fiber)
Machine T g 9 ?,— -
2C—C=0 pum 7 0 00 A o:m::n:u:n::":l
7777 I —— i e 1
Polymer surface

‘lh

Aluminum Tape

(IXI H(\
HO E i}"‘ (g _()(}l In zuror (|) (l)”
————————— 5797 Aluminum Plate Carbon Fibers
EEE— ////////////////// Y Cathode (~) Anode (+)
PBMA Solution Cell
Dispersion Equipment Sonication
i
Product name .
Type | Compan; Picture Feature
P I (Model name) pany ! " u e s @

: (e tvs) = -
I . 24kHz Epony + acoone .
| Ultrasonic Amplitude adjustable : 20~100% ;

1 | homogenizer Hielscher, Germany pulse adjustable : 0~100% oy B e ®
| (UP200S) Processing capability : w s) 4 — -
: 0.1~2000m1 Sover et =
I o uz hrs) -

>
! It i e Sobvert evepas
Soni | ;i-ol;:::::: 20KH; l: = “ M)-”C - -
nicator > i i z

2 onicato : Vibra-Cell™ Sonics & Materials, U.S. Processing capability : 10~250ml .. =
I (VC 505) '_ _ CNT dispersed CNT dispersed .
| ‘epoxy composites. ‘epoxy composites
| .
: T.K. Homo mixer 500~12000RPM

3 | mark 11 Primix, Japan Maximum viscosity : 70Pa-S
: (model 2.5) . £ Processing capability : 3000ml EXtrUde
|
t | Heatng
| win strrer
I . . i I @wc)

Fixed : 2000RPM ‘Soncation Soivert evaporation

| Thinky Step : 200~2000RPM il = <

4 | mixer Thinky, U.S. | Processing capability :
| 250ml - 250g (net) oNT PP CNT dsparsed

ARM-31 2 ”
) : ( 310) 250ml - 310g (gross) O desass
Mixer ©m)

: ONT + xylone.
: Ove'rhead Daihan scientific i ~ 50~1000RPM

5 | Stirrer Co. Itd. K Maximum viscosity : 150Pa-s
| (HT 120T) 0. Itd, Korea 3 Processing capability : 60,000ml
|
1
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Cited 43th

Journal of Colloid and Interface Science 231, 114-128 (2000)
Interfacial Aspects of Electrodeposited Carbon Fiber-Reinforced Epoxy
Composites Using Monomeric and Polymeric Coupling Agents

Untreated =
i O Dry
D.C Regulated
Power Source Power Supply a Wet
HP Multimeter T R
y N Bematrix
Dipped
|
| 00 o000 fEsssas kS Matrix of
LRA O X Tl gradient
chemical, properties Aged after ED
Aluminum Tape environment
ED
Aluminum Plate Carbon Fibers
= Anode (+
Cathode (—) (*) Interlayer All fibers under
PBMA Solution Cell wet conditions | .‘: 7 Untreated Dipping ED (aging) ED

Bulk fiber Condition of Fiber Treatment

Schematic diagram of the ED system.

b [ . . .
Comparison of IFSS depending on various surface treatment methods under
dry and wet conditions.
Oscilloscope 120 120 120
( AE waveform Acquisition ) (A Ll bt
g T T s | #
S 8w * :%‘ R 2w ° :
2 > > 5 b o 8
-] = -
=T . 2o el g« : S
) b = L e o < ¥ = 0 8
g 3 =3
< a0 E % 5 %0
20 20 20
< on 50 100 150 2111 250 00 50 100 150 200 250 00 50 100 150 200 250
R et ot o i el Time (sec.) Time (sec.) Time (sec.)
w 400 300 350
F 1 1 g - :
g _g -SO . 250 300
aee X =]
SFC Specimen *.., MISTRAS AE system = J g gaoo 8 : B
. < ®
Wide band Sensor R g - é E e
______________ sl = 200 s w10 ! B
1mm > E 150 < it ; N E 150 :o-
e Smm ED 100 H # -_v'.: e .'; e
M‘/ ED-aging Position 0 = * & o3 '!.:";: 20 o 3o i ) Song
15mm < v -
l« r T "y \ § Dipping Schematic illustrations showing (a) the 0 50 100 150 200 250 % 50 100 150 200 250 % 50 100 150 200 250
. ST T . . . . i1
l— 25m ; longitudinal shape of the two-dimensional T""(‘ ;’“‘) T"";g’“') T“": ()‘“')
1 . . a) C)
“ interphases between fiber and matrix, and (b)
mm . . . . . .
the cross-sectional region of the modulus and (top) AE amplitude and (bottom) AE energy as a function of measuring time for

single-carbon fiber-embedded specimens: (a) untreated,(b) dipped, and (c) ED
treated.

Schematic illustration of the AE system and SFC
specimen.
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Cited 32th

Composites Science and Technology 60, 439-450 (2000)
A new method of evaluating the interfacial properties of
composites by means of the gradual multi-fiber fragmentation test

(a)

Glass Fiber

Glass Fiber

«——— Scotch Tape

A series of photographs with increasing
of the tensile strain: (a) 1% strain; (b)
4% strain; (c) 6% strain; (d) 10% strain.

50 40
© 3 Fibers Composite
05 Fibers Composite
= 45 135 e
& =
= > &
7 g
&= Z
P =
£ g
40 T30 <
15 1 " ! 25
0.1 03 05 0.7

Inter-Fiber Separation, d /d;

Effect of the inter-fiber separation on the

average aspect ratio and IFSS in the regular

three- and five-fiber composites.

§

IFSS (MPa)

55

50

45 F

40 -

35 F

30

Schematic illustration showing the
fiber arrangement and the inter-fiber
separation in two-typed composites:
(a) the regular multi-fiber

composite; and (b) the gradual multi-
fiber composite.

0 doldi = 05 (3). 06 (5)
o do/di: 03 (3),03(5)
H |-a dofdi =02 (3),02(5)
A
O —
8
o
a
0 1 2 3 4 5 6

No. of Embedded Fibers

IFSS as a function of the number of
embedded fibers in the single-fiber
and the regular multi-fiber
composites.
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(b) 45
Vo}:lnngation 16 %
o 0 Elongation : 12 %
40
£
35
z
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172}
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Inter-Fiber Separation, d/d;

(a) The average aspect ratio and (b) IFSS as a function of the reciprocal of the
inter-fiber separation at 6% and 12% elongation.

(a) ™

14 Fiber-1
12 Fiber-3

ionless Stress

Dimensi

02  Fiber breaking position

(b) 16

Dimensionless Stress.

00 0s 10 15 20 25 0

(c) 16

Dimensionless Stress

@

Filer-8

A Malf of incfective longth

Dimensionless Stress

Dimensionless Stress
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Fiber stress distributions around fiber breakage(s): (a) fiber-2
broken; (b) fiber-1 broken; (c) fiber-8 broken; (d) fiber-9 broken;
(e) fiber-1 and -2 broken; (f) fiber-1, -2 and -3 broken.
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Interfacial properties and microfailure degradation mechanisms of bioabsorbable fibers/poly-l-lactide composites using micromechanical
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Interfacial properties and microfailure degradation mechanisms of bioabsorbable fibers/poly-I-
lactide composites using micromechanical test and nondestructive acoustic emission

e——d —— A fiber breakage

|
Sensor |

Sensor 2
[
[ INNECaRRN] 1
! N\ 7 |
i - —V
| D
Sensor 1 Sensor 2
= =
=] p—)
1
40 dB 40 dB
Pre-amp. Pre-amp.

= = =
= Ca] [

= ol
2

| MISTRAS 2001 system |

Source location test of carbon
fiber/epoxy composite

1700 250
200
1600
_
3
2
= ~
£ 150 §
z 52
'g 1500 =
@ Q
> 100 =
@ =
g
1400 -0 Wave Velocity
—@— Density 50
- TEC
—&— Modulus
1300 - - 0
2.5:0.5 2.7:0.3 3.0:0.0

Department of Materials Engineering and Convergence Technology -,

.
® s=/No air bubble-
V. X
L L
8 0.1
Sensor | Sensor 2
; 4 s‘ 0.05
E‘ 0 o :;‘ 0
3 G
& - 7 ~0.05
E> E £0.1
o 100 200 300 400 0 100 200 300 400
Time (usec) Time (yisec)
[O)
Sensor | Sensor 2
i £3 a—
8 0.1
Sensor | Sensor 2
[k 0.05
g0 g8 ° L
3 <
Le -4 > -0.05
8 0.1
0 100 200 300 400 0 100 200 300 400
Time (jisec) Time (jisec)
. .
Surface damage With vertical scratch
(b) Sensor | Sensor 2
L X
L8 ti—
8 0.1
Sensor | Sensor 2
X o 005
7 ’ %
E 4 A
130 7110 3 3
L Z 005
-8 0.1
0 100 200 300 400 0 100 200 300 4000
Time (usec) Time (jisec)
120 {1.09 m
—_~ ? Sensor 1 Sensor 2
5
< ¥
|l S e & s
= <
1 10; 1.08 E
= = 8 0.1
z = Sensor | Sensor 2
2 S -~ ~ 005
a = s e
2o g
1.00 1.07 3 3
> 4 > o0
8 0.1
0 100 200 300 400 100 200 300 400
Time (usec) Time (psec)
009 11.06 @

Gyeongsang National University

Internal damage with air bubble

©

s 0

Sensor | Sensor 2
o o 005
<! >
s P
Ay Ak

o KAl g oo AT
= 3
>4 ” g0s

s o

o 00 ™ 0 0 o o0 20 ET—)

Time (jsee) “Time (usec)
(O]
Sensor | Sensor 2
s o
Sensor | Seasor 2

= ~ 008
B B
2o # %Mvww-—'
E E
2 £
L ” Q0

s a1

o 0 D Er—) o m 00 ETR—)

Time (usec) Time (usec)

=

Maf
VAL A VA
ayArS:

0 50 100 150 200 30 40 50 60 kY
Time (usec) Time (usec)

i'—-6’!/\[\/\/\“”'
AU

T

0 50 100 150 200 30 40 50 60 70
Time (jisec)

Voltage (V)

Voltage (V)
Valtage (V)

Time (usec)

(a) SFC spetihwen, (b) waveforms of two fractured points,

and (c) magnified waveform (D400:D2000=2.5:0.5).

> Nanocomposites Interface & NDE



| EI\IE | Gyeongsang National University

By

Gyeongsang National University

Cited 59th

Composites Science and Technology 65, 571-580 (2005) "Residual stress between fiber and matrix”
Cure monitoring and residual stress sensing of single-carbon fiber

reinforced epoxy composites using electrical resistivity measurement
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The change in mechanical and interfacial properties of GF and CF

reinforced epoxy composites after aging in NaCl solution
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The Journal of Adhesion 97(5), 438-455 (2021)
Advanced interfacial properties of glass fiber/dopamine-epoxy
composites using a microdroplet pull-out test and acoustic emission
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The Journal of Adhesion 97(5), 438-455 (2021)
Advanced interfacial properties of glass fiber/dopamine-epoxy
composites using a microdroplet pull-out test and acoustic emission
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Interfacial adhesion via wettability test
versus ER
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Frost formation and anti-icing performance of a hydrophobic coating on aluminum
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Composites Part B 170, 11-18 (2019)
Comparison of interfacial adhesion of hybrid materials of aluminum/carbon fiber
reinforced epoxy composites with different surface roughness
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Cited 30th
Composites science and technology 142, 95-106 (2017)
Interfacial properties and water resistance of epoxy and CNT-epoxy adhesives on

GFRP composites & _ B 6
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Application of contact angle method for RTM
120
b
8 100
=
) en
Monitor Syringe § "’
Reflective S 60
icroscope 5
) S
40
20
0 1 1 1 1
0 5 10 15 20 25
X, y table Time (sec)

Random

Fabric (Woven)

)
Department of Materials Engineering and Convergence Technology AP Nanocomposites Interface & NDE



| EI\IE | Gyeongsang National University

By

Gyeongsang National University

Spreading condition of epoxy on the CF Spreading condition of epoxy on the
tow using ER method GF UD mat using video

Camera

Injection /

gun
GF mat

Compressive
sensor

350
* Flow compressive load
A Wet area of GF mat
300 .
= g
E g
S 250
= : E
% 5 200 %
Pl S
,§ S50 2
A g 5
5 100
= 2
=
50
0 0
1 10 100 1000
log time (sec) Time (sec)
Condition et - Condition - Droplet : Epoxy
- Tow : Carbon fiber Dr.ophet : ]iipoxy - Tow : Glass fiber (Bisphenol A type)
- (T-700) (Bisphenol A type) - (SE-1500) Area: 200 X 200 X 0.1 mm
- Distance of prove : 30 mm -’

Department of Materials Engineering and Convergence Technology .." Nanocomposites Interface & NDE



| EI\IE | Gyeongsang National University

By

Gyeongsang National University

Cited 17th

Composites: Part B 148, 61-67 (2018)

Interfacial Properties and Permeability of Three Patterned Glass Fiber/Epoxy
Composites by VARTM
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Cited 11th

Journal of Adhesion Science and Technology 28, 1677-1686 (2014)
New method for interfacial evaluation of carbon fiber/thermosetting
composites by wetting and electrical resistance measurements
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Cited 6th
Polymer Testing 53, 293-298 (2016) Defense
Interfacial and wetting properties of carbon fiber reinforced epoxy
composites with different hardeners by electrical resistance measurement
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Cited 11th
Colloids and Surfaces A: Physicochemical and Engineering Aspects 544, 68-77 (2018)
Interfacial and wetting properties between glass fiber and epoxy resins with different pot life
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Damage sensing of Nanocomposites by
Electrical Resistance (ER)
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Basic principle for measuring electrical resistance (ER)
« using Kirchhoff’s law ER can be measured for damage detection due to ER change due to electro-

circuit disconnection and fracture

 Prediction of internal micro-damage prediction
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Materials Science and Engineering C, 23, 971-975(2003)
Nondestructive damage sensitivity and reinforcing effect of carbon nanotube/epoxy
composites using electro-micromechanical technique . . . . L
First Paper (2003): “ER sensing using CNT
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The change in electrical resistance for fiber
tension with CNT content under electro-pullout
test.

Stress—strain curve of CNT composites by (a) tensile

FE-SEM photographs for fracture surface of (a) 0.1 vol% CNT, (b) test and (b) apparent modulus measurement.

0.5 vol% CNT and (c) 2.0 vol% CNT composites.
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Cited 37th

Composites Science and Technology 67, 2121-2134 (2007)
Self-sensing and interfacial evaluation of Ni nanowire/polymer
composites using electro-micromechanical technique
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Cited 15th

Composites: Part A 82, 190—-197 (2016)
Interfacial and mechanical properties of epoxy composites containing
carbon nanotubes grafted with alkyl chains of different length
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Interfacial Properties and Damage Sensing on CFRP
Composites by VARTM using 2D or 3D ER

Mapping
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« Background

Application
« Increasing in conductive materials, e,g, CNT, CFRP in nonconductive GF/PP composites
« New NDE for detecting durability evaluation of inter- and external parts

« Importance of dispersion of nano- and micro-particles such as carbon nanotube (CNT)

GF Composites Conductive

nanocomposites
(high modulus, light

Damage evaluation methods
for new materials parts
(rapid, accurate)

<New materials for car>
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Park et al, Composites: Part A, pp. 417 (2016).

Steps of manufacture of contact ER probe on CF/polypropylene (PP)-polyamide (PA)

Specimen and dispersion results of CF/PP-PA using 2D
mapping ER method: (a) specimen for dispersion; and (b)
dispersion results of CF/PP-PA using 2D mapping

PI tape

Cu wire PP tape Silver paste
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Tensile results and weight loss of CF/PP-PA composites Cyclic bending test of CF/PP-PA composites
with different CF/PP-PA parts: (a) tensile results; and (b) using 2D ER mapping

weight loss results
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~« Experimental

Schematic of permeability measurement

Video camera

Compressor
‘Consistence
“ pressure

I Where Kj : fiber permeability
Py .
qy : flow rate in fiber
o M - viscosity of resin
— K;=—q; ﬂ_hf P : pressure on fiber
Newat o™ g Ps hy : fiber thickness

Arrangement of 3D ER mapping on a 1 cell ER: (a) X,Y axis; (b) Z axis
(a) X,Y axis
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Cited 4th
Composites Part B 115, pp. 178-186 (2018)
New evaluation of interfacial properties and damage sensing in CFRC by VARTM using 3D ER mapping

Viscosity and permeability of ILSS test of CF/epoxy and CF/PVE Static contact angle change about
epoxy and PVE composites resin and CF mat in-situ
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Composites Part B 115, pp. 178-186 (2018)
New evaluation of interfacial properties and damage sensing in CFRC by VARTM using 3D ER mapping
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3D ER mapping as depth of hole: (a) Neat CF/epoxy composite; 3D ER mapping as depth of hole: (a) Neat CF/PVE composite;
(b) 1.2 mm; (c) 2.4 mm; and (d) 3.7 mm (b) 1.2 mm; (¢) 2.4 mm; and (d) 3.7 mm

Cross section

CF/epoxy composite CF/PVE composite

CF/epoxy CF/PVE

Observation after drilling hole : (a) upper hole of CF/epoxy; (b) below hole of CF/epoxy; (c) upper hole of CF/PVE; and (d) below hole of CF/PVE

)
Department of Materials Engineering and Convergence Technology AP Nanocomposites Interface & NDE




[(OINU]

By

Gyeongsang National University

Cited 7st

Composites Science and Technology 201, 108480 (2021)

2D electrical resistance (ER) mapping to Detect damage for carbon fiber

reinforced polyamide composites under tensile and flexure loading
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Part 4

Applications: Transportation, Aerospace, Fire
Retardant, Recycling, Construction, Marine etc
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©-DCPD introduction: Defense, transfortation etc
p-DCPD 7,2 3.gene.’raz‘/bn Caz‘a/y#s Objectives:
Tungsten(W) Molibdenium(Mo) Ruthenium(Ru) Improving neat p-DCPD
HC o properties
Cl ‘fl,cn YQY chq,:ﬁcﬁcm
oo A o, - Impact strength 1

- Low temperature Impact strength t
- Water-resisting properties 1
- Machinability 1

Adding
GF, CF

Targets
- Improved higher mechanical and
interfacial properties

High toughness - Civil & Military applications

Ocean boat

),

Department of Materials Engineering and Convergence Technology .7" Nanocomposites Interface & NDE




| K_?I\lg | Gyeongsang National University

By

Gyeongsang National Uni
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DCPD advantage: Impact property

Comparison of Izod test

400
Condition
350 - Capacity : 40kg-cm
—_ - 1div : 0.4kg-cm
g 300 -
)
=
b} 250
=
&
£ 200
~N
2
2 150
: T
100 [ L
50 T
0 | I
Epoxy Phenolic resin DCPD

- Izod impact strength is much better than thermosetting polymer
(Volvo Truck bump)

)
Department of Materials Engineering and Convergence Technology .7" Nanocomposites Interface & NDE




| El\lg | Gyeongsang National University

B
Transportation Lately quality of LGF/p-DCPD

Gyeongsang National Universi

Lately quality of LGF/p-DCPD

3 year research
results

160
\—'"\ Condition
140 ,," ’ \\; Thickness: 4.2 mm
i Y Width: 14 ~ 16 mm, 7
| 4 Test speed: SOmpf'min
= 120F X / in’uﬂ
s Ry ,
N 4
s . ’
= 100 ., ’
23 4 ’
3 e e
o ’, v
5 s ‘.
5 > 7 2 year research
DCPD o7 results
( ) ! ,ﬁ/ 60
A,’ g 1 year research.. - |
= e results -~
>, 20 - Early resultsy|
. S olee= 1 1 I
Fiber arrangement 0 25 5 75

Strain (%)

. Reaction

Pull out

"B Tensile strength: 118 MPa
A A Flexural strength: 118 MPa
Molding p-DCPD + 6= Interface fract Impact strength: 1420 MPa (25°C)

1400 MPa (-40°C)

m bonding ->
" " High mechanical
property -.
Department of Materials Engineering and Convergence Technology AP Nanocomposites Interface & NDE




| EI\IE | Gyeongsang National University
Aa3Em
Transportation
Cited 14st

Composites Part B 123, 74-80 (2017)
Reinforcing effects of glass fiber/p-DCPD with fiber concentrations,

types, lengths and surface treatment

* Force at matrix
* Force at fiber

Load (N)

9 10 200 300 4 0 1™ 200 300 400
Embedded Length (um) Embedded Length (um)

Microdroplet test load versus embedded lengths of GF/p-DCPD with different
surface treatments; (a) E-GF, and (b) H-GF.

Modeling and photos of GF/p-DCPD illustrating the GF length effect:
(a), (d) 3 mm GF/p-DCPD; (b), (¢) 100 mm GF/p-DCPD; and (c), (f) 500 mm GF/p-DCPD

80 140 - 2000 140 s
1 I 10 1150
£ £l g8 I
E 100 é o S E - 100 s %
= - = | 41250
E " ? -{ 1000 g g i % - 1000 g.
@ 60 g ,§ é 160 @ é
-E -1 750 i = s .i
% 40 140 E Bl a
& é 1™ I# g1 8
20 1250 & 10+ T 20 1250
=
0 Jo
o 0 =0 0 10 ) 30 40 0
[ 10 20 30 40 50
Fiber concentration (wt%)
Fiber concentration (wt%) @ ®

Schematic model of GF/p-DCPD fiber surfaces with different treatments: (a) neat

Mechanical property of LGF/p-DCPD composites with different fiber concentration:
H-GF/p-DCPD; and (b) norbornene treated H-GF/p-DCPD.

(a) 0.3 mm E-GF/p-DPCD; (b) 50 mm E-GF/p-DCPD
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Cited 2nd

Fibers and Polymers 19, 1989-1996 (2018)

Mechanical and Interfacial Properties of Glass Fiber (GF)/Poly-Dicyclopentadiene (p-
DCPD) Composites for Different Post Curing Conditions at Ambient and Low Temperatures

Process to manufacture GF/p-DCPD composites Polarized photos of composites as different thermal treatment

Mechanical properties

| ‘ [ I P Neat
DCPD + Catalyst ~ Chopped GF
aayb oppe ' 4 '/

80 °C/5 mins Tensile Izod Flexural 1 ZOOC
Curi Impact
uring
Non post-cured, 120 °C, @ :> °
160 °C, 200 °C/2 hrs Interfacial properties 1 60 C
Post curing
o
. ! . 200°C
T e ®
GF/p-DCPD Composites Fragmentation Cyclic  Static contact angle
loading
Cyclic Loading Test
DSC data Swelling and Density Cycle
0 1 10 50 100
180 1.07 1600 [—= T T T
Non-post cured Non-post cured
—— 120°C 2hrs —— 120°C2hrs
— N = 160 °C 2 hr:
el 160 [ 7 1.06 1400 [1| — 200 C s
/ﬂ - e 1200
) g
i‘) -~ HA E
% 3 £ < 1000
= ~120 7104 5 u
2 T e | E o £ 800
&
= 2100l q1.03E v
L | 7 2 5 600
L m] y ]
80 1.02 g 400
60" O Swelting | 7 1.01 200
A 11 Density A
0 slo 12)0 1;0 200 0 ' ' ' ' 0 0
0 50 100 150 200 250 4 <3 28 &l 70 1 2 3

Temperature (°C) In (min)

Temperature (°C)
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Cited 5th
Composites Part B 153, 420-428 (2018) SE1500
Evaluation of Interfacial and Mechanical Properties of Glass Fiber (GF)
and p-DCPD Composites with Surface Treatment of Glass Fiber

Polarized photos

2

Process to manufacture Fragmentation specimen

1k
+ & .)}M’
: ilz.SmmPPupe . 4 1.8 ,é.
Waba 1 ok 4
3 " v
‘

&
A
e

=3
T

¢
!

SN ;";

%J £

0.5 mm Feeler gauge
3 peace x 2

Inin(1/R(IFSS))
»

5 :'}‘
! Z%ﬂ%e%; :,‘ .’A
2N

} iq - s
Cuti ( - '} %Q"f ¥
utting 2k e g ceERN 52
\ pS T
° N oo G
) \ | :> sl o ;1’ <
~ e °
o o CR212
\“ e S Y
2 25 3 35 4 45 5
Mechanical property In IFSS .
Surface energy of materials
160 240 1400
O25°C @ Oa2sc ®) O 25°C (©
140 | [B-20°C H-20°C 1200 | [B-20°C v
200 | ¥s sV ot s s e & Wa
120
- = 1000 |
£ S 60 ]
E 100 [~ < 3 DCPD 249 19.6 52 17.8 0.4 10.1 8.6 -
5 £ d S s00
£ sl S0t s
2 z 2 ol Unsized ~ 32.6 25.8 6.9 36.6 03 12.0 293 573
Z 60 5 E
s E 80 | E
40k = 400 1= SE-1500 342 255 8.7 221 0.8 155 21.0 58.4
20 aor 200
CR-212 38.1 354 2.7 42 0.4 324 4.6 60.8
0
p-DCPD  Unsized GF/ SE-1500/ CR-212/ ° p-DCPD  Unsized GF/ SE-1500/ CR-212/ p-DCPD  Unsized GF/ SE-1500/ CR-212/
p-DCPD  p-DCPD  p-DCPD p-DCPD  p-DCPD  p-DCPD p-DCPD  p-DCPD  p-DCPD
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Aerospace
Cited 6th
Journal of Composite Materials 47 (2013) 2005-2012
A new strategy of carbon fiber reinforced plastic drilling evaluation using
thermal measurement
st s | — ..li e - / "’

o Drilling Machine | g

[~]

Start of Ultra chip emission

drilling
|

Decreased chip Pull off drill
emission

140

pale /- / e 5 g
- & - & A
. % ; v 3 i
Thermal image camera 130 F e - i’
* - R ot -~ )

(P S0 ,
TP Good chip ——— > Poor chip

120 |

o uor
After = 100
Drilling
Modeling of I::> 9 [
drilling result —0—1
- -
Of_u.a) CVD I | oo [ Tat: Good drilling | 7y
drill; (b) PCD e | Ta | : Bad drilling |=o-1
Drill ! : 70 ] ] ] ] ] ] ]
I
E> : 1500 2000 2500 3000 3500 4000 4500 5000 5500
L Drill tool diameter (in)
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[ d 0.8 0.8
Grmongsang Natona Universy Fl re Reta rd a nt - Thermal conductivity Gl Ablation ratio
_ Mathis TCi, C-Therm Ablati "

. g | Technologi i ation ratio
Cited 76th B0 L:!t;:.)“0 o9 _ i _ Back temperature
Composites: Part B 67, 22-29 (2014) o5 Eost Thickness
Effects of carbon nanotubes and carbon fiber reinforcements on thermal g oa 3 ol

. : i . : £ g
conductivity and ablation properties of carbon/phenolic composites s 2 ..k
2 02 02
=
0.1 0.1
! PR RCFPC  MCFPC MCF/ PR RCFPC  MCFPC MCEF/
CNTPC CNTPC
RCFP MCFP MCF/CNTP
Model of

ablation Ablation
phenomena

<-o-ommmo--->

(@) PR; (b) RCFPC; (c) MCFPC; and (d) MCF/CNTPC

Data logger
(34970a, Agilent, C:

Thermal spread area

(a)100

(b)100

80 50 p

\
\ \
\ \
& A\ & \
S \ S \
Z \ H \
2 \ 2 \
= \ =z 9 \
2 o} \ F o} %
= 50 \ = \
\ \
M \
20 A 20 F \
. \ \
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w0 0 e 700 \ S 0w \
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100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C)
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\ 80 b

60 | =
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0 0
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
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Cited 59th

Composites: Part B 60, 597-602 (2014)
Ablative and mechanical evaluation of CNT/phenolic composites
by thermal and microstructural analyses

X

air /‘ \ Phenolic resin 0.1 vol% CNT/ 0.3 vol% CNT/
temperature Phenolic resin Phenolic resin
oxygen kerosene sensor
0.8
g oo i flame torch
2 7
3 oap %
=
= /
/
;: 02 Z carbonization
/ . heat diffusion
0 0.1 0.3

CNT/ (b) Phenolic resin

Concentration (%) Phenolic resin
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Cited 20th

Fire Retardant

Composites: Part B 167, 221-230 (2017)
Interfacial Properties and Fire Retardance of Glass fiber/Unsaturated
Polyester Composite using Ammonium Dihydrogen Phosphate

125mm

13 mm

4 mm

Gyeongsang National University

40

30

I \ \/ 425mm '¢ 9
\ J E>\/ =20
\ e————— =
Distilled water + ADP 50°C, 12 Hours \\?
50 °C, 4 Hours A c——
10
Stopwatch

\

Swt% 10 wt% 20 wt%

240 3000 20 Wt%
— Neat
— 5 wi%
~ 200 [ 2500 [ | — 10 wt%
9 — 20 Wt%
< =
o
S 160 [ £ 5000 -
g =
£ £
s 120 £ 1500
3 =
E g
S s0f § 1000 F
&0 =
z
40 F 500 |
0 0 L L 1
Swt% 10 wt% 20 wt% 0 1 2 3 4
Strain (%)
2" flame
Diameter Strength Modulus Elongation 2 3)
Type (um) (MP2)  (GPa) %) a p o B o B>
17.1 1823.9 81.6 2.24
Neat (0.15)1 (2314)  (168) (0.31) 1926 8.7 1758 17.8 1902 6.2
17.2 1824.8 80.2 2.28
5 wt% 1935 8.0 1775 142 1914 59 T, T, ~ L.OIY
o @y dm o M edw e Y R
% - ) ) ) 7. 77 N R 5
0w S oms g0 0 192 9 1779 137 1908 5.8 Neat ATl buming T
17.1 1827.9 79.1 231 5
. 5 wt% Al b 1.68
20 wt% (0.16) (243.1)  (1.76) (0.42) 1934 8.3 1769 159 1906 58 0 urning
! Standard deviation (SD) 10 wt% 37 0 V-2 0.45
2 Scale parameter for fiber strength 20 wit% 3 18 V-1 0.21

%) shape parameter for fiber strength

Department of Materials Engineering and Convergence Technology 7> Nanocomposites Interface & NDE

)



| \Zl\lg | Gyeongsang National University

By

Gyeongsang National University

Cited 9th

Composite Structures 196, 21-29 (2018)

Evaluation of Thermally-Aged Carbon Fiber/Epoxy Composites using
Acoustic Emission, Electrical Resistance and Thermogram

80

— Neat
_ — 200°C
. . . < o
AE evaluation Electrical Evaluation < o
- p
2500 450 1800 1000 S o
N 131
B 1500 1 % % 2]
. 2000 <350 80 o~ £ 40
g || B == . 2 28
= - 200°C é 300 £ oot P Z 3
1500 + 300°C Z 550 = 460 2 S
53 o o =] (o4 e
3 e 400°C 3 < %
a | 3 900 | S 20
8 o 200 o -2
2 1000 = H K &
% 3 : + 400 o
o 5]
150 = =
= £ = 600f E
500 '>B 100 §
50 ~Neat +300C 300 - 1 0
Neat 200°C 300 °C 400 "C
0 i 0 Aging Temperatu
0 0 ging perature
0 500 1000 1500 2000 2500 0 50 100 150 200 250 300 350 400 450 Neat 200 C 300C 400 C
Wavespeeds (mv/s) Volumetric ER (Q-cm-107%) Aging Temperature
Contact Angle
Neat 200 °C 300 °C 400 °C 160
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{05 o = 140 - 200°C Neat
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— Z ok - 400°C
3 R
20 sec :
@
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0 10 20 30 40 50 60 70

Thermal evaluation Time (5)
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W gl
80
200°C S e 300 °C 400 °C
. . . . . . . ﬁ Neat CF covered with matrix Exposure of CF

Aging of matrix
40
300°C
Neat
20k - 200°C
o -~ 300°C
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L L

0 30 60 90 120 150 180 210
100.0 °C Time (seconds)
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g
T
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Cited 9st

Fibers and Polymers 19, 1767-1775 (2018)

Investigation of Interfacial and Mechanical Properties of Various Thermally-

Recycled Carbon Fibers/Recycled PET Composites Dynamic Contact Angle

Materials from waste CF, PET

i o o 90 100
sl Neat , Resedine | | 400 °C sl 500 °C e
oo0os| oo00sf- 000 80 |- —O— Receding
% el 2 =074
2 oo 2 ool 2 oo ok ds0
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TGA analysis Ll 000021 00002 ~ 60}
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. Recyeled PET film : g oo g oo -
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§ 4000
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Recent & Current Works

),

Department of Materials Engineering and Convergence Technology .7" Nanocomposites Interface & NDE




[(OINU]

By

—="s Current works

Pencil Drawn Paper Sensor (PDPS)

Pencil drawing

14 60

o
S
T

40r

20

Electrical resistance (MQ)

Electrical resistance (MQ)

- 3H pencil
0 L L N + 0 I I F|) I I I I I
3H 2H |H B 2B 3B 4B 0 2 4 8 10 12 14 16 18
Type of pencil Number of written line
ged 4th gth 16th
| [ 1

Surface

FE-SEM

A4 surface
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Cross section

Tensile sensor

Gyeongsang National University
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40 mm
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Strain (%)
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Fibers and Polymers 21, 1560-1565 (2020)
Innovation of Pencil Lead Drawn Paper Sensors (PLDPS) Using Electrical Resistance (ER) Measurement:
I. Optimal Conditions of Interfacial, Mechanical, and Sensing Properties

Configuration of different pencil lead types Strain sensing of PLDPS with different pencil types
@ s 1.5
SEERNENEEEEEEE T
Hardness 4H 3H 7B 8B I g} P02 112
= 2
Graphite (%) 55 58 | 60| 63 66 |68 | 71 (74| 76 |79 | 82 | 84| 87 90 7l E
Clay (%) 39 363431 252623 (20|18 |15|10| 7| S5 2 3 i 109 50
Wax(®%) 5 S5 |5|5 5|s|s|s|s|s|s|s]s s 5 RS g
w 2 -10.6
Strain sensing of PLDPS with different paper types 5 .
5 — — 2 0.5 ) 025712 1 — Strain|] 71 0.3
e
. [J / 0 01 02 03 04 05 06
3 /T 01 d015 Extension (mm)
e} / o S N HB 6B
& o = .
2F / % m »n 02 — 0.1 — Paper
/ / | 05 ) jraphite
1P / / 0.1F —Smn -1 0.05
% % —:lain @
/ / —Han @
0 A A 0 0 1 1 1 1 | 0 =
Plain Han 0 005 01 015 02 025 03
Paper type Extension (mm)
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" «Results and Discussion

Flexural detecting results of FRP using pencil sensor

Short beam test Flexural test

Time (second)
0 5 10 15 20 25

60 T T T T 25 A
— ILSS-Strain curve
— Pencil sensor o0 L
|| — Strain gauge 0 e
30 20
) -6
540_ 0:21085Q _15 g g b ' )
= 30 e |4 & B
2 & &
Before 20 .
| 2 Flexural strain : 0.34 %
15
10 L | ‘
0 1 1 1 0 - 0

0 0.04 0.08 0.12 0.16
Bending strain (%)

A specimen consisting of a single mass had a larger change in ER due to a stronger deformation
at the center than at the edge and at the lower side than at the side.
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Fibers and Polymers 21, 1566-1572 (2020)
Innovation of Pencil Lead Drawn Paper Sensors (PLDPS) Using Electrical Resistance (ER) Measurement:
II. Load, Micro-Damage, and Thermal Sensing on Composites by PLDPS

ER sensing of bending property of PLDPS Mechanical properties sensing of PLDPS
0.15 80 12 800 0.006
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Damage mapping in impact test in-situ Damage mapping in hole drilling process in-situ
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Fibers and Polymers 20, 2400-2406 (2019)
Interfacial and Mechanical Properties of Carbon Fiber Reinforced
Polycarbonate (PC) Film and PC Fiber Impregnated Composites

Scheme of CNT-PC fiber manufacturing process Tensile strength of PC fiber with CNT containing
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Cited 12th

Polymer Testing 81, 106247 (2020)

Thermal transfer, interfacial, and mechanical properties of carbon
fiber/polycarbonate-CNT composites using infrared thermography

. . . Interfacial property of
- i Thermal con ivi f CNT-PC/CF composi .
Scheme of ER measurement of CNT-PC/CF composites e Ozsa conductivity of C C/CF composites CNT-PC/CF composites
: 14
. ’ ; ; g o0xf 2 h
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Composites Science and Technology 194, 108166 (2020)
Manufacturing and qualitative properties of glass fiber/epoxy composite boards with added air
bubbles for airborne and solid-borne sound insulation

Gyeongsang National University
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Sound reflection barrier

120 20000 2 60
Neat condition Air Bubble Neat s 3
condition " 1o Jigooo *z; o o E“ W{\\
7 220 S J s s 3 1A\ W
g 60 € {12000 & 2 0 g VAN
B 460 TE} z 0 N o.o(s y 01 I — 1
o L, BETT requency (MH2
o 2
20 e e o 0 4000
N TR
- - o o
0 35 & 10.5 14
(a) Strain (%)
Reflected Advatage 1 < N 0 150
e Soundreﬂefﬁon 100 = A :;gc:':::m T Air Bubble o000 -
) - o 3 e z
«—< - Sound absorption = sof[ s 100_ 16000 g
2 O sof 8. g £
- Structural material < g ¢ 80 2
Transmitted - Light weight . Z o Powring g0 ? 2 e -
Wave Tncident Incident g 4 ':9‘ 60 5 5
Wave Wave ln_E: 40, High RPM for &4 ° 405, so00 £
bubble -
Sound reflection mechanism Sound absorption mechanism 20,
Pouring
A
30 60 90 120 150 180 210 240
. . . . Time (min)
Sound insulation measurement using AE and decibel meter
110 e I Neat GFRC 1200
Fabric Bidirectional GF Mat s : (d)
Incident Sensor |} BWVVV\‘MWJ\% 10001
| 3y = e > 27
. loo Wave . B E f%
% Sensor 2 ;E “F”"\/\"’\/\’VW - /
S of : = - Lt i
= Transmitted | n B z % %%
> Wave Sensor 3 3+ s 3 s00 % ¢//
o - 1] T 0001 4
o 80 Reflected s T - 2 % %
2 Wave Sensor M B n o 22 7
a 70 ‘ e 0 4 8 12 16 20 Neat Air Bubble
8 /\/\/\/\/\’\/\‘\ﬁ’/\/\/\/\/\//‘ Distance (cm) GFRC Condition
= GFRC with Air Bubbles
/A 60 Randomly-Chopped GF Mat £ __ Neat GFRC _ GFRC with Air Bubbles
—g Incident Sensor 1 ¢ "W e TEE
Wave 5 ) =
2 s0f — g -
A — Un-shielding Sensor2 "MM
40 M A~ ~————] White noise Transmitted i - e 'f
af s ~ - '
Normal (:‘vFRC wave T % T 4 o8
— Bubble GFRC - 06t
- B ; 1157} oo 2 Zoal
30 1 L ! L L Reflected . = ey
ensor4 % , iy
0 10 20 30 40 50 60 Wave i MM — o
: : =0 tange (3
'm,
Elapsing Time (sec) @ ) i

Department of Materials Engineering and Convergence Technology

> Nanocomposites Interface & NDE



| EI\IE | Gyeongsang National University

By
Composites Part A 151, 106660 (2021)
Evaluation of interfacial, dispersion, and thermal properties of carbon Fiber/ABC added epoxy
composites manufactured by VARTM and RFI methods
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» Thermal degradation of epoxy resin could be delayed using ABC addition.
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Composites Part A 151, 106660 (2021)
Evaluation of interfacial, dispersion, and thermal properties of carbon Fiber/ABC added epoxy
composites manufactured by VARTM and RFI methods
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» The ABC dispersion could be improved using resin film injection(RFI) process.
)
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- Topcoat modification for aircraft - Lightening strike protect (LSP) coating

Progress in Organic Coatings, Vol. 163 in press (2022)
Interfacial, electrical, and mechanical properties of MWCNT in polyurethane nanocomposite coating via 2D electrical resistance mapping for aircraft topcoat

Adhesion property of CNT/PU topcoat with different CNT weight
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e Topcoat surface modification for aircraft
- Anti-icing and de-icing coating

Surface roughness and hydrophobicity of SiO,/PU topcoat
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- Delayed starting time of the frost for 20 min.
)
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s [MliCro-impregnation property using capillary test
Composites Science and Technology in press (2022)
Innovative Wicking and Interfacial Evaluation of Carbon Fiber (CF)/Epoxy Composites by CF
tow Capillary Glass Tube Method (TCGTM) with Tripe-CF Fragmentation Test

Capillary test of resin into fiber bundle Capillary test with different sizing agent amounts
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*  The weight of capillary specimens was measured to evaluate capillary properties of epoxy resin with different sizing agent.
»  The 50C type of carbon fiber was optimized interfacial property and wettability than other fibers.
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wemnms [ Provement of adhesive property with inserting GFRP

Composites Part B submitted (2022)

Innovative Effects on GFRP Inserted Epoxy Adhesives with the Different Thicknesses for

Bonding Wind Turbine Blades of Two Parts
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* In the case of GFRP inserted specimen, the adhesive part was more deformed significantly than the only epoxy

adhesive used case.

* It caused by the GFRP exhibited lower shear modulus than neat epoxy adhesive.
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wemnms [ Provement of adhesive property with inserting GFRP

Composites Part B submitted (2022)
Innovative Effects on GFRP Inserted Epoxy Adhesives with the Different Thicknesses for
Bonding Wind Turbine Blades of Two Parts
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« The fracture and shear behaviors could be monitored using ER variation of CFRP substrate.
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General Total Summaries

- Evaluation of interfacial property of composite materials is
very important issue to control desirable total performance of
composite materials under humid, especially extreme
(cryogenic) and long term environments.

- Electro-micromechanical testing methods can evaluate
interfacial properties such IFSS, microfailure, durability by
combining with electrical resistance (ER) measurements and
2D and 3D mapping.

- ER can also provide valuable composites information on
micro- & macro-damage sensing, interfacial adhesion,
permeability, curing procedure, and durability etc.

- Practical applications for structural composites with my lab.
work can be available for aerospace (top coating, de-icing),
automobile, home appliance, defense, sports, marine, civil etc.
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