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The effect of graphene nanoparticles on the strength of sandwich panel structure
under quasi-static loading and low-velocity impact
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In recent decades, the use of nanoparticles in composite structures and composite sandwich panels has
expanded due to the achievement of mechanical and physical properties. In the present study, the effect of
graphene nanoparticles on the strength of a sandwich panel structure with a new vein geometry model under
quasi-static loading and low-velocity impact has been investigated. The vein structures are made of
glass/epoxy layers with different percentages of 0.0, 0.1, 0.3 and 0.5% of graphene nanoparticles. In
addition, polyurethane foam was used in the center of the sandwich vein structure. In order to check the
damage inside the vein structure, cut-out images of the damage have been prepared and the results have
been reported. In addition, FE-SEM analysis was used to investigate the microstructure and evaluate the
distribution of graphene nanoparticles in the polymer structure. The characteristics of crashworthiness in
the tested samples were discussed. It was concluded that this type of sandwich vein structure with
polyurethane foam core can limit the propagation of the damage in quasi-static loading and drop weight
test and keep the sandwich structure healthy. On the other hand, as a result of the impact, several different
failure modes have occurred, including fiber failure, matrix cracking, delamination, Foam detachment,
foam failure, and foam crushing. After the FE-SEM analysis, it was observed that the sandwich structure
with 0.3% of nanoparticles has a higher density than the other tested structures.
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Fig. 1 a) A simplified model of a longitudinal vein with a sandwich
structure and b) Samples made of sandwich vein structures with
different percentages of graphene nanoparticles
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Fig. 2 Experimental apparatus of sandwich vein structures under a)
quasi-static loading and b) low-velocity impact.
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Fig. 3 Force — displacement diagrams of sandwich vein structures; a)
0.0 % graphene nanoparticles, b) 0.1 % graphene nanoparticles, c) 0.3 %
graphene nanoparticles, d) 0.5 % graphene nanoparticles.
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Fig. 4 a) Initial peak force, b) mean crushing force, c) crushing force
efficiency.
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Fig. 6 Damage modes in sandwich vein structures under quasi-static test;
a) 0.0% nano, b) 0.1% nano, c) 0.3% nano, d) 0.5% nano.
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Fig. 5 Energy absorption capability; a) total absorption energy, b)
specific energy absorption.

055 &5l wd= (0 oS (65, wd (@l g5, Liz eblE b Sl

Ladiges 6550 0iz sla Sy 3 Jgax
Table 3 Energy absorption characteristics of specimens.
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(@n (97gr) (%) (kN) (kN) Q) adigoi
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12558 011 123 266 329 1470 01
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2 Rigid-body acceleration
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Fig. 8 Energy-time diagrams of sandwich vein structures; a) impact
energy of 20 J, b) impact energy of 30 J, c) impact energy of 45 J [21].
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structures; a) impact energy of 20 J, b) impact energy of 30 J, ¢) impact
energy of 45 J [21].
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Fig. 9 Energy absorption capability at a) impact energy of 20 J, b) impact
energy of 30 J, c) impact energy of 45 J [21].
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Table 4 Experimental results for key parameters of impact on the sandwich structures.
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Fig. 10 Damage modes in longitudinal and transverse sectioned

specimens; a) impact energy of 20 J, b) impact energy of 30 J, c) impact
energy of 45 J [21].
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Investigating the effect of the shot peening process on the properties and quality
of Al-Al>O3; composite coating created by cold spraying
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In this research, Al-Al,O; composite coating was created using cold spraying process on Al-1050 alloy
sheet. In order to create the coating, pure aluminum powder and Al,Os; powder were mixed with equal
weight percentage (50% wt.). The coating was done using nitrogen gas at a temperature of 300 °C and a
pressure of 30 bar and a spraying distance of 20 mm. Moreover, the coating was shot peened using a
centrifugal process with a speed of 3000 rpm and peen size of 0.6 mm for 3 minutes. The effect of the shot
peening process on the properties and quality of the coating was investigated. The characteristics of the
coating were investigated using microhardness measurement, scanning electron microscope, image
processing, and atomic force microscope. The results show that the hardness of the coating increases by
10% due to the shot peening process on the composite coating and the porosity of the coating decreases by
80% due to the shot peening process. The results of the atomic force microscope show that the surface
roughness increases due to the shot peening process, and on the other hand, the coating thickness decreases
due to condensation and erosion.
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Fig. 6 SEM images of the cross section of the coating (a) Al-Al,O;-CS
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Keywords Abstract

Composite The aim of this stu(_iy was manufac_turing and_ evaluation of the mechanical anq physical (water absorption) of a green
Geopolymér geopolymer composite reinforced with kenaf fibers and carbon nanotubes. For this purpose, the effect of amount of kenaf
Carbon nan(;tube, fibers, carbon nanotubes and water each in 5 levels (% wt) compared to metakaolin-based geopolymer and steel slag on the
Kenaf fiber, mechanical and physical properties of the composite were evaluated. Response surface method and central composite design
Fracture toughness were used as statistical method to select the mixtures. Bending tests (bending strength, modulus of elasticity and fracture

toughness), compression and water absorption were conducted on the samples. Also, ultrastructure of geopolymer and
dispersion quality of carbon nanotubes and kenaf fibers in the composite matrix, was evaluated by FESEM images. The
results showed that by increasing the amount of kenaf fibers up to 7.5%, the bending strength, compressive strength, fracture
toughness and water absorption increased, whilst at higher amounts of the fibers, the values of mechanical strength decreased.
Also, the use of carbon nanotube as a reinforcement up to 0.6%, had a positive effe on increasing the mechanical strengths
of the composite. The results of FESEM showed that with increasing the amount of percentage of kenaf fibers, the diameters
of pores in matarix highly increased. Generally, in this research accoriding to the statistical results, the sample with the
combination of 7.5% kenaf fiber, 0.6% carbon nanotube and 29% water is introduced as the optimal combination
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Table 1 Weight percent of the chemical characteristics of the raw
materials (Ref: manufacturerer company)

o5k Ol
0.42 0.97 Na:0
53.1 2.56 Fe:0s
0.36 TiO
32.39 0.66 Ca0
0.47 4.68 KO>
2.28 1.36 O3
015 P20s
32.09 64.51 Si0
14.15 22.87 AL:0s
8.75 0.67 MgO
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Table 2 Weight percent of kenaf fibers, carbon nanotubes and water in
different blocks

o s L oS gyl s
(2ey) (20,9) (22,9)

32 5 0.9 1

29 125 0.6 2

32 5 0.3 3

1 GGBFS: Ground-granulated blast-furnace slag
2 XRF: X-ray fluorescence
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2 FESEM: Field emission scanning electron microscope
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Fig. 1 (a) Samples prepared for flexural test and (b) samples in
flexural testing
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Fig. 2 (a) Compression testing and (b) the sample after the test
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2.4 10.43 2084 9.16 5
35 8.25 4152 16.98 6
3.2 7.54 7.3998 15.05 7
2.55 9.2 2767 13.26 8
3.25 85 3895 14.2 9
2.85 6.93 2095 9.43 10
2.03 14.63 2295 10.8 11
1.98 7.14 7.2306 11.6 12
411 6.93 2655 11.7 13
25 7.36 3474 13.72 14
2.44 10.85 2139 10.96 15
2.15 11.64 2110 10.63 16
3.49 5.15 2695 11.56 17
3.75 8.25 3894 14 18
36 10 3940 16.02 19
3.65 95 3968 15.9 20
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Table 5 The results of the response surface statistical design of the water
response absorption

(/) cels 48 T Las () celw 24 T Lis Sob

17 16.3 1
14.83 12.75 2
17.96 17.76 3
19.63 18.99 4
17.29 17.01 5
18.2 17.85 6
19.2 18.6 7
14.32 13.25 8
17.98 15.89 9
15.36 13.04 10
13.08 12.06 11
18.96 18.14 12
20.08 19.57 13
18.33 17.91 14
19.6 19.37 15
18.85 17.12 16
20.1 20 17
18.05 18 18

18 17.8 19
17.95 16.25 20
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Table 4 The results of the response surface statistical design of the
mechanical properties

(l\: ga) (MPK;mZ) (“ICACF)’E) (MPa) MOR  Sol;
33 9.85 4120 16.25 1
2.32 13 033 5.53 2
3.75 9.06 3272 13.46 3
19 6.18 2836 9.96 4
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Table 6 Analysis of variance of the effect of variable factors on the bending strength

glas P Flase Sl o (52l Slay yo Egazme 6;1)'1 a0 Ol yats e
st < 0.0001 74.08 3251 292.63 9 Jaw
s < 0.0001 269.29 118.19 118.19 1 @S Ul -B
s 0.0001 20.1 8.82 8.82 1 ol-C
- < 0.0001 36.92 16.20 16.20 1 AB
# 0.0138 6.67 2.93 2.93 1 BC
i < 0.0001 177.32 77.83 77.83 1 A?
s < 0.0001 269.99 130.35 130.35 1 B?
s < 0.0001 65.33 28.68 28.68 1 c?

0.44 16.68 38 o35Leu8l
ns 0.2084 1.53 0.63 313 5 il ind
0.41 13.54 33 Al gl

5.62 :)Lxe 3l il 0.94 «(R?) s o po
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Table 7 Analysis of variance of the effect of variable factors on the modulus of elasticity

glas P Flase Sl ye (Sl L_golﬂ a0 Slay o Egazme Ol yats e

o <0.0001 56.59 3.189E+006 9 2.870E+007 Joe

w <0.0001 23.79 1.341E+006 1 1.341E+006 oS gdgili -A

o <0.0001 229.25 1.292E+007 1 1.292E+007 s sl -B

o 0.0003 16.25 9.154E+005 1 9.154E+005 ol-C

w <0.0001 20.24 1.141E+006 1 1.141E+006 AB

* 0.0282 5.21 2.935E+005 1 2.935E+005 BC

P <0.0001 86.72 4.887E+006 1 4.887E+006 A?

o <0.0001 206.45 1.163E+007 1 1.163E+007 B2

o <0.0001 80.33 4.526E+006 1 4.526E+006 c?
56347.81 38 2.141E+006 oailonly

ns 0.0685 2.29 1.102E+005 5 5.511E+005 Ol cind
48184.30 33 1.590E+006 Al sl

237.38 1 Lo Cil,5xil ¢ 0.93:(R?) s oy 15
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Bending strength (MPa)
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Fig. 3 The intreaction of variable factors on the bending strength of geopolymer, (a) kenaf fibers x carbon nanotubes, (b) water x carbon nanotubes and
(c) carbon nanotubes x water
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Fig. 4 The interaction of variable factors on the modulus of elasticity of geopolymer, (a) kenaf fibers x carbon nanotube, (b) water x carbon nanotube

and (c) carbon nanotube x percentage of water
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Table 8 Variance analysis of the effect of variable factors on the compressive strength

glas P Flade Sl o 2l Slaypo Egozme ‘_golﬂ a0 Ol yats e
A 0.0001 > 73.46 33.27 299.40 9 Joe
o 0.0001 > 12752 57.75 57.75 1 oS Al -A
o 0.0001 > 308.79 139.84 139.84 1 s BLI-B
o 0.0001 > 24.48 11.09 11.09 1 ol-C
o 0.0001 > 76.26 3454 34.54 1 AB
o 0.0001 > 86.54 39.19 39.19 1 AC
% 0.0001 > 17.50 7.92 7.92 1 BC

0.45 17.21 38 oilandly
ns 0.0885 211 0.83 4.17 5 bl s
0.40 13.04 33 oAl glas

0.67 :)lxe Iyl < 0.94:(R?) yaes g o

Compressive strength (MPa)
Compressive strength (MPa)

C-z)

O 5o Ll ogupe 745 5 740 /38 s 4 caSh  Kajdz g wish
oS gl ols las 2l 7174 5772 83 sy a4y cenS (65,0 «bls)|
[21] ssi oo Jislagn, osaSTye 4 yoie oS BUIgl a5 wiS o
el 48 924 51 of Lis-4-3
erkigs ol @iz e eite Jelge il ams o oLt (il g 5IUT b
7 JSs (10 Jgoz) col Jlo gime O 5o (59 dbgé el 48 424 51 ey
24 5 5 e ) O iz e o) p 950 sl 518
e Ll 1L ol les gl ams e Las (5 ypabeé el 48 4 el
ol o g ok jeam 4 ol oo | o cle ol asls 2ol331 (C
Ol Comd s BLII 5 54240

bl sl Jlad b oatad g pecly 55 (olss ) (s G T Jlade
2 ol a5l G lade (Jl ol b g ce JDlosl BB slge obj oS5
el e Ble ol g e IRl s @ senlie ey wnli
122] s o 1alS 1) Slge (SLilSe 508 « yarf)

(b-o)

Fig. 5 The interaction effect of variable factors on the compressive strength of geopolymer, (a) kenaf fibers x carbon nanotube, (b) water x carbon
nanotube and (c) carbon nanotube x water
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Table 9 Analysis of variance on the variable factors on the fracture toughness

glas P Flase Sl e (puilo Sl ye Egamme L;oljl a0 Ol yats e
o 0.0001 > 98.28 2.46 22.14 9 Jowe
R 0.0002 > 17.38 0.44 0.44 1 oS gyl -A
o 0.0001 > 376.52 9.43 9.43 1 s sll-B
e 0.0001 > 44.23 111 111 1 ol-Cc
- 0.0001 > 102.05 255 2.55 1 AB
- 0.0004 > 15.08 0.38 0.38 1 AC
* <0.0208 5.82 0.15 0.15 1 BC
- 0.0001 > 212,52 5.32 5.32 1 A2
e 0.0030 10.08 0.25 0.25 1 B2
s 0.0001 > 184.77 4.63 4.63 1 c?

0.025 0.95 38 oailedly
ns 0.6785 0.63 0.017 0.083 5 Ol i
0.026 0.87 33 A slas

5,66 Lne iloul ¢ 0.958 i oy

Gl sixe pas NS o )0 5 mhans ;0 o e # oy 1 s 1o lo S s

©

~

15

Fracture toughness (MPa/m?)

Fracture toughness (MPa/m?)
Fracture toughness (MPa/m?)

2

28
o 27 27 ~ 04
Water (%) Water (%) 2 °3 Carbon nanotube (%)

c-z) (b-o) (a-N)

Fig. 6 The interaction of variable factors on the fracture toughness of geopolymer, (A) kenaf fibers x carbon nanotube, (B) x water x carbon nanotube
and (C) carbon nanotube x water
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Fig. 7 The interaction of variable factors on water absorption of geopolymer after 24 hour immersion, (a) kenaf fibers x carbon nanotube, (b) water x

carbon nanotube and (c) carbon nanotube x water
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Fig. 8 The interaction of variable factors on water absorption of geopolymer after 48 hour immersion, (a) kenaf fibers x carbon nanotube, (b) water x

carbon nanotube and (c) carbon nanotube x water

CTX 5 AP () 5 028 Al ol () e, iyl X xS B () s ppebost el 4B oy yorl o i ke 1 eiie Lol 518 JS

Gl S &) (5 youky i atee ol dilie a8 S gl g v
adsl e At ey il s 4 s Sdlie ojlusl Lall Lcdl
Gl b el (Ses ot cnS @l 4 azgs b [11]cwl cojeunls
sgax olored 4 iy WS sl g, 5l eslaiul 5l G (s 4y je8uns
5 38lie a8 B s ys (a3l b bl | e il (al33l 38Lie 5,51
003k el b (0S5 sla glgil 098 oo onalie &5 yobolen (pizeen
C-0 9 JS8) 05 0 CenSll ralS Colps g0 5 S5 oy ialS 4 e
Sk SoCipalSHl o 035 Eaemile o JS5 b
Sldllae s oz wir o) sbalsdyl g oS Bl Soa b oniicy i

[21] coul oot @8ly sl 5,90 5 555 5 b3

Skt Blisme sladised 3lie (lag,Se) Sl (2 Sle 11 Jguer
Table 10 Pore diameter average of different geopolymer samples

e-& d-o c-o b-o a-all Agel
54.87 258.01 95.78 92.09 65.68 Ol
29.75 157.89 13.98 29.22 20.46 Hhse Gl sl

S SV slaas 0 50 laca jemlS Ol Gis Jlads a5 ols yLis wls
ot Sloy e jlam Lol ols las ] al58l ez BB el lasl wcaus
e ylade ey a0l ol K0 O jle 4 09y waless et Slynss ol
slaelas .o 5 aaless Joud LB s Cde as)o QT 3 g 5l ol s
485 24 slosb slp b C‘Ia'“’ d‘)LcT b el @) Jsaz ;0 35790
@S BLI Jlade jo s ol plsaiSie aul 1) e pas 55 cele
ol 0g5 5l calizes Jloj gloosjl jo ol Gds yliae 4o |, JQL O s
53 oS Aeleil Jlade (ol b oSepizmen O Gda i ol ool
SR S Wglsil ogr (ol 5 (sl oSy o 4 e jseals
FO
95 (95591 0989 S0 g ls-5-3
5 B 35 5 50,5 (Slaalylals AT i S miis jslitedy
9y 9, Sy, S 5l ooliul b baaigel cunSs mlaw dsllas
IS8 Al el 55 5l ealccnsy pgat 28,5 & y50 (FESEM) o
5o a5 was oo lis 1) gamdn g Kes Jadle Jlisleg ) SO @A
odalive dieej osle 5l oo idn 10 Slgesil mezd (0,5 elgil b oS5
B aS 04l o cdmlive (yizen (€-S 9 S B D-0 9 JS) ved e
Aol 5 A5 S oS5 5 ki e 5o 53 (JL55) Sl
9 USCl) sl a8l 158l ceglie (oles Ll 5l aiuy glacowi b op)S
03,91 11 Jgaz ;0 o g el ddlis ,lad - Siboo (A-9 IS5 b b-0

el 00

2020

<0940l (5)9Ud 9 pole Ay s



3 )920l5 (5 )9Ud 9 pole Ay yubs

UKD 9 oliy Ssbo an s

25 Wsloils 5 8 SN 0dbizny g (5 pothy93) s 2510l 258 5 SSBle BSOS Sos LI 5 il

L1:=106.00 pm

st

SEMHV: 150k |
SEM MAG: 150 x Det: SE
View field: 1.38 mm |Date(m/dly): 03/16/22

SEM HV: 15.0 KV
SEM MAG: 150 x Det: SE 200 pm

View field: 1.38 mm |Date(m/dly): 03/16/22 RMRC FESEM

SEM HV: 15.0 kV WD: 10.71 mm
SEM MAG: 200 x Det: SE
View field: 1.04 mm |Date(m/dly): 03/16/22

(e-<)

L2 = 143.88 ity

SEM HV: 15.0 KV WD: 10.71 mm MIRA3 TESCAN]
SEM MAG: 200 x Det: SE 200 pm

View field: 1.04 mm  Date(m/dly): 03/16/22

MIRA3 TESCAN|

RMRC FESEM RMRC FESEM

%88 4

MIRA3 TESCAN| SEM HV: 15.0 KV 12.14 mm MIRA3 TESCAN|

200 pm SEM MAG: 200 x Det: SE 200 pm

RMRC FESEM View field: 1.04 mm  Date(m/dly): 03/16/22 RMRC FESEM

d-w)

Fig. 9 FESEM images of (a) primary geopolymer sample, and geopolymer made with (b) carbon nanotube 0% + kenaf fibre 7.5% + water 29%,
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Fabrication and characterization of reduced graphene oxide-cobalt (rGO-Co)
composite nanoparticles for use in hyperthermia
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The use of nanoparticles in the hyperthermia method is very effective due to their small size to penetrate
the cancer cell and better control and uniform temperature distribution. Cobalt nanoparticles are a good
option in hyperthermia due to their saturated momentum and excellent magnetic properties. On the other
hand, to minimize the cytotoxicity of cobalt nanoparticles and improve hyperthermia, it is necessary to
use cobalt nanoparticles in composite form with other materials. For this purpose, in the present study,
reduced cobalt-reduced cobalt (rGO-Co) composite nanoparticles were synthesized for use in heat
treatment by the co-precipitation method. The synthesized powders were characterized by FESEM, TEM,
XRD, VSM, and DSC-TGA tests, and the MTT test was used to determine biocompatibility, and
hyperthermia test was used to determine the specific adsorption rate of the material. The results of the
hyperthermia test showed a higher specific adsorption rate of rGO-Co composite nanoparticles than
graphene oxide and cobalt nanoparticles. The study of the biological behavior of rGO-Co composite
nanoparticles at concentrations of 30-100 pg/ml showed good biocompatibility of rGO-Co composite
nanoparticles in comparison with cobalt nanoparticles. Fibroblasts grew and proliferated well at
concentrations of 30 and 50 pg/ml.
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Fig. 1 XRD pattern: a) cobalt nanoparticles, b) graphene oxide and c)
rGO-Co composite nanoparticles
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Fig. 7 a) Thermal behavior of cobalt, graphene oxide and rGO-Co
composite nanoparticles with a concentration of 100 pg/mL under a
magnetic field of 25 kA/m, b) Thermal behavior of rGO-Co composite
nanoparticles at concentrations of 30, 50, 70 and 100 pg/ml under
magnetic field 25 KA/m
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In this paper, first, the process of modeling the delamination due to the traditional drilling process with
twist bit in composite laminates in the finite element bed has been described and the drilling results in a
laminate have been investigated. Then, the mechanical behavior of this laminate containing the
delamination was studied under uniaxial loading and the results of the analysis were compared with the
literature. For this analysis, the mechanical and strength properties and behavior of the composite layers
were assigned by writing the structural laws of anisotropic materials and the Hashin damage criterion,
respectively, in the form of VUMAT subroutine in ABAQUS software. To monitor the delamination
phenomenon, cohesive elements between the layers were used based on the bilinear traction-separation law.
There was a good agreement between the results of the present finite element analysis and the previous
researches. In the following, the behavior of drilled composite laminate containing primary drilling-induced
delamination under tensile and compressive loads was investigated. The results show that in the case where
the initial delamination was applied around the hole, the tensile and compressive strength of the laminate
decrease by 5.5 and 19.5 percent on average, respectively, compared to the case where the drilled plate was
analysed regardless of the initial delamination. The larger the delamination area, the greater the strength
drop.
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End of subroutine

Fig. 3 Algorithm for implementing progressive damage in laminated
composites in the form of VUMAT subroutine
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Table 2 Anisotropic properties of T300/LTM45-EL unidirectional
carbon/epoxy composite (GPa) [9]
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Table 3 Strengths of T300/LTM45-EL unidirectional carbon/epoxy
composite (MPa) [9]
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Fig. 7 (a) Three-dimensional model of drilling-induced delamination,
(b) Approximation of the delamination area by adapting the smallest
ellipse, (c) Placement of cohesive layers containing primary
delamination between composite layers
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Fig. 10 (a) Consideration of a single-element of laminate to perform
subroutine validation process, (b) Boundary conditions and loading
on the single-element (c) Force-displacement curve in longitudinal
loadings of single element.
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Fig. 13 Specimen used to validate the tensile test of a drilled laminate
without initial delamination [16]
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Fig. 14 Force-displacement diagram for validation of tensile loading on
the drilled laminate without initial delamination
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the drill: (a) experimental test ([9]), (b) finite element analysis in the
reference [9], (c) the present finite element analysis.
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Fig. 17 (a) Force-displacement diagram, (b) Diagram of relative
strength loss of drilled composite laminate with and without primary
delamination
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Fig. 15 Specimen used to validate the compression test of a drilled
laminate without initial delamination [30]
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Fig. 16 Stress-displacement diagram for validation of compressive
loading on the drilled laminate without initial delamination

aYaiz o)l o A8 L i oo yz ol - 55 jloges 16 S
adsl 8y95 g g s
S ploiul Wlgioe 2l 3579 @xlie 53 9290 IS Gl
— oo Jb [18] amo il lygm (g > 4 s 0.6 o o L 1 ankad
Pl Wl o 508 )5S j5m 51 SO adsl 5,55 o9y a5 <l Gl
‘L;)L.‘Z.é L;)L\f)b. Lg‘/..; 'A'S.z'l.ml oél Q.ﬂ RUV- u..Jb'S M.:Jsl B D9

w2300 £, 0.805 oo b Sho yob 4 g 039 S Sl



Ot 5513 jlige

GIUS 9 (S Yl X5 03 (S J3)S (F3)930l8" 5LV (Sl HiS) Jul=S 9 (5w JIe

x=lp-5
[1] Harris, B., “Engineering Composite Materials,” The Institute of
Materials, London, 1999.

[2] Peng, R.L., Zhou, J., Johansson, S., Billenius, A., Bushlya, V. and
Stahl, J.E., “Surface integrity and the influence of tool wear in high-
speed machining of Inconel 718,” 13th International conference of
Fracture, pp. 1-10, 2013.

[3] Sridharan, S., “Delamination behavior of composites”, Once Edition,
Woodhead Publishing Limited, 2008.

[4] Srinivasan, T., Palanikumar, K., Rajagopal, K. and Latha, B.,
“Optimization of delamination factor in drilling GFR-

polypropylene composites,” Materials and Manufacturing Processes,

Vol. 32, No. 2, pp. 226-233, 2017.

[5] Micillo, C. and Huber, J., “Innovative manufacturing for automated
drilling operations,” Proc. Autofact West, Vol. 2, pp. 253, 1980.

[6] Kline, G.M., “Ultrasonic drilling of boron fiber composites,”
Modern Plastics, Vol. 52, pp. 88, 1974.

[7] Mazumdar, S., “Composites manufacturing: materials, product, and
process engineering,” CRC press, 2001.

[8] Ghesmati-Kucheki, H., “Drilling-induced damage evaluation
modeling in laminated composites subjected to tension and
compression loading,” In Persian, MSc Thesis, Iran University of
Science and Technology (IUST), Iran, 2022.

[9] Phadnis, V.A., Makhdum, F., Roy, A. and Silberschmidt, V. V.,
“Drilling in carbon / epoxy composites: Experimental investigations
and finite element implementation,” Composites Part A: Applied
Science and Manufacturing, Vol. 47, pp. 41-51, 2013.

[10] Ishilir, O. and Ghassemieh, E., “Numerical investigation of the
effects of drill geometry on drilling induced delamination of carbon
fiber reinforced composites,” Composite Structures, Vol. 105, pp.
126-133, 2013.

[11] Isbilir O. and Ghassemieh, E., “Three-dimensional numerical
modelling of drilling of carbon fiber-reinforced plastic composites,”
Journal of Composite Materials, Vol. 48, No. 10, pp. 1209-1219,
2014.

[12] Feito, N., Lopez-Puente, J., Santiuste, C. and Miguélez, M. H.,
“Numerical prediction of delamination in CFRP drilling,”
Composite Structures, Vol. 108, No. 1, pp. 677-683, 2014.

[13] Feito, N., Diaz-Alvarez, J., Lépez-Puente, J. and Miguelez, M. H.,
“Numerical analysis of the influence of tool wear and special cutting
geometry when drilling woven CFRPs,” Composite Structures, \Vol.
138, pp. 285-294, 2016.

[14] Feito, N., Diaz-Alvarez, J., L6pez-Puente, J. and Miguelez, M. H.,
“Experimental and numerical analysis of step drill bit performance
when drilling woven cfrps,” Composite Structures, Vol. 184, pp.
1147-1155, 2018.

[15] Chang, F. K. and Lessard, L. B., “Damage tolerance of laminated
composites containing an open hole and subjected to compressive

loadings: Part —Analysis,” Journal of composite materials, Vol. 25,

pp. 2-43, 1991.

[16] Satyanarayana, A. and Przekop, A., “Predicting failure progression
and failure loads in composite open-hole tension coupons,”
Hampton, VA: NASA Langley Research Center, 2010.

[17] Aidi, B., and Case, S. W., “Experimental and numerical analysis of
notched composites under tension loading,” Applied Composite
Materials, Vol. 22, pp.837-855, 2015.

[18] Taheri-Behrooz, F. and Bakhshan, H., “Tensile characteristic length
determination of notched woven composite laminates by means of
progressive damage analysis,” In Persian, Modares Mechanical
Engineering, Vol.15, No. 8, pp. 360-370, 2015.

[19] Mandal, B. and Chakrabarti, A., “Simulating progressive damage of
notched composite laminates with various lamination schemes,”
International Journal of Applied Mechanics and Engineering, Vol.
22,2017.

[20] Khechai, A., Tati, A., Guerira, B., Guettala, A. and Mohite, P. M.,
“Strength degradation and stress analysis of composite plates with
circular, square and rectangular notches using digital image
correlation,” Composite structures, Vol. 185, pp. 699-715, 2018.

9 omle g BUI 2aS ol canl e Jade a0 0g5 wY o
slay ;o 555 a5 Cdbye ol SISO Billae Grizres 09l e Sl

el 00,5 0, emle o

Fiber Matrix

tension

Matrix

Fiber tension .
compression

compression

Damage variable

‘Q 0.832
0.666
Cohesive layer ‘ 3 352
0.167
0.000

90 ply . .

Cohesive la\. er

Fig. 18 Damage variable in drilled laminate containing primary
delamination under compressive load

Gokid b cod adgl 3,55 ol oo Flygms AVaiz 10 ol e 18 Sl

&5 A -4
slaYaiz )5 o sl Joloo sl cmslie i oz szl 13
(o7 @l b amlie ) 5l a5l ol it 5 WS oo ol 8 (ajeals
£ e £5i 5 dsiin aiile ilive glajine a5 Lol 5l aiies Jpd L6
IS slala>de 6 56
ool ST sleanse (1als cuz 0550 deog Wijls 3,55 ojll 5
298§ pSo e I3l nl il o2

2 6 5l (AU adsl Gy &5 Ll o gl ol bl Gl
BoF Oy gl g amio &S u;:-”’ 4 S 090 Jlosl 29 SLLI
OeSle jsb a5 4 aslad (5)Le8 5 (2SSl w03 5 (53 sl
Wil i 3,9 4l ojlalax ;o g 08,5 cél oo, 19.5 45.5 e 4

PR R R E TS C YIS

5 sHlad ploni] cdl aSl a4 azgi b ogd co iy G plSoiul il
Jleel 1A el ciiS ol 2l 5l iy ol 4 5,95 (ol aYoux
L5°l-i} S| ‘<_g)Li‘..é Lghb)l.g o Olalald 5o ‘SJLSJ..{)\) )‘l ‘5..;[., d.:Jsl Y
S hghew Yoz LS g giludae (Sezn 4 axg b Ll o)l
Sl Sl oy 50 68 ey 5l (5L adgl 5,55 50,5 blod cadsl 5,68
b el B a4 (65,0 Al panS b cod g e Slalad

2044

<0940l (5 )9Ud 9 pole Ay s



39940 (5 )9Ud 9 pgle &y puis

O 5 6515 Jlun

GO 9 (S Hly KT 03w (5B J3) (59108 5LV IS (SSulSe HUS) JubS 9 (5w JIw

2045

[21] Priyadarshini, A., Pal, S. K. and Samantaray, A. K., “Finite element
modeling of chip formation in orthogonal machining,” In Statistical
and computational techniques in manufacturing, Springer, Berlin,
Heidelberg, pp. 101-144, 2012.

[22] Tsai, S. W. and Wu, E. M., “A general theory of strength for
anisotropic materials,” Journal of Composite Materials. Vol. 5, pp.
58-80, 1971.

[23] Tsai, S. W., “Strength theories of filamentary structures
fundamental aspects of fibre reinforced plastic composites.” New
York: Wiley—Interscience, 1968.

[24] Hashin, Z., “Failure criteria for unidirectional fibre composites,”
Journal of Applied Mechanics, Vol. 47, pp. 329-334, 1980.

[25] Puck, A. and Schiirmann, H, “Failure analysis of FRP laminates by
means of physically based phenomenological models,” Composites
science and technology, Vol. 62, pp. 1633-1662, 2002.

[26] Cepero-Mejias, F., Curiel-Sosa, J. L., Blazquez, A., Yu, T. T.,
Kerrigan, K. and Phadnis, V. A, “Review of recent developments
and induced damage assessment in the modelling of the machining
of long fibre reinforced polymer composites,” Composite Structures,
Vol. 240, pp. 112006, 2020.

[27] ABAQUS User's Manual, Version 6.14. Dassault Systémes Simulia
Corp.

[28] Heidari-Rarani, M. and Sayedain, M., “Finite element modeling
strategies for 2D and 3D delamination propagation in composite
DCB specimens using VCCT, CZM and XFEM approaches,”
Theoretical and Applied Fracture Mechanics, Vol. 103, pp. 102246,
2019.

[29] Ghesmati-Kucheki, H., Zakeri, M. and Ayatollahi, M. R.,
“Investigating the effect of different variables to reduce
delamination due to drilling in composite laminates,” In Persian,
Iranian Journal of Manufacturing Engineering, Vol. 8, No. 6, pp. 15-
20, 2021.

[30] Shimizu, S., Sato, M., Koyanagi, J., Suemasu, H., and Kogo, Y.,
“Numerical simulation of compressive failure of carbon-fiber-
reinforced plastic laminates with various hole shapes,” Advanced
Composite Materials, Vol. 30, No. 1, PP. 58-75, 2021.



2046-2062 (oo 3 o jlosis 9 sla

———

L LS G933 ele s s

H}”ﬁw $5ls 5 pole

| http://jstc.iust.ac.ir

eSsil 53y Al odigdiemn i Og5 (S9)95 s sl

3
3

&N

O P SI9°

2 oyl yoal anbls Ll mo Golo

e y3 el ) olKitsls o pwdign § (13 0aSEIS orly cwdign 09,5 ¢ boliwl -1
QLQJLA ‘ng,é.al oKl (W 9 Gﬁ saslisle ¢ ol (gwdifa bjjf ‘LS,';S“\‘L“‘-,!. Koy 953 -2
sahraei.s@lu.ac.ir <68151-44316 . Ggoro bl p,5 %

odusy

o WledMb|

BT 39350 15 & wilisee slas )5 5 SIS 5l bl oln iy osle S plyie &) shod T b 4 (Sl sl
Slge ay (Sl 5y 598 Stz 5 W S @ S 093 05 Bile (o il Seoslin w093 s s pdyan] b L
Swine (Sl Sl ily Wy 1S Az g Sy5e ile WP mlie )3 03,08 ok 4 Slge (nl el ol g uizen il
Pl 5 (le)) 52l sla Ths 8l ((idsy 53 (el slml cse o Faocal 58 nl wilioo S ig,Sn sl o]
il 50 w9d e dbml 3 gl 4 0niy53 GloaisT 5 (5eSTOT 0959 @ Sl e (rizes s e (RS (S
3150 5 skt 59 5 Sead S noles S yoely Slagidi Sl o aisle Slalad e 5wl s oo ¢ 518 55 (rd5e sl S0,55
Lo 59,50 5395 e i psliaie &y (ol (38L 9, (al jlndlion (S 308 a5 ol (s o] & (oo s 5 ] et S
ol 3 85 ool Sl 5 gl JLs 4 iinlale wilbioe Caeal Sl i iz Slge (03l 5 i AlSlae LS G
Slogide ad () il 905 e (e odisd e yiogS dialgn laallbe (b L g ool cesl oad plonil ane;
o ile 3 0ud ad ST 5 See lalz 5 (Same b (renh Sladiig )3 e Jale 5,5 AgunS s S 0digdna S3g3
Pl S (g el 5 (S S il (il Slasgail b (Sl Slaibey 53 (come i Cools oy p il (oS!

b anlgS 550 0uigdae 5095 (oaS il (S ibg anse) 40 oo plovl Slilllae (gl (nl 53 055 o0

1401/10/11 :cél 5o
1401/12/29 : s 3,

OB lgouls’

=S5l 535

(S99

0Nigle o9 S s

JysS 9,50

A review on anti-corrosion self-healing epoxy coatings
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Epoxy resins are widely used as coating to protect metals in various applications. The properties such as
very good processability, excellent chemical resistance, good insulation against electricity, and strong
adhesion to non-homogeneous materials have caused epoxy materials to be widely considered in the coating

industries. Epoxy coatings are susceptible to damage such as microcracking. These types of damages cause
defects in the coating and reduce the appearance (beauty) and mechanical strength of the coating. Also, the
penetration of water, oxygen and corrosive agents to the surface of the metal is accelerated. As a result, the
local corrosion occurs in the metal. The repair process of polymer coatings is time-consuming, expensive,
and in many cases it is impossible to detect the damages and access them for repair. Therefore, it is very
important to find a solution to automatically repair the microcracks without any type of human intervention
and the replacement of new components. Therefore, this can be possible by designing self-healing
intelligent systems. The most common method of preparing self-healing coatings is microencapsulation of
healing agent in polymer or mineral shells and embedding the prepared microcapsules in the epoxy matrix.
The self-healing properties of the epoxy coatings can be investigated with electrical impedance
spectroscopy and salt spray tests. In this research, the studies on self-healing epoxy coatings have been

reviewed.
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Fig. 1 Approaches to self-healing include a) capsule-based, b) vascular,
and c) intrinsic methods [12].
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Fig. 2 Self-healing mechanism in anti-corrosion epoxy coatings [34].
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Fig. 6 SEM images of damaged regions before immersing in salt

solution: a) control sample, c) self-healing sample, images after 48 h

immersing in salt solution: b) control sample, and d) self-healing sample

[28].
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Fig. 4 a) Control sample of epoxy polyester coating, b) epoxy polyester

containing healing agent microcapsules, ¢) SEM image of control

sample, d) SEM image of self-healing coating, e) schematic of

electrochemical test, and f) current against of time for control and self-

healing samples [35].
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Fig. 5 a) Neat epoxy coating, b) self-healing epoxy coating containing
Tung oil microcapsules, after 10 days immersing in 3.5 wt% NaCl
solution [36].
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Fig. 9 Optical microscopy images, a) control epoxy coating, b) self-
healing epoxy coating containing 10 wt% PUF microcapsules filled with
epoxy [41].

Sl i (o wals Sl s (G655 058wy San gl 9 JSB
[41] oS5 G5l PUF (sla S5 s Seon (5335 110 (55l oiniimnn 055

2004 Control coating

Current (mA)

Self-healing coating (10 wt%)

-50 T T T T T T T 1
0 20 40 60 80 100 120 140 160

Time (s)
Fig. 10 Current against time for control and self-healing coatings [41].

5 sold Sal laidn lp gl plp 50 Gome ob> loges 100 B

T41T sssgispme pog>

&lls 45 60-100 NM ojluil bawgio b oloJal>gb o)) Sem 5 7o )LS
OlwgnS Codg mSIl s sloas¥ (g9l> aingy g 0iiil 0Si0; Ol,396 ainn
kY @Y Cats & (hgy L bl ge pugme Slnsl cuds iSI L
SO oyl cado xSl ey e 0 oS A Cudg il
SUPASP o losh ol ol saslice (11 JS5) ol yugexe (PASP)
J5K8) 098 o0 (59,65 ply 0 o¥ed cblas (i ge ouls ags sla Lol gl
L3171 @2

3 Qian

2051

|Z| (ohm cm?)

AL LLL B ) S R L L N R R R AL

10
10" 10° 10 102 10° 10! 10°

Frequency (Hz)
=—0—. 1day; —0—, 3 days; _m— 5 days; ——, 10 days; —@—, 15 days.

Fig. 7 Impedance changes of damaged region of epoxy coating
containing PUF microcapsules on steel in 3 wt% NaCl solution [39].
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Fig. 8 SEM images of damaged self-healing coating, a) after one day, b)

after 5 days [32].
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Fig. 11 Preparation of nanocarrier containing corrosion inhibitor using layered polyelectrolyte [31].
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Fig. 13 Permeability of epoxy coatings containing microcapsules and
different nanoparticles [42].
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Fig. 12 Suggested mechanism of performance of self-healing coating
containing nanocarriers filled with corrosion inhibitors in 3.5 wt% NaCl
solution [31].
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Fig. 16 Optical microscopy images of self-healing performance of neat epoxy
coatings (up) and self-healing epoxy coatings (down) after salt spray test after 30
days [46].
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7- Abbreviation:

Aluminum alloy (AA), Aminated-polydimethylsiloxane (PDMS-a),
Corrosion inhibitor (ClI), Carbon steel (CS), Electrochemical impedance
spectroscopy (EIS), Layer-by-layer deposition (LbL), Layered double
hydroxide (LDH), Mild steel (MS), Optical microscope (OM), Phenol-
formaldehyde (PF), Polyurethane (PU), Scanning electrochemical
microscope (SECM), Scanning electron microscope (SEM), Scanning
ion-selective electrode technique (SIET), Urea-formaldehyde (UF), X-
ray photoelectron spectroscopy (XPS), Si [OSn(n-CsHg);OOCCHs],
(TKAS), Dimethyldineodecanoate (DMDNT), Hexamethylene
diisocyanate (HDI), Hexamethylene diamine (HMDA), Poly(e-
caprolactone) (PCL), Polysulfone (PSF), tetraethylenepentamine
(TEPA), (3-glycidoxypropyl)trimethoxysilane (GPTMS), Perfluorooctyl
triethoxysilane (POT), ethanolamine (ETA), and diethanolamine (DEA),
GPTMS-modified silica (GMS), Ethyl phenylacetate (EPA),
ethylenediamine (EDA), Poly methacrylic acid (PMAA), Poly N-
isopropylacrylamide (PNIPAM), poly(ethylene glycol) methacrylate
(PPEGMA), Linseed oil (LO), Cobalt octoate (Co-octoate),
octadecylamine (ODA), mercaptobenzothiazole (MBT),
Ethylenediamine (EDA), Tung oil (TO), Triethylene tetramine (TETA),
Perfluorooctyl triethoxysilane (POTS), Superabsorbent Polymers (SAP),
methacryloxypropyl-terminated polydimethylsiloxane (MAT-PDMS).
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