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Investigation of bonding behavior of steel ribbed rebar embedded in ultra-
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Keywords Abstract

In this study, by developing the finite element model, the pull-out behavior of ribbed steel rebar from ultra-high
performance fiber reinforced concrete was investigated. For this purpose, the multi-scale finite element model was
simulated in three separate phases, including ultra-high performance concrete in the form of isotropic material,
steel microfibers and ribbed rebar. In order to consider more realistic assumptions, Rib pattern of rebar were
simulated for the first time and the interaction between concrete with rebar and fibers was modeled by using the
adhesive contact zone model. The constant parameters of the adhesive contact zone model were determined by
calibrating the results of the finite element model and those of the experimental pull-out test. Finally, after
validating the multi-scale finite element results, the maximum pull-out force, the corresponding displacement and
the work required for the rebar pull-out were determined using the force-slip curves. Effective parameters such as
bond length and rebar diameter, and the volume percentage of steel microfibers, on the bond strength were
evaluated. The results show that the bond length has a significant effect on the bonding behavior of the rebar and
with increasing the bond length the pull-out force also increases. According to the results, for rebar with a diameter
of 20 mm, by increasing the amount of fibers volume from 0 to 2%, the pull-out force and the work increase by
about 30% and 22%, respectively.

Bond behavior, Ultra high performance
concrete, Multi-scale finite element, Steel
microfibers, Pull-out force.
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Fig. 1 Geometry of the steel micro-fiber
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Fig. 2 (a) stress-strain curve of the rebar and (b) deformed rebar after
direct tensile testing
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Fig. 5 (a) Direct tensile test and tensile stress-strain curve, (b)
Unidirectional compressive test and compressive stress-strain curve
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Fig. 10 (a) Cracking and splitting path of UHPC specimen without
fibers (b) Splitting failure for UHPC specimen with 2% of fibers by
volume
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Fig. 11 Stress distribution in steel microfibers of UHPC for a sample
with 2% by volume of fibers in force of 60 kN
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Table 3 Adhesive zone model parameters to define the interaction of
steel microfibers and ribbed rebar with UHPC
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Fig. 9 Force-slip curve of the final finite element model and the
results of the experimental test of ribbed rebar pull-out test of fiber-
reinforced UHPC with (a) 0% fiber contents (b) 2% fiber contents
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Fig. 12 Stress distribution in three separate phases of fibers, rebar and
UHPC for a sample with 2% by volume of fibers in force of 60 kN
(a) UHPC and (b) ribbed rebar
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Fig. 13 failure distribution and pull-out of ribbed rebar from UHPC with 2% of steel fibers in three areas: (a) chemical bonding, (b) mechanical bonding,

(c) maximum pull-out force and (d) final state after pull-out
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Fig. 16 Stress distribution in rebar in UHPC containing (a) 0% fibers, (b)
1% fibers, (c) 1.5% fibers and (d) 2% fibers
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Fig. 17 Force-slip curve in samples with different content of steel
microfibers
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Fig. 14 Effect of bound length on the force-slip curve of rebar and
UHPC

aailyiaed 9 0,8kee iiibg s (mie 1 (S les Job el 14 JS

100 T T T T
=18 mm
80 |- ——— =106 mm-
== =14 mm
= - =12 a
é 60 P mm
2
3 40 .
20 A=2.5¢ ;
Fiber volume=0%
0 | 1 | |
0 2 4 6 8 10

Slip (mm)

Figure 15 Effect of rebar diameter on the force-slip curve of rebar
and UHPC
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Table 4 Effect of bound length, rebar diameter and fibers content on pull-out force, slip related to maximum pull-out force, pull-out energy and effective
pull-out stress

[1]

[2]
[3]

(4]

[5]

[6]

[7]

(8]

[9]

[10]

; "
L S o Fon 15 fla b Sasfe b e
& (kN)L)BJH (mm) GZN/ ‘-’)”’J’ (MPa) ¢ (mm) (o) (%) L
mm
483 0311 281 4273 12
61.2 0.236 328 397.8 14
70.1 0.145 359 348.8 16 15 0
86.8 0.139 526 3418 18
106.4 0132 604 338.9 20
57.8 0.296 308 511.3 12
69.5 0.220 384 4517 14
88.3 0.142 440 439.6 16 25 1
104.9 0123 603 4124 18
121.0 0.105 671 385.4 20
1356 0.139 659 4318 0
142.4 0.134 743 4535 20 - 1
169.6 0.120 781 540.1 ' 15
177.3 0.114 804 564.6 2
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Investigation of thermal fatigue effects on crack propagation and mode |
delamination of multilayer laminated composites using digital image correlation

Behzad Moslemi-Abyaneh!, Ahmad Reza Ghasemi*

1- Department of Mechanical Engineering, University of Kashan, Kashan, Iran.
* P.0.B. 8731753153, Kashan, Iran, ghasemi@kashanu.ac.ir
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Abstract

Delamination, Thermal cycling, Double
cantilever beam, Interlaminar fracture
toughness, Laminated composite.

In this research, the influence of thermal cycling on the fracture toughness and maximum load in mode |
delamination of polymer matrix composites (PMCs) was investigated experimentally and analytically. To
eliminate the effect of the remote ply orientation on the fracture toughness during delamination initiation
and propagation, double cantilever beam (DCB) specimens with a stacking sequence of [0]ss using
unidirectional glass fibers and epoxy resin were considered. The specimens were thermal-cycled between
15°C and 65°C for 50-150 cycles. One group of uncycled specimens were tested at the commencement of
the investigation as a control group. During the DCB test and receiving universal tensile machine results,
the specimens were inspected by 2 real-time cameras to record the delamination length and initial crack tip
opening displacement (ICTOD). The strain energy release rate (SERR) approach was used for obtaining
the critical fracture toughness (G,c) from the experimental data. By employing the digital image correlation
(DIC) method, the initial crack tip separation profile was obtained. The measured bridging laws were used
with cohesive elements in ABAQUS commercial software to accurately model the delamination
propagation in DCB specimens. Investigation of load variations revealed that critical fracture toughness in
mode | of delamination is firmly affected by the thermal fatigue process.
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Fig. 9 Load-displacement curves fitted on maximum amounts for
specimens under different number of cycles: a) uncycled, b) after 50
cycles, c) after 100 cycles, d) after 150 cycles
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specimens under different number of cycles: a) uncycled, b) after 50
cycles, c) after 100 cycles, d) after 150 cycles
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Fig. 11 Traction-Separation Laws for specimens under different
number of cycles: a.uncycled, b.after 50 cycles, c.after 100 cycles,
d.after 150 cycles
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Feasibility of Production of an Iron-base Metal Matrix Composite by Infiltration
of molten Gray Cast Iron into a 304 Stainless Steel Porous Skeleton

Raziye Avand!, Ahmad Ghaderi Hamidi'*, Mahdi Pourabdoli*

1- Department of Materials Science and Engineering, Hamedan University of Technology, Hamedan, Iran.
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Iron-based metal matrix composites containing hard particles have good resistance to abrasive wear. One
of their production methods is infiltration-casting, which has the ability to produce surface composites
reinforced parts. In this Article, the infiltration of molten gray cast iron into a porous skeleton of compacted
swarfs of 304 stainless steel has been investigated. The molten cast iron was pulled into the porous skeleton
by capillary forces. At the infiltration temperature of the molten gray cast iron, it was in contact with the
solid skeleton of 304 steel. Due to the diffusion of chromium as a carbide-maker element and nickel element
into the molten gray cast iron, its chemical composition changed and became similar to the composition of
white Ni-Hard cast irons. By diffusion and exchange of alloying elements, an iron matrix with hard
chromium-iron carbide (M7C3) particles and a ferritic-austenitic matrix were obtained. The microstructure
formation, type, and hardness of different phases were examined with light and electron microscopy, XRD,
and microhardness measurement. Due to the relatively low price of gray cast iron and the waste stainless
steel turning chips, it can be said that a method has been proposed to produce economical parts reinforced
with surface composites.
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Table 1 Chemical composition of the cast iron parts

Element Fe C Si Mn P S
wt.% 93.1 354 261 0.34 0.015 0.016
Element Ni Al Co Cu Mg Nb
wt.% 0.05 0.028 0.007 0.041 0.043 0.004
Element W \% Sn B Ca Ce
wt.% 0.023 0.007 0.011 0.002 0.004 0.016
Element Bi As Ti Te Sh La
wt.% 0.003 0.001 0.008 0.005 0.002 0.01
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Table 2 Chemical composition in the used 304 Stainless steel

Element C Mn Si P
wt.% 0.08 2.0 0.75 0.045

Element S Cr Ni N
wt.% 0.030 19 9.5 0.10
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Fig. 2 The phase diagram of Fe-C and demonstration of chemical
compositions; Ccio: primary cast iron parts, Ceom: composite, Cseq:
solid phase in equilibrium at the infiltration temperature, Ci¢q: liquid
phase in equilibrium at the infiltration temperature.
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Fig. 1 a) The machining swarf of 304 Stainless steel, b) a weighted
gray cast iron in contact with a compacted part from 304 swarf before
infiltration, c) The specimen after infiltration.
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Fig. 5 BS-SEM micrograph of the infiltrated composite.
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Fig. 3 A schematic of elements diffusion at earlier stages of the
infiltration, a. Infiltration of molten iron, b. Diffusion of the elements
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Experimental study of bond strength between core and composite layers
under tensile and shear loads in different methods of fabricating nucleate
composite structures
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Honeycombs cores are widely used in nucleate composite structures. One of the important issues in using cores, especially
honeycombs, is to ensure proper connection between the layers on both sides of the structure to the core; Because
improper connection will lead to separating the layer from the core. The purpose of this study is to investigate and propose
the most suitable method for making composite parts with honeycomb core under ASTM C273 and ASTM C297
standards. As a result, it was concluded that the most appropriate way to make a composite piece with honeycomb core
is a two-step fabrication method. This is because in the two-stage method, using a vacuum device, after creating a vacuum
in the part, the resin rises to the walls of the core and the connection between the core and the layers is established well.
The area of connection of the core with the layers in the two-stage method is twice as large as the single-stage method
and the manual construction method. So that out of 30 samples that were used for each of the three mentioned construction
methods, in the two-stage method, this separation occurred in the honeycomb core itself in 28 samples out of 30 samples,
which indicates the suitability of this method. (Separation is acceptable with more than 90%). However, in the one-step
method and the manual method, 18 out of 30 samples and also 9 out of 30 core samples failed in the core area under the
tensile and shear test, respectively.

Please cite this article using:
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Jafari Vardanjani, M., Safavi, M., Karevan, M., “Design and Characterization of Thermal and Optical Properties of Nano-Composite Self-Cleaning
Refractive Transparent-Opaque Smart Window”, In Persian, Journal of Science and Technology of Composites, Vol. 8, No. 3, pp. 1659-1667, 2022.
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Fig. 3 Sample test of cutting a composite plate with a honeycomb
core
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Fig. 2 Sample test of cutting a composite plate with a honeycomb core
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Table 3 Characteristics of different methods of making sandwich panels
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Fig. 6 Area images of a composite structure with a honeycomb core
made in a single-step method (Magnification x200)

L oadaisle (5 5548y atwn slils u5emelS o5l 5l (glasb gl 6 Js<i
0L 200 (LS )5 slal> oS5 (b

Fig. 7 Area images of a composite structure with a honeycomb core made

in a Hand-Layup method (Magnification x200)
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Fig. 5 Area images of a composite structure with a honeycomb core
made in a Two-step method (Magnification x200)
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Experimental analysis of impact strength, tensile strength and elastic modulus of
polyamide 6 / polyolefin elastomer / carbon nanotubes / carbon nanotubes
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In this research, the mechanical properties of polyamide 6/polyolefin elastomer (PA6/POE) blends
reinforced with carbon nanotubes have been studied. Nanocomposites consisted of 10 and 20 wt%
polyolefin elastomer, 0, 1, 2 and 3 wt% carbon nanotubes (MWCNT) and 5 and 10 wt% poly olefin
elastomer maleic anhydride (POE-Gma) were made. Scanning electron microscope (SEM) were used to
observe the dispersion and distribution quality of MWCNT in the matrix. SEM images showed an
acceptable distribution of carbon nanotubes up to 2 wt% in both polyamide matrices with 10 and 20 wt%,
while adding 3 wt% of nanotubes in both matrices was associated with nanotubes accumulation. The results
showed that the addition of 2 wt% of carbon nanotubes improved the tensile strength and elastic modulus
of the compounds by %21 and %23, respectively. Moreover, the addition of only 1wt.% of carbon
nanotubes has been able to increase the impact strength of the compounds by 9%. On the other hand, the
presence of 20wt.% of polyolefin and 10wt.% of coupling agent increased the impact strength by 20% and
16%, respectively. The surfaces extracted from full factorial design method showed that there are no notable
interaction between the input parameters in the case of mechanical properties. Finally, the R-squared above
%92 for all mechanical properties showed that there is a good agreement between the experimental results
and the extracted regression models.
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agent (c) Elastomeric polyolefin and compatible agent
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Fig. 5 Surfaces related to elastic modulus versus (a) Carbon and
polyolefin elastomer nanotubes (b) Carbon nanotubes and compatible
agent (c) Elastomeric polyolefin and compatible agent
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Table 2 Results of analysis of variance
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Fig. 7 Surfaces related to impact strength versus (a) Carbon and
polyolefin elastomer nanotubes (b) Carbon nanotubes and compatible
agent (c) Elastomeric polyolefin and compatible agent
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Source
F-Value P-Value F-Value P-Value F-Value P-Value
Regression 107.95 0.000 66.27 0.001 42.29 0.001
POE 1.62 0.272 71.26 0.001 2.50 0.189
Gma 0.06 0.812 46.20 0.002 0.18 0.692
MWCNT 12.54 0.024 0.30 0.614 1.93 0.237
MWCNT*MWCNT 3.33 0.142 1.07 0.359 17.18 0.014
POE*Gma 10.01 0.034 31.14 0.005 0.35 0.585
POE*MWCNT 20.60 0.011 1.19 0.336 0.80 0.421
gMA*MWCNT 1.48 0.290 0.00 0.996 0.55 0.499
MWCNT*MWCNT*MWCNT 3.38 0.140 3.31 0.143 12.26 0.025
POE*gMA*MWCNT 18.38 0.013 173 0.259 3.16 0.150
POE*MWCNT*MWCNT 0.21 0.672 0.96 0.383 0.00 0.965
gMA*MWCNT*MWCNT 10.21 0.033 0.24 0.650 0.92 0.392
L R square
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Table 3 Regression models presented from full factorial method
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Tensile = 37.52 + 0.188x - 0.075y + 8.40z + 2.00z? - 0.0580xy - 0.513xz - 0.275yz - 0.375z° + 0.04200xyz-0.0125xz? - 0.1750yz> 92/96%
Modulus =915.9 - 30.16x - 48.57y + 31.4z + 27.52% + 2.478xy + 2.99xz + 0.03yz - 9.00x° - 0.312xyz- 0.650xz? + 0.65yz? 99.45%
Impact = 28.78 + 0.678x + 0.364y + 9.57z - 13.182% + 0.0316xy + 0.294xz + 0.486yz + 2.075z° - 0.0506xyz + 0.153yz? 95/15%
x=POE  y=Gma z=MWCNT
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Free vibration analysis of rectangular doubly curved auxetic-core sandwich
panels integrated with CNT-reinforced composite layers using Galerkin method

Yasin Shabani?, Korosh Khorshidi**

1- Department of Mechanical Engineering, Arak University, Arak, Iran.
* P.0.B. 38156-88349, Arak, Iran, k-khorshidi@araku.ac.ir
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Doubly curved panels, Carbon nanotubes,
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In this paper, the free vibrations of a three-layer doubly curved panel with honeycomb auxetic core and
reinforced composite face sheets by carbon nanotubes with different distributions are investigated. The
governing equations of the structure are derived based on the new fifth-order shear deformation theory. The

sandwich panel consists of three layers, aluminum core layer with cell inclined angle which creates negative
Poisson's ratio in the honeycomb structure, composites skins with a uniform distribution (UD) as well as
functionally graded (FG) distributions of carbon nanotubes (CNTSs) in the simply supported boundary
condition. Effective material properties of single-walled (SW) carbon nanotube reinforced composite skins
are achieved by applying the extended rule of mixtures. The equations of motion are obtained using the
Hamilton principle and solved using the Galerkin residual weight method. The effect of auxetic cell
parameters including cell angle, cell aspect ratio, as well as distribution and content of carbon nanotubes,
length to thickness ratio, and core thickness to total panel thickness ratio are examined and discussed.
Furthermore, free vibration was obtained and compared for other shapes of sandwich panels such as
hyperbolic parabolic sandwich panels, cylindrical sandwich panels and sandwich plates.The results showed
that the core with negative Poisson's ratio as well as the functionally graded distribution (FG) of carbon
nanotubes in the upper and lower composite surfaces reduced the natural frequency of the studied sandwich

panel.
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Shabani, Y., Khorshidi, K., “Free vibration analysis of rectangular doubly curved auxetic-core sandwich panels integrated with CNT-reinforced
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Keywords Abstract

In this research, numerical and experimental investigations were performed to study the effect of the
adhesive joint on the fractural behavior of the grid-stiffened composite plates. Foam format was designed
to construct two samples of lattice composite plates, and the hand layup technique was used to prepare the
ribs. Finally, the obtained ribs were connected to the composite shell in the interface of ribs with shell using
Axson H9940 BK for first sample and LR520 resin adhesives for second sample. The prepared samples
were analyzed using the three-point bending test. For this purpose, a test fixture was designed and
constructed. The standard test of the crack release energy in the first and second mode, tensile test, and nol
test were performed to evaluate the mechanical properties of the carbon cloth, carbon fibrs, resin, and
adhesive. The numerical solution of the problem and comparing the obtained results with experimental data
revealed that the Axson adhesive connections can tolerate more force in comparison with resin adhesive
connections before structure destruction.

Lattice Composite Plates, Adhesive Joint,
Flexural Strength, Mechanical Joint

Please cite this article using: S eolaiul 5 ole 5l allie 4 gl )l (gl

Arefi Osgoui, A., Davar, A., Alaei, M. H., Mirzaei, A., Heydari Beni, M., Eskandari Jam, J., “Experimental, Numerical Investigation and Optimization
of Effect of Adhesive Joint on Flexural Behavior of grid-stiffened Composite Plates”, In Persian, Journal of Science and Technology of Composites,
Vol. 8, No. 3, pp. 1687-1699, 2022. https://doi.org/10.22068/JSTC.2022.544900.1764



Ul)mﬁuﬁﬁf‘”l us)Lck)lc

Suie S )50lS SOGE) 9 SHred VIS o oS wu 985 s Juasl )3l (s lwding 9 ($de ()T (Sw) 2

i b Koo il ol (55, i Slasiie gy gz
Wi ol s sy Sl and il g IS L s tlie Jsk
00,5 ool oz Jlail 5 sl lsieas Slysys 5l 5 aded LI
2595l il 9y 21y ogume plall Glagiluannd § gejl bl oy,
S gy [11] ol Sen o W Sl5 sl plowl glababian e b cos
Sloto Al sie cusll glode Cd iy 5 (g 5lwands jelateas | glaid iy
o ) St 5 G et (Shiez G 0l g T 8y (s
59,5 13 cagdyl [12] (e 5 bk s, Okl Sl
e P A jeeelS Sde (859 plSottl aniny Lldjl 1) leossS ey ois
e Sid g (e ) (mpe Edys ompe JSB @ aoly Jobo b diged
9 69 Ry (e (SuByd (hye diged S A wofg (S iSTa Ll
329 coar & siizd o [13] hles 5 13,31 wages b)) ke
Ao (Gabod ol j0 Bl Side ava b (JujemelS 9 638 omauile
B o s 5150 e, b alitee Cules g iz b CojeeelS digas
ot 3530 Baigad cglabalian (hes 903l St 5 085 090 (FsSekon
Wiy Sibely 5l om g a5 ol ylis o5 Giales] s .aus S 8
] 1008 48 LS 1 ey g 20 o el b oot a4y St atu
SaS b g 225 slagysas] el L [14] o Sen 5 j5ls 05 o a0 s
Bl 5o ol Cep ape g3 5 @ en & oSl iRl
40 Q}aﬂ pll Gl el ouss aisls y St wtws b omgaile
SIS ,L o g cadaisle St ata b mgaile Bl go b ju
(8338 (&5l (gl .ild 5 1B 69,5 0w Sgi b ooy a0 ol3] bgha
sl 0 438 )T S 3805 55 088 ol

P ez Jlal flgoae g (028 wyp (Geid ol el Baa
$r9 &9 95 sokie (nl lp el (pied 18 Stie (Su55elS slas s
4 LR520 5, s H 9940 BK 9uST v Jlail b Koo (0 jgalS
S asle g b esd B oty ol cle gl b a8 S L
sabaitlu gladiges o oolitul Cils anT ) Cus s zaY b,
5 98 solite Cal sl a5 T )8 labaian (es o g5l o
o @i Jo 51ad S 3 anlie 3550 (025 @S L g osdelonl 8
O 8L Caws g giledig Com (wbs g Ly (Jsle anain ol
0,8 oolainl gxpe Joho avain oY ohg b g oy (e plSouiul
00 paad (6008 (6w sladigas slamd ialesT b oy, oS 4
oRR9R 9y 2
St eipeels e i gojle ibe ol il gy ool o
ojle Oy g (Frmdid ;) gosu (B (gl ol 4l sans g ile e
bojlw g9 oyl soue 3lwdow Jolie gom i o Ll 00l S
00l G sl (b 39y 5 iluaite Jyol e S i
S0 o S Lo Ak gl yeiie sileaigy & BT G o el

5 De Moura
7 Jadhav
8 1sogrid
9 Zhang

doudo -1
b5l a5 el Galizie Cond szl IS (60 )5 o3l S
lotejgall (ol b Wb Jate S0 4 VLA I egi
4255 @l slaojls ) (g3l Bualy pginasll 5 358 sl s ey
Jlasl (Foluay Cojgals )0 Jlasl gg.050 Lol wsly oo Sg0te EMSEe 5| (5 5
sojle o Sl bls olul el 5 095, 5 )] g s I3l
YLl 5| G95LsS slasanpends (1] 055 ca srak Al Cujonels
Il (SlSe Jlasl atws dus a5 |y o) lg5 o a5 010 o35 (5500l
0 5 g el (SHle DLl oS utped (S 5 Ll g o
OYlasl 65800l bl 5l aiili oo 995 4 by culee g Llse sl
4 Sl oS 6 iyl oLl bl (Solo (gzen 53,150 4 (s
W55 ol cles 51 e 3,5 0Ll (33,5 a5 5 el ¢ lasmee Jeloe
O 3 oy LI s (225 55 a3 olomy) ol 65 Mg 4 g oo Y L]
Syl Rl 5o lapT o5 Cuslio 5 (555w 51 50 Sl (Siugy (28,
o JS Sy 2 G5 o VLl o (2] 55 6 lal S g Slugs
oo )3 A 55 a3 (Sl Jlasl OIS 5 09d o0 @iy Jlail a4l
Slayb ply yo 2 Cuglin OYLasl 4563l rioren 098 cad Sl JLas]
Py i3S B Cod b (blie jo )b s g gley
gl (i 55y 2 568 Lo Sl 5 Wsdioo ol s b,
o i IS sleo 5l YL Glales Lo a5 GlaigTa el )LAf).uL
ooyl s 4 olgi oo bz ;503 cules ezl ol salys Calaaie SlS
b oo s YLl o 3] 5,5 o Ll S atug oz plp o
Slei oo Juate ;K00 a ) oy e Jlail 050 dxkd 50y 4Y S ol
ssbieds g Sl (el slaosle o JLail g5 (n S sl (o JLai]
Srock Saiaiad (o) Pl 4 by SNSEe o35 Biby
iloads 00ls dxwgs oy, AL L oy od5

rizen g by Jlail gamgs Jas (i o [4] Vs o
Sl 18 w090 SVl cl jo 1) et Cod 38 g0 a8, bgs JLasl
ez Y 0 eal ol Lhp i p oSl Vol (G pl o
O ygets |y Y 055 3o o [B] Teaanl & la o ools |13 ) 58590
Sygots |y Sle w4 5 (LS Calis by i G 5l s Sl
oS Jlesl 1o ly Jlast b jo canSls calsl 1o (69 0500 Joo Sesdly
Caalses cosdplnl sl Julos plo M5 5 [6] o 5an g aanl )5 (o) p
ool Ojgods |y LAY yuzmen g a3 5 L 0 Oglaie |) o Y
5 40,0y e Jlail gy Joa [7] ) Sem 5 %55 wioges (g3lo e
S sy Sz ) A o oS e oole b 315 a8 oSy sladons L]
S o olge 3l a8, LSy Jlasl g0 095 Gados o [8] 35w 5 gl sl
Jo 50 [9] oKen 571 g0 dinges duulie sooe i, b 1) ooelcmsa
S8 swypoyse I, Resin Tech RT153FC e Sl olss 2008

o> o Sl gy |y Gudod LJ..J“ plel BIRE-RV LQQ] A0S ol
iz 50 [10] ol Sas 5 Vglaols .ais S plgre (Sle Lolys anslio

TG

2 Shiuh-Chuan Her
3 Hart Smith

4Zou

5 Avila

1688

2)940l (5 )9US 9 pgle dg i



03)920l5 (5 )9Ud 9 pole Ay yubs

e 5 ug,fml Sle Sle

e (50) 9105 SLRGE S (SHed VLS o 0T w985 s Jlasl H3l (slwding 9 $33E (2 )= (w0

ol oolaial () el 0ad oS KNS b St SojeelS e
o1 Sl ams al> o o sl o HY 520 snteslizul 5o o o LR520
o agh M la)ls o 5 wail et sole] 1), @ 1, T700 12K
ools las 2 IS jo oS wigd o (5,105 (glo gl o atiS oy pMaslay
o oebiee 5185 5l 9550 Cualind olon]
O9ST ez 1S sl Sl ead sbnl glaw 55, » Al e ol plos]
Jlasl sl [ ol 51 Bas g 098 oo 005 CleiSy & j0a H 9940 BK

ol b dl> o ol ol oo

sl 00y 00ld 4Las 3 IS )0 aS el (o

anael o)t g el jghiteds oad oy T300 o S slaax b
4 culrs sbnl b Joe onl s 13 (o058 B (55, 5 0nd
sl ool a5 4 S 10 45 w5 e S5 6yt e

o obe anl B eSS jlatens
Ol 59 298 on 4B 0jlu 10 9290 Slga (slaoji> 5 (BLON 1)) e
Sl b g 09d e sl Bile 5 Wyl Luoe o (obl 5l eslinal b g,

D9y SeS 4 gz aY eladl

©loo ;0 )15l ogd so adss JolS & jg0a ol 51 glen )L -0.9 Lus
£9S g ui:»}!aohi:.“la}sz J.i,.ué):f‘sa |-=L>u|u&Lw3 Do 4y g Jas
A3 o ol |

Fig. 2 Lay-up of sample grid stiffness and resin joint
2y Jhasl ol 5 diges slooaiScusdy zay 2 U<

Fig. 3 Lay-up of sample grid stiffness and adhesive joint
ez Jlail sbml g aiged slooniiS sl cnma¥ 3 JS&

: e it L

Fig. 4 Lay-up shell on grid stiffness
WoaiS Cusll (55 p dwgy SuzaY 4 KB

1689

il 0 0 L5 imgly ol
2 diged colu g (215 -1-2
o3be smgs ok il oS Conl ol 5 Slais 90 ol Sl Sl
psd iz B S CNC ol SaS 4y g oadsg! Seiwl aal p 5l Siee
oyl 19,0 Bl o fws ez Y by 5l okl b s o il
Sl 51y Sy USKS Ske ol b oad mmdid, sosh oJB
Do s (S Seto 03l (595 » (S9eelS Sutred dmho (o all,
455 o5l 10 55250 slsn (slao i o (SN 5, M bl gy oS
23,5 (g0 Sy 058 )3 o3l aloge 0BT 50 50 e

300 x 125 ASTM D7264 s flailiwl el 5 555:0l5 5,9 olel
L 5 ks 5O s n 4oz by Un ol ol o 48,5 L5 35 fn o
Cualnd Geizman g ke B oy sl 5 feshee 8 oanS iy gl culis
el 00l a8 )5 a5 o e Je 4wty
Olas 55 g dlgo-1-1-2
3550 Oy el 0 00l T700 (4,5 GBI 5l Sction dmio cls (gl
Gb L 4 d cos @ g o0y 0aiSiow 5 Sel o), Jolee ool
&l ad, 5 a5, 9 B g 1 Jgaz (o wloads bglses oaijlu jgiws

ol 00

Oy 9 Sl slasie 1 Jgos
Table 1 Specifications of fibers and resins

dadin o5l Syl
LR520 (4) Olnl (ooea s 9 yook olS2ngs 33
HY520 (1) Olnl ooy 9 yosh oRing3y Sl
Carbon Fabric T300 ACP oS Al
Carbon Fiber T700 ACP oS SL!
H 9940 BK Sika o9eST

baiges bl -2-1-2

A (59) 2 (o ez g 5 Sate slacy jeelS Cla pglaied;
CNC oy SoS 4y cogd Sob SO g, cpl 50 90,5 ooliiwl eg
1 U jo canlazs 3018 oolatwls g0 (098 LB lgicdy g ouds ools il 3
alodds ools lid agd B diges

Fig. 1 Sample of grooved foam mold

It (sag8 B wiges 1SS

5 03l om ope Ll Sl S olr Cur @ ise Sl al> e
B sy, S5 b &Y b s o3l HLE20 (ST 51 sag LB

B esle jshtear 1 wd oy caid b pojle g 0njy 0,8 S5 0gh



ullKes 5 v.,g,fwl e Se

e 50) 9105 SLRGEY S (Hed VLS o 00T w985 s Jlasl H3l (silwding 9 S33E (2 )T (S 2

ploxil 035 B S amlons sl o5 15 d 15 | STM-150 o5 &, plises

s oo i | (glabaiian (hes (y503]

olgo plgs glyge;l -1-2-2

e Sl a5l LT il g ediged 08 Jae pslaten

Loolse Pls> sl oz 075 Slagges] ol dgy 5 oaniS ey sl

15 el o ool abogsye o,litil olol 1 g plites olSius I solizul

aYaix aiges 3 ASTM D3039  aaS s lasbinl (03T Lolol  lol

ol s0aline B U 50 a5 ol oud solal (S Cgz (059l
G5 S5 Azl paige ulsi oo ol 825 GgasT Ll

sanlive BB 15 ,5- 55 Jlogei 10 JSi 40 g el 00l 03,51 2 Jgaz yo

Fig. 8 Perform three-point bending test
Slabhiaw Gies g5l plosl 8 S

Fig. 9 Multi-layer composite samples for tensile testing
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Fig. 10 Stress-strain diagram of laminated composite
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Fig. 15 Force- displacement diagram of DCB test adhesive
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Fig. 16 Force- displacement diagram of DCB test resin
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Fig. 12 Stress-strain diagram of the ring test
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Fig. 19 Schematic view of modeling

Fig. 20 Boundary conditions and reference points
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Fig. 21 Convergence diagram of the number of elements
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Fig. 17 Force-displacement diagram of ENF test adhesive
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Fig. 18 Force- displacement diagram of ENF test resin
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Table 3 DCB test values for adhesives and resins to determine the failure
energy of the first mode
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Fig. 22 a) Tested sample for adhesive joint structure b) Tested
sample for resin joint structure
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Fig. 23 Numerical and experimental results of joint samples with Axson
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Table 5 Parameters and levels set
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Table 6 Experimental design table
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Table 7 Investigation of experimental and numerical results of axson
adhesive joint
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Fig. 24 Numerical and experimental results of resin joint samples
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Table 9 Parameters set for structures with maximum force tolerance and
stiffness
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Fig. 26 a)Start of failure in shells if loading continues b) No failure
of shells at the time of failure of amplifiers
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Fig. 27 How to separate the joint, taking into account the properties and
thickness of the connector
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Table 12 Comparison of numerical simulation results and experimental
design
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Fig. 43 Failure of grid stiffness in the optimal sample
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Nondestructive evaluation of bilayer metal-composite structures using finite

element simulation of guided Lamb wave propagation

Yousef Parvari!, Hasan Ramezani?, Siavash Kazemirad'

1- School of Mechanical Engineering, Iran University of Science and Technology, Tehran, Iran
* P.0.B. 16846-13114, Tehran, Iran, skazemirad@iust.ac.ir

Keywords Abstract

Guided waves, Lamb wave, Composite Nondestructive evaluation (NDE) of the mechanical properties and thickness loss of bilayer structures is
coating, Coated structures, Finite of great importance for health monitoring purposes. This study aimed to propose an NDE method based
element modeling on the Lamb wave propagation for the inspection of bilayer metal-composite structures. The finite

element model of a steel substrate coated with a layered composite material was developed, where the
composite coating constituted by chopped strand glass fiber mat and woven roving glass fiber cloth layers.
The fundamental antisymmetric Lamb wave mode (Aq) with different excitation frequencies were
generated and propagated on the modeled bilayer specimens. The dispersion curves for the Ao Lamb wave
mode were obtained for the simulated specimens, considering different thicknesses and a range of
material properties decay for the metal substrate and composite coating. The obtained results showed that
the effect of the thickness and decay in the mechanical properties of the substrate on the Ao Lamb wave
mode velocity was more than the effect of the thickness and decay in the mechanical properties of the
composite coating. Besides, the estimation of coating thickness was performed more accurately at low
frequencies, while the decay in the mechanical properties of the coating and substrate was better
evaluated at higher frequencies. It was concluded that the simulated Lamb wave propagation method can
be used as a virtual lab for the development of methods for nondestructive evaluation of bilayer metal-

composite structures with different material properties and thicknesses.

Please cite this article using: 9S oolitul 3 @be e 4 gl 6l
Parvari, Y., Ramezani, H., Kazemirad, S., “Nondestructive evaluation of bilayer metal-composite structures using finite element simulation of guided
Lamb wave propagation”, In Persian, Journal of Science and Technology of Composites, Vol. 8, No. 3, pp. 1700-1707, 2022.

https://doi.org/10.22068/JSTC.2022.546257.1765


mailto:skazemirad@iust.ac.ir

33)940l5 (5 )9US 9 podc &y puini

O 5 (559 sy

ol gl u i Zlgel (b piunS dgazme gl (6 jlwdunds oS 43 o jemolS— 38 Y 90 (Glojlw o ol (S 55

g (Jo ol bcwl oads adllas geo90 @lool o 42e LB b
aM@YMshm)owcywﬁwsﬁnmduer
oS zae GBSy RSl bl ojlu g olge el a5 ol
Culbrs 803l g (So,en ol comimen ed bl adl
Oy DY (o el C‘?""‘ Doy lawg ool ools idg slaojlu
RO PRV AN

—0h9) 3l S Ol dguze Glll (ileanet (bg) 5l sl (i
sleojls o owigd culow E‘}A‘ Doy aslllas glpy gooe J> sl
Zlyel iiSenyy Jo5 5 ol (Jle sl [24] oS o sslanal @glite
sgaze yladl B9,y 5l eolatul b I, glamin slaojle ,0 coml g <l
ad g @il ©y50 90 4 ol Ser 5 Gallel, [25] oS m)
dgos Sy iz sy o o Zlgel gliee oo sgae el g5l
@oas Ll5le 5l ol Ken o KL 126] wsges acule el Y e
20 e Zlgel oy sgamme Ll laJe (gjlwad slp Y eI
oads slml sla Jow Lol glo isu a5 wis S oolatul o0 5smelS Clas
dw 5l S po0 ol gl g Wog b S 5 S Sy sl Slos Jols
1271 ws 5 solizsl slouls g iy slg s o cdood HolaS )b

I Glamio glaojle ;o el Zlgel 35S so0e (g5luans
oilo Gl g glyal AiSom 5l (s e S50 0 CujgnalS b osd 0slo gy
Olll (lodds aslllas (l Ban sl bojls (nl © e 2 5
Looad ools Libe (go¥ed Slriv ;0 el glgel (8 sgame
Sl slaJos darwg slp a5 oyl Sl Lol B o pdy sl
welyr g culs Olas Bl an] cans a4 Col 5L5 0,50 Zlgel (b ynS
ol g0 Ao 390 B S pr p (SuieelS Dy 9 598 o3l (Sl
oue siluans glad adly o conl oul g p it gla S,
P95 IS o)z slp el BB 5 350 (5lme olStglel S lginy
boad ools 2dgy 5318 ool e 8 (2Ll 55 d Elsel (28
ol 48,5 118 oolainl 550 CujaumlS
L g g olge -2
o jgpols— 38 a¥ 95 sbadiges-1-2
8 3642 ;e cwbhs b 9 300%300 MM? slul b (oY gd amin G
asdllas ol gl sl oals ools il sl CojemelS G L aS i Lo
0,5 aded SU oed Y [l 5l cujeeelS iubey b aidF ol o
Hetron 922 ol Loy cns 9 cngy 9400 9/M? aasein 59 b Moo
Cwoles b oowd pgo @Y o ¥ dgl o goV¥ed Y Ll oo JuSis
Y ;0 0.38 MM cubes b oads abl ax )b pow 4 ;0 0.6 MM
Slpiae ¥ ) g oald adly az )l ol Yy [XESPRWE s ke
Ay 316 MM & 500l gy (S Colbes a5 ol oolazul vl
&R y500l8 sdigai el -2-2
CassealS-o¥sd Vs amio o el glel (S siluand sladae

9 Abagus
10 Chopped strand glass fiber mat
- Woven roving glass fiber cloth

1701

doddo -1
o] ) cdiblone 5 cwdige (sloojlo Cogii jslaie 4 ' a0 sy a3
G pelhe (o3l 000 (o) sl )5 (595 S5 g (S99 pln o
5 bkl 5 o] Gy ol sl ond ools iis sbaoils 5 b
3ok 5o [A] el Jloy55 5 (VL Comal o] (S )LSs 5 cdls
Cuglie 9 YU (9 4 Pl S o 4 T CunalS Slge ool
oo 033 ez qmly Gl 4 s (5003 g plend (Sl
2 o % b loojle ao by (sl Ygane layjemels Sl ol ple
Gl slaojle sl )5 il 2] 09 o soliiul cuis g Ladles mlio
a4 Sl Qoo )5 iz 10 e lalins o jelS b oads o i
il (Sl (olet g (F9,95) Cuald ud o5 (b)) (e plgie
ook e Jlad ot b 5 Sl Gile ) oad (e ibg 3l sla
ool 5Ls 3550 sl s (s )3 (o) 2 ST rine

5 il sl Tl gyl GhaeS n e lagis, ) eslit
[10-3] el wly Sl JS& slamio laojle o ye e iales]
G @il slr b ol ol gloal Vb (il cole 5 05 (e
Trbe ool 4T G lye 4 gl )0 SosS Cgee partas 5 baojle
dole (gl ol Zlsal S 050 3l e 5 g5 (Jlie gl 05le 0
5 [11] 055,5 oolatul wing oad (Fo,55 jlrs a5 Slxas culs
aslome Sz ol Conigh Culie glyel Sl oSen 5 g, Koo ks
oo 5l 121 ws 5 sslanal IS Glamio slaojle o (Fo,s5 4t
Slge 45 Sz 4 dialy Sy dloe (g ol lesliiul 5k sla S
S cilizes oz 53 (ol Dglis 4 4z b a5 wbbie "o Kiluanl
Jlo slp ool 435 13 (rdioms I (55l 4295 9590 9 Conl dtedg
Sz g e 3l dalojenslS )0 conl 338 Cuxge (eSS sy Ll
59 Oy cred zlgal 5SSl ciomen [13] 8,5 ooliiul el Las!
Pl shaanio 5wl anii gl e slagls,
Sy o) en g 5 KinS (Jlie sl [18-14] 55 o solitu] locy jguels
Zlsal So dse 3l wujemalS o 4y lawgs cad dlml S5 oyl Al
o35 51y ceed zlgal Ag 350 5l L Ken ¢ 9315 [19] ws 5 soliziul ool
oolil Cyjaeals t (S mo 5l T (SadaVay wile glace
1201 ws 5

sz gl )0 saisd Colua glaal (35S 5l (gl Slandz o
2 gl oS oz & ele) 9 Sl Jlo pob 4 ot eslinul 4
Sy g g XS [21] sisls ), o Silueal 4Y wix e
SawYlgSs g olge slaasy 5l Lao] 2 & mgsile Sbras o sl
W0,S sy 1y Wog ools 1) 5 SKilueal oole S JSCiaS 5 o0l ool
s aspedlS Snsigei 5 ol iyl S e 5 s [22]
iae altns 23] Wogas oy 1) SetaVlsSans 5 o, Kleal 4y
g5 ST ol ol 5o 4T Y wir gledaze o ol gge S
O loe Cawd 4 Y (2 olge wlet g dwais il boaudl bl

! Coating

2 Composite material

3 Lamb wave propagation

4 Non-destructive evaluation and testing
5 Guided waves

& Anisotropic

" Delamination

8 Dishonding



O 5 (559 gy

ol gl u i Zlgel (b piunS dgazme gl (6 jlwdunds oS 43 o jemolS— 38 Y 90 (Glojlw o ol (S 55

o g odd ST 58le 5 0 )lg diged o sl el Caws 4 plrals
oialesl 5o @lakad (5 I35 )L e s 00,8 diule Jogei olaml Ciend
Gl 5l Gppal wb w8 S I s akSs  yedee 2L pln S

el 0 o0ls Hlas 2 Ko o maS ioles]

Fig. 2 The tensile test setup via Santam STM-150.
plow &8 55 STM-150 oSws 5l oolazl b zis sinles! ol 2 s

©ous (6 ibwani-4-2

liz! it 5o oo sl ol 59 %o 03k ol g Laglell o5l
s as Gloj sl Jobo andl oo cued 0digd Culan zlsal 1S sgaee
O 1y ol Zlaal S sgaome sl ] (silhands soue Slawle
Wl oo Caws a4 (1) dolee Bllas oS o

~ (le )min _ 1

At =
Cp 2Ofmax (1)

Jae o pledl o3lail 0 1868 (LeImin < gilej o3l Jsb AL ()T o a8

Gl goe Sy 5 Jleel Ll diiny finax i sl
@ @l g Slwbre 285 (adl 1y S92 50 @l Bk Grizren WBkoe
@ azg L [29 28] o)ls g0 zae Job y2 40 055 10 5525 edel s
O bl ol JelisS (6)Lad glsel 4 Sl (B p Elosl goe Jobo oS

Amin Cs

l, = ~
20 20fmax 2

ol 2 el Sy gee g Cs 5 zee Jsb Amin ol o &5
—o¥8 Vg b o cwd el B3RS iludnd gl anllas
rizmen b oolitul T s pd Sl b GugSLT bl 5l Cojgrels
3 oS Ll I3l 5 50 (iluoand CojorelS-o¥sh Y 5o gladised awain
el 0 wals ylas 3 IS

Cglite (owgi (2l Sl 0500 igei )3 el zge Slml (6l
s 3l glegeze 5 0b Jloel diged 4 ¥ Rlae o ;5 1 MM atals |
2 SuieeelS g Vs Y g0 el Gl sl b abas;le
A plil 20-110 KHZ 5,56 slo uils 13

5 Time Interval length
5 Implicit solver
7 Actuator

Sladiges glate (o el Caws 4 iiS Giolesl 5l el LS 9,90
wsle SilKe polss shaasin sy ond ail 5 aad iy 2uemels
093 1) =Sml 0y 3 B 9550 ez Tl badiged Cle sl o
(g3 onl 5o ond odlital (Sl (03 £ 4 4z L g 0d9ed 1jg ph
O b e 0 03933 1 4 15 4 100 535 Cod b oariS i
aiBs 5,90 200 ceps b g 4880 5 ST Gae @ el yla SIS
090 4 e lyiome ( Sle (05 o al B plal Sl amy ad plmil oS 5
4335 oy ool 5 6N ey Sl oS Jizie M galaime
ezl 5l 050 sleay G ab a8 Ll 0 1ombar jLes
55 B ol aalsl o aiad anBEE LS 5 end odyy oot amdly g das
oMLS S g (n)) w55 4 gapld jlesliul b pladyy (e 45 0ud
28,5 0y a0 50 GLI S35 s b slY CojeelS b o aiel
by oad ools I8 oo (55, S 4 S Lagl daaz )y (iluansll 5l ey
O gyl g clie mg A S B oad mje () oS 1 eolinud
5 STl Su bl 3 08 Jeols pliabl la Jleiol lacl>
200 o0 Jloel b laaiges cankad jo gy calbius o)) cuvs &
SselS sbadiges w3 )T 1E L cou abe G D 4 e
YaS b SO T slgl 9o ys a8 cleds ools plas 1 S 48 oo aisle
o Ay 4 1S olfiws SB Al 4o ol ca] 5l 65 el sl

ol 00 0l

Fig. 1 The fabricated mat and woven composite specimens.
oa azdly g ded sty 5eelS sladigas 1 JSCS

G ilo] 32
STM-150 oo plicw (aidS olfiws 51 2aS slaioles] plsl slp
50 T iSg Vamiwg s 5l gy slaEe (5 pFeslal Caa sl oas ool
S5 g0 Tt idS 5l 15,5 Jlade g pSeslal cya g b eolixul Kgf
dwle gw iS5l eolaiwl Jdo ab eolazwl STT-100D go plicw
ol 00 Vb o b g gt yo 4y adiged Sl Jgoe

snpdplSovil plyie 4 ased SUI I aghy cal o a5 gl )
S g 4 axg b aiily o badiges coled 5 ool oolaiwl Cyjgmls’
WFigh 418, 5 LA 10 8, luen (ol a9 awd) Loyl o asd) IS 4 s
ol 5o LiaS laiolesT als slxil sly ASTM D638 o lustesl
Sbsl ogas o o lnlinl 0S4 azgr b ool onds oolinul aslllas
2l 5o celin G5 4y o) sl bdised slal 4y Cod oKiws ol b
T gy 5l oolitul b pliw o8 5 STM-150 olKiws i dajioles]
- oy loged dddigel LiS Jgde dnwlre glp o oolaiul SWS 5

1 Tab

2 Load Cell

3 Bongshin

4 Extensometer

1702

035940l (5 )9US 9 pgle &y pubs



)98 (5)9US 9 pgle g ks

O 5 (59, g

o oiguds e Zlgel (b w099 (61521 (g slwannis CKoS 41 o 1905 - U5 Y 90 (sloojl ooy (S5

Fig. 5 The elements type used in the model.
Jowe yo a4, IS 4 slagladl solgls- 5 Sl

b S ol el slag bl o b ais PRpLy ssboles
@Y e (Sl elyt g ad Joe V-4 Ojge & (jerlS sy
Selz) SIb S5 4 (eeelS Gy o0 5k o g 0b Jlesl alSlaz 5k
pll 228 Slagialasl 5l oaal cows 4y (olss 5 08 Joe (S s
Joe ;o oolaiwl 850 (olem ol Jleel Jow ;0 luY CojemalS (gl oo
30] il o s 4 5 S5l (2o ilo 5 S

1=Myallay  Tyx + Naxllyz Nax + Nyallay 0 0 0
E,E,A E,E,A E,E,A
[7] Myt ety 1=0ale Dy tialy o0 o o rx*]
Zw EE.A E,E.A E,E.A iyy
0;2 = (e F yMyz My + Ml 1= Ty My 0 0 gy
la,xJ ExE A ELE,A E,E,A 4
Oy 0 0 0 2G,, 0 0 |ley,
0 0 0 0 26, O
0 0 0 0 0 26,
3
QT 4o as
1- r]xyrlyx - nyznzy - nzxnxz - Zrlxynzyr]zx
ELELE, @

Sl oo dus ) Sangyish) syl c¥olen jo Sata¥l ol 9 a5
‘51':].; J5-.\.4 A jnyxhnsznyz L)5"‘;|5" w]@ A ‘Ex‘Ey‘Ez

2 Ja.g‘j) )| B ,iio ‘)9.,»]—9.1 o o A el 00 J.‘Sm.’i Gyz‘ sz‘ ny
130] w1 oo cans 4y

p— EZ X
ﬂzy - Ey 7]yz (5)
— EZ x
772(2 - Ey nzx (6)
E, y
Mxy =7 X7
¥oE, @

CugpalS-0¥sd Kgad (sl ool Zoo Ao sladge (ST loges

Cald b (fujeeels b Sl JSete gy cnl o addllas 350
Py a8 mmgd mm glcwls b go¥ed Y S 5 3.16 mm
2 e a5 GUIGUW 3300 5 5l .l ou ools (ylzs 7 4 6 slaJsis
STy o gizmie gl Gl el T (lelos aass sguome Glall Ly,
756 slaJsi 10 K5, 03 cparbas &g & alad (Wil 30 colial
— ol 58 51 (A ) omilS )8 050 ool 5l liabsl (glyy el 00l mtuie

2 Semi-analytical finite element

1703

Fig. 3 Geometry of the steel-composite specimens simulated in
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Table 1 The mechanical properties of the carbon steel plate, mat and
woven composite plies, and laminated composite coating.
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Fig. 8 A snapshot of the simulated waveform of Lamb wave mode 4,
in the specimen at the frequency of 100 kHz. The deformation scale
factor is 1x108 in this figure.
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Fig. 9 A snapshot of Z displacement component of the simulated Lamb
wave mode A, in the specimen at the frequency of 100 kHz. The
deformation scale factor is 1x10° in this figure.
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Fig. 6 The dispersion curves of Lamb wave modes obtained using the
GUIGUW software for a 4 mm thick carbon steel plate coated with a
3.16 mm thick composite coating.
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Fig. 7 The dispersion curves of Lamb wave modes obtained using the
GUIGUW software for an 8 mm thick carbon steel plate coated with a
3.16 mm thick composite coating.
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Fig. 11 The dispersion curves of the A, Lamb wave mode obtained for
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Table 2 The Lamb wave phase velocity of the specimen obtained using
the FE simulations and the GUIGUW software.
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Fig. 12 The dispersion curves of the 4, Lamb wave mode obtained for
a 4 mm thick carbon steel plate coated with a 3.16 mm thick composite
coating, where the coating material underwent different percentages of
stiffness decay.
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Fig. 13 The dispersion curves of the A,Lamb wave mode obtained for a
4 mm thick carbon steel plate coated with a 3.16 mm thick composite
coating, where the substrate material underwent different percentages
of stiffness decay.
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Keywords Abstract

A composite radome is a durable structure to protect telecommunication radar antennas against mechanical
and environmental factors. Due to its placement in front of the antenna and the possibility of affecting the
received and transmitted waves, in addition to the mechanical properties, the electromagnetic properties of
this structure are very important. In this study, the mechanical properties (tensile strength in the direction
of fibers) and the electromagnetic properties (dielectric constant at X-band frequency) for a GFRP
composite radome has been studied and optimized. For this purpose, two types of glass fibers E and D
series, and two types of epoxy resin and polyester resin have been used. In addition, three common methods
of composite fabrication including hand layup, vacuum bag, and vacuum infusion have been used. Also,
by using the Taguchi test design method and signal-to-noise analysis, the optimal composition was obtained
for each of the properties, which for tensile strength of the combination of E series glass fibers and epoxy
resin and vacuum bag fabrication method, the highest tensile strength was 320.9 MPa and for the dielectric
constant of D series glass fibers and epoxy resin and vacuum bag fabrication method with the lowest value
of 2.85 were determined. After determining the optimal composition for each of the properties, the optimum
state was investigated by considering all the mechanical and electromagnetic properties factors together by
using the multi-response optimization method (gray relation). Finally, a combination of D-series glass
fibers, epoxy resin, and vacuum bag fabrication method was proposed.

Radome, Composites, tensile strength,
dielectric constant
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Fig. 2 Some of the parts made by a) infusion, b) vacuum bag, c) hand

layup method
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Fire resistant polyurethane/polyurea micro/nanocomposite foams reinforced with

natural zeolite/Graphite nanoplatelets (GNP)

Mehdi Karevan'*, Marzieh Fallah®

1- Mechanical Engineering Department, Isfahan University of Technology, Isfahan, Iran.
* P.0.B. 84156-83111 Isfahan, Iran, mkarevan@iut.ac.ir

Keywords Abstract

Mechanical properties, Polyurethane
foam, Fire resistance, Natural zeolite,
Polyurea

Petroleum based polymer composites could be a factor in the development of fire unlike their numerous
applications. The research performed on the fire resistance and flammability of composites is not
comparable with those conducted on the mechanical behavior of composites demonstrating the importance
of studying multi-functional composites of fire resistance behavior. In this work, two-part polyurethane

was reinforced with natural zeolite and graphite nanoplatelets (GNP) to examine fire resistance and
optimized mechanical behavior of the composite foams. Moreover, polyurea was added with the optimized
ratio of 40% into polyurethane composites based on the study hypothesis. The results showed that zeolite
and GNP filled nano/microcomposites led to a 200 and 300% improvement in the tensile modulus of the
composites, respectively. It was further shown that both fillers resulted in enhancement in the flexural
modulus, too. To enhance the mechanical behavior, fiber glass mat was laminated with the optimized
polyurethane/polyurea compound leading to a 600 and 200% improvement in the flexural modulus,
respectively, in the case of two-layer reinforcement. The polyurea coating on the optimized composite
specimens demonstrated the reduced burning rate of 23 mm/min and a 200 s flame time based on the UL94
standard. The mixed compound of polyurethane/polyurea filled with 2 wt% of zeolite led to the burning
rate of 4.9 mm/min being in the allowable range above 80% lower than the maximum possible rate set forth

in the standard.

Please cite this article using: S eolaiul 5 ole 5l allie 4 gl )l (gl
Karevan, M., Fallah, M., “Fire resistance polyurethane/polyurea micro/nanocomposite foams reinforced with natural zeolite/Graphite nanoplatelets

(GNP)”, In Persian, Journal of Science and Technology of Composites, Vol. 8, No. 3, pp. 1715-1725, 2022.
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Fig. 2 Stress-strain curves of polyurethane vs. zeolite loading
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Fig. 3 Stress-strain curves of polyurethane vs. GNP loading
Cebl)S D09l G5y vy ey BB ysa GRS loges 3 S

3 Aspect ratio

S yuizen g ad dcwloe bdiged alade phaw (g IS L e j5 00l
2l ad dilre (W S-S bsel chr Ceend ol 51 KL s
ol Cl jo gl o5l i 5l edel Cns 4y (. Sike yulu!

e Ggaj]

3, lailiwl b gsllae s SANTAM-STMB50 oo 3l ooliiwl b ias 03]
5 goye yuo ke 12.7%3.2 ahaiio o b lrdiges .ol sl ASTM D790
Ol (bl bl aS cnl sae B 55 09,8 o 0 bidiges I SG slaws
Pedee Ol 4iged 5l @mls

SEM) st i i 5 oo

Pl (sivg) (S9SN g8y Sn Lanogi SIS o (clidiiSu) (oo
b e 505 00l gy S Lyl o Mo ¥ G b badigas o
9550 D)5l mie 5 (ST eimed g pgd i3l aaliin gl lag)]
28518 bl

ol Sl o e o UL94 e/

UL-94 HB 5051 plol b ala b (55, Slime 5 sy Sl (rens
L glas yio oo 125%13x3 o lails ol olasl L Lodigos ads o)y
AoaSs 88l O jemo 4 ladiged .iais ags ASTM D3801 o st
s 65y aud 0)lg diges Ol s 4 a4z )0 45 gl Co aleds g wo
s I A 5E d903 ol s 5l ol 4 g1 Alold 4 Codle g0 digas
o Jlesl diged 4 sy Jol cadle 4y a5 Jloj B L 4l 30 o &y alels
g €55 5 Giales] digal as S o (gl ot Al (g 25
alols jo yB g #5545 Cawl bl cpl p ge3T Jlre i Cross oy
40 BRI Yo o 1363 cubes | Slediges glp 0o (g, l08 dle
Fagheo 35l a8 Cualies b ladiged (sl g atl yitey ald p e e
bl iy i3y e e 80 5l sl

ol Sale el

KD2 L5:)|).> uo|5> )Jlj oKws )| solawl b Lm;,u)wlf 6:)|)> Colow
bl olSus ol s (5 yFejluil S5 ,4l DECAGON cils pro
oo dex 3l u_'i)b} Ple> e mSoslail gl EN55022 = S st
Alginl O g0 4 bdiged 090 oo ooliiuwl Sl Cwglin 5 )l colos
g dges Lamg 53 g Wl a4 el 11 Job 5 e il 4 L3 L
Sgee MalS Wb #lygm ol o bl e il 11 Job o yie Lo 3 kb 4
S I T B s eSeslail K b 0l wiged Lass 45

lacyjp ol S S Y oly s Sl oy, o oL
et gl 5 g o

Oeizmed 9 Sedl S 39k g Sl 0aisS Ca gl slasle ST bl Helaie 4
Sload and s088 slaajealS jo idy plSouiul lapilSe gy S0
ool b la Julow o .o solitul [29] ¥ Ksgmyguil SilSlog ,Soe Judows
5 Sl Rly> ogat j3 Slidsg ;o ead (51T ol g polie )
S& PRFSIRN RN (39 2oy i) 5B g oS Cueti slald SG5d
oolal aey B Syl Jgse polie 5 [32-30] lawgie polie b
S gk 5 Sy g o slad 3z )5 0 bl oy 25 (sl
35 13 anlie 3550 (2)25 polie b g 43S 15 aslllae 3550 Ladiges

1 Scanning electron microscope
2 Tandon-weng

1718

39940 (S )9Ud 9 pgle &y puis



2940l (S )9US 9 egle Ay jui

e 9 Ol (S0

Al 4 polie Su8lT =3 93b/ b w955 b osuh w985 ol Sb/wb) s b P9 Blan)osalS 5 )Sue / 936

8 ': Pure poly urea

[ :
_—
§ '
I 4 I
§ [
o9 /

/ Pure PU
/
0 — M
0 0.02 0.04 0.06 0.08 0.1 0.12

Strain (mm/mm)

Fig. 6 Stress-strain curves of polyurethane vs. polyurea
A S n sl b aslin 53 Lalls o sl 19S- 5 o906 S

Gl 5o Ol sk 5B Cushs (ol Ban 3525 (nl b oS Coul S5 4 0¥
G335 oS 03555 el 36 0 o1 5T 3 ol e s
00,5 a8lol ax Fl.cenl 438 5 & jo bdiged ()5 4 plSlotinl cod) shw
ol S5l (535 3305 b Wl e a5 g 6 ity oy ol
9 S5l 5l esisS o sl S ax Sl e (IRl oSy sl Al
2 orae 5 (QB5e sk S8 (SanS 5 Ceols pue) 03923 98 3550 (sole
S o 5l Sete 5 Grdyas elys wad Jlels alies ol LS
S 5 (Sl ol 4 s L glite o 90,8 e ol 0l
aoys Loyl wlpr (S8 05y S 1B IS L sillas 05l Ly (VL
o oalital gy S 5 Olsre @ (QU)ncsh 9 0xslsh 5B 0 740 55

sbrl el o sl by 58 (35380 ol Lt (alSolojl (sosp— b
S5 GhalS g At sy Gl SRl L g oo dised )3 (g pdySllasil
Azl o g oaised SRl Jlade alS an joeie g oo aie; Olsnsh
05 55 5l s 46 el ol s 05,5 LncjpuelS S ol
(S 5 F3e doyd (al) by b Sllwgil o JIsh 5B o sladisn
5 oyl Jolo o plyie a DLy by <S5 A jeSng Rl ash
S 5 (Sayiz ay azgi bl oS 5l ey alalil o] JRES
Cind o 533l 516 U5 s b il o gl 52 Jsb oL
Sy p b S az )l Y g0 5 S al g as oyl b 5L
A (o) B joealS (6 iy Sllasil

Ol T S )3 Cujeels a ol & B po (25,5- (325 Jloged
Sade ey oS ara e 5 BLI az b 4y SG 0938l Las wes
Py oS5 Sl iy il Jogas alsl e b llao S Jpo
oIl 5 Sl alali & oy B ok sbsyl jlade rizmen g 00
50 0gd adlol as s BL ax b Y 50 oS Sl slp bl fpen il o
4 youise 45 4S5 ek ool odaline oud adlsl Y (S aS ol b e lis
e o ied Kb Jgde (5000, 200 4 plSoxinl (guus,0 600 jil33l
A Yge

Plod Gl 4 e LY slass (aal8l aad oo (LS (e gl
$ipl 2z el D9 S (pleop)l5 0 &5 ead ladige (S jix
35,5 oo oanlie a5 jsblen il s Coodl o il olas Cajpels
oolss 4y sk 4l GaulS 1 o senelS o S Y 5 by slaws i3l
LY SO slraigel 4y G 00,0 300 4 Suo5 b laaiges ciiS plSoxil
(Y g0 gAY SO oo dwslie 7 JS8) WS oo oy il

1719

9 4l Gl (Sl (ols 09,0 AT 5955 (sladisn 929 Juo 4
b aes oo plis @l gboe palls ool I iy Jolo o jorels (i
0dlS Caugli (Fig dwoys Gl b censly plSonnl ey el
Sl Sl plSouinl Ol sy ol 356 0590 50 Lol Wl co il
P9 dgdse ooy iules gam la iy ;5 &5 pbples ibee 52U
Blol Jlo onl b easibe o5 5 ansls il sl s obe b
bsgie g00e polie 05 ge o] b pad 05 el T 4 L 08
odds ool Lai 5 g 4 gla IS o digel CanSll plloiul 9 Kb Jsae
B9 2 Srdem ;b Codgy 9958l 00,5 o cdalin a5 jebijles .ol
Sl oy joelSgililg,Sn wozg (pl b catils 2iS sl polss
i Sl oo Gl @ e i 5 4 Sl D35k 5 codgs; eads

g o 2oy 300 200 Jolro

12

0s | Lo 1

os

04 H

Tensile Strength (MPa)

02

2,

g G G;
&, 4}5 e, % i A 6‘,%

£ ) 2 -,
[ [% & ¢
® % /) “3,
,.,0 ﬁ"%eeo, Y,
%

Composite system

Fig. 4 Tensile strength of GNP/zeolite reinforced micro/nano-
composites as a function of fillers weight fraction
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Fig. 5 Tensile Young’s modulus of GNP/zeolite reinforced
micro/nanocomposites as a function of fillers weight fraction
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Fig. 8 Experimental and micromechanical elastic modulus values of
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Fig. 9 Flexural modulus of polyurethane micro/nanocomposites
reinforced with various fractions of reinforcements
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Fig. 10 Flexural modulus of pure polyurea/polyurethane and fiber
glass mat reinforced composites
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Fig. 1 Composites of polyurethane/polyurea after UL94 test
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Fig. 12 SEM image of fractured surface of polyurethane structure
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Fig. 13 (a) SEM image of fractured surface of polyurethane
reinforced with zeolite and GNP and (b) the zoomed-in image with
GNPs circled
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Fig. 15 (a) Charcoal formed during the burning and (b) the magnified
image of (a) obtained from SEM analysis in zeolite/poly-
urethane/polyurea/ glass fiber mat composites

S 295 (9) 5 (g Oloj 5o 00l S5 JU5 ¥ (@D 15 S
W eadgifo sl bl oln sk locu;sels 3 SEM o tlojl 51 J—ol>

aies S

ok e o515 olml b colgi; 5B 0938l cote il aods ol
ojlul Lrals ¢ goxe oole ol SIS il poe 5 (psd I il
A ol sy I oyl 8 0ol S s psh slashe
S ceslon 5o 5o Glop il alez I asiles go 0)sl s 5 Codgiy il
A3l diges o iSgw g alad (3 3uS
S Azt -4
99 S 5 5055l 9 Olsch Al sloca;eelSsills Soe Budid ol 5o
PloF g Bae L Zodl S gl g Codgy Load ol anly jerdy
(SilSe ole oy b lodiges (25T an Cuaglio g ade i il 3l
OBrmsh Cashi ol (lis s 8,5 18wy p 0550 L3l (Gl
Pl g (2iS Jgoe (ol Gtal¥l 4 jomie CulS sl 5 cudgi; b
9 00l digel cmied L, g Codgi) 00l Cogdl pgmas 0 S
OO p A e Sg Ao yd 2 Jolae digy polie b codgiy o0, asl sl
aiges )0 alad S 5 Goy> g5 ol g S35 5 g (bl Jlslo
Lt 6 IS 5 s @ gl o B 5 65,5 S5 o 25 L
ity Jlasl as ols i gl ol el e (99938 slge ams s yal58l
Looyglish sladiges casii 5 0linh aly locajesls s sl
s £ GalS 5 ST A Cuglie (olss Ssu ar e Sl az

1724

0940l 59U 9 pole &y puiss



0359405 (5 9US 9 pgle &y pubs

M 9 Ol (s34

alsuds 4 e slio wadl )T )3 93b/ Saub w95 b o w585 05l S/ VB 925k 93 Blam ) 9uelS 9 55ue / 9L

Functional Materials,“ Journal of biomedical optics, Vol. 23, No. 9,
pp. 091411, 2018

[29]G. P. Tandon, G. J. W., “The Effect of Aspect Ratio of Inclusions
on the Elastic Properties of Unidirectionally Aligned
Composites,* Polymer composites, Vol. 5, No. 4, pp. 327-333, 1984.

[30]Coudert, F.-X., “Systematic Investigation of the Mechanical
Properties of Pure Silica Zeolites: Stiffness, Anisotropy, and
Negative Linear Compressibility, Physical Chemistry Chemical
Physics, Vol. 15, No. 38, pp. 16012-16018, 2013.

[31] Karevan, M., Pucha, R. V., Bhuiyan, M. A. and Kalaitzidou, K.,
“Effect of Interphase Modulus and Nanofiller Agglomeration on the
Tensile Modulus of Graphite Nanoplatelets and Carbon Nanotube
Reinforced Polypropylene Nanocomposites,“ Carbon Letters
(Carbon Lett.), Vol. 11, No. 4, pp. 325-331, 2010.

[32] Minceva, M., Fajgar, R., Markovska, L. and Meshko, V.,
“Comparative Study of Zn2+, Cd2+, and Pb2+ Removal from Water
Solution Using Natural Clinoptilolitic Zeolite and Commercial
Granulated Activated Carbon. Equilibrium of
Adsorption,* Separation Science and Technology, Vol. 43, 05/26,
2008.

[33] Ciobanu, G., Carja, G. and Ciobanu, O., “Structure of Mixed Matrix
Membranes Made with Sapo-5 Zeolite in Polyurethane
Matrix,“ Microporous and mesoporous materials, Vol. 115, No. 1-2,
pp. 61-66, 2008.

[34]Kirshenbaum, G., “Conference Report: Recent Advances in Flame
Retardancy of Polymeric Materials,, 2005.

[35]Morgan, A. B. and Gilman, J. W., “An Overview of Flame
Retardancy of Polymeric Materials: Application, Technology, and
Future Directions,” Fire and Materials, Vol. 37, No. 4, pp. 259-279,
2013.

[36] Zangiabadi, Z. and Jafar Hadianfard, M., “Effects of Size and
Structure of Silica Nanoparticles on Morphology and Tensile
Behavior of Flexible Nanocomposite Foams Based on
Polyurethane ,* In Persian, Journal of Science and Technology of
Composites, Vol. 5, No. 4, pp. 5, 2016.

1725

[12] Serati-Nouri, H., Jafari, A., Roshangar, L., Dadashpour, M.,
Pilehvar-Soltanahmadi, Y. and  Zarghami, N., “Biomedical
Applications of Zeolite-Based Materials: A Review,* Materials
Science and Engineering: C, Vol. 116, pp. 111225, 2020.

[13] Ahmadi, B. and Shekarchi, M., “Use of Natural Zeolite as a
Supplementary Cementitious Material,“ Cement and concrete
composites, Vol. 32, No. 2, pp. 134-141, 2010.

[14]Kausar, A. and Siddiq, M., “Poly (Ether—Imide)/Polyurethane
Foams Reinforced with Graphene Nanoplatelet: Microstructure,
Thermal Stability, and Flame Resistance, International Journal of
Polymer Analysis and Characterization, Vol. 21, No. 5, pp. 436-446,
2016.

[15] Barikani, M., Askari, F., Barikani, M. and Barmar, M., “Effect of
Fire Retardants in Improvement of Combustion Restriction and
Thermal Decomposition of Polyurethane Foams: A Review,“ In
Persian, Iranian Journal of Polymer Science and Technology, Vol.
24, No. 1, pp. 33, 2011.

[16] Ababsa, H. S., Safidine, Z., Mekki, A., Grohens, Y., Ouadah, A. and
Chabane, H., “Fire Behavior of Flame-Retardant Polyurethane
Semi-Rigid Foam in Presence of Nickel (li) Oxide and Graphene
Nanoplatelets Additives,” Journal of Polymer Research, Vol. 28, No.
3, pp. 1-14, 2021.

[17] Thirumal, M., Khastgir, D., Nando, G., Naik, Y. and Singha, N. K.,
“Halogen-Free Flame Retardant Puf: Effect of Melamine
Compounds on Mechanical, Thermal and Flame Retardant
Properties,* Polymer Degradation and Stability, VVol. 95, No. 6, pp.
1138-1145, 2010.

[18] Harikrishnan, G., Singh, S. N., Kiesel, E. and Macosko, C. W.,
“Nanodispersions of Carbon Nanofiber for Polyurethane
Foaming,* Polymer, Vol. 51, No. 15, pp. 3349-3353, 2010.

[19] Usta, N., “Investigation of Fire Behavior of Rigid Polyurethane
Foams Containing Fly Ash and Intumescent Flame Retardant by
Using a Cone Calorimeter,” Journal of Applied Polymer Science,
Vol. 124, No. 4, pp. 3372-3382, 2012.

[20] Lorenzetti, A., Modesti, M., Gallo, E., Schartel, B., Besco, S. and
Roso, M., “Synthesis of Phosphinated Polyurethane Foams with
Improved Fire Behaviour,“ Polymer degradation and stability, Vol.
97, No. 11, pp. 2364-2369, 2012.

[21]Jiao, L., Xiao, H., Wang, Q. and Sun, J., “Thermal Degradation
Characteristics of Rigid Polyurethane Foam and the Volatile
Products Analysis with Tg-Ftir-Ms,* Polymer Degradation and
Stability, VVol. 98, No. 12, pp. 2687-2696, 2013.

[22] Zhang, L., Zhang, M., Hu, L. and Zhou, Y., “Synthesis of Rigid
Polyurethane Foams with Castor Oil-Based Flame Retardant
Polyols, Industrial Crops and Products, Vol. 52, pp. 380-388, 2014.

[23] Wicklein, B., Kocjan, A., Salazar-Alvarez, G., Carosio, F., Camino,
G., Antonietti, M. and Bergstrém, L., “Thermally Insulating and
Fire-Retardant Lightweight Anisotropic Foams Based on
Nanocellulose and Graphene Oxide,“ Nature nanotechnology, Vol.
10, No. 3, pp. 277-283, 2015.

[24]Liu, Y., He, J. and Yang, R., “The Synthesis of Melamine-Based
Polyether Polyol and Its Effects on the Flame Retardancy and
Physical-Mechanical ~ Property  of  Rigid  Polyurethane
Foam,* Journal of Materials Science, VVol. 52, No. 8, pp. 4700-4712,
2017.

[25]Wang, C., Wu, Y., Li, Y., Shao, Q., Yan, X., Han, C., Wang, Z., Liu,
Z. and Guo, Z., “Flame-Retardant Rigid Polyurethane Foam with a
Phosphorus-Nitrogen Single Intumescent Flame
Retardant,“ Polymers for Advanced Technologies, Vol. 29, No. 1,
pp. 668-676, 2018.

[26] Aydogan, B. and Usta, N., “Cone Calorimeter Evaluation on Fire
Resistance of Rigid Polyurethane Foams Filled with
Nanoclay/Intumescent Flame Retardant Materials,“ Res. Eng. Struct.
Mater, Vol. 4, pp. 71-77, 2018.

[27]Dasari, A., Yu, Z.-Z., Cai, G.-P. and Mai, Y.-W., “Recent
Developments in the Fire Retardancy of Polymeric
Materials,* Progress in Polymer Science, Vol. 38, No. 9, pp. 1357-
1387, 2013.

[28] Hovhannisyan, V. A., Dong, C.-Y., Lai, F.-J., Chang, N.-S. and
Chen, S.-J.,, “Natural Zeolite for Adsorbing and Release of



1726-1736 PP 3 o lasis 8 ala

o

SRSy sele g i
) § ”olf 3lis 5 @5l
http://jstc.iust.ac.ir u‘{‘wuﬁ‘, KA

Sl i g il o900l il (glo iy el O15T (63551 9 (Faigh juod 295 (plss

39 ey Lo yoonl 219 15 (g Fodl e (50

el bl cinio olSails «SilSe  pwiigo )| ouslit IS -1
Oledol (lehol Sixio olSisls (Sl iz Lokl -2
Oledol (ool iaio olStils « SilKe cwdige coliw! -3
mkarevan@iut.ac.ir 84156-83111 ., ssaio (lao! #

PRWEY e eleMb!
Slae cwl 5 50T 2u5smalSel slo old ags 10 5550l lo Ll 51 (o adg Ul e 5 0lge sloadlie JBlax b la iigy ol 1400/11/13 :cdb yo
5 3938 51 ao s llag Sn w532 ST Al e BT ey p 5 250N ook by Coaalil (idg s G 0] 1401/02/12 : s yo 3y
eos sl 5 (093l 5B Glsie 4 Ik g0 Sl S b o 3ol ISk )5 5l pplate (s bl g oo elaw S5 (635 S Sguls
ohed S5 sl e cble plgie 473 clale b Pl /ey clald ol oolinad Pl plsie @ (5905 5l 5 ae) Glyie a Sbisl g1 dShagil (SWsd sees 095
o ol solaiul (og slal> o S o 4y sl g 5l g ol aBlal Jgle 4y Ol ,366 559 730 4720 710 polie .o bl el b gy «g3,5 ol cmlaw

S5 e St b 3130 o5 03g (slaSid 5 il 5,3l L bao i gl ksl 003 30 L ond iy ol (Lt
@ Comd G381 734 | az 0 121 Ssliwl ulad aygly 4 jomin GLewsilb 730 U s 55005 95l (sl iy gy 5l = connS ebans
a3 e Sl3T (6550 o G5 do,0 10 sladiges 4y Cod 2ol 790 L ax ;0 8 Lrle aysl; 5 Lals liwl Ly LSl mlaw
GRIPI L S wsls las SaigmFagl 5 mS9 slacs 8 sl B9 65985 NS 2 45 AB oy gl 09 9 (T 98 (g Fgsl (6,95

2 asllas 1l 58 00 00 pmeds wled lls; Ll e a5 4Bl ralS ids pdaw oljl (6550 odad s wlge ol clale

Self-Cleaning Properties and Free Surface Energy of Ethylene Vinyl Acetate
(EVA) Nanocomposite Coatings Reinforced with Silica Nanoparticles
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Abstract

The preparation of coatings involving the least material components and fabrication route is one of the
today’s challenges in the development of hydrophobic nanocomposite films. This study aims at the
fabrication of a hydrophobic polymer nanocomposite coating and the evaluation of the interplays amongst
hydrophaobicity, microstructure, fillers loading and free surface energy of the coatings. To achieve this,
hexamethyldisilazane functionalized nano-silica as the filler and ethylene vinyl acetate (EVA) as the matrix
were used. Toluene was used as the solvent. The concentration of 3% was employed as the optimized
solvent ratio to create polymer film. The loadings of 10, 20 and 30 wt% of nanomaterials were added into
the solvent followed by a spray technique due to its single step approach. The analyses showed the coating
filled with 30 wt% of nano-silica resulted in a porous interconnected structure, in good agreement with the
Cassie-Baxter surface energy model. The 30 wt% nano-silica nanocomposite coatings resulted in a static
water angle of ~121 9 exhibiting a 34% increase with respect to that in the case of pure EVA and a sliding
angle of 89 with 90% reduction compared to the 10 wt% filled coatings due to the high surface roughness.
Three surface energy models of Fowkes, Owens-Wendt and VVan Oss were employed through which, unlike
the case of VVan Oss model, the Fowkes and Owens-Wendt models exhibited that with the addition of fillers,
the polar component of the free surface energy decreases confirming the increase in the estimated water
angle contact.
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Hasanzadeh, M., Karevan, M., Pishevar, A. R., “Self-cleaning properties and free surface energy of ethylene vinyl acetate (EVA) nanocomposite
coatings reinforced with silica nanoparticles”, In Persian, Journal of Science and Technology of Composites, Vol. 8, No. 3, pp. 1726-1736, 2022.
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1 Wear-resistant
2 Superoleophobic
3 Polydimethylsiloxane (PDMS)

4 Scalable
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Fig. 2 SEM images of pure EVA specimens in (a) 5000 and (b) 10000
magnifications
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Fig. 1 FTIR spectrums of EVA as a function of the nano-silica loading
fraction
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Fig. 5 SEM images of EVA-%30 SiO, specimens in (a) 1000 and (b)
2500 magnification
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Fig. 3 SEM images of EVA-%10 SiO, specimens in (a) 2500 and (b)
5000 magnifications
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Fig. 4 SEM images of EVA-%20 SiO, specimens in (a) 1000 and (b)
2500 magnification
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Table 3 Statistical information in the pore size distribution obtained

from specimens loaded with 20 wt% and 30 wt% of nano-silica
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Fig.8 Contact angle of pure EVA and 30 wt% nano-silica filled
specimens
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Fig. 6 SEM images of SiO,/EVA nanocomposites in 2500
maghnification in specimens filled with (a) 20% and (b) 30% of nano-

silica
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Fig.7 Pore size distribution histogram of nanocomposites filled with

(a) 20 wt% and (b) 30 wt% of nano-silica
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Fig.12 Surface roughness profile of EVA-%30 SiO, specimens
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Table 7 Roughness parameters of nanocomposite specimens filled
with nano-silica

EVA- EVA- EVA-

EVA-PUe 0 108i0,  9%20Si0,  %30SiO,
Ra(um) 0069 0.151 0.363 0.768
Rg(um) 0092 0.259 0.466 1.071
Rk (um)  0.726 0.310 0.818 0.703
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Table 4 Static contact angle using water droplet on the
nanocomposite coatings
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90.1 Pure-EVA
97.5 EVA-%10 SiO,
103.5 EVA-%20 SiO,
121.32 EVA-%30 SiO,
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Table 5 Sliding angle obtained from nanocomposite coatings
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Table 6 Contact angle of liquids used to measure the surface energy

(0) oles g,
Olydg)aeel 5 Ol 5215 Oy o
26 43.17 32.66 Pure-EVA
30.35 59.75 36.27 EVA-%10 SiO,
31.39 52.08 36.1 EVA-%20 SiO,
27.42 42.18 21.94 EVA-%30 SiO,
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Table 11 The surface energy components based on the Van Oss
theory

Ysa YsDA Yia Ysa

Pure-EVA 26.6 19.1 7.54 0.02
EVA-%10 SiO, 24.6 14.4 9.8 04
EVA-%20 SiO, 26.8 16.6 8.3 1.9
EVA-%30 SiO, 40.5 19.3 7.2 14.0
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Table 8 The surface tension components of the liquids used

Yia YPa Yia o33l Slale
72.8 26.4 46.4 ol

274 12.4 15.0 RULLIIRVE N
255 255 0 o5 gl
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Table 9 The surface energy components based on the Owens-Wendt
theory

Ysa YEA YSPA

Pure-EVA 24.9 19.8 5.1
EVA-%10 SiO, 21.5 17.1 4.3
EVA-%20 SiO, 21.7 194 2.3
EVA-%30 SiO, 25.0 25.0 0.03
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2 selS ol g ool aidl als mlaw of5T 6551 odad e Slge gl
oot T J5Sg0 a5 |z ol ails i o _Ssbil olos aggly tal3dl
10 9 A 18 Wew pdaw 3131 (65, odad Ceond b aS o)l bileS g ol
b gl ST 55 anulre sl 0s8os it plae bt agly e
asles 5 555l 5 T olod aygly Sldl 5l iS55 (5555 5l oolicea]
ol 00 oslazwl 2

Ceomd dlgo 63l duoyo yial38l b Cowl jaskin 10 Jgaz 5las 4is8 len
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Table 10 The surface energy components based on the Fowkes
theory

Ysa YSa Ysa

Pure-EVA 232 191 4.2
EVA-%10 SiO, 17.6 14.4 3.2
EVA-%20 SiO, 177 16.6 11
EVA-%30 SiO, 19.9 19.3 0.56
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Fabrication of carbon nanotubes-based efficient electromagnetic wave shield

nanocomposites using electro-mechanical dispersion technique
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Keywords Abstract
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This research is trying to fabricate an efficient and economical EMIS X-band using Electro-Mechanical
Dispersion Technique (EMDT). For this purpose, first, poly-methyl-methacrylate (PMMA)-based

Mechanically Dispersion Technique nanocomposites were produced with the different weight percentages betweeq 0to 2%, by tvyo EMDT and
(EMDT), Ultrasonic ultrasonic probe methods. The structure of samples was evaluated by scanning electron microscopy and
Raman spectroscopy. The electrical resistivity of samples was also measured to determine percolation
threshold. At the final assessments, electromagnetic behavior of the samples was examined. The results
show percolation threshold was occurred at the concentration of 0.2 wt.% in EMDT, while this event was
observed at the concentration of 1 wt.% for ultrasonic method. According to the microscopic study and the
results of Raman spectroscopy, the ability of EMDT in protecting the structure and length of CNTs was
detected as the main factor to decrease 80% in percolation threshold concentration. The investigation of
electromagnetic properties of samples at percolation threshold show that EMDT method, despite having a
concentration equal to 20% of the ultrasonic probe method, offers effective EMIS of 38 dB, which is 16%
higher than the ultrasonic probe method. However, the advantage of EMDT compared to earlier presented
methods relates to reduce 25 times the concentration and simultaneously increasing the absorption from 25

to 36 dB.
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Fig. 1 FE-SEM micrographs of the nanocomposite samples, prepared
by EMDT and Ultrasonic probe. Figures (a) to (d) and (e) to (h)
relates to the samples produced by EMDT and ultrasonic probes,
respectively. Concentration of CNTSs in figures are: (a) and (e) 0.2,
(b) and (f) 0.4, (c) and (g) 0.6, (d) and (h) 1% wt.%.
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Fig. 3 The influence of CNTSs concentration and dispersion method on
the electrical resistivity of PMMA/CNTSs nanocomposites
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Fig. 2 Raman spectrum of the nanocomposite samples with the CNTs
concentration of 1 wt.%, produced by EMDT and Ultrasonic
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Fig. 5 The behavior of the prepared samples by EMDT and
Ultrasonic versus electromagnetic waves. (a) Reflection, (b)
Absorption and (c) Total electromagnetic shielding. Weight
percentage of the prepared samples by EMDT and Ultrasonic samples
is 0.2 and 1%, respectively.
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