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Effect of various surface treatment methods on the flexural properties of fiber
metal laminates

Hamed Aghamohammadi, S. Navid Hosseini Abbandanak, Reza Eslami-Farsani®, S. M. Hossein
Siadati

Faculty of materials Science and Engineering, K. N. Toosi University of Technology, Tehran, Iran.
*P.0. B. 19991-43344, Tehran, eslami@kntu.ac.ir

Abstract

Fiber metal laminates (FMLs) are a new group of composite materials that consist of alternating thin laminates of
metals and fiber reinforced polymeric composites. FMLs combine the advantages of metals and polymeric
composites. In order to enhance the interfacial bonding between the alternating laminates, various surface
treatment methods can be used on the metal surfaces. In this research, FMLs of alternating laminates of
aluminum/epoxy-basalt fibers were fabricated using hand lay-up method. The effect of various surface treatment
methods of mechanical and chemical (consist of alkaline and sulfochromic etching) on the flexural properties of
the fabricated FMLs were investigated with three-point bend tests. SEM were utilized to investigate surface
morphology of aluminum. Results showed that the sulfochromic etch method brought about a significant
improvement in the flexural strength, strain to failure and absorbed energy in comparison to the mechanical and
alkaline methods. Difference in flexural behavior of samples is attributed to their aluminum surface morphology.
SEM observations showed that sulfochromic etch method created a porous layer on the aluminum surfaces. This
porous layer provided channels for the epoxy resin to fill in, creating better adhesion and a much stronger
mechanical interlocking between the laminates.
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Basalt fibers

Surface treatment
Flexural properties
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Fig. 4 Photograph of bending samples of basalt fiber metal laminates
with a) mechanical treatment b) alkaline treatment and c) sulfochromic
etch treatment
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Fig. 6 The surface morphology of aluminum alloy after various surface
(@) mechanical treatment, (b) alkaline treatment, (c) and (d)

sulfochromic-etch treatment
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Fig. 10 Schematic illustration of penetration of the epoxy resin into the
pores
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Fig. 11 SEM image of the fracture surface of basalt
fibers/epoxy layers after flexural testing
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Effect of time on healing behavior of microvascular channels based self-healing
E-glass fibers/epoxy composite under flexural and tensile loadings condition

M. A. Mohammadi!, M. R. Babolhavaeji!, R. Eslami-Farsani!*, M. R. Zamani?

1- Faculty of Materials Science and Engineering, K. N. Toosi University of Technology, Tehran, Iran
2- School of Mechanical Engineering, Malek Ashtar University of Technology, Tehran, Iran
*P.0.B. 19991-43344, Tehran, Iran, eslami@kntu.ac.ir
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The occurrence of damage is an unavoidable fact in fiber reinforced polymer composites. Damage modes in
polymer composites are delamination, surface cracking, polymer matrix cracking, etc. The presence of self-healing
systems could extend the service life time of structure via preventing of damage growth. In this study, a self-
healing E-glass fibers/epoxy composite based on micro-vascular channels has been fabricated and focused on the
repair of the structure through the delivery of self -healing agents. The specimens were fabricated by hand lay-up
route, while the fabrication of microvascular channels was conducted through creating solid preforms and then
removing them. Since an important factor for effective healing of these structures after damage creation is high
fluidity and suitable miscibility in the damage area, so in the present work, anhydride resin-hardener system was
used because of the higher fluidity in comparison to the amine resin-hardener systems. The aim of this study is to
investigate the role of healing time for achieve of system optimum healing efficiency. To do so, microvascular
channels with a constant volume fraction (4%) were incorporated in the structure of composites. The flexural and
tensile behaviors of the specimens were assessed during the different time span (0, 4, 7 and 11 days) from the
primary damage creation through bending method. After damage creation and break, healing agents present in the
microvascular channels flowed in the damage area and over a time span local polymerization process and restoring
of structure were completed. The results showed that, the highest flexural and tensile strength recovery was
obtained 59.07% and 68.05% for the specimen with 4% healing agent after 7 days from initial damage creation.
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Fig. 1 The position of polymeric wires in specimens to create the
microchannels
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Fig. 5 The bending response of specimens with 4 vol% healing agent
after 4 different healing time
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Fig. 7 Tensile strength of specimens with 4 vol.% healing agent after 4
different healing time
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Numerical study of the effect of glass fiber sizing reinforcement by
randomly distributed CNTs on the glass/epoxy composite transverse
mechanical properties
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1- School of mechanical engineering, College of engineering, University of Tehran, Tehran, Iran
*P.0.B. 16846-13114, Tehran, Iran, msafarabadi@ut.ac.ir

Keywords Abstract

In this study, the effect of mechanical reinforcement of glass fiber sizing on the transverse mechanical
properties of the glass/epoxy composite, due to the significant impact of this region on the overall
mechanical properties of reinforced composites with fibers, has been investigated. To predict the transverse
elastic modulus and tensile strength of the glass/epoxy composite, a representative volume element (RVE)
and a three-dimensional shell model are simulated respectively, in ABAQUS commercial software. Sizing
mechanical properties are held non-homogeneous and non-uniform along its thickness in the simulation.
Furthermore, sizing reinforcement is done by a Random-Distribution method using carbon nanotubes
(CNTs). Different lengths, diameters and, volume fractions are considered for the CNTSs in sizing
reinforcement in this simulation, and then the results are compared. The comparison between the results
obtained from simulation and available experimental data illustrates that the sizing simulated by non-
uniform mechanical properties provides more precise results than the sizing assumed by constant
mechanical properties. Also, it is shown that increasing in CNTs length or decreasing in their diameter,
which are distributed in sizing, would lead to improving the transverse elastic modulus and tensile strength
of the glass/epoxy composite.

Finite Element Analysis
Sizing

Interphase

Transverse elastic modulus
Transverse tensile strength
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Fig. 2 Material properties variations in the sizing region [17]
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Fig. 4 Representation of the two fiber and matrix radial directions
on the RVE
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Table 5 The fracture energy values in simulation [21]
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Table 3 Mechanical properties for a single layer using
micromechanical approach
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Table 4 Other mechanical properties for a single layer in numerical
simulation [20]
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Fig. 9 Simulation of the CNTs random distribution in a region
possessing the sizing mechanical properties
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Fig. 7 Effect of overall mesh size on the numerical results
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Fig. 12 Representation of the CNTs randomly distributed with 3% volume fraction and in different lengths including: (a) 25nm, (b) 50 nm and (c)
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Fig. 13 Effect of sizing partitions increasing on the transverse elastic
modulus
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Fig. 14 Effect of CNTs dimensions and volumes variations, in
sizing reinforcement, on the glass/epoxy composite transverse
elastic modulus
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An investigation on the flexural performance of basalt fibers-epoxy hybrid
composites reinforced with nanoclay particles

Arsalan Bagheri Tirtash, Abbas Montazeri, Reza Eslami-Farsani®, Alireza Shahrabi-Farahani

Faculty of Materials Science and Engineering, K. N. Toosi University of Technology, Tehran, Iran.
*Tehran, P.O.BOX: 19991-43344, eslami@kntu.ac.ir

Abstract

In this investigation, consequence of introducing nanoclay particles on the flexural response of basalt
fibers reinforced epoxy composites was examined. To improve the dispersion of nano reinforcements into
the polymer matrix, their surface was modified with 3-glycidoxypropyltrimethoxysilane coupling agent
(3-GPTS). Accordingly, the surface functionalization was vouched using Fourier transform infrared
spectroscopy (FT-IR). Results of the three-point bending test suggested that at 1, 3, 5 Wt. % the highest
enhancement of flexural properties was achieved via 5 Wt. % of nanoclay particles. In this case, with the
addition of 5 Wt. % of nanofillers, flexural strength, flexural modulus, failure strain and energy
absorption were increased by 30, 38, 15 and 40 percent, respectively. Microscopic investigations
demonstrated that presence of nanoclay particles within the structure of basalt fibers reinforced epoxy
composites enhances the stress transfer between epoxy matrix and basalt fibers which, in turn, causes a
significant improvement in the mechanical properties of basalt fibers reinforced polymer composites.

Keywords

Hybrid composite
Basalt fibers
Nanoclay particles
Surface modification
Flexural performance
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Fig. 1 FT-IR analysis results of a) non traeated and b) silane treated
nanoclay powders.
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Fig. 3 Effect of adding modified nanoclay on the flexural strength of
basalt fiber reinforced polymer composites.
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Fig. 2 Flexural stress-strain curves of the nanocomposite samples

containing various weight percentages of nanoclay

Sosoys sl (el sladiges Gl (S - slagiie 2SS
ol iz S

o9l 5l Sl sl slabti an (e (el 4 bye bl 1 Jgaar
Table 1 Results of three-point bending test for the samples reinforced
with nanoclay

PR . S|
sl (655! - PRV f .
Sl i S L [ ST
d/mm3) (GPa) St .
o996
(MPa)
0.047+0.0025 13.49+1.2 16.52+1.8 469.2+30 0
0.049+0.0025 14.81+1.2 18.35+1.7 520.36+28 1
0.051+0.003 17.71+1.4 20.98+1.7 564.81+25 3
0.054+0.0028 18.94+1.3 22.68+1.5 609.95+25 5

o WsFolen e oo ol |y cdll GLI L saicysi slacy jemels
Shgo & e plSounl aie) J3o Loyel moje b osd oo cdnlin
ool oy i esaline plouiul Wi,y ptalS g amdl Guli8l awss
plociul Wit yuyeil WL a5 J S glacajeslS sl ega
Al )5 S5 (s b drle JISWL Ko 469.2 Jlude 4 i
JEbKe 609.95 Lyl wysl Sig doy0 5 0938l glyl 4 i
e Sl 4 aoy0 30 el diged b awglie j0 a5 awl sy
ey odaw o (Sates (B slacy 5ol o 0 00938 o jeualS
e B 1 5 JUES 2,5 oo )5 (635, S g prels’ O ol
Db s yoah atne) lacajoels )3 0 pdy o0 Dype Sl g o) S i
930 B a3l 518 Jlyinl g @S g oS Jlal 0aisS” Cugl g o) o
5 S e Jlasl azsliz 0T ogdle 05 Jitie LI & a5l il
[22] sl oo 2alS Cujomals CnSls a4y Canglite 5 plSiovinl bionsts 5 wigd
@ odd (o gl ()5l (0ges LI 45 5 A g oo Il
O Sz R4 e Bl S-S gl CujeelS )
S35 7 A5 555 eyl Lt 5 pacly dinny s 09,8 e Jla
Jad Glas 9 SUI SL slp p¥ i g eols Grals |, BU e

528

0940l (9L 9 pgle &y puiss



)90l (59Ud 9 pole Ay yuiss

Ve 5 (BB 5 5 23L YNl

sl LI - S 9ol (530 puad (Sl S 9aolS iiked 3 Shac w2

0.06

0.05
0.04
0.02
0.01
0

0 1 3 5

Content of Nanoclay (Wt. %)

Flexural Strain
=
Z

Fig. 5 Effect of modified nanoclay on the flexural strain of basalt fiber-
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Fig. 8 Fracture surface of a) neat epoxy and b) sample containing 5
wt.% of modified nanoclay
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The effect of carbon nanotubes on high velocity impact behavior of hybrid Kevlar-
ultrahigh molecular weight polyethylene fibers composite with interlayer
configuration
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Keywords Abstract

Multi-walled carbon nanotubes In this research, the effect of adding multi-walled carbon nanotubes on the high velocity impact behavior of epoxy
Kevlar fibers matrix composites with kevlar fibers and ultra-high molecular weight polyethylene fibers layered arrangement was
Polyethylene fibers investigated. Initially, hybrid composite specimens were made in 0.1, 0.3, 0.5 and 0.9 wt.% cabon nanotube by hand
High velocity impact lay-up method, in the temperature of 200 °C and 50 minutes. Therefore, high velocity impact test with a sharp

projectile with velocity 84 m/s was performed on hybrid composites. Also, to investigate the failure mechanism of
hybrid nanocomposites, a field emission scanning electron microscope (FESEM) was used. The results showed that
an energy adsorption increased for the specimen containing 0.1 wt.% of carbon nanotubes by 13.56% in comparison
with the without nano specimen. The proper distribution of carbon nanotubes and stress transfer between fibers and
matrix were caused to increase the delamination and energy absorption. Also, microscopic results showed that in
0.1 wt.% of carbon nanotube, the energy absorption in the hybrid composite was increased by the cracking bridging
and nanotube pulling out phenomena.
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Fig. 4 Carbon nanotubes dispersion in epoxy matrix
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Fig. 5 Energy absorption after projectile encounters with hybrid
composite specimens

Syt S 390lS sladiged & alipy 955 5 5l 5551 032 5 S5

40 £
- 35.77
F 33.57 — 33.57
[ ] ] 31.18
30 | [ ]
i 25.61
En}
Sf L
10 |
0
0 0.1 0.3 0.5 0.9

Nanotube content (%)

Fig. 6 Limit velocity after projectile encounters with hybrid composite
specimens
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Fig. 8 Flat surface of Kevlar fibers in composite specimen without
carbon nanotube
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Fig. 9 Flat surface of polyethylene fibers in composite specimen without
carbon nanotube

55 A5 e G35eelS wiged 53 il S o e § Y

dglgil S35 9o, 0.1 gol> aigas jo BLI 55 mlaw 10 IS
12 S sl sy s & (5 sloal sgrg 88 e ol ], 25
0.1 ol s ymd Cojonals 13 (Bn slosil 092y S & ool as
3515 o5 ) 5 0ad S (] s s aili g 9,55 5 5l g 5 o)
255 s bl 355 sl S ealS e 5o JSae Su 5 35 e 285 0
Qb5 655 a0 e S AT w8l e 3T Sal Y Y (b )l
SlaY G (Sdez 5 0y0 @lme )3 o G 55 ake) S (00 55k
Sl

0.9 gol> aro; ;o ()5 Aglails 5 Sie 0peslST LS5 11 IS
sl slaoyaslST (3 0975 s oo ol 1) () Wslsil G5 a0
a40,50.9 gsl> sbaiges SlSe Lolys 5l (F il Lol Jole i) 5o
el 00508 T 425 ail o ;500 slodo o 4 Cad b 5l oaisS o ghs
30 S (G55 Gdx g ead (s eS uBY i g Sod aYay el
Sl olen 4y |y 20,5 Aelgil S5 00,0 0.9 g9l wges

o Ghalo3l 3l iz (59005 Slodisad ol 4 7 S
Jedo 4 0.1 b aojo b diged 1o 70 S 4o om0 ylid 1) YU e yus
ool b a0 5 [22] ooty iy Sas 4Y 4 xiw 65 wis
4>l 0.3 6l do,0 b diges gy TC JS5 50 Conl oduw, 47.3 CM? 4
Dlize 1 ecdls cpl ol 4l Lals 15.8 CM2 4 5 oo o el
124 23] ol oais ol 4l anwgs 5l 6 uSol> el ate) g 9 oy
56 el o5l b dglgil o958 0.5 gl woys sl Td JSE 4
7€ S 50 el 003 9.5 CM2 b ] aun b prbans idlS el ¢ axalas
Sbml a2l (oSl ) $U osllasl w95 Jodo 0.9 b oo sl 5
el 03, 8.3 CM? &y o] ol 4 [25] oo

Sl (7S (b a3 olS p ogdle CunS 5lSe Jelge 5l Sos (S
S9dsn 9y e 3l gl DS gl g M bl Gl Gl b S ol
Pl iCenl oad sl Sl A 7S sl e 9 o ps (lBIL &
4l Ghals 4 jzmie 955 (5055 4 wilg e b SLbI o Ol (508
S Gl sl 5 008 Jos (Al Sy lsie 4 ol 1 05 ]
126] 59 o S5 08, 5 S3alsx

8.3 cm?

-

Fig. 7 Damage area in composites with different carbon nanotube: a) 0
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Fig. 10 Shear bond formed in composite specimen containing 0.1 wt.%
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Effect of Cryogenic Environmental Condition upon Flexural Properties of
Aluminum- Epoxy/ Basalt Fibers- Glass Fibers Laminates
Fardin Asghari Arpatappeh, Mehdi Abdollahi Azghan, Reza Eslami-Farsani”

Faculty of Materials Science and Engineering, K. N. Toosi University of Technology, Tehran, Iran
*P. O. B. 19919-43344, Tehran, Iran, eslami@kntu.ac.ir

Keywords Abstract

Fiber-metal laminate In this study, the effect of stacking sequence and cryogenic cycles on the flexural behavior of fiber metal laminates
Cryogenic cycling (FMLs) including glass and basalt fibers were investigated. The FMLs were composed of two aluminum 2024-T3
B_asalt fibers sheets as metal layers and epoxy matrix composite as the polymeric layers. The polymer composites consisted of 4
Fibers arrangement layers of basalt and glass fibers. These composites were prepared in 5 different laminates sequence by hand lay-up
Flexural properties method. To improve the adhesion strength between aluminum and polymer composite layers, the surface of

aluminum sheets was treated by electrochemical treatment (anodizing). Each cycle was carried out for 3.5 min
between -100 and 25 °C. The FMLs were cycled for 40 times and their flexural performance was evaluated before
and after cryogenic cycle. To characterize the failure mechanism of specimens, the scanning electron microscopy
(SEM) and optical microscopy were used. Results of flexural tests indicated that the flexural strength and modulus
values for FML samples with basalt fibers (BFML) were higher than those of FML samples with glass fibers
(GFML). This phenomenon can be attributed to the weak mechanical properties of glass fibers in comparison to
basalt fibers. After cryogenic cycles, the highest changes in the flexural properties was for BFML samples, while
the lowest changing was for GFML samples. In fact, the increase percentages in flexural strength and modulus of
BFML samples were respectively about 6% and 4.9%. On other hand, in the case of GFML, the increase percentages
in flexural strength and flexural modulus were respectively 2.5% and 1.6%. In fact, when the hybrid FMLs were
subjected by cryogenic cycles, due to the overcoming of the pressure stress mechanism on delamination between
composite components, an enhancement in flexural behavior is observed
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Asghari Arpatappeh, F. Abdollahi Azghn, M. and Eslami Farsani, R., “Effect of Cryogenic Environmental Condition upon Flexural Properties of Aluminum- Epoxy/ Basalt
Fibers- Glass Fibers Laminates”, In Persian, Journal of Science and Technology of Composites, Vol. 6, No. 4, pp. 541-548, 2020.
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Fig. 1 SEM images of (a) etched aluminium surface, (b)
anodized aluminium surface.
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Fig. 4 Different types of failure modes of failed flexural FML
specimens, a) aluminium breakage and delamination of fibres layers,
b) the delamination of the glass fibres layer and aluminium sheet.
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Fig. 2 The effect of stacking sequence of fibers and thermal cycling
on the flexural strength of FMLs.

FMLS o plSocal y iale jor S 5 BLIT Loy 236 2 JSUB

@0 cryogenic cycle 040 cryogenic cycle
Ex =]

GGGG  BGBG BBGG BGGB BBBB
Stacking segence

Fig. 3 The effect of stacking sequence of fibers and thermal cycling
on the flexural modulus of FMLs.
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Fig. 6 SEM images of the fracture surfaces polymer composite
containing of a) glass fibers, b) basalt fibers.
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Fig. 5 SEM images of polymer composite containing of a) glass
fibers, b) basalt fibers.
S (o caied BUI (G (sl (5 youls ujoslS 51 SEM ol 5 Jsis

L

546

03)920l8 (5)9US 9 pole Ay yuins



09408 (5)9Ud 9 pole &y puiss

O 9 aslyT (5 p20l (23 )8

S 52l =2 9400 9T (SlaaY i) 500lS” ol (olgi o (ke s bouzme ool s su3ls

a5 W zads 4 gl oo (T JS8) asls BLI g9l FML wiges ;o Ll
The 2 o=Snl ood Glazsls Cl s 00ss wgllas Bj50 4 (Swisd S

s ugsuaajaéygw

el: SE
SEM HY: 15.00 kv WD: 7.8144 mm 20 pm
Date{m/idfy): 08121717 Vac: Hivac

SEM MAG: 1.50 ki

VEGAWTESCAN
-

RMRC u

]
VEGAWL TESCAI;I

RMRC u

Fig. 7 SEM images of cross-section of FML containing of a) basalt
fibers, b) glass fibers.
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A review on healing and mechanical behaviors of self-healable polymer
matrix composites by extrinsic healing methods

Reza Eslami-Farsani*, Hossein Ebrahimnezhad-Khaljiri

Faculty of Materials Science and Engineering, K. N. Toosi University of Technology, Tehran, Iran.
*19919-43344, Tehran, Iran, eslami@kntu.ac.ir

Keywords Abstract

Self- healable materials One of the major problems of composite parts during their services is the creating and growing
Polymer matrix composite microcracks into them. The growth of microcracks and incorporation of them together, can lead to
Mec_har)lcal properties recovery the catastrophic failure of composite structure. To solve this problem, the researchers especially
Extrinsic healing during the last years ago have made many efforts to fabricate self-healable materials to heal the

microcracks and prevent the failure of whole part. The self-healable matter is the substance which
is caused to heal the microcracks automatically and without any external intervention. According to
self-healing methods, these smart materials are divided into two major group of intrinsic and
extrinsic. In intrinsic healing system, the healing was carried out by physical, chemical and super
molecular interactions. In contrast in extrinsic healing system, the healing agent is stored into the
container such as hollow fibers, micro vascular and microcapsule. The present work tries to
investigate the most recent breakthroughs in the various extrinsic healing systems with emphasis
on using them into the polymeric matrix composites, especially in period time of 2009 up to now. In
this regard and in the review work, the necessity composite healing, self-healing concept, different
extrinsic self-healing system, and healing performance evaluation in the different mechanical
exams, as well as the related statistical reports and development to the self-healing are exhibited.
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Fig. 1 Different damages in polymer materials and polymer matrix
composites, a) delamination, b) impact/indentation surface cracking, c)
fiber debonding, d) fiber rupture and pullout, €) transvers and shear
cracking, f) puncture, g) deep cut in coating, h) corrosion in protected
metal, i) crazing, j) scratch, k) ablation, 1) microcracking, m) opening
crack [10]
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Fig. 4 Performance maps for self-healing materials, a) the healing
efficiency vs. damage volume, b) the healing rate vs. damage rate [10]
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Fig. 12 The number of domestic and international published documents
about self healing composites by Iranian researchers, based on the
researcher's name
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Fig. 13 Different extrinsic healing systems, a) hollow fibers, b) vascular,
¢) microcapsule [10]
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Fig. 14 Optical micrographs of filled hollow glass fibers by epoxy and
hardener with 60 pm external diameter with a hollowness of 50% [35]
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Fig. 15 Destructing the hollow glass fibers and diffusing the healing
agent into damage area in the hollow glass fibers- epoxy composite [40]
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Fig. 16 schematic of designed 3D microvascular healing system by
Toohey et al. [53]
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Fig. 17 SEM micrograph from internal surface of healed and unhealed
areas [54]
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Fig. 19 Impact damage characterization, a) ultrasonic scan image of the
vascular network and damage profile, b) ultrasonic scan image of the
damage site, c) optical microscopy under UV illumination illustrating
the infusion paths through the damage site, d and e) optical microscopy
at higher magnification illustrating the impact damage—vascular
interaction [59]
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Fig. 18 Microvascular system, a) sample geometry, b) released healing
agent containing fluorescent dye [55]
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Fig. 20 Specimens of self-healable glass fibers- epoxy composite
containing 3D microvascular network [64]
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Fig. 21 Filling the cracks with the releasing the healing agent from 3D
microvascular network into the glass fibers- epoxy composite [64]
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Fig. 22 Synthesized urea- formaldehyde microcapsules with agitation
rate of 550 rpm [76]

550 IPMyo5en o b oty i auiilleyd —ogl (slo JgmnS s, Sun 22 S
[76]

Rough \
outer surface

\

Smooth
inner surface

——— 2um
|

Fig. 23 Microcapsule surface morphology, the rough outer surface is
composed of urea- formaldehyde nanoparticles (~150 nm) attached to
the microcapsule shell [76]
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Fig. 24 Double wall microcapsule image, a) SEM, b) AFM [94]
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Fig. 25 SEM micrographs of the covered glass fibers with different
ratio of microcapsule [106]
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An experimental investigation of the low velocity impact behavior of woven
carbon-fiber-epoxy composites
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Abstract

In this paper, the low velocity impact of woven carbon-fiber-epoxy composites have been investigated
experimentally using a number of impact tests. The woven laminates are twill and made by vacuum infusion
technique (VARIM). The low velocity impact tests were carried out with different impact energies of 20, 30, 50, 60
and 80 J to find the penetration and perforation threshold energies using profile energy method. Then the impact
behavior of the samples was studied using drawn diagrams of contact force-deflection, contact force-time,
deflection-time, and energy-time to investigate the effect of the energy of impact and its' variations on the maximum
contact force, absorbed energy and deflection in the woven Carbon-Fiber-Epoxy Composites. The results show that
the contact force, absorbed energy and deflection increases when the applied impact energy increases up to 60 J. It
is worth mentioning that the observed enhancement trends of the contact force, absorbed energy and deflection are
different from each other.

Keywords

Low Velocity Impact,
Woven Composite,
Carbon Fiber,

Epoxy Matrix.
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Evaluation of the elastic and plastic properties of Al/Brass/Al composite
fabricated by roll bonding process via digital image correlation method
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Keywords Abstract
CRB In the present study, for the first time the Young's modulus, anisotropy coefficient and elastic and plastic parameters
DIC method of multi-layered Al/Br/Al composite produced by cold roll bonding process were assessed by digital image

correlation method. The digital image correlation (DIC) is a relatively new method used to measure strain fields to
determine various parameters such as anisotropy and Young's modulus for many materials and alloys. Structure,
mechanical properties, elastic and plastic parameters are determined by optical microscopy (OM), micro-hardness
measurements and tensile tests equipped by 2D DIC system. Using longitudinal and transverse strains from DIC and
plasticity theory thickness strain, anisotropy coefficient and other elastic and plastic parameters were calculated.
The results showed that mechanical properties were improved compared to the primary samples, so that the yield
strength and ultimate tensile strength of the composite were more than five times the original aluminum, and
microhardness of both layers of aluminum and brass improved more than two times due to cold working caused by
increasing the dislocation density during rolling. The value of the calculated elastic modulus was obtained 77.8GPa
by digital image correlation method, which are little difference from the values obtained from theoretical
relationships based on the volume of the composite materials. Also, the anisotropy coefficient during the tensile test,
after the initial oscillation increased to the necking point, then decreased and a little before the failure point fixed

elastic and plastic parameters
anisotropy coefficient
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Table 1 The elastic parameters calculated by DIC for multilayered
Al/Brass composite
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Table 2 presented theoretical relationships to estimate value of the elastic
modulus of aluminum/brass based on the volume of constituent materials.
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Table 3 The plastic parameters calculated by DIC
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Fig. 7 Variation of anisotropy at equivalent strain during uniaxial
tensile test for multilayered Al/Brass composite produced by
ARB
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Experimental and numerical simulation of thermography for detection of
disbond in repaired aluminum by composite patch
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Keywords Abstract

Composite patches The replacement of damaged components is not affordable in important structures such as aircraft, ship or
Thermography gas pipelines. So, the repair of a defective structure is an acceptable process. Composite patches are used
Disbond to repair the damaged metal and composite structures in different industries, especially the aerospace
Finite element modeling industry. Assessment of the repaired structure is a challenging topic in order to ensure the restoration. The
Pulse phase thermography thermography technique is one of the most powerful non-destructive testing methods that is used to

survey the repaired structures. In the present study, the defects of the de-bonding type between the based
aluminum structure and the carbon/epoxy patch made by 4 layers with layup configuration [04] have been
investigated by step heating thermography method. Defects locate close to the patch edges because it is
more likely that debond onset in a repaired structure at edges in practice. Furthermore, detection of the
edge defects is more difficult than the middle defects because of edge effects. The step heating
thermography results have been processed by using pulse phase thermography (PPT) approach. Also, the
simulation of thermography testing procedure carried out by finite element modeling (FEM). Finally, the
results of the experiment and finite element modeling have been compared and good accuracy has been
obtained in step heating thermography and PPT algorithm.
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Defect

Fig. 1 The patch containing eight flaws. All dimensions are in

millimeters. The defects have been labeled from 1 to 8 inside their

region.
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Table 1 The thermal properties of utilized materials [19].

Density Heat specific Conductivity
Material (p) capacity (Cp) (K)
(kg/m?®) (i/kg.k) (W/K.m)
Ki Ky Ks
Carbon/epoxy 1600 900 5 05 05
Aluminum 2700 900 250
Adhesive 1100 1100 0.2
Air 1.2 1 0.025
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Fig. 3 The function of the applied heat flux for FE simulation.
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Fig. 5 Step heating thermography layout.
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Table 2 The properties of infrared camera.

Property Value

Visibility

Minimum setting distance

15x21 degree
15 inch (0.38 m)

0.08 centigrade in 30 centigrade
480%640 pixels with 22 colors
20 to 500 centigrade
25 Hz

Temperature sensitivity
Digital Image Dimensions
Temperature range

Sampling rate
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Fig. 7 Results of (a) the numerical simulation, (b) the raw thermal
data, (c) the Fourier phase image and (d) the Fourier amplitude
image.
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Fig. 6 The standard deviation values resulting from temperature
variations (on the defined path which passes on the lower debondings
of the patch) over passing time from the moment of heating initiation.
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Table 3 The area and error approximated by Fourier amplitude image after
converting the gray image to the binary image by the global thresholding in
accordance with Otsu’s method.

Approximated area

No. defect Exact area (mm?) (mm?) Error
1 100 122.6 23%
2 150 203.9 36%
3 50 62.8 26%
4 100 135.16 35%
5 25 73 71%
6 400 466 17%
7 100 140.8 41%
8 25 23.8 5%
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Table 4 The area and error approximated by Fourier amplitude image after
converting the gray image to the binary image by the local thresholding.

Approximated area

No. defect Exact area (mm?) (mm2) Error
1 100 102.4 2%
2 150 145.1 3%
3 50 426 15%
4 100 74.6 25%
5 25 12,6 50%
6 400 406.8 2%
7 100 140.4 40%
8 25 25.4 2%
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Fig. 8 Results of (a) the Fourier amplitude image with applying
automatic contrast function, (b) the Fourier amplitude image with
setting manual contrast, (c) the converted Fourier amplitude image
to black and white image by the global thresholding in accordance
with Otsu’s method, (d) the converted Fourier amplitude image to
black and white image by the local thresholding.
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Analysis of tensile failure mode and the mechanism dominated over polymer
composite degradation
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Abstract

Despite previous research on the corrosion behavior of glass fiber reinforced polymer composites, the relationship
between the degree of weakening of the resin/fiber interface bond and their mechanical properties is still necessary.
In this research, empirical research is conducted to evaluate this issue. For this purpose, the polyester/glass samples
were immersed in 10% HCI with three different temperatures of 25 °C, 50 °C and 70 °C, and changes in the
mechanical properties of the samples and the apparent variations of the solution at time intervals of one up to four
weeks are examined. The results showed that the ultimate tensile strength and Young modulus of composite
specimens were reduced when placed in a solution with higher temperature or immersion time. Cracking caused by
corrosion was shown in the resin/fiber interface using scanning electron microscope (SEM) photographs, and the
degradation of the polyester resin was confirmed by observing the increase in surface cracks and changes in the
solution color. Furthermore, visual inspection of sample failure surfaces after a tensile test showed that the failure
occurred as DGM type. Finally, atomic absorption spectroscopy (AAS) analysis was performed to prove the
occurrence of ion exchange mechanism. The results of this study indicate the occurrence of corrosion mechanisms
in the interface area of composite specimens.
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Polymer composites
Corrosion mechanisms
Interface

Mechanical properties
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Table 1 The chemical composition of composite samples used in this
investigation.
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3 Energy Dispersive X-ray Spectrometry (EDS)
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Fig. 2 Tensile stress-strain curves.
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Table 3 Tensile properties of the composite samples at various exposure conditions.
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25.297 408.934 0.017 0.433 30670 2 HCI (10% wt.)(25°C) 3
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23.620 353.484 0.017 0.418 26511 2 HCI (10% wt.)(50°C) 7
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22,520 320071 0.016 0.409 24005 3 HCI (10% wt.)(70°C) 12
21.541 274.072 0.014 0.355 20555 4 HCI (10% wt.)(70°C) 13
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Fig. 4 Young’s modulus retention values of exposed and unexposed
GFRP specimens.
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Fig. 3 Tensile strength retention values of exposed and unexposed
GFRP specimens.
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Fig. 5 The surface areas of the samples after fracture in the length direction. Neat specimen (a, b) and the expo
immersion at 70 °C (c, d).
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Fig. 6 The tensile fracture surfaces of the neat specimen (a, b) and exposed specimen after 4 weeks of immersion at 70 °C (c, d) in the thickness zone.
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Table 4 Three letter codes related to tensile failure modes (based on ASTM D3039).
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Fig. 7 Color change of HCI solution at (a) 70°C, (b) 50°C, and (c) room
temperature after four weeks exposure.
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Fig. 8 Leached and deposited glass fibers from the composite specimen
surfaces.
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Table 5 Concentration of the elements by AAS test.
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Table 6 Element weight percent of E-glass fibers before and after immersion.

Sy9abse Sl am g S8 aed S 5 092g0 polic S39 000 6 Jgux

(70°C slos ;o) 0uds 00,45 B0°C slos o) 00 00,45 (G361 sles ;o) 0uls 00,95 aJgl LI pais
3.56 3.98 4 4.04 Al
12.28 12.94 13.25 13.36 Ca
21.03 21.84 22.46 23.18 Mg
O 2 e @l a0 o0 S (o ) 20 y90 (3l Jgla 50 (5 594bse ‘5)-»54-"9*' -4

2 N o el St 558bst sled 5 olaj sla el ly 45 ol
5 YL slales ;5 (g 5abse jlam 1) (6708 Sk Jgoe 5 (o225 plSoid

2 Valence

607

lio o aan b SN sl s sloca sl )5 colill @ axg5 L
3o |y g jamls o) S Pled (Gaios (pl )0 i g el

 Hydrated volume



S 533exo)ly (Sl 9 (590355 (5 puily

g b Sl sy (355 x5 e S As) 536 039381 il 275 aslliae

[13] Jones, F. R., “Durability of reinforced plastics in liquid
environments,” Reinforced plastics durability, pp. 70-110, 1999.

[14] Wei, B., Cao, H., and Song, S., “Degradation of basalt fibre and
glass fibre/epoxy resin composites in seawater,” Corrosion
Science, Vol. 53, No. 1, pp. 426-431, 2011.

[15] Shokrieh, M. M., Omidi, M. J., “The Impact Resistance of Fiber-
Reinforced Polymer Composites: A Review,” In Persian, Iranian
Journal of Polymer Science and Technology, Vol. 24, Issue 4, pp.
255-277, 2011.

[16] Alsayed, S., Al-Salloum, Y., Almusallam, T., ElI-Gamal, S., and
Agel, M., “Performance of glass fiber reinforced polymer bars under
elevated temperatures,” Composites Part B: Engineering, Vol. 43,
No. 5, pp. 2265-2271, 2012.

[17] Marru, P., Latane, V., Puja, C., Vikas, K., Kumar, P., and Neogi,
S., “Lifetime estimation of glass reinforced epoxy pipes in acidic
and alkaline environment using accelerated test
methodology,” Fibers and Polymers, Vol. 15, No. 9, pp. 1935-1940,
2014.

[18] Amini, M., & Khavandi, A., “Degradation of polymer-based
composites in corrosive media: experimental attempts towards
underlying mechanisms,” Mechanics of Time-Dependent Materials,
pp. 1-20, 2019.

[19] Pour-Ghaz, M., Miller, B. L., Alla, O. K., and Rizkalla, S., “Do
mechanical and environmental loading have a synergistic effect on
the degradation of pultruded glass fiber reinforced
polymers?,” Composites Part B: Engineering, Vol. 106, pp. 344-
355. 2016.

[20] Visakh, P. M., and Nazarenko, O. B., “Thermal degradation of
polymer blends, composites and nanocomposites. In Thermal
Degradation ~ of  Polymer  Blends,” Composites and
Nanocomposites, pp. 1-16, 2015.

[21] Bagherpour, S., Bagheri, R., and Saatchi, A., “Effects of
concentrated HCI on the mechanical properties of storage aged fiber
glass polyester composite,” Materials & Design, VVol. 30, No. 2, pp.
271-274, 2009.

[22] Fereidoon, A., Sabet, A.R., Dolati, S.H., and Esmaeeli, M.R., “The
influence of stacking sequence on mode | interlaminar fracture
toughness of glass fiber/epoxy composite panels,” In Persian,
Journal of Solid and Fluid Mechanics, Vol. 4, No. 2, pp. 183-187,
2014.

[23] Li, H., Yan, M., Qi, D., Zhang, S., Ding, N., Cai, X, ... and Deng,
J., “Corrosion of E-glass fiber in simulated oilfield
environments,” Journal of Petroleum Science and Engineering, Vol.
78, No. 2, pp. 371-375, 2011.

Oz lF e @l drg bades e gl 093 5l 5 Vb slopls;
ol 5 a2ls Sl Jgas (555 2 o8 Sl Lo (il oS 58 sl
Tobos 5| oot oyl ilios 6 5ebgd Gloj il ot i cosls
WYY 4 i (i oS ol oLt iS ges] Sl ladiges St
S5o sskredy il 0a B 7S Jsb by (542 L )3 Cujerels ot
e @Sl 5,50 ls3 end Sl 5l (B b ye sla )55l
29t o)l Slllaie; S i Joad )3 ool lvosdy b ot b5
I35 4 ol 355 a2 jsliieas EDS LT 5 SEM yslas Lilae
SEM jsloai 4 argi b o by ooliilsgo ooyl g ;55 5 Cajoeals
A el satla) BLI s, S ie bbb slaS
Ol 2 e Bl atlior (0melS sladiges o 55 gonimap Lt
3 Jrole gulis g 00 S e Juad aml 3 gt Sr SOl ey 55
(Jrol> @l @ x5 Lol )55k (ol £585 sl laanll AAS (505
oo g (5y50bse (b o aded Bl s Sl psiiagll 5 S (slas
0o @l b Gilhe o9 o olml 0T 59, 2 b | 2 Y
b slne o Ca¥ Jlaie a8 iVl 5 55 )5 ailiah o e 4 AAS

- 3t e

&z -7

[1] Lila, M. K., Saini, G. K., Kannan, M., and Singh, L., “Effect of fiber
type on thermal and mechanical behavior of epoxy based
composites,” Fibers and Polymers, VVol. 18, No. 4, pp. 806-810,
2017.

[2] Movhed, H.R., Arefazar, A., Eskandarnejad, S., Beheshty, M.H.,
“Study of the Effect of Core-Twist Hybrid Yarn Glass/PET on
Mechanical Properties of Unsaturated Polyester Resin,” In Persian,
Iranian Journal of Polymer Science and Technology, Vol. 16, Issue
1, 2003.

[3] Mouritz, A. P., Gallagher, J., and Goodwin, A. A., “Flexural strength
and interlaminar shear strength of stitched GRP laminates following
repeated impacts,” Composites Science and Technology, Vol. 57,
No. 5, pp. 509-522, 1997.

[4] Groysman, A., “Corrosion problems and solutions in oil refining and
petrochemical industry,” Cham: Springer, 2017.

[5] Kajorncheappunngam, S., Gupta, R. K., and GangaRao, H. V.,
“Effect of aging environment on degradation of glass-reinforced
epoxy,” Journal of composites for construction, VVol. 6, No. 1, pp.
61-69, 2002.

[6] Selvan, M. G. A., and Athijayamani, A., “Mechanical properties of
fragrant screwpine fiber reinforced unsaturated polyester composite:
Effect of fiber length, fiber treatment and water absorption,” Fibers
and Polymers, Vol. 17, No. 1, pp. 104-116, 2016.

[7] Amini M., and Khavandi, A., “Evaluation of the electrical properties
and mechanical behavior of insulator’s composite core in harsh
environments,” Material Research Express., Vol. 5, 2018.

[8] Solis-Ramos, E., and Kumosa, M., “Synergistic effects in stress
corrosion cracking of glass reinforced polymer
composites,” Polymer Degradation and Stability, VVol. 136, pp. 146-
157, 2017.

[9] Sapalidis, S. N., Hogg, P. J., and Youd, S. J., “High temperature
acidic stress corrosion of glass fibre composites: Part | Effect of fibre
type,” Journal of Materials Science, Vol. 32, No. 2, pp. 309-316,
1997.

[10] Ely, T., and Kumosa, M., “The stress corrosion experiments on an
E-glass/epoxy unidirectional composite,” Journal of composite
materials, VVol. 34, No. 10, pp. 841-878, 2000.

[11] Hogg, P. J., Hull, D., and Spencer, B., “Stress and strain corrosion
of glass-reinforced plastics” Composites, Vol. 12, No. 3, pp. 166-
172, 1981.

[12] Qiu, Q., & Kumosa, M., ”Corrosion of E-glass fibers in acidic
environments. Composites Science and Technology, Vol. 57, No. 5,
pp. 497-507, 1997.

608

0940l (5 )9Ud 9 pole &y puiss



614 -609 PP 98 Hliso ) 4 o plais 6 Sda

SR 3y sele a4y s

H}”s @ss 5 pole

http://jstc.iust.ac.ir

u‘/,‘.:»'fuf)‘.e’-%

Cxd (6998 g Gob oud adl GLII L ool Cuglls Czq.)’wls O 0ddg iy o | Iy

(S (5185 b

2 oSS hrlae gy a0

Olaly (linzsl 5 Gl olSiils ( SilKe pwdige )| (ool IS ggzeiils -1
Ohaly (liazgh 5 Gl o5iils (il (cmdige boliwl -2
saboktakin@eng.usb.ac.ir 98155-987 i, ssois (olaal; #

oS alio & leMb!

4 6092 5 )0 Sacajseels ) o iy ol sy 5 S Pl el Sz 9y Jobo Joe S anug 4 Glegly cal 50
hile mhiw 5 4z )b SU 385 5 (a8l (sla s eSosluil 5l Joe amoin iy ya5 jslater (rizmes el oud Sl Sgame sl
P s ond obml g e )0 LS 153l i L aly Joboo Jol alo s o sl 00y 5 ooliial (g 58g Son (513 S SaS s ]
A 0,Silesn 8y (55 sl g (e28 0l 3, £58 51 S| (Sl 55 Juo ol po 00,5 (e SIsEE LusSLT I
aalol jo sl oads solaiwl e oSy (15, wlol (g5l Ked g, 3l i jemelS (IS (Sl cul o anilone g g ool a3 S
oalitil (g 3395 12 (USDFLD) asliys o5 6 5l ecs05s 5 6,6 ol (o2t plSomiasl (i ey 5 el 528, Jlosl (12
ole plys T (20l (6555 il (S5, Tr g S A Gedle o B e el £9,5 (i ln Joe cnl 50 w08
59 o &l g ple g Joe (gaieilys ( aRislejl sl ool b 3udos ] jo eoliinl 850 (5,555 gl cnlin Gollas .ol 00 )15 &y

JEV-N VY uL\») |) L) Q‘l‘

98/05/09 il >
98/12/14 : s iy

:oB5lgunls

&35 9 6B ujeels
Sgazee syl o
oig pdony onms]

S 003

Progressive damage analysis of plain woven composites under tensile loading

Mehran shahrooz, Abbasali saboktakin®
Department of Mechanical Engineering, University of Sistan and Baluchestan , zahedan, iran.
* P.0.B. 16846-13114, Tehran, Iran, m_yarmohammad@azad.ac.ir
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In this study, develop accurate finite element models of plain woven fabrics to determine their mechanical properties
and progressive damage analysis. In addition, in order to describe the internal geometry from actual measurements
of tow geometry made on photomicrographs of sectioned laminates. In the first step, a unit-cell of composite was
created in CATIA software in meso scale. After that, unit-cell was imported in ABAQUS software to finite element
(FE) analysis. For each architecture, the yarns are assumed to be transversely isotropic and the resin assumed
isotropic. After that a stress averaging technique based on an iso-strain assumption is used to determine the effective
moduli of the unit cells. Afterwards, The damage model is implemented in the FE code by a user-defined (USDFLD).
In this damage model, in order to predict damage initiation of composite plates, 3D Hashin’s failure criterion is
chosen. And in order to evolution damage instantaneous Material Property Degradation Method is applied. The good
agreement between the theoretical results and experimental data, introduces the ability of the applied model and
provided subroutine.
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Fig.4 tensile stress contours in meso model
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Fig.7 Comparison of the stress-strain relations between simulation
and experiment
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Table 5 Experimental and simulation results for plain woven
composite in different mesh size.
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Fig.5 Damage patterns at: (a) fiber failure initiation in warp yarns (b)
first significant load drop in resin pocket
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Fig.6 Damage patterns at: (a) fiber failure initiation in warp yarns
(b) first significant load drop in resin pocket.
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Experimental and numerical analysis of low-velocity impact on composite

sandwich panels with grid stiffened core

Ali Davar, Reza Azarafza”, Javad Faraji Shoaa

Faculty of Materials & Manufacturing Technologies, Malek Ashtar University of Technology, Tehran, Iran.
*P.0.B. 15875-1774, Tehran, Iran, azarmut@mut.ac.ir

Keywords Abstract
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Composite sandwich panels with grid stiffened core, are composed of composite face sheets and
kagome type lattice core. These structures can be used as alternative to the structures reinforced
with stringer, sandwich panels with honeycomb core and aluminum grid structures. In this study,
experimental tests and finite element analysis using ABAQUS software are applied for low-velocity

VUMAT subroutines impact on grid stiffened sandwich panels. In the experimental method, two sandwich panels with
grid stiffened core are manufactured and undergo drop weight impact with a hemispherical steel
impactor. Also, in the numerical method, the results are compared with the three-dimensional
elements and progressive damage model is applied by employing user defined material subroutines
in finite element method using ABAQUS software. Making comparison between the present
numerical results with experimental results, shows that the finite element method is an efficient
way to reduce the time and cost for understanding the behavior of this type of structure against
impact loads. The energy absorption occurs in the structures mainly due to the induced damage in
the impact region of the structure. This damage may affect the top face sheets or the ribs within the
core of the sandwich panel and the rigidity of the impact position, reduces the visible damaged area
in the structure. Also, the impact on the points such as the ribs’ intersections, which are more rigid
than the space between the ribs, causes the contact time to be decreased and the maximum contact
force to be increased.
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Davar, A. Azarafza, R. Faraii Shoaa, J., “Experimental and numerical analysis of low-velocity impact on composite sandwich panels with grid stiffened core”, In Persian,
Journal of Science and Technology of Composites, VVol. 6, No.4, pp. 615-626, 2020.
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Fig. 6 Detailed finite element model of composite plate made of aramid
[ epoxy[7]
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Fig. 7 Comparing the results of the impact response for composite plate

made of aramid / epoxy (considering the effect of impact damage)
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Table 1 Mechanical properties measured for side facesheets of the
sandwich panel
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E1(GPa) 17.8 Xt (MPa) 450
E2- E3 (GPa) 42 Xc (MPa) 283
Vi2= vis 0.275 Yt (MPa) 24
Va3 0.38 Yc (MPa) 80
Gi2= G13(GPa) 3.6 St (MPa) 21
G23 (GPa) 2.2 St (MPa) 21

2 Continuum shell
3 Solid
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Fig. 10 The impact model of the sandwich panel
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Fig. 11 Determination of material orientation for assigning meterial
properties for the ribs
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Table 2 Mechanical properties measured for ribs of the grid stiffened
core of the sandwich panel
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E1(GPa) 25 Xt (MPa) 514
E2= Es (GPa) 7.63 Xc (MPa) 300
Viz=vis 0.22 Yt (MPa) 8L7
vas 0.29 Yc (MPa) 197
Gi=Gi3(GPa) 237 St (MPa) 69
Gos (GPa) 313 St (MPa) 69
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Fig. 13 Element mesh of a unit cell of the ribs of grid core of sandwich
panels
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Fig. 14 Element mesh pattern of the facesheets at the two sides of the
sandwich panel
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Table 3 Degradation coefficients for materal properties at different
failure modes [24]
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Fig. 16 Experimental and numerical histories of impact force on the
sandwich panel at the middle point between the ribs distance
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Fig. 17 Comparison of impact damaged area between the numerical
and exprimental models (impact point at the middle distance between
the ribs)
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Fig. 20 Numerical impact solution on the sandwich panel for various
masses of the impactor
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Fig. 21 Experimental and numerical histories of impact force on the
sandwich panel at the intersection point of the ribs in the core
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Fig. 18 Kinetic energy of the impactor vs. time of impact force on the
sandwich panel at the middle point of the bay between the ribs
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Fig. 19 Numerical impact solution on the sandwich panel for various
velocities of the impactor
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Fig. 25 Comparison of the impact force history for impacts on two
locations (at the middle point of the bay between the ribs and at the
intersection point of the ribs in the core) using numerical method
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Fig . 22 Comparison of impact damaged area between the numerical
and exprimental models (impact point at the intersection of the ribs)
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Reliability analysis based on polynomial chaos expansion method in composite
structures
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Keywords Abstract

Composite structures Reliability analysis of composite structures has gained increased attention due to the growing use of composite
Reliability analysis ) materials in many industries such as aerospace, automotive and construction in recent decades. Uncertainty analysis
Polynomial chaos expansion approaches are effective tools in order to probabilistically assess the behavior and evaluate the reliability of
Sparse grid collocation composite structures with variabilities in material properties. In this study, a computationally efficient surrogate
Uncertainty analysis model based on the polynomial chaos expansion for reliability analysis of composite structures with a large number

of uncertain parameters is presented. The uncertain input parameters including composite material properties,
geometry and loads, are assumed as random variables with a normal distribution and are taken into account for
reliability evaluation. A sparse grid collocation strategy is used to determine the sample points for constructing the
surrogate model relating the uncertain variables to the structural response. In the end, a numerical example is
performed to demonstrate the accuracy and efficiency of this methodology for a higher number of uncertain variables
by comparing the results with the direct Monte Carlo simulation method..
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Table.1l. Probabilistic information of the uncertain input parameters for the composite plate [25].
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Table.2. Failure probability of layers based on the response surface

by s by bl Y S Jlaz1 2 Jgur

Number of simulation

Ply number
500 1000 3000 5000 9800 10000
o1 0.4291 0.4274 0.4302 0.4383 0.4383 0.4379
ad (0.0519%) (0.0369) (0.0212) (0.0162) (0.0115) (0.0114)
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ply-5 0 0 0 0 0 0
ply-6 0 0 0 0 0 0
ply-7 0 0 0 0 0 0
ply-8 0 0 0 0 0 0
v-o 0.001 0.0037 0.0031 0.0032 0.0033
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Fig.5. Comparison between the convergence rate of the response
surface method and MCS
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Fig.6. Comparison between the computation times of the response
surface method and MCS

ol s e 5 15 Cign 12 o sl 1350 6 JS

& 325 4 -6
Wiz b gy ¢ (S a8l dnwgs By, S Al pol dllie 5l Sae
Cuabd pas plie 3525 b gliebl cobls v slp osdl glalex
Oled .l (oo (S90S sloosle (Sl g (Supd olyS 50 0008
5| s sloisbsy 5l eolial b ekl colls Jlos ol moly a5 b
o allie () 55 e YU Jloay Sllors iy gl)ls o5 Cige ala
lipabl Cbl ol (gl 4Bl dnwg b, o @) L aS oad o
app g9z D Sige byl Jels DS (il slaojle
Ll g0 50 goue Jlo S plsl b colys ol mals YU gSlowlrs
ey &5 o oanlie gl oyt 5 Cuekad pas sl sl el iyl
Sl Cige g,y 4 i 000 0.6 Slawlome 285 (e 5 a8l anugs
I8 0925 L )15 Cige by 4 Cod (] Kem £ l5ae g 0092 1095
Auip e el 423l Sgugy o )0 33.66 oxhad pac gl sl el b

91.98 ol 5ed 4 o, b o)l Cige by, 4 Cannd g, () (Slolxe

635

—Cte g ojlw dlul (6)A5,L (S (plgS Cunlad pue-2-3-5
(2 o sl 18) ey (55

il sl 5 )ALl oSS s conkad pas oMl i ol 5
dls g ojle plisebsl Sl Jdod 50 55 Y (655 Caz Sualad pue
ol o0y a8 )T Jla3 j0 Al drwgd b, 3l eolaiwl b layY cunSls Jloas]
pae | s 590 4 CnSh Jlaiol ol (S o sl 18 e gana)
2900 Ol 2 p8 4 laoalad

Pf = Dby (q, 1, B2, G12, V12, V21, X1, X, Y1, Ye, S, 4, b, 0))

ie{1,2,..,5} (36)

ebor Ol B7) alaly o8 4 )9 (e 5o «32) 5 BD) abal, 4 4z L
[T]=[T(0g 1) ] @7
g s Gl g 5 4 8 6 Scae bgie Juie T ol o a5
i ye e o0 43 L o 30 adllas oyl 4o oS aSle by (6,8
Ay iy e Grizen 54 plp Cpdl Glaler iz 5l G uSle
Jozol bl colls Lo ol gl 3 Jsam 5o sl oy,§ il 3
S50 oS Lige by g Al dmgs S, 5l okl b pes Y CunSs
5oy 5 ool b cnks Jlazl a5 55 oo abamdlo el 438,518 old
240004 14000 S olass )0 i i 4y o )IS Cdge iy, g a3l densgd
il o0 04231 50.4220 oy o5 4y (5 polie (sl 5 ol 00s | San
poe a5 b 4y o eSS Jlozol ol 28, oo il a5 jshiles
oot sl @il 2l gy onts 42,5 L5 13 b Y (6,8 Cagr Coprlad
G595 95 5 0 21 5ed £ cluanlad pae wlie Bl Sl Sgpiua oS oo
CH 6o5y9 byl (mlEl dss b (Jle cnl b ceul adly S
AV b o5 g (35, L Al ) s L Lol (g, (250

sl e

“oilS bl slas alfl 0s2s b o Slowloee aiza Sl abais
ghe Joe colo Sz gl Globrs glojy 1l T &5 4 g S
03,5 L oI5 Cige by, a4 S 1) 955 Cuje Gy mhaw s, by
Ol W asl (oo 3 al Gy ol 3l il @ o Sllono 4tz
e olye 4 1) osdl glalar wiz by i sl g Joo (b,
slaojlo jo kb e Ful g pluebl coll s o sl b,
35 S50 (S jeels
045

044

Probability of failure

2 3 4
Collocation level &

Fig.4. The Convergence of results against the collocation level
i i s ol K Jlogei 4 JSCh



B39l Joxo 9 YL Jexo

e agabT (glakon 3in Jouy gy (bl 3 ligedol calyls Julxs

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Choi, S-K. Grandhi, RV. Canfield, RA. Pettit, CL., "Polynomial
Chaos Expansion with Latin Hypercube Sampling for Estimating

Response Variability," AIAA Journal, VVol. 42, pp. 1191-1198, 2004.

Xiu, D. Hesthaven, JS., "High-Order Collocation Methods for
Differential Equations with Random Inputs,” SIAM Journal on
Scientific Computing, Vol. 27, pp. 1118-1139, 2005.

Xiu, D. Karniadakis, GE., "Modeling uncertainty in flow
simulations via generalized polynomial chaos," Journal of
Computational Physics, Vol. 187, pp. 137-167, 2003.

Nobile, F. Tempone, R. Webster, CG., "A Sparse Grid Stochastic
Collocation Method for Partial Differential Equations with Random
Input Data," SIAM Journal on Numerical Analysis, Vol. 46, pp.
2309-2345, 2008.

Burkardt, J., "Slow Exponential Growth for Clenshaw Curtis Sparse
Grids," 2014.

Bhaduri, A. Graham-Brady, L., "An efficient adaptive sparse grid
collocation method through derivative estimation. Probabilistic
Engineering Mechanics,” Vol. 51, pp. 11-22, 2018.

Dey, S. Mukhopadhyay, T. Spickenheuer, A. Gohs, U. Adhikari, S.,
"Uncertainty Quantification in Natural Frequency of Composite
Plates - An Artificial Neural Network Based Approach," Advanced
Composites Letters, Vol. 25, pp. 43-48, 2016.

Reddy, JN., "Mechanics of laminated composite plates and shells:
theory and analysis," 2nd ed. USA, CRC Press, 2004.
Ghannadpour, AM. Kurkaani Barvaj, A., "Ultimate strength analysis
of imperfect composite plates under both in-plane compressive load
and lateral pressure using Ritz method," In Persian, Journal of
Science and Technology of Composites, Vol. 5, pp. 1-10, 2018.
Ghannadpour, A. Barekati, M., "Post-buckling analysis of anti-
symmetric cross-ply composite plates under end-shortening,” In
Persian, Journal of Science and Technology of Composites, Vol. 2,
pp. 35-42, 2018.

Jeong, HK. Shenoi, RA., "Reliability analysis of mid-plane
symmetric laminated plates using direct simulation method,"
Composite Structures, Vol. 43, pp. 1-13, 1998.;43:1-13.

2 0Py Ol G el Jols @l eluly gyl adl (oo S G ys
Olgisn 5 ablige ovaliv LB zoog 4 )5 Cige oz (s sl by,
Soglsie 4l osdl Glalex iz by p e Gl gl Jae Uiy,
Vb (50,8 b ol gloojlo pliabl Cobils Julos jo sl s,

23,8 o coadad pae milie 4o

by s gy bl 2 eSS Jlazo! 3 Jgur

Table.3. Failure probability based on the response

(1]

[2]

(3]

(4]

(5]

(6]

(7]

(8]

(9

[10]

[11]

[12]

[13]

[14]

Probability Numberof ~Computation

Method of failure  Simulation Flme
(minutes )
Current method 0.4220 14000 1990
Monte Carlo 0.4231 24000 26145
&l -7

Saeedifar, M. Najafabadi, MA. Toudeshky, HH. Mohammadi, R.,
"Investigation of Initiation and Evolution of Delamination in Glass/
Epoxy Laminated Composites Using Acoustic Emission Method,"
In Persian, AmirKabir Jounrnal of Science & Research Mechanical
Engineering, Vol. 48, No. 4, pp. 153-156, 2017.

Dey, S. Mukhopadhyay, T. Adhikari, S., "Metamodel based high-
fidelity stochastic analysis of composite laminates: A concise review
with critical comparative assessment," Composite Structures, Vol.
171, pp. 227-250, 2017.

Baran, I. Cinar, K. Ersoy, N. Akkerman, R. Hattel, JH., "A Review
on the Mechanical Modeling of Composite Manufacturing
Processes," Archives of Computational Methods in Engineering,
Vol. 24, pp. 365-395, 2017.

Fisher, J. Bhattacharya, R., "Linear quadratic regulation of systems
with stochastic parameter uncertainties,” Automatica Vol. 45, pp.
2831-2841, 2017.

Chen, X. Qiu, Z., "A novel uncertainty analysis method for
composite structures with mixed uncertainties including random and
interval variables," Composite Structures Vol. 184, pp. 400-410,
2018.

Thapa, M. Mulani, SB. Walters, RW., "Stochastic multi-scale
modeling of carbon fiber reinforced composites with polynomial
chaos," Composite Structures,

Peng, X. Li, D. Wu, H. Liu, Z. Li, J. Jiang, S. et al., "Uncertainty
analysis of composite laminated plate with data-driven polynomial
chaos expansion method under insufficient input data of uncertain
parameters,” Composite Structures, Vol. 209, pp. 625-633, 2019.
Sasikumar, P. Venketeswaran, A. Suresh, R. Gupta, S., "A data
driven polynomial chaos based approach for stochastic analysis of
CFRP laminated composite plates," Composite Structures, Vol. 125,
pp. 212-227, 2015.

Balokas, G. Czichon, S. Rolfes, R., "Neural network assisted
multiscale analysis for the elastic properties prediction of 3D braided
composites under uncertainty,” Composite Structures, Vol. 183, pp.
550-562, 2018.

Naskar, S. Mukhopadhyay, T. Sriramula, S., "Probabilistic
micromechanical spatial variability quantification in laminated
composites,” Composites Part B: Engineering, Vol. 151, pp. 291—
325, 2018.

Ghasemi, H. Rafiee, R. Zhuang, X. Muthu, J. Rabczuk, T.,
"Uncertainties propagation in metamodel-based probabilistic
optimization of CNT/polymer composite structure using stochastic
multi-scale modeling," Computational Materials Science, Vol. 85,
pp. 295-305, 2014.

Whiteside MB., "Stochastic Analysis of Composite Materials.
Doctoral dissertation," Imperial College of Science, Technology and
Medicine, 2012.

Marburg, S. Hardtke, H-J., "Uncertainty quantification in stochastic
systems using polynomial chaos expansion,” International Journal
of Applied Mechanics, Vol. 02, pp. 305-353, 2010.

Choi, S-K. Grandhi, RV. Canfield, RA., "Structural reliability under
non-Gaussian stochastic behavior," Computers & Structures, Vol.
82, pp. 1113-1121, 2004.

636

0940l (5 )9Ud 9 pole &y puiss



648 -637 PP 98 Hliso ) 4 o plais 6 Sda

3y sele & s
H")”U $o9Ld 9 I"}J‘c
http://jstc.iustac.ir g‘{".:.»:‘uf)‘, KA

009y 3 eoliwl b (U Z e dlgo i I Jubtwo §)9 (b s 51 oyl ol
8L S gt 0, S gy weasd

~:5:—2‘-s . > )ukch ‘1 W) |

S s ] s Azl oKl Sln riiige ] ol IS (ggmmtils -1
O s | as axlgs olStils (Sl cwsdige vl -2
Alafari@Kntu.ac.ir 16765-3381 w, Ggoo oyl # #

oS Alis LML
Jsl e o5 S5 et a5 sl onlinl b (ool e Slge i 51 (lebats 59 (s OI5T (3l | el 3l i 5 98/02/14:28L, 5
ool 8 o S5 Jailyizs S¥oleo ygileals ol 51 solizl bl jslite ) (gl <eslod @dly cusyp 9550 b crelsl sle 98/12/14: 5,
9y Jbesl b o151y ilouss gl e S g (a3 ol olomler (25,5 Ly 38,5 54,0 b g Jgl e (o2 S5 i (5595 S
P o3l b (o g oo ol (i o (gese Joniliiys SVolae 4 85 > (ot nd 52 Jendlis S¥olee (S I8 o sLu |
il o e sl lS 5 9 4555 o L &g s €50 By 58 S5 (b  lolas aiibioge o Sy azBasd “J;::“ )
bl (P Sl ealed 55 Sl oy T (28 s Sl 55 dtagey 5 S BB O & B9 (MU e Slse ol st o o e e

rarle Gl S (595 (B Sl L (rizeatt 5 (o1l 00le (oS 5 a9 G| kel (gzmed e (535 Lo | b ISk et

. . . ) . T sl e e SSEed )98

Ve s b asllas ol gl cllas (genYgn 3 Cono g a6l Casldid T 15 Camy 3,00 as a5 5 4y las i gty oSy sciad o,
el oo 0y 93 Bl g aeS anglie soue Jo ol uizren 5 LB ool juiie

Nonlinear free vibration analysis of functionally graded rectangular plate using
modified Lindstedt-Poincare method
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Keywords Abstract

Nonlinear vibrations In this research, the nonlinear free vibration analysis of functionally graded (FG) rectangular plate is investigated
Rectangular plate ) analytically using first order shear deformation theory (FSDT) for the first time. For this purpose, firstly, using
Functionally graded materials Hamilton principle, the partial differential equations of motion are developed based on first order shear deformation
First order shear deformation theory (FSDT) and von Karman nonlinearity strain displacement relations. Afterward, by applying Galerkin method,
theory_ . . the nonlinear partial differential equations are transformed into nonlinear ordinary differential equations. Then, using
modified Lindstedt-Poincare the modified Lindstedt-Poincare method, the nonlinear equation of transverse motion of the FG plate is solved
method analytically to determine nonlinear frequency ratio. The material properties of the plate are assumed to be graded

continuously according to power law distribution in the thickness direction. The effects of some key system
parameters such as vibration amplitude, volume fraction index and aspect ratio on the nonlinear natural frequency
ratio to linear natural frequency are discussed. To validate the analysis, the results of this study are compared with
the results of previously published papers and numerical solution and good agreement has been observed.
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Table 2 Comparison of fundamental frequency parameter for

Al/Al,0; square plates (8 = wh %)

a n
&b -
h 0 05 1 4 10
[11] 00148 00128 00115 00101  0.0096
[12] 20 00146 00124 00112 0.0097  0.0093
Lol gios 00148 00126 00113 00098  0.0094
[11] 00577 0.0492 0.0445 0.0383  0.0363
[12] 10 00567 0.0482 00435 00376  0.0359
Lol gios 00581 0.0494 00445 0386  0.0369
[11] 02112 0.1806 01650 0.1371  0.1304
[12] 5 02055 01757 0.1587 01356 0.1284
Lol giss 02158 0.1847 01672 01435 0.1356
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Table 3 Comparison of nonlinear to linear frequency ratio for
square FGM plate (% = 40)

W n =202 n=10
h FSDT CPT [18] FSDT CPT [18]
025 1.0529 1.0467 1.0473 1.0413
05 1.1962 1.1758 1.1766 1.1563
0.7 1.4005 1.3641 1.3630 1.3266
L0 1.6428 1.5911 1.5860 1.5335
125 1.9086 1.8426 1.8323 1.7645
L5 2.1895 2.1103 2.0937 2.0115
L5 2.4805 2.3890 2.3654 2.2996
2 2.7785 2.6755 2.6442 2.5355
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Fig. 4 Effect of vibration amplitude on nonlinear to linear frequency

ratio for different values of aspect ratio (%)
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Fig. 5 Variation of nonlinear to linear frequency ratio versus the

values of n for different values of aspect ratio (% =1)
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Table 4 Nonlinear to linear frequency ratio for FG plate

(-2 3-3)

A n
0 2 5 10 100

0.25 11201 11364 11175 11069  1.1135

0.5 14161 14664 14081  1.3746  1.3954

0.75 18007  1.8885  1.7868  1.7274  1.7644

1 2.2287 2.3541 2.2087 2.1234 2.1766

15 3.1439 3.3430 3.1121 2.9758 3.0608

2 4.0942 4.3656 4.0509 3.8645 3.9808

1.5 T T T T T T T T T
————— Modified Lindstedt-Poincare method

—— Runge Kutta 4th Order Method

300 350 400 450 500

"o 50 100 150 200 250
T

Fig. 3 Comparison of numerical and analytical solutions of FG square

plate for (% =20, n =10, Wr}rllax _ 1)
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Fig. 6 Variation of nonlinear to linear frequency ratio versus the

aspect ratio for different values of n (@ =1)
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Study of the zirconia particles incorporation effects on the wear resistance and
hardness of polytetrafluoroethylene
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Keywords Abstract

Polymer-matrix composites Polytetrafluoroethylene (Teflon) is one of the most widely used materials as the matrix in polymer-matrix
Polytetrafluoroethylene composites due to its unique properties. In this study, the effect of zirconia particles addition on the wear rate and
Zirconia friction coefficient of pure Teflon has been investigated. For this, composite samples were manufactured by adding
Wear resistance of 5 to 30wt.% zirconia into the PTFE matrix containing 10wt% graphite. Production of the samples were done by

cold press and sintering method according ASTM D4894 and 4745 standards. To evaluate the wear resistance of the
samples, pin on disk test was performed according to ASTM G99 standard. Finally, the hardness of the samples was
measured using ASTM D2240 (Shore D) standard. The scanning electron microscope was applied to investigate the
distribution of second phase particles and worn surfaces of the samples. The lowest wear rate and friction coefficient
and the highest hardness were obtained for the sample containing 20wt.% zirconia. This sample had approximately
3 times lower wear rate and 1Y% higher hardness with respect to pure PTFE. This improvement is due to the higher
load carrying capability of composite samples as a result of zirconia particles incorporation in the polymer matrix.
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Fig. 2 SEM micrographs from PTFE containing 10wt.% graphite without zirconia (B) and

E) 15wt.%, F) 20wt.%, G) 25wt.% and H) 30wt.%
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with various zirconia contents of: C) 5wt%, D) 10wt.%,

Fig. 3 Zirconium elemental distribution patterns in PTFE containing 10wt.% graphite composites with various zirconia contents of: D) 10wt.%, F)

20wt.% and H) 30wt.%
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Table 1 Composition, density, hardness and wear test parameters for various samples
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73.755 1.48200 0.00321 0.150 50 1.76 2.2 2.1611 PTFE A
63.082 1.26795 0.00272 0.015 53 2.57 2.2043 2.1475 PTFE-10Gr B

50.067 1.02306 0.00223 0.250 PTFE-
53 3.82 2.2757 2.1887 10Gr/52r0, C

42.550 0.85527 0.00192 0.340 PTFE-
54 4.33 2.3502 2.2449 10GH/10Zr0, D
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34.750 0.69850 0.00170 0.200 PTFE-
55 6.67 2.6060 2.4320 10Gr/252r0, G

46.726 0.93919 0.00230 0.250 PTFE-
53 9.44 2.7042 2.4489 10Gr/30Zr0, H
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Fig. 3 SEM micrographs from worn surfaces of B (PTFE-10Gr) and F (PTFE-10Gr/20ZrO,) samples with various magnifications of: series-1:
30x, series-2: 1000x and series-3: 5000
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Fig. 1 Results of three- point bending test for composite plate
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