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Effect of methylene diphenyl diisocyanate and maleic anhydride grafted
polypropylene on morphology and physical-mechanical properties of
polyethylene based wood-plastic composites containing nanosilica and nanoclay
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This research was conducted with the aim of investigating the compatibilizer of methyl diphenyl
diisocyanate and maleic anhydride polypropylene on the morphology and physical-mechanical properties
of wood-plastic composite containing nanosilica and nanoclay, high density polyethylene, wood flour. For
this purpose, 3% compatibilizer along with nano particles at 3 levels of 0%, 2%, 4% were mixed with an
internal mixer and test samples were prepared using the injection molding method. Then, the physical and
mechanical properties of the samples such as water absorption and thickness swelling, modulus and tensile
and bending resistances and impact resistance were performed on the samples. The results showed that the
increase of nano particles had a positive effect on the physical and mechanical properties except impact
resistance and improved them. However, the presence of nano-silica has led to an increase in the water
absorption of composites. Examining the FTIR spectra and XRD patterns, the distribution of nanoclay in
the field of polymer is of interlayer type, and in nanosilica, there is the accumulation of nano particles and
the increase in the dimensions of the crystals in the composite. The results of bending and tensile strength
were confirmed by scanning electric microscope.
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2 Maleic anhydride grafted- polypropylen
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Table 1 Weight percentage of components of various wood-plastic
composites (studied treatments)
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Fig 5 The mutual effect of compatibilizers and the amount of nano
particles on the tensile modulus
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Fig 2 The mutual effect of compatibilizers and the amount of nano
particles on flexural strength
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Fig 11 X-ray diffraction spectrum A) pure nanoclay; B) composite
containing 2% nanoclay; C) Multistructure containing 4% nanoclay
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Fig 12 X-ray diffraction spectrum A) pure nanosilica; B) polystructure
containing 2% nanosilica; C) Multistructure containing 4% nanosilica
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Manufacturing and investigation of mechanical properties of aluminum matrix
composite materials reinforced with short carbon fibers using powder metallurgy

method
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1- Faculty of Materials and Manufacturing Technologies, Malek Ashtar University of Technology, Tehran, Iran.
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In this research, short carbon fibers were used as reinforcement with volume percentages of two, four, six
and eight percent and aluminum powder 5083 in order to make the metal base composite material. A low-
energy mill was used to mix powder raw materials at different milling times. The mixed powders were
sintered by hot press method, with a pressure of 100 MPa, a temperature of 500 degrees centigrade, for one
hour and in an argon gas environment. In order to evaluate the sintered samples, the density and mechanical
tests including hardness test, tensile test and three-point bending test were investigated and finally the
fracture sections of the tensile samples were studied. The results of the tests were extracted along with the
graph of changes, the percentage of stresses and also the microscopic shapes for each of the manufactured
samples. The best results for the composite sample with four volume percent of reinforcement with a
relative density of 98.4% at the optimal mixing time of four hours, tensile strength of 360.28 MPa, bending
strength of 423.77 MPa and Vickers hardness of 101.6 with the failure mechanism of pulling out fibers and
bridges cracking on fibers was obtained.
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6- Hot isostatic pressing (HIP)

7- Cold pressing

8- Cold isostatic pressing (CIP)

9- Explosive Shock Consolidation
10- Direction-controlled properties
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1- Liquid state process
2- Solid state process
3- Gas state

4- In-situ

5- Hot pressing
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Materials

Atuminum 5083 Alloy Powder |

AV

Milling Process

Chopped T300 Carben Fibers

Milling at a speed of 60 revolutions per minute for an optimized duration

7

Hot Pressing

Pressing time, temperature, and pressure: one hour, 500 degrees Celsius, and 100 megapascals

N

Sample Cutting

Milling and Cutting of Samples

N2

Density Measurement

Utilization of the Archimedes Method

A4

Microstructure Examination

Microstructure Examination using Optical and SEM Microscopes after Grinding and Polishing

NS

Mechanical Properties Study
Hardness Testing, Uniaxial Tensile Strength, and Flexvral Strength Analysis

N2

Fractography

Fracture Surface Examination using Scanning Electron Microscopy (SEM)

Fig. 4 Research Methodology Stages
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Table 1 The chemical composition of the AI5083 powder used in this
case
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Fig. 3 SEM image of T300 carbon fibers
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Table 7 Results of Density Measurements for Hot-Pressed Samples
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Fig. 20 Hardness of Hot-Pressed Samples
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Table 8 Results of Hardness Testing on Hot-Pressed Samples
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Fig. 26 Changes in Yield Stress and Fracture Stress of Hot-Pressed
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Fig. 21 Stress-Strain Curve for Hot-Pressed Al 5083 Sample
0als p)5 wys AL 5083 saiges Jsb obsjl o yo - 25 jlogei 21 JSCb

MPa .

MM -

18 4 3 3 2
ELONGATION %
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Fig. 27 Changes in Percentage Elongation of Hot-Pressed Samples
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Fig. 32 Changes in Bending Stress of Hot-Pressed Samples
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Fig. 33 Changes in Elongation of Hot-Pressed Samples
0sls p )5 oy sladiged S5 pusd Job ol 33 B

3l Glepae IS s 31 BLI Calan o 4 00iiS Sy 9l 0o
Al sels H>00.41 mm G 1.11 mm

odd p)5 (o sladisel Shes gl 10 Jguar
Table 10 Results of Flexural Testing on Hot-Pressed Samples

Al Al Al Al Al
5083- 5083- 5083- 5083- 5083 Aged
8% vol 6% vol 4% vol 2% vol
283.67 409.64 423.77 392.36 354.98 (MPa) s a5
0.41 0.46 0.59 0.9 111 J%
(mm) s
MPa
400
S
T
R
= 240
S

02 03 04 05 06 07 08 09 1 11 12 13 14 15

EXTENSION  (mm)
Fig. 27 Stress-Strain Curve for Hot-Pressed Al 5083 Sample
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Monte Carlo simulation and determination of gamma ray protection
characteristics of composites containing Bismuth Oxide and elements of
Gadolinium, Titanium, Tungsten, Zirconium, Zinc and Yttrium
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In this research, the use of composites based on bismuth oxide with impurities of Gadolinium, titanium,
yttrium, tungsten, zirconium and zinc as a protective material for effective protection has been discussed.
In here, the evaluation of X-ray and gamma ray shielding for selected composites has been done using the
simulation tool based on Monte Carlo method of Geant4, in the photon energy range of 15 keV to 15
MeV. To investigate the performance of these selected composites, effective quantities in gamma ray
attenuation such as: attenuation coefficients (total, linear and mass), mean free distance, one-tenth and
half-value layers, the ratio of Compton scattering to the total attenuation coefficient have been calculated.
To verify the simulation results, the simulation results are compared with the data extracted from the
NIST-XCOM database, and the data extracted from the NIST-XCOM database and the simulation results
are in good agreement with each other. Also, the percentage deviation (RD) between the calculated results
is less than 2% in most cases. Due to the high atomic number of bismuth and Gadolinium, compound of
bismuth oxide containing Gadolinium absorb and attenuate high-energy photons with higher efficiency
than lead and are less toxic. Bismuth oxide compound shields with Gadolinium element can be used as
absorbers of high-energy photons for various jobs in the field of medical radiation, such as doctors, dental
hygienists, operating room workers, and radiologists, and can improve the health and safety of workers.
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Table 1 Chemical composition and wt. fraction of elements for samples
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Zn Zr Y w Ti Gd 0 Bi (g/cmd)
- - - - - 851 10.76 80.72 8.89 Bi-Gd
- - - - 8.51 - 10.76 80.72 8.37 Bi-Ti
- - - 8.51 - - 10.76 80.72 9.62 Bi-W
- - 8.51 - - - 10.76 80.72 8.36 Bi-Y
- 8.51 - - - - 10.76 80.72 8.53 Bi-Zr
8.51 - - - - - 10.76 80.72 8.59 Bi-Zn

Sgi o odlatnl ) Ojseds LS pl asls glpp Jb ol b
1411

HVL(cm) = M
u

®)
SalS (gl 5Lis g0 oole Cwelis lgreas (TVL) Jlade o0 Y

P20y Y 0sd e iyl ol sl ke @Sy 4 B gy oud
S O o3l 00 5 &z aloz 5l asle ply> 5 95 55 @ e
O Sl miais ply ye cblis o Clél ke pascSy 4l )b
plp 50 pose pges g 5,5 5 cladlxe (gly Jadlre Slge caslin Cuales

TVL(cm) = Ln(10)

4)
5 Geantd giluacs jIul 5l Jol> mls G (YORD) Gl as o
0gd 0 ol ) alal) ulsl 5 XCOM ol 5l 7 o gbrosls

HGeanta

RD%=(1—< ))*100

Hxcom (5)
o g gl -3
Ko Il 2eS lagssyl jo ogde osalie 1 5o j0 o5 pshailes
Olee pygisd (6550 IR L g o0 S6SUlgsd LS ssuay g 2SI
500 51 oS slacss il 3 pletS (FasSTyy e S 5 oy ol
Ko 10 (5551 b olantST (FaiSTyy 5 ol amgihld Slyiyg S 5k
e (99,8 Sl il GalS cel g S)ls S92y gy 2SI
o5 My abol @35l Olieear w3 SRl L e ges Wy ey
Ko 151 3L slacss il po 5 wesoe OLa3 |y (055 G5 is <05
cliie pb 5 chend cup (Zole )0 adlior e ey Sy i8I
2,18 oekins dlayl LEQTL9A.ZSGA);.:.&3L®OJ{J4’ ol

lp e Glags il o oz ndl G po Hlake wslllas a0
b cdgreniSdl oS 15000 6 15 o slass il odgame ,o oy jomsls
A duwle GeANtA (g 5luacss 15l 51 oolarul

2351

Sord gl Sl QI Gl s 055t slagssl 5o sl ol
il g Sl o pd dw il Egeme (GlatS (SST b S as
)1 (K 03le (JBs 5 oole J9SIge g (ool oS5 w5398 slapysist
F s po wgdoe a8F s pless (SuSly o sl
cord el 0gialS (FaSn b s Sl Qi oo gene
i elyn ams oo el bo 1y Sl (ahe CueST g0y hpnS
S dlin bl (JB & 4255 g |, ilise olga

o (ST S a5 it Sl 5 i sl el o
seals @em3) JBs 5 (1) oole cusls 4 ates (l0) 39,3 (slogygigh
b e

U1y &5 Sl (foeS (o hndS pd Dy g6 ik
ABS o e 535,5 Axbl il 15 Ceaglie gl |, ool

Culigh S s 308 digad S 5l a5 LS slagysist sln 1y ol Olsiee
1401

u(em™) = +in (%)
t 1 D

JEsl oo 1 /Iy Conns ol baaiged Cwnlses t (CM) &5 Sl o
e o 0duels (1) doles 50

a5 el (g ke gl oo 00l lad L ooles b aS s mdd (g0
Sload b Cdluwe axly jo 1) 20l g5y al jais oole S a0 lis
Slade oBST ius o 579 s (g iy Sl LS 5 L 8] ams oo 2lS 0ols
I |y pare Kol i labsle 5 2l oy Gl cuy
S5l Cowddy 3 dolre 5l oolaul b balbogle 58 5l oolaiwl b Soluwa
[41]

h= QWi )

Ages ;o odijle yaie S35 S Wil ssle J&> o ol 0 o5
Al oe oS 50 eoliul 8 50 yaie ce,> Al oo U g el

2

5ielS gl slioyge eole Cwls laeds (HVL) Jladees Y

4 Jladens Y 0gd e ciyyed ol adgl lade Chal 4y il 5 oo
Sloole 5l Ky 1 o3l dae 5 I aloz 5l oole (olss 5 55, (555
a4 1) g Gl Bl 5L (i Cwls 4 VL ladend 4V |

Ans alS 8g5 adgl Jlade



SRe 5 ) sasle

=
S
&

Hcient (o 4

Livear Heenttation ope,
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Table 2 The values of calculated mass attenuation coefficient for chosen samples

g,‘;'d.;.akglmdjw LS‘)'.‘ @PM wpam@wﬂom2 Jg..\q

&

% Bi-Gd Bi-Ti Bi-wW Bi-Y Bi-Zn Bi-Zr
s
3 = = s s = =
L” o E e 3 E « & % e 6 = « s % « 8 % €
0.015 101.678 101.753 0.07 96.768 96.863 0.09 105.488 105.627 0.13 95.6582 95.750 0.095 100.62 100.717 0.09 95.817 95.906 0.09
0.02 75.767 76.067 0.39 73.413 73.705 0.39 77.6493 77.947 0.38 77.89 78.188 0.383 75.210 75.520 0.41 78.2466 78.514 0.34
0.03 26.726 26.745 0.07 25.896 25.906 0.03 27.4002 27.417 0.06 27.4527 27.466 0.047 26.505 26.510 0.01 27.5873 27.597 0.03
0.05 7.0735 7.115 0.58 6.858 6.890 0.46 7.25829 7.293 0.47 7.24826 7.217 0.396 7.007 7.033 0.45 7.28092 7.312 0.42
0.0596 5.3198 5.345 0.46 4.363 4.310 121 4.61512 4.561 117 4.60045 4.542 1.26 4.449 4.395 121 4.622 4.563 126
0.08 2.487 2528 163 2.049 2.088 1.90 2.6805 2.718 14 2.15306 2.191 174 2.0861 2.125 1.86 2.16019 2.200 185
0.1 4.893 4.913 0.40 4.651 4.672 0.44 5.00497 5.026 0.42 4.70463 4.725 0.44 4.6704 4.691 0.43 4.71034 4.731 0.43
0.15 1.781 1.789 0.41 170 1.710 0.45 1.82217 1.830 0.44 1.71872 1.726 0.44 1.708 1.716 0.44 1.72051 1.728 0.43
0.2 0.89 0.895 0.42 0.855 0.859 0.40 0.91065 0.914 0.39 0.86235 0.866 0.39 0.8577 0.861 0.40 0.8631 0.867 0.39
0.3 0.366 0.368 0.35 0.355 0.357 0.35 0.37393 0.375 0.35 0.35738 0.359 0.35 0.3561 0.357 0.35 0.35762 0.359 0.36
0.4 0.215 0.216 0.38 0.210 0.211 0.38 0.21885 0.220 0.39 0.21108 0.212 0.38 0.2106 0.211 0.38 0.21119 0.212 0.38
0.511 0.148 0.153 3.20 0.145 0.150 2.14 0.14992 0.155 3.24 0.14579 0.145 0.51 0.1456 0.144 148 0.14585 0.145 0.54
0.8 0.087 0.087 0.10 0.086 0.086 0.52 0.08788 0.086 19 0.0866 0.085 148 0.0866 0.085 159 0.08662 0.088 140
1.173 0.061 0.062 0.38 0.0619 0.062 0.33 0.06227 0.063 14 0.06182 0.063 1.68 0.0619 0.062 0.14 0.06183 0.062 0.04
15 0.052 0.053 0.32 0.052 0.052 1.63 0.05274 0.053 0.05 0.05247 0.052 147 0.0525 0.052 1.49 0.05248 0.053 0.41
2 0.045 0.045 1.62 0.0459 0.045 1.49 0.04614 0.045 1.93 0.0459 0.045 1.46 0.0459 0.045 1.60 0.0459 0.045 1.98
3 0.041 0.042 0.36 0.0412 0.041 0.38 0.04105 0.042 2.0 0.04135 0.042 0.365 0.0413 0.042 0.37 0.04137 0.042 0.36
4 0.041 0.041 0.08 0.0401 0.040 0.07 0.04173 0.041 i 0.04053 0.040 0.08 0.0404 0.040 0.07 0.04055 0.041 0.08
5 0.042 0.042 0.59 0.0406 0.040 0.58 0.04159 0.041 0.61 0.04093 0.041 0.58 0.0408 0.041 0.58 0.04096 0.041 0.58
6 0.042 0.042 1.00 0.0414 0.041 0.98 0.04259 0.042 1.03 0.04183 0.041 0.98 0.0416 0.041 0.98 0.04185 0.041 0.98
8 0.044 0.044 139 0.043 0.043 1.38 0.04503 0.044 143 0.04408 0.043 1.36 0.0438 0.043 1.36 0.04411 0.044 1.36
10 0.047 0.047 134 0.045 0.045 134 0.04752 0.047 138 0.04641 0.046 131 0.0461 0.046 132 0.04645 0.046 131
15 0.052 0.052 0.37 0.050 0.051 0.43 0.05299 0.053 0.41 0.05162 0.051 0.38 0.0512 0.051 0.40 0.05167 0.051 0.38
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Table 3 Fast neutron removal cross section for chosen samples
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Experiments and numerical simulations for free vibration analysis of sandwich

conical shells with anisogrid composite lattice core
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1- Department of Mechanical Engineering, Shahid Rajaee Teacher Training University, Tehran, Iran
P.O.B. 16846-13114, Tehran, Iran, rehamzeloo@sru.ac.ir

Keywords Abstract

Sandwich conical shell,
Composite lattice core,

In this study, the modal analysis of sandwich conical shells with a composite lattice core was presented
using experimental and numerical methods. For this purpose, samples of such sandwich were made of two

Modal test, identical Kevlar-fabric face sheets and a composite (glass-carbon fibers) lattice core with regular hexagonal
Finite element method. cells. Next, modal tests were carried out to extract the natural frequencies and the mode shapes by collecting
frequency responses using a laser accelerometer. Also, ABAQUS FE simulations were presented in order
to validate the results obtained from modal tests using three-dimensional elements. According to the
experimental results, the difference in the natural frequencies of samples is less than 3% for the first mode
shape (m,n)=(1,2) and 6% for the second mode shape (m,n)=(1,3). Therefore, it can be concluded that
there is the least possible error in the conceptual design and the implementation of various manufacturing
processes. In addition, there is good agreement between the results obtained from modal tests and ABAQUS
finite element method, i.e. the maximum difference in natural frequencies of the first four mode shape is

approximately 16%.
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Fig. 4 The experimental setup and equipment for modal test of
anisogrid composite lattice conical shell
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Fig. 1 (a) The schematic model and (b) specimen of three- skin
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composite lattice core
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Fig. 2 (a) Several cutting block and (b) fabrication of truncated
conical foam mold

b i 51 USS by ysee B el (0) 5 cilizes slacSl (all) 2 S

Onblh

b-o a- <l
Fig. 3 (a) The Kevlar inner skin and (b) vacuum process of anisogrid
composite lattice core

il an T o5le peuSs 018 () 5 VS i 5l A3l 4, (N3 S
Sgell Seto atn 5 VS (JSs 4



Ve 9 leid)

G 9 ) SGBIY Blise o () 9aell Suine amd b (S rxe (a9 3ilw Al g3 ART ekl Jul=s

oy g goue gl -4

Sl plS 8 i Jlage sla el (59, 2 Eom g oy p 4 p2l 250 50
i g 9 o0 AN (025 Slaghy, Sl el oge S 5 (b
adlas ;o 558 o0 &)l game Hloll gl b alis )5 riwcons Slallas
Wl slanlp gzl (rwios (Sl c8s al el 4
wSLo diged 93 (sl 3ge JSB g (ormb Slaguils 3« (ouilS 5 laguly
A b Sete wen b (mgwile (@l (bt slaatug 5l ead
99 3 K3 o)lods Al 4 bgrja (oulS 3 Gl 7 JSB 50 digh o0 dmlie
iloads &5l )| Sige o S o0 Cod diged

;:: Ej::::m “-Q_Hh_a H A Jﬂ;l“ ShapeIAlign Disp\ayl
0 FRF H1 (5X+41X+) (Magnitude) | 'cursor values
o =asurement [(m/s)/N] X:73.13 Hz
3 é@ 10m] ¥: 17.26m (m/s)/
= 5m-|
2m-
1m-
500u+
200u+
E 100u-
0 ZDIU 460 GUID SDIU l‘k
[Hz]
a-all
Dwd 2SR ¢ Wi
;:". Cji:::m “THITE H ng_M:l“ ShapeIAIign Dlsplayl
1n FRF H1 (6X+41X+) (Magnitude) |cursor values |
2 EasUIEmen [(m/s)/n] X 71.25 Hz
S @ 30m- Y: 44.10m (m/s)/!
2 10m-
] 3m
B |
300u+
100u4
30uq
0 200 400 60‘0 800 1k
[Hz]
b-o

Fig. 7 Comparison between the frequency response function (FRF) for
two samples of the anisogrid composite lattice sandwich conical shell
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Fig. 8 Comparison between the modal test results predicted for
samples (a) A and (b) B of the anisogrid lattice sandwich conical shell
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Redesign, modal analysis and stress analysis of cross car beam

Majid Safarabadi’*, Mohsen Sedaghat!

1- School of Mechanical Engineering, College of Engineering, University of Tehran, Tehran, Iran
* P.0.B. 14399-57131, Tehran, Iran, msafarabadi@ut.ac.ir

Keywords Abstract

Cross car beam,
Resonance,

Natural frequency,
Fiber in metal laminate

As components of the car's dashboard, there is a support structure which is called cross-car beam (CCB).
This beam bears the loads and respond to crash forces. Cross-car beam is essential, because its functions
include safety, structural support of the instrument panel and passing sound, vibration and harshness (NVH)
standards. If the natural frequencies of the cross-car beam overlap with one of the excitement frequencies,

a phenomenon known as resonance occurs. According to the low stiffness of the cross-car beam, the modal
response of the cross-car beam should be studied and modified to avoid this destructive phenomenon. In
this article, by changing the material of the cross-car beam from steel to polymer-based composite, the
beam was redesigned and its vibration performance and stress analysis were performed. The simulations
showed that changing the material of the metal beam to glass-epoxy composite, carbon-epoxy composite
and fiber in metal laminate (FML) increased the natural frequency by 18%. In order to avoid resonance,
more increasing is required for natural frequency amount. Therefore, several supports were added to
connect beam to car body and reduce degree of freedom. Changing the material and increasing supports at
the same time resulted 460% increasing for natural frequency. Because excessive increase of natural
frequency will lead to increasing structure rigidity and as a result stress concentration, so numerical stress
analysis was done and finally a suitable laminated composite was suggested for cross-car beam.

Please cite this article using: 0 olitul iy @le 5l e 4 gl )l (sl
Safarabadi, M., Sedaghat, M., “Redesign, modal analysis and stress analysis of cross car beam,” In Persian, Journal of Science and Technology of

Composites, Vol. 10, No. 4, pp. 2363-2376, 2024. https://doi.org/10.22068 /JSTC.2024.2023466.1876
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Table 1 Chemical properties of 1010 steel [24]

Element Content (%)
Iron, Fe 99.18-99.62 %
Manganese, Mn 0.30-0.60 %
Sulfur, S <0.050 %
Phosphorous, P <0.040 %
Carbon, C 0.080-0.13 %
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Table 2 Physical properties of 1010 steel [24]

Metric
7.87 gr/cm®

Properties
Density

[25] 10105Y58  SlSe olss 3 Jguzr
Table 3 Mechanical properties of 1010 steel [25]

Young's Modulus (GPa) 200
Poisson's ratio 0.285
Total Elongation (%) 28.453
Yield Strength (MPa) 305
Tensile Strength (MPa) 395
Tensile/Yield 13
Uniform Elongation (%) 18.973
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Table 5 Physical and mechanical properties of glass/epoxy and carbon
epoxy [26]

Mechanical Properties  Glass/Epoxy Carbon/Epoxy
Elastic Modulus (MPa)
E: 45000 121000
E, 10000 8600
Es 10000 8600
Shear Modulus (MPa)
G 5000 4700
G 5000 4700
G 3846.2 3100
Poisson’s ratio
Via 0.3 0.27
Vi3 0.3 0.27
Va3 0.4 0.40
Density(kg/m®) 2000 1490
Tensile Strength (MPa)
TS 1100 2231
TS, 35 29
TSs 35 29
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Fig. 4 Boundary conditions added in simulation
Sl et 3 00l aBlal (55,0 Ll 0 4SS

G5 el g J1ogo okt

Sl 5 (A ,) slasge arulre sl a5 Cunl (B9, Jloge Jolow
Slp Jols dolee 098 o oolainl was o lis ojle G a5 ad e
ol ohg jlade aliew Gloie a4 vad o bl 5T b)) a5 glojl
(271555

[K — AM]x = 0 1

Cﬁ|)b&lﬂ.wlﬁﬂ uwaAMjb)LuwwacKu])éJ
a |))» o9 Hlade N g Hlake aiue Jo el 00l a8 5 0050l il

5 Global seed
6 Carbon epoxy
7 Glass epoxy
8 Fiber in metal

2367

5 S5 by el ons oslitul sjloaae lp ' s Gledl 51 Gloslne
o3l (g3lwends ;3 5 witd T gz olS g5 518 USh 4y azgi L (s
SR (sl Deizmes Sgdiges ools Jae 4 00 9 alulr S
oolitul o gbeo 7.5 % ojlasl 5 Tadgu (29, LT gmye plall US55l oo

Vedde:

oot F weaa[Toioaet [ soTomr o

A swuin

z
l-.v
%

Fig. 3 Boundary conditions in simulation
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Table 4 Physical and mechanical properties of aluminum alloy 2024-T3

E E E Poisson's Tensile
X 4 N : Density(kg/m’)  Strength
(GPa) (GPa) (GPa) ratio (MPa)
72.4 72.4 28 0.33 2700 465

1 shell
2 clamp
3 Quad
4 Sweep
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Table 6 Comparison of the natural frequency (Hz) between the current
research and the reference [28]

First natural
Percentage

Length(m) Ref [28] frequency (present Difference (%)
study)

1 732.430 681.70 7

2 220.705 203.97 7.5

4 58.338 53.985 7.46

6 26.311 22.980 12.66

8 14.859 12.977 12.66

10 9.527 8.783 7.8
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Fig. 8 Mass-natural frequency diagram of glass epoxy and

comparison with aluminum and steel 1010 (All 21 points on the left

side correspond to the layers of composite with code 1 to 21
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Fig. 9 Mass—natural frequency diagram of glass epoxy-aluminum
and comparison with aluminum and steel 1010
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to the current modeling (present study)

Sl Joe b il (o 4 [29] dlie gllae (W1 ol awglin 7 S
JIsge Julow' i -3-5

3Bl j0 ead plxil giluJas Bub a5 ol S a4 Y Lol o
ilen T oo Gillae (o o (aeb (58 e s

Sy7ge 0,500l (sl T Sl sk S BT Jgu
Table 7 Natural frequencies for existing cross car beam

num. frequencies
L G Jslong e b bt uils 3 174.23
2 (5,2) Jgl ey ylaie b ,blie LuilS )3 454
3 G sl e b jblite uilS 509.61
4 G5y2) Jol oy Jlade b ble uils 8 680.56
5 ) Jsloiug e L bt uils b 732.81
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Fig. 10 Mass—natural frequency diagram of carbon epoxy and
comparison with aluminum and steel 1010
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Fig. 11 Mass—natural frequency diagram of carbon epoxy-aluminum and comparison with aluminum and steel 1010
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Table 8 Comparison of tension, frequency and mass of aluminum and steel 1010 with the best FMLs in the all-support mode

Composite or FML codes w (Hz)  m (e"-4ton) Max stress (MPa) Yield stress (MPa) Ultimate tensile strength (MPa)
Steel t=2mm 840.35 10.2979 Fail: max stress >396 305 395.98
Al t=2mm 862.6 3.53296 Fail: max stress >465.3 345 465.28
Al t=3mm 873.02 5.299 Fail: max stress >465.3 345 465.28
11 567.59 5.23402 479.7 - 1100
32 941.5 3.89935 670.6 - 2231
41 967.77 6.23895 417.6 - 2231
46 798.93 3.43483 Fail: max stress >603.2 - 603
156 866.5 18.4499 194.6 - 580
193 887.05 3.28958 Fail: max stress >1000 - 1000
256 896.52 4.93437 615 - 920
270 933.5 9.86875 279.2 - 808.8
284 976.53 16.4479 157.7 - 690
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Table 11 Types of 12 layers FML studied in this research (The unit of
measurements is mm)

1 Cawgn -8

Focshee Wojluil axlg) polo Gaiod o axlllas )50 slaza gl 9 Jouzr

measurements is mm)

(aob o

Table 9 Types composites studied in this research (The unit of

> o
= > > >
o 3 ¢ 5 -z 22 Z3
2% g% 25 2 28 £ 2z . =
&5 22 § 2 52 53 28 s g% gE g g 55
2= &/ 2 2 <o 24 52 o 8 S @ CI=] 2 B ]
o =] e 8 g% 2 <3 a2 ag $ o s 5 <5
2 ] e = < o a o g 2 & ] 2 o
g > 5‘7 9; = — 5‘7 [ o 7] '8 17 Bt % b 17 %
&< < - ¢ E & = ¢ =S
187 59  [AL/+45,/AL], 04 02 0.4
188 60  [AL/+45,/45], 1 02 ; 22 1 [£45]5s 0.2
189 61  [AL/+45,/AL], 03 015 03 23 2 8 [0/45/90/—45], 0.2
190 62 [AL/+45,/45], 0.75  0.15 - 24 3 [0/90],s 0.2
191 63 [AL/0/45/90/—45 04 02 04 25 4 [£45]5s 02
/AL 26 5 12 [0/45/90/—45/0/45], 02
192 64  [AL/0/45/90/—45 /0] 1 0.2 - 7 p [0/90] 0.2
[AL/0/45/90/—45 3s :
193 65 /AL] 03 015 03 28 7 [+45],, 0.2
S
194 66 [AL/0/45/90/—45/0], 0.75 0.15 - 29 8 16 [0/45/90/—45], 0.2
195 67  [AL/(0/90),/AL], 04 02 0.4 30 9 [0/90],, 0.2
196 68  [AL/(0/90),/0], 1 0.2 - 31 10 [+45]s, 0.2
197 69  [AL/(0/90),/AL], 03 015 03 32 11 20  [(0/45/90/—45),/0/45], 0.2
198 70 [AL/(0/90),/0], 075 0.15 - 3 2 [0/90], 02
34 13 [+45]4, 0.2
ol Guio o aslllas 350 4Y 14 GLII 56 aVoiz o zaY elgl 12 Jguo 35 14 24 [0/45/90/—45];, 0.2
(Wibon sa e Woojlusl als) 36 15 [0/90] s 02
Table 12 Types of 14 layers FML studied in this research (The unit of 37 16 [£45]7 0.2
measurements is mm) 38 17 28 [(0/45/90/—-45)5/0/45]; 0.2
39 18 [0/90],, 0.2
> > > 8 — > 40 19 [+45]g, 0.2
z = = g4 £z 3%
g a 2 5 =g 2 §& Zg 41 20 32 [0/45/90/—45],, 0.2
<} [~y IZ o o o
£¢ 2% g2 2% ZzZ E 5 =8 2 2 [0/90]g, 0.2
¢ ¢m g 3 $8 28 2% 38
B g ¢ e "L e 82 g%
g < = 27 == 8 P2l G 45 aslllae 5,50 Y 8 SUII 36 a¥aiz sla iz glsl 10 Jyu
(w3lion yio oo baoslail axlg)
199 71 [AL/EAS/AL 02 02 04 02 s -
/+45/AL], Table 10 Types of 8 layers FML studied in this research (The unit of
[AL/+45/AL measurements is mm)
200 72 /445 /AL 015 015 03 0.15
201 73 [‘;f)/ %?0/ ALO 92 02 04 02 z 2 2§54 g2
[90/AL]; 2 3 ¢ 5 ng S5 Eg
8 8% S 2 28 2% £&
25 22 5 5 5% 58 &%
Solo Gz ;0 anlllas 590 Y 16 BT 16 4Vaux sla maY £l 13 Jgur @ %1 g3 S 2 ¢ 2 g
(a3l oo o e Woojlul axly) Z Z g g~ "g
Table 13 Types of 16 layers FML studied in this research (The unit of
measurements is mm) 171 43 [AL/+45/AL), 0.2 0.2 0.2
172 44 [AL/+45/AL), 0.5 02 025
> . > g > 173 45  [AL/+45/AL), 015 015 0.15
3 g _ 5 ¢ 5 ;9% % 5 25 174 46 [AL/+45/AL], 05 015 025
£¢ 2% = g 2z &BF 175 47 [AL/45/—45/45] 0.6 02 -
25 2 g Sg =% 52 176 48  [AL/45/—45/45], 045 015 -
= -
E 5’ 2 § S 2 177 49  [AL/45/90 JAL), 0.2 0.2 0.2
178 50  [AL/0/45/90], 0.6 0.2 -
202 74 [AL/+45,/AL], 054 0.18 0.54 179 51 [AL/45/90 /AL], 015 015 0.15
203 75 [AL/+45;/AL], 06 02 0.6 180 52 [AL/0/45/90]; 045  0.15 -
204 76  [AL/+455/AL], 045 0.15 045 181 53 [AL/0/90 /AL], 0.2 02 02
205 77 [AL/345;/45]; 14 02 - 182 54 [AL/0/90 /AL, 05 02 025
206 78 [AL/+45,/45], 105 0.5 -
[AL/0/45 /90450 183 55  [AL/0/90/0], 0.6 0.2 -
209 8145 ar), 054 018  0.54 184 56  [AL/0/90 /AL], 015 015 0.5
_ 1 AL AL . 1 2
)11 g3  [AL/0/45/90/—-45/0 06 02 06 85 57  [AL/0/90 /AL], 05 015 025
/45/AL], 186 58  [AL/0/90/0], 045  0.15 -

<0)940l8 (5 )9Ud 9 pole Ay s
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[AL/(0/45/90/—45),

[AL/0/45/90/—45/0

254 126 10/45/90]. 165 0.5 - 212 84 /45/AL]. 045 015 045
257 129 [AL/(0/90)s/AL], 1 0.2 1 o4 ge  LAL/0/45/90/—45/0 4 o2 i
258 130 [AL/(0/90)s/AL], 075 015 075 /45/90], ' )
259 131 [AL/(0/90)5/0], 1.65  0.15 - 515 g7 [AL/0/45/90/-45/0 105 015 i
260 132 [AL/(0/90)s/0], 22 02 - /45/90] i i
216 88  [AL/(0/90)3/AL], 054 018 0.54
219 91 [AL/(0/90)5/0], 1 0.15 -
72l 3ao 3 adlllae )90 4Y 28 SLII L eV GlainzraY ¢l5l16 Jgax 220 92 [AL/(0/90)3/0]; 14 02 -
(w3b oo o e Laojlasl asls) 221 93 [AL/(0/90);/AL], 06 02 0.6
Table 16 Types of 28 layers FML studied in this research (The unit of 222 94 [AL/(0/90)5/AL]s 045 0.15 045
measurements is mm) 223 95  [AL/(0/90)3/AL], 051 017 051

2 > > g T ol 3o ) anlllae 390 4 20 LI 6 Vi sla ra¥ glyil 14 Jgux
o) = w = o e 8 = ]
T £5 7 3% :E (b s vl 221
& g g 2 S8 g g g3 2 g Table 14 Types of 20 layers FML studied in this research (The unit of
ey 2 8 g <] 52 % g measurements is mm)
g < g g~ "¢g
= = > 8 >
263 135  [AL/+454/AL], 12 02 12 o = - =z 22 2=
g8 = e} =2 2 .
264 136  [AL/+454/AL], 09 015 09 g g% g E 2 g g% %g
265 137 [AL/+454/45], 195  0.15 - 2z @ & g2 <9 =2 =8
(¢] w [72]
266 138  [AL/+45,/45], 26 02 - 2 2 = "z 5% 9z
_ < = @ =
269 141 [‘ZLL/ (0/45/90/=45); 12 02 12
/AL]SO 15790745 224 96 [AL/+45,/AL), 068 017  0.68
270 142 5 AA( /45/90/=45) 49 015 09 225 97 [AL/+45,/AL], 08 02 08
s 226 98  [AL/+45,/AL], 0.6 0.15 06
271 143 %ﬁ/ (0/45/90/=45), 26 02 - 227 99 [AL/+45,/45], 18 02 -
s 228 100 [AL/+45,/45], 135 0.5 -
2 1aa [AL/(0/45/90/-45), 195 0.5 - [AL/0,/45,/90,/—45,
/0], 231103 068 0.17 0.68
275 147  [AL/(0/90)4/AL], 1.2 0.2 1.2 [AL/S(0/45/90/_45)
276 148 [AL/(0/90),/AL, 09 015 09 233105 0 : 08 02 08
277 149 [AL/(0/90)4/0], 26 02 - 234 106 [AL/(0/45/90/-45), (o 015 g6
278 150  [AL/(0/90)4/0], 195  0.15 - /AL] i i :
236 108 %]L/ (0/45/90/=45), 18 02 -
. . e . s . R . s
ol oo o anlllas 590 42Y 32 BLI 56 aVasr b oz ey gl 17 Jgan 237 109 [AL/(0/45/90/—45), 135 015 i
(wilon s shen Laoslail axlg) /01, : '
Table 17 Types of 32 layers FML studied in this research (The unit of 238 110 [AL/(0/90)4/AL]; 0.68 0.17 0.8
measurements is mm) 240 112 [AL/(0/90)4/AL], 08 02 0.8
241 113 [AL/(0/90),/AL], 0.6 0.15 06
> o 243 115 [AL/(0/90),/0], 18 02 -
3 2 2 84 = 244 116 [AL/(0/90),/0] 135  0.15 -
Q — e B = 2 = 4/Ys
o & o Q 8 5 52 23 &z
g 98 2 B L0 2x =2
&8 22 g B 53 53 o8 — 1L .
7 @ 7] _{'grl & (.;D: ’é 2 = 4 % % )..4[> Gl )0 sl 3,90 Y 24 dLJl )ls Ai\JJ.Q ASL“@‘:-?“'.'.\J &ly‘ 15 JS"\".
< o a
g & g g~ ~F (a3l oo o sles Wojlal aly)
Table 15 Types of 24 layers FML studied in this research (The unit of
281 153 [AL/+45,/AL), 1.05 015 1.05 measurements is mm)
282 154  [AL/+45,/AL], 14 02 14
283 155  [AL/+45,/45]; 225 0.15 - 2 > > 8 >
284 156 [AL/+45,/45], 3 02 - 2 _B 5 E =z £2 Z=
_ S 9 o 8 2 B 40 @, & o
287 159 %%g%ﬁ/ 0/=8)s 105 015 105 &8 22 g8 58 &% )
[AL/(0/45/90/—45) z 3 ¢ & sS4 85 5%
288 160 /0/45/AL] 3 14 02 14 & & g g° g
S
289 161 %%g%ﬁ/ 90/-45), 225 015 - 245 117 [AL/+45¢/AL], 1 0.2 1
[AL/(0/455/90/—45) 246 118 [AL/+45-/AL], 075 015 075
200 162 /0/45/90] 3 3 0.2 - 247 119 [AL/+45./45], 1.65  0.15 -
S
293 165 [AL/(0/90),/AL], 105 015 1.05 248 120 {ﬁi;(iozl/%s/;};(])s/— 45 22 02 .
294 166  [AL/(0/90),/AL]g 14 0.2 1.4 251 123 /0/45/AL) 2 1 0.2 1
S
295 167  [AL/(0/90),/0]¢ 225 0.15 - . [AL/(0/45/90/—45), 075 015 075
296 168  [AL/(0/90),/0], 3 0.2 - /0/45/AL], : : :
[AL/(0/45/90/—45),
253 125 10/45/90]. 22 02 -
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Table 21 Types of 28 layers FML studied in this research (The unit of

measurements is mm)

ol oo o anlllas 550 40Y 16 BLII 5L aVoiz slo ez ¢l9l 18 Joua

(Wil oo yin sheo Wroslasl axlg)
Table 18 Types of 16 layers FML studied in this research (The unit of
measurements is mm)

= 2 = = > =3
g8 g5 £ 5 & g2 g8 EE 5 &
2 2 a8 & [= =5 < o 2 2 a4 S 5 < o
A g8 g a A g8 ga
o °F & g, g 72 v e =
e % 3 S % =2
k<>< < = Z ~< =
267 139 [(AL/45/AL/—45),/AL/45], 0.2 207 79  [ALJ45/AL/—45), 0.2
268 140  [(AL/45/AL/—45),/AL/45], 0.15 208 80  [AL/45/AL/—45), 0.15
[AL/0/AL/45/AL/90/AL/—45/AL/0 210 82  [AL/0/AL/45/AL/90/AL/—45] 0.2
273 145 /4L/45/AL/90] 0.2 /0/AL/45/AL/90/AL/—45];

[AL/0/AL/45/AL/90/AL/—45/AL/0 213 85  [AL/0/AL/45/AL/90/AL/—45], 0.15

274 146 AL 145 /AL /90 0.15
/AL/45/AL/90]; 217 89 [AL/0/AL/90],, 02

279 151 AL/0/AL/90)3/AL/0 0.15
[(4L/07AL/90);/AL/0); 218 90  [ALJ0/AL/90],, 0.15

280 152 [(AL/0/AL/90);/AL/0], 0.2

ol iz )3 aalllae 3,50 0¥ 32 SUJI 5 oz sla iz el 22 Jouer

(Wb oo yio doe bojlusl axlg)
Table 22 Types of 32 layers FML studied in this research (The unit of

measurements is mm)

z oz =
Q = =.
Q [~y o

8 ) <3 £ 5 53
a3 o2 52 s 2
&= 8w 3 2 e
g 75 R g
s g =
< < -
285 157  [AL/45/AL/—45],, 0.15
286 158  [AL/45/AL/—45],, 02
291 163 [AL/O/AL/45/AL/90/AL/—45],, 0.15
292 164  [AL/O/AL/45/AL/90/AL/—45],, 02
297 169  [AL/0/AL/90],, 0.15
298 170 [AL/0/AL/90],, 02

2 Cowgm -9

[25] 1010 318 Szidly (255 5 (odly (25 23 Jgur

Table 23 True stress and plastic strain of metal [25]

True stress (MPa)

True plastic strain (mm/mm)

305

306.6822729
311.3144875
332.8049375
354.445
368.998875
383.85655
392.4691
395.9799641

0
0.078823805
0.079580754
0.083154783
0.086728003
0.089228084

0.09233576
0.0954888
0.098631929

ol Baind 5o aslllas 50 4Y 20 BLII 58 Yoz slo ey lsil 19 Jgus

(W3l oo yo oo Wojlasl axls)
Table 19 Types of 20 layers FML studied in this research (The unit of
measurements is mm)

>
z 2z =
Q [~y o
s% g® 2E 55
&8¢ 282 5 B S 2
£ 85 g s g
< 2 e e S,
S 2 =
2 £
229 101  [(AL/45/AL/—45),/AL/45], 0.2
230 102 [(AL/45/AL/—45),/AL/45], 0.15
232 104 [AL/O/AL/45/AL/90/AL/—45/AL/0], 0.2
235 107 [AL/O/AL/45/AL/90/AL/—45/AL/0],  0.15
239 111 [(AL/0/AL/90),/AL/0], 0.2
242 114 [(ALJ0/AL/90),/AL/0], 0.15

ol i o aalllae 9,50 0¥ 24 BLJI 518 aYouz la iz ¢l 20 Jguor

(25l oo yia e baojlasl axls)
Table 20 Types of 24 layers FML studied in this research (The unit of
measurements is mm)

g I = =
g = B2 % e BE
:5 ZZ £: =2
Ty TQ § 5 g8
o (<) 5 8 < o
gg 882 25 g g
&5 &% © a v o i
©w © = -
249 121  [AL/45/AL/—45]5, 0.2 7
250 122 [AL/45/AL/—45]s, 0.15 —1
- <
bss 1y |AL/OJAL/45/AL[90/AL/~45/AL/0 o by
/AL/45], 3
256 1og  VAL/O/AL/45/ALJ90/AL/45/AL/0 o1 3
JAL/45), 3
261 133 [AL/O/AL/90],, 0.15 y
262 134 [AL/O/AL/90],, 0.2 3
N
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[32] (Y Table 24 True stress and plastic strain of aluminum metal [30]
Eslleezlgygsu)e[;tzr]ess and true strain of FML (carbon/epoxy/aluminum . True stress True plastic strain
(MPa) (mm/mm)
num. True stress True plastic strain 1 345.00 0
(MPa) (mm/mm) 2 346.71 0.00037873
1 323.86 0 3 351.10 0.00053702
2 450 0.002 4 355.19 0.00058501
3 544.32 0.004 5 359.35 0.001755
4 690 0.006 6 363.50 0.0032176
5 808.8 0.008 7 367.66 0.0046801
6 920 0.01 8 371.81 0.0052651
7 1000 0.011 9 378.04 0.0073126
10 384.27 0.0087751
T 11 389.00 0.01053
ot pienll oSyl 8 ) B S Vi (255 5 oably 2528 Jgazr " 204 66 0013455
[32] (¥ jlz 13 398.81 0.01638
Table 28 True stress and true strain of FML (carbon/epoxy/aluminum 14 405.04 0.019013
twenty-four layers) [32] 15 409.20 0.021938
True stress True plastic strain 16 413.35 0.024278
num. (MPa) (mm/mm) 17 421.66 0.02691
1 29053 0 18 427.89 0.029835
2 323.86 0.002 19 434.12 0.032761
3 450 0.004 20 438.28 0.034808
4 544.32 0.006 21 442.43 0.038026
5 690 0.008 22 448.66 0.042121
6 808.8 0.01 23 454.90 0.045631
7 920 0.011 24 459.05 0.048263
25 465.28 0.051481

G gl [ oS ol 100,87 ) BLI 5l Vo (1 ly (5 29 Jouor )
poeieddl | (Sl [0S S > NS 9 By 2529 Jg i | Sl It ) L 35 ¥ 5 5 ol i 25 Jgor

[B32] (aY cuza g 317 (Y
Table 29 True stress and true strain of FML (carbon/epoxy/aluminum ) [ ] (@
twenty-eight layers) [32] Table 25 True stress and true strain of FML (glass/epoxy/aluminum
eight layers) [31]
True stress True plastic strain - -
num. (MPa) (mm/mm) um True stress True plastic strain
1 24561 0 ' (MPa) (mm/mm)
2 290.53 0.002 1 297 0
3 323.86 0.004 2 330.4 0.003
4 450 0.006 3 399 0.008
5 544.32 0.008 4 4376 0.013
6 690 0.01 5 490 0.018
7 808.8 0.011 6 530.5 0.023
7 580 0.028
8 603.2 0.033

s poeesll oSl 1008 ) S 31 aVasz (3)S 5 adly 25 30 Jgur
[32] (4 g0

Table 30 True stress and true strain of FML (carbon/epoxy/aluminum
thirty-two layers) [32]

— o poeesll [ oSl fated ) QUL aVoum (15,55 (d8ly (25 26 Jguar
[31] (@Y 595
Table 26 True stress and true strain of FML (glass/epoxy/aluminum

num. True stress True plastic strain thirty-two layers) [31]
(MPe) (mmimm) T lastic strain
1 22436 0 num. rue stress True plas
2 245,61 0.002 (MPa) (mm/mm)
3 290.53 0.004 ! 218 0
4 323.86 0.006 2 283.65 0.003
5 450 0.008 3 3304 0.008
6 544.32 0.01 4 399 0.013
7 690 0.011 5 437.6 0.018
6 490 0.023
7 530.5 0.028
8 580 0.033
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Study of damage in fiber metal laminate including matrix cracking, delamination
and plasticity of metal layer

Faezeh Mohammad Zaheri !, Bijan Mohammadi?, Fathollah Taheri-Behrooz®

1, 2, 3- School of Mechanical Engineering, Iran University of Science and Technology, Tehran, Iran
*P.0.B. 36916-19689, Tehran, Iran, bijan_mohammadi@iust.ac.ir
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Fiber Metal Laminates are new composite structures in which several thin metal sheets and composite
layers are connected together. These structures have properties such as high fatigue resistance, high impact
resistance and high energy absorption, which have led to a growing use of them in various industries. In
this study, damage in FMLs under tensile static loading, including matrix cracking, delamination induced
by matrix cracking and plasticity in metal layers, was examined. Using the analytical model, stress
distribution and energy release rate were extracted in FML containing matrix cracking and delamination.
Numerical modeling of FML containing such damages was also performed. The stress distribution results
obtained from the analytical and numerical models were compared, and good agreement between the results
was observed. Furthermore, the FML samples were subjected to tensile test and the damages that occurred
in them were displayed. By using the analytical model and calculating energy release rate, the matrix crack
saturation and the initiation of delamination at the crack density of 0.38 (the distance between two cracks
is 2.7 mm) were extracted. By observing the experimental samples, this crack density was observed in most
of the length of the sample, but due to various reasons such as manufacturing defects, in some areas the
distance between the cracks was larger than the mentioned value.
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Fig. 2 Boundary conditions and continuity of stresses along the thickness
of the FML RVE with the middle 90-degree layers containing matrix
cracking and delamination between the metal and composite layers.

FML o oladl colied (sl 5o ba s (Siges 5 (550 Ll 2 JSCB
9 Y (o ol g e ile S5 g5l Sle 4250 90 sla iz aY )l
CajgpelS

@) bl sy Jol Laulys Jlosl b o ;S5 (5550 Lasl s ogdle
00,5 o glFil 5 Jsteme @lgi 6l

i%’d(x) =0
i=1

“m
c(x)=0
;q)l() ®

0 o T aslasl wlgs oo 4 Jobss 5 (5,0 sl 5l oolicnul b
a0 Lol pl 5l i 457 jshailen .00 5 oo gl pal 9,4(%) 9,6 (X) gl
oo (551 el 03 @i (X) 5 95 (%) e &y Sl jshate

D8 e ((9) dolre) coze> ol

5o bxal 0 Wisde 4id)S i ,s Ralslee) @i (X) 5 9 (X) Jseone
29 03,5l 5 A5 (St 5 5550 Ll pd (B Wolee) Jobos Laylp ol

L . . .
Gjl<(1)c = c’;'(113(0) + Uj(l?c 4,k =xy2)
i=1.m
L(i)d i Dd )
Gjl<(l) = c’;'(113(0) + 01(113 0.k = xy.2)
i=1.m
)
(o
. <(x
oo &g
t
d
. d(y
c,((l,zd:—(pl—() i=1.m
g
2
o ool
= 9. = i=1..m
00" 00% _, _,
0x oz '=Lem
L
I e i=1..m
dog," | 0oy .
—=0 i=1.m
ax 0z 3)

e pFML sloasY o5 50 25 20555 B alolxe) Jolws w¥olaw = L
Shosliil b Jseome @lys ol 99,5 o0 gl 2l 90X 5 F(X) Jsme wlss
b il (Swge 9 Z y5me liwly )0 55,0 Ly 5l Jol> w¥oles >
S5 G e Jledl 50 Ll sl arloe LB 455 e sl
—aY 5o Gl (ol S5 sl FML 6l ¥ (ol 5 (o 5o
ools GLas 2 IS8 5o Cujeals 5 51 slaaY (e 2l 5 SuieeelS sl
Ol o b i (Kig 57 j970 Sliwl) 55 (650 Ll pd g Cesl 0ud
199 50 framnll OdaS Awd A 4y Sl
sty yo ol zobw (sl olas sgzg > o o5 Toaw @
Tobw 63 oo Oledl SLS g GBg Dlxio nogdle 7 j5me
2O s @) Lils, Gllas (235 095 o0 Jolis 55 1) GlaYime b
Ssl sloay & bgye 145 abal; ol o ST sl (s
ol oY e 2lee

Lm)c _ _Lm)d _
XZ - sz -
at z=nh o;z(m)c = U;Z(m)d =0
e = glmi g @
o =0
Li)d _
at z = +z% vz
o4 — &

Ol 132 97 sl o sla¥ipm (2 sl Dlio Slaisa 28 oS
Sl sl 5 ol sluY CojealS oz Gledli )l Slxio @
amio & Cuwd 6 )NSL 5 pwaie )8 Gl GluY i ol g

2380

<0)940l8 (5 )9Ud 9 pole Ay s



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

Ve 5 5 albsw=e o 3518

6}3@%&3;@@%@&;;dug)sl.o_f)sksgbks)lé—uig)wlfkslmdey.xj?).)__wu-f«s]uﬁa

Ui 0,8 o I8 5l Al o aS sl S5 gyl sleay o e
slay Sloi ol 545 (15) aoles @illae) sl a0 S 5 5k 4o
il S g5l

aL(‘:)dxx =0
O.L(L)dxy =0

at x = ta ] 15
olWd =0 @5

:M&H‘_g‘)blm&ﬁbﬁ)}C_Iau}.?dqx)smdu..:‘))a L]
O-L(f)dxx = UL(I:)Cxx
atx=a—d UL(L‘)dxy = UL(lA)ny
O'L(L)dxz = UL(I)CXZ 16)

Awdid a5 Lo ol @ ojls s > W05 Z j9e Jgo gox> lodl @
ol 92 jeme Jo> 42,3 180 (23 2 b oz (Lol 6151 5
el )y ez el

g Sl Job ;0 FML ool @8ly jo oz ol aSil a4y amgs b @
Sgy Cnmlion 1 el pond BB diges JS 0 o G5 e
A3l 3 5 e olall e 55 a5

aL(L:)Cxx(at x=a-d)=0'O,(atx=d—a)

otWe (atx =a—d)=0ctD (atx =d—a)

ol®¢ (atx=a—d)=—ct®¢ (atx=d—a)
aL(L:)dxz(at x=a)=-0"0%, (at x = —a)

ol®Wd  (atx = a) = ot® ,(at x = —a) an

e o el Stdl — Sl 65l slaayY ks, asdlhae ol o
S sy ¢l Jol5 Kbl SV LS Jleel polate @ 09t
@5l el oY Vo ol g (o Lo S5 gl FML 53 59250
9C 4l g0 52 50 (538 slaasY ;o (AL 45 250 peiie (5978 4 (S
205 PGy G slend plply WSS sl el a5l d
S8y yai b igdge il 5 Coamligo 0N B L (5 slaary 5
2 odal Cewdy glo i 4 0gd e gl Sl glaiSay il ol e
PS8 a8l g8 JobS g (5550 Ll o Jolas SVl o5 5 oY
u,-i-%:-i?J-:]O“eww‘\sﬁbk““m“)sjﬂ}ﬁ”)}b&U&@“»
g il Gl o3l laay 3 S5 S jslone GRS S Sy s i
el bl ol ol

by () 5 by (%) Jstome @55 o 2 B e 4 T 5T ol
3 g oo iy a5 eCanol 0 00l lis (19) Lulg, yo a5 F4 5 F€ i
(Q0) &¥olee) T4 4 TC mlg & olpss clao o Jlosl b b o]
5 ead 53 65 buls Jleel b a5 1) oas LS5 Yolas olKiws
b (x) bl 2 % 5 i€ Jsome &g 22) 5 A7) b (15) =Ysles
&5 b () 5 B () amslone ohaie & g gliiel B (0)
3 e 5B eled G L5 ead nsSle adsl 0B s saal cesay (25
59 2 5 FML oY )0 (a5 @jei 9 5 @lys Bules g e 0l
205 oo glyld g Casl

G =ap¢  j=1.m
d, — L(J)d ;
G =o j=1..nn a8)

2381

a—d i=1 " Zi-1 (9)

50 5C Ay Lolaxél gl i cas W€ Wi alal) ol o a8

1 .
w;¢ = EO'idT.Si.O'dL i=1.m

1 .
w;€ = EO'ICT.SL-.O'CL i=1.m 10)

5 Pi°(X) U @y 5l b Ojge 4 Glise 1) JeSe 655
22,5 gl 3 Dygo & X 4y S )] Sl 5 @50(X)

a—ch c! c’! c d
v, = f (0" (), 0 ,(0), 9, () ) dx
d-a

+2 f Fé (92" (1), 0% (), 0%, (1)) dx
i=1..m o an

Cl )5l nl Jlasl b Jstome gl 2l 5l 5 JoSe (6551 (g5l oo
(12) sl Billao yao b T olo)l3 ol g FE g FC la onli 4y ol i
g plsl
a—-d a
f 8Fc.dx+2[ §F%.dx =0
d-a a—-d
i=1.m (12)

ol 5 Lalg, o aaS a5 assl Gollao Ol pess Clas g0 1 Jloel b

:oo;é_‘.
d? ( oF¢ ) d (6Fd)+ oF¢ 0
Tz G ) T ) Yo =
dx? 9 ; dx a(pdi 92,
d? L aFC) d (aFC) 6FC “o
2 n 1
dx? 0", dx 29, ¢ a3y
m
JF°¢ _
Z acpC’ azx<acpc"->}&pc"]’)g;g‘g
i
m
JF°¢ _
oF¢ oF¢
+z U " 6 d xza—
2G5 dx<a(Pd l_)} ¢! 1326
m
oF¢ _
Z [(67> 6% 1¥26-a
i=1 ¢
a4

Sl @i lsl gl gl 5 515V ksl ¥olas olfiws > (ol
Ol &5 (> 5o (650 bulyd ol il Lo 0590 (5500 Lulpd patiine
5 il S ol a8 b b all cenile S5 ool kS ez
1y 5k 9590 (S15 6500 Ll ggame ol Dglite wBL Sl (2l
5 el S5 gl ez el o 5,5V bl SVoles olSiws >
Hlewl o)le gl s ol



Ve 5 5 palbsw=e o 3518

ks)]éd._wW)é)dk\_wwk’ﬂ.);‘ﬂ)ﬂahf)iid;hﬁ)ﬁ—kﬂ)wlfﬁ&&_{)‘&___}).)w]’dﬂ[bn

Tr eSS a Gd(initiation) 9 GC(Propagation) 89 Ly, o
@ g5, 655 ilele, £ g (o le S a5l AL 5l sl
b 55 wis @ 55 Uy Uzp) Uip) widlbe sladom
oz oledl JoSe 551 e p I b o Sle S5 gl o> Lol
Sy gl oz plall JoSo (655 5 2P JBz b o ile S5 gyl
widbge d Jobo b oY o (ola ol e p JB b (o le

©oue Juw -3
sl a5 wsly atly g b Wigad Job sl p3¥ FML g00e (53 Jo sl
2O GRS &9 ¢ ek 00l wudle g (6 0551 (sl Jome 4T aiges slel
Sl oz plall Jlib; b atif o jslailen il g e ol
S eDllme (yloy (2olS jelate 4 cplply wllige coza¥ J5 LS8,
il 0 Sy 5 6 NS L sl e 5l canslio alolh b oz Lol
oo o la¥im @bz 54250 90 loay o il slas 50005
Cuold ol (giluand (asie Jsb b3l 5 cujsnels sloay G Sy
aVpsam @ a¥ o5 al a8 s )l s e dee 0.2 luacd o laay
sy gyl gz ,0 0o 53 plgs L[AL/OO]S za¥ L FML
poeesl] Sl 8y cel S5 a pY s S o suiselS 5 3l

235 s iyl Szadly - Sl

[32] FML slaay olss 1 Jgas
Table 1 Properties of FML layers [32]

Sl S
E, Er Gy Gr Vg4 Vr
208GPa  6.5GPa 165GPa 23GPa 025 041
paizasd]
Em G Vi ay
GPa 73 GPa 27 0.35 MPa 300

Sop7eSS (iS5l )90 4 (IS ond will Ll Jas Gillas
Ade cawlie Gjgo 4y aslad (giluad o el p3Y aib o (Sl
s X (il 45 2t 15 FML. slesl gl &0 plaie (o 9,5
s @ -3 S Billao) 00,5 0 duin Y sliuly jo dhadi S o g oads
cde 4y Cpizen (D -3 JS) 09 0 duiie X gLl o 55 FML ol
Ao Z gliwly 50 X jwe W FML )l s (Jow 5 6,108 ,L j0 o)
0975 ) 4295 e AT Joe (UaSed (ogad 3 (C -3 SD) 355 o
2 ez Casl LAY g S5 gla o S5 0 Jae (ganaSd
(Silwdand Wy S pdy b gae slizl gy al » sileand
sl 5 5] s ol Kas el a3 il b Cons Sl gl
b g5 IFML (g3loarss jo a8, 15 4 (gl 095 gy 58 goails
25l oo L)1 126000 slaxs 3 C3D8R -5

nn
TC = FC + Z GC}bC]
j=1

Td = Fd +ZGd}bd}

= 19
a—d a
J. 6Tc.dx+2f 8T%.dx =0
d—-a
i=1.m 20)
d? oT¢ d oT¢ aTe —0
dxz (aq)d”l.) dx a d’) a(p ;
d? oT¢ d OTC aT*¢ —0
dx? (a(pc”i dx( < )+ a¢°, @1
m
aT¢ d ( dT¢
— c 1x=a—d
Z[{a(pc' dx <a(pcni)} 6(‘) i]x:d—a
m
aT¢
+ Y () o0 iz
L de° ; i
aT¢ d [ 9T
Z[{a(pd, dox <a a' >}5(pdl]))§;g—d
L
aT¢
Z[<67) 5% 1324
i=1 (P A
_ 22)

S35 Gilwle,y & 5 dvlone-2-1

S £ Oy oo 5yl pamie Ol oS5 obml wuld e
Silole, &5 a5l g 50 SN £9y0 b )T oo ol 35 silole,
3 el S5 0sd plp 65l silale, Sl 5 L o le S5 655
03938 s ylo sl S 5 olawi ()AL aslol b ogd o sloul digel
P8 sk alige G gl (oS 5 (JBs 0 £ 5 0ediee
SIS L aalol b 5 oas sl (65 o) 40 (myile sl 5 Slows ol
B 2555 5550 g 4 a5 13 g om Sl (5 a5 o 0 5
S5 by 5 958 o sanlis 3 o 55 gt e 1055 I Iy
G (o ile S5 500 g 0ol dgie (polB (S 0 (ol sla
S GluY om ol 5 00,5 1S ] 090 abizd (pl j0 04 cod ol
E9r5 ilale; 255 o oal 53 wpdin Sl e SlaS 5 oo
ahadi ol ool yiiin owa il S5 ad, gilule, F55 GlaY e sl
Candy Hlgie Cot o yilo S 5 0l G8g5 g Yy ol £4,0
alio ol 0 [30] 00,5 oo (5 )38 6L sl (5,135 51 Jiinns 45 039 cone]
o oy sl s a 2ol 5 (Sl Ll o FML s o35 e
il Fy5 ol jshate ol d ool 00l aglie )2 @l b g oo
&5l oslo b (23) alaly 5l eolaiwl b g yilo loS 5w 5l 56 (65,
EF o 50 gl el S5 gl ez Gledl JoSe
S5 i Jsb 55,5 15 55 b sleliom i 550 5351 5l
Silolr, F5 bl cwl (S .00 5 e gl gl 24) dal) lhe jao o
~ I 3 Yo @b 65l il 5 L e le S a5 5]
gl duglie S 5 calizs sla

Uen® = Ul
GC(Propagation) = T 23)

Upa) = Uy

Ga(initiation) = Ad Ad -0 (24)

2382

0359405 (5 )9US 9 pgle &y jubs



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

Ve 5 5 albsw=e o 3518

6}3@%&3;@@&@&;;dug):sl.o_f)sksgbks/ué—uig),{,elfkslﬁdey.u?).)__quAﬂUo.a

e rle S 5 pandis Bl oS badiged ad 5l coslie pglar as
5 diged ad Gog )le g (Jino piline wles pal B 1) GlaYom o> b
sl ool 5l ooliziul b aigos ad coul p3¥ jslaie cnl sl scansl 3Lob
3 gl 5 6,5 S b sl oo brdiged cloy Sldes 098 cSls
5 Gillas 1S GialejT el (sl Waigad 09 plonl O (il Gk
&S 5 g o ool i ASTM D3039 o usliwsl gl olel jo 4
oglgy, b Basler aCA2440-35Um (yu g0 5l ol cud jelaie 4 o
LFML 5l aiges gy (slp (2tS iulel .o eolanl 2448px x 2048Px
L (SANTAM-STM150) b olSiws awsi [AL/903]S iozary
G 5 by bl S b (St Jb cos 5 15 L ik
RV g

Fig. 4 FML tensile test sample dimensions according to ASTM D3039
standard

ASTM D3039 s lusbewl b gllae FML (228 oloj] a5ges ol 4 i

SlaYim 2l 5 ol S5 gl FML o (205 95 Tl o Gl 5
gl goas 5 (el & 50 a4 (6318 Y by o8 (285 ki o L
S5y 5l (B A Gilele, 5 e el oid aolie ma b g 0ad
el b g 05 gl gl (Lo Jos 5l sl om (2o 958 9 (o 5le

ol 20 e )25 ool 5l eaal s 4

e ple S5 G9le FML 50 4 @39 (llxd 9 (g90e gl dulio-1-5
slaYom gl g

ol bl Jgaz j0 00 )55 ples L[AL/O0]S zaY L FML aiges
sk 0.3 (d) sl ol Jsb 5 fosee 4 212 (28) S5 99 (e
S5 S 285 8 SISk 150 45 2o 5 o it
15 ogse oonlin 45 jsboles wilse 5 S Gl snd gyl
O g edg ezl 55 slaY o b il a4l 0 sujeelS sleay
G 3 Y o g el oad Jitie SLLI paiadll soaY &
sy asl pl 0 ax 0 g Cwl onw, (JSWLKe 300) polus
iloads Sody axbos)lg snwsﬂ

Joe 31 oolial b ysS e gl b FML oz lodl (sl 55 (o5 a8
5 @lAl 6 JSo Gille 42,5 90 (2u500alS Y 5o 308 Jae g (Sl
03,5 jgue diged Jawg a5 (g 90 (sLwl) j0 Oy i Conl ol dlie
Obe 50 50 35 Oxz a5 Cewl oads gzl s)ls )13 S 5 90 (g ol
yohilen .ol oael Cants S5 90y Jold oy CojeuelS g 8 slaasY
Sade 4 sy s plas Seasl [0 Oy, o5 p i 398 o0 oanlivn a5

2383

;...

Fig. 3 Boundary conditions and loading in FML finite element
simulation
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Fig. 7 Damaged sample of FML with [AL/905]s laminate in a tensile test
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Fig. 9 FML with [AL/90s]s laminate containing matrix cracking and
delamination before complete damage
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Fig. 5 The stress contour in FML under tensile loading of 150 MPa
includes matrix cracking and delamination
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loading of 150 MPa containing matrix cracking and delamination
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Fig. 11 Dimensionless energy release rate for propagation of matrix
cracking and initiation of delamination of FML with [AL/90s]s laminate
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Fig. 1 Results of three- point bending test for composite plate
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