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In this paper, the profile of the longitudinal and transverse sections of a submarine, which is located at a certain depth,
based on the hydrodynamic pressure imposed on the submarine body by the fluid flow, from a structural point of view
and considering the buckling resistance of the body under external pressure optimized. The calculation of hydrodynamic
pressure has done using computational fluid dynamics analysis and body geometry optimization using ANSYS
Workbench software. The pressure body of the submarine withstands almost the most pressure and hence it is considered
to be made of polymer based composite material. Considering that the studied geometry and the type of loading
(hydrodynamic load) in this article are complex, and analytical relationships for stress analysis are not available in this
research, buckling is obtained using software calculations and by performing submarine stress analysis with the desired
initial geometry, forces and stresses applied to the body have been calculated and hydrodynamically and structurally
studied. Assuming 12 geometrical variables and minimizing weight and drag force as objective functions, by
optimization methods, optimal longitudinal and transverse profile and this process is repeated until the desired values
are reached. The results obtained in this article indicate that the use of non-circular shapes such as pseudo-ellipses in the
design and construction of submarines can replace circular sections.
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Fig. 8 (a) Location of cross sections (b) Design variables in cross —
section 1 (c) Design variables in cross section 2
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Fig. 9 (a) CP diagram resulting from submarine CFD solving that studied
in this research (b) CP chart from experimental results [20]
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Fig. 13 First Mode of buckling with steel pressure hull
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Fig. 14 Safety factor of the 8th layer of the composite part of the
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Fatigue analysis of composite sandwich panel by continuum damage mechanics
method with interlayer element
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1- School of Mechanical Engineering, Iran University of Science and Technology, Tehran, Iran
*P.0.B. 16846-13114, Tehran, Iran, bijan_mohammadi@iust.ac.ir

Keywords Abstract

According to the structure of sandwich panels, different failure modes occur during periodic loading in these
structures. When the effect of these modes on each other is considered, the predictions will be more accurate. In this
Finite element research, a new tool presented_ with the help of the combination of _USl_DFLD and UMAT subroutine in the Abaqus
sandwich panel software to see the !'nutuallfatlgue effect of the face and the dela_mlnatlon bgtween the face ar}d thg core using the
Fatigue analysis existing models. This tool is used for fatigue analysis of a sandwich beam with a PVVC core with different stiffness
and AS4/3501-6 composite faces with [0]4, [90]4 layup. The delamination between the face and the core is analyzed
by cohesive zone model and the face fatigue by an energy-based model simultaneously. The results showed that
with the increase of the core stiffness, the delamination between the face and the core, caused by fatigue, begins
later and moves towards the free edges of the plate. It was also observed that the failure mode that controls the life
of this structure is the delamination between the face and the core. The results show the decrease in the growth rate
of the damage parameter in the cohesive zone for specified element, increase of the crack growth rate and growth
rate of the damage parameter in the face during loading.

Cohesive zone
Continuum damage mechanic
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Table 2 Static and fatigue properties of AS4/3501-6 [15]
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Figure 4 Validation of UMAT subroutine for tension-tension load and
0.1 load ratios
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Table 1 Static and fatigue properties of HTA/6376C [19,20]

s> e
K (MPa)10*
79 30 (MPa)
79 30 (MPa)
Gre 0.26 (N/mm)
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Ci 0.1495 (mm/cycles)
Cnm 458087.2 (mm/cycle)
CZ thickness 0.005 (mm)
Gren 0.06 (N/mm)
Grien 0.1 (N/mm)
m 5.4
my 45
Mo 4.94
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Fig. 10-Fatigue damage variable distribution in cohesive zone of
sandwich panel for upper interface after 70000 cycles & core
stiffness = 1GPa

JLa.'»'l cJa...: 6‘)’.‘ 03> sa>b jo g;""“’ gs'"):’ )...a|)l.| 31 10 JS.Q

i S5 L cllo s 25,5 3L 9 5B T sloala, b
CoyrwB 95 B laakl, 5l Wlate 5 wboo Gl 45 2 0 5 AW
S oo i iali8l as 2 slaws olEl L ol 5w,

cle a3,z 50 0 bk anlB Jsb e oS el o <ol
R5d e oalin (Kiwd Jl )l ol slajlages j3 a5 Cl s slaaly

S e A, sy 5 e samlin 11 S I ) s
ol gy g otz g4l Sl sl o s 5l Lol
Gy sl 035 ol plall Sy 4 by bxyl 4 b oadp ke gl
@b b a5 aing G gaml )0 S5 Al gegS I 5 enmlin
Sy algiees Ol Ko e @l g 09d o) n Jlal el S 50
gl 03y IS red @ a0 S5 al) o 5l o
S8 o ol @l 5 ol oabiaBly (o) 29,50 255 €55 5Tk sln S5
Wiz ] asie 12 S5 4o a5 6sSolen el ounlin L 12
L ] S 5 (S el 4, S 1 a3l
Ol b S e bl ccal adl palS 6,108 )L g4 > slaws 58l
Ser S gl 0l S riore 9 O3S e 0D (5,151 g3 2 ol
by 53l Gl (GLSL g (s g0 Jlail gl 20,5 80 5
S 3l (B ol bl (Gl lade o5 Sl 5S4 pgY S o
ol 005428 5 a5 19 0.35 stz sas>b slagylall (61,

12 ¢
1 == oply90 e e e e e cohesive zone
ooooo"""""
[ J .
08 | LA
o'. I
3 K
£
< 06 ° .
[a)] .
~ Q .
31 [ ]
g04 0 |
[a) °
° L]
02 lo .
3 R
0 .’_.__n.._n_..l_—_u_l_u___h_u_ni'_l_n_n_n_n_l
) 0.2 0.4 0.6 0.8 1
-02 -
cycles/100000 cycles

Fig. 11 Compare fatigue damage variable growth in critical element
of cohesive zone with critical element of face
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Fig. 8 Fatigue damage variable distribution in cohesive zone of
sandwich panel after 70000 cycles for upper interface & core
stiffness = 20MPa
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Fig. 9 Fatigue damage variable distribution in cohesive zone of
sandwich panel after 70000 cycles for upper interface & core
stiffness = 50MPa
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A developed micromechanical model to predict electrical properties of polymer

nanocomposites containing carbon nanotubes
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In this paper, a developed micromechanical model to predict the effective electrical conductivity of polymer
nanocomposites containing carbon nanotubes was presented. This model was based on mean field theory
and considering the quantum tunneling phenomenon of electrons between nanofillers. Carbon nanotube

was assumed to be cylindrical, which was covered by an interphase layer. Carbon nanotubes were randomly
distributed and oriented inside the polymer matrix. The effect of various parameters such as the geometric
dimensions of carbon nanotubes, their aspect ratio, the thickness of the interphase layer, the quantum
tunneling of electrons, the conductivity of the polymer matrix, the conductivity of carbon nanotubes and
the conductivity of the interphase layer on the effective conductivity of the nanocomposite were considered
in the theoretical model. The presented model reproduced the electrical behavior of nanocomposites in the
insulating region, the percolation region, and the metal region, as well as the sharp transition of conductivity
or the beginning of percolation and the metal region in high volume fractions. The results showed that by
increasing the size of carbon nanotubes in nanocomposite, the percolation threshold decreased. The
conductivity values of the filler and the matrix, respectively, only affected the metal and insulation areas.
Finally, the present model was used to reproduce the experimental reported data that the predicted results

were in good agreement with the experimental data.
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Fig. 2 (top) representative volume element (RVE) of a polymer
nanocomposite containing carbon nanotubes, (bottom) composite
filler containing a cylindrical carbon nanotube of diameter d and
length L covered with an interfacial layer of thickness t. (b) Flow chart

of the procedure for calculation of effective conductivity of
nanocomposites.
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Fig. 3 (top) representative volume element (RVE) of a polymer
nanocomposite containing carbon nanotubes, (bottom) composite
filler containing a cylindrical carbon nanotube of diameter d and
length L covered with an interfacial layer of thickness t.
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Fig. 5 Effective electrical conductivity of nanocomposite in terms of
volume fraction of carbon nanotubes for different values of (a)
nanofiller diameter (d), (b) aspect ratio (M), and interphase layer
thickness (t).
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Fig. 4 (a) Effective electrical conductivity of nanocomposite in terms
of volume fraction of carbon nanotubes for different values of
tunneling barrier energy (1) and (b) Effective electrical conductivity
of nanocomposite in terms of volume fraction of carbon nanotubes
for different values of tunneling distance (d.).
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Fig. 6 Effective electrical conductivity of nanocomposite in terms of
volume fraction of carbon nanotubes for different values of (a)
nanofiller diameter (o,,), and (b) aspect ratio (o).
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Fig. 7 Modeling results and measured data of effective electrical
conductivity of nanocomposites in terms of volume fraction of carbon
nanotubes based on laboratory results for CNT/PVDF [26],

CNT/TPU [27], CNT/PC, ABS [28], and CNT/UHMWPE [29].
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Study of tool flank wear and surface quality in milling of Al520-MMCs reinforced
with SiC and Sn particles

Mahmoud Alipour Sougavabar?, Seyed Ali Niknam?*, Behnam Davoodi?

1- School of Mechanical Engineering, Iran University of Science and Technology, Tehran, Iran
2- School of Mechanical Engineering, Iran University of Science and Technology, Tehran, Iran
*P.0.B. 1684613114, saniknam@iust.ac.ir

Abstract

Composites are materials with at least two combined materials, one of which is added to the base material
to increase its valuable properties. This study is also about one of the widely used composites called
aluminum metal matrix composites (AI-MMC) and additional reinforcing materials, including Tin and
Silicon carbide (SiC, Sn) particles. These composites have excellent features such as high hardness and
strength and are lightweight, while they also pose low machinability. As a result, to improve the current
conditions, this study was conducted with the approach of Al520 base composite machining and statistical
analysis of the effect of cutting parameters on tool flank wear and surface quality after machining. Based
on the investigations, it can be concluded that the defined cutting parameters had an excellent and good
effect on tool flank wear. On the other hand, when studying the tool flank wear during the machining of
such composites with reinforcing particles of SiC, Sn, the cutting speed always has the most significant
effect, and the feed rate and lubrication method, as well as the amount of depth of cut, have the least effects
on the flank wear size.

Keywords

Metal matrix composite, Aluminium
alloys, Machinability, Surface quality,
Tool flank wear
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Table 3 The DOE-L16 orthogonal array used for each tested MMC
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%R2=98.52 Il sl p o bl il 6 JSi

S o)l hat il Wy o Shp Se g jl9e 6 SIS 4 4z L

4 B (Sgpay 8y G50 50 g Ml oo SIC sanle Bl jgas s
el ol i Sl Goley Giale Ol @9y YL Cepe nl Glie
o)l iole LralS Cage (6 ) ile o) yo [, ISlg, 00le S92 g (yuitren

915l Gtale Gl crge Wilgi co 55 (ol Bee LRl pizren ol

1973

T CodyS -1-4
A1'520 + 10% SIC gebans casieS gy 2 -1-1-4
llged 45 5,8 ledl lgie 4 S 45 anil plmil Slaalive elul
Sy Sy Sy ey GRSl Olug Gl el (nl 5 Ra
S gy G 0 s Gl S SIS (iares 5 (D0 e 5 S0t
120 m/min 5y ce g 10 RZ 5l dlol> bt (cwyp 5 diimn 8
St S Loyl 3 1Al odwline by Jayl il 4y Cos (6508 RZ (5
Oype obly Jolos elal ol oo Bl pla 5l e aladi ol ) e
olem Ghp oyl Do @ bl Sjge 4 dilie g0 il
28k osle (o9 (Sujseels e a Wl se oy Gl RV 5l (S s
s s 45 5l so SIC 008 i oslo 51 41 b lged s 5 o520 45
sob a4 S slead Gl pl jocel 59 g0 00le jo 0uiSTy jeb 4y g 00y
ol 5 0L Gialo Sl am )0 5 aiiS 0 9,95 5 o0lo (I b ol
5 sole Wg) Ole g Jelod Il W00 S ool (0 ad 4 (S
Ol 1) mhaw CoiS laadlis 59, p SAn slayell S aseplbe
3l g0
A1'520 +10% SIC + 1% SN gelasw ConiaS a2 -2-1-4
4 o osle (nl ;o RA adlge oS 3505 pledl (lgs o0 & UK (285 S5 3 L
A 5 0095 e G Gl Sl 4 o )bl )0
Lodsay cnl ool oole b ailie ol (Jhad 5i8 Oj50 ar 0 sloyal )y
bl 55 4yl SISkl b olge 5,0 SIC &3 052 51 286 sf oo
ol Jige axkad Sl S 5 SIC @lyd (SwsSTy 5b casls IS askas
OB e 50 B)laial Dl i g (o a8 (slaloges Bblie i ;09

3,08 0529 i sla el )y g Ll s Ra

" Cutting speed Feed per tooth Depth of cut Lubrication
#
10 ? .
1 [
osf | i \
\ . Vo
0g | \ \
\ / \
Vo / \5.-
o7 \\ \r—-‘; T /
]
0.6 P
©c o o © o 1 o un o un o un - o~
AR O = e
s s e s ®° ™7
Fig. 4 Main effect plot of Ra recorded from the Enter section with R?
=60.76%
2 — i K T . .
R% = ol o Enter s o Ra sq; p (uib)ly 56T Judow 4 JSCo
%60.76
e Cutting speed Feed per tooth Depth of cut Lubrication
1.0 ﬂ
0.9 ,‘" \
0.8 ."I \
o7 [V .
. ‘II \L N
-— ,' 1 \\
0.6 e 3 T . ./ — ‘.‘ S
0.5 | ™~
| L]
0.4 |
—
0.3
=3 =3 =3 =3 <o w0 =3 wn =3 n =3 wn - ~
(2] o~ n «© n -~ o o~ n r~ (=] ~N
= T T 8 9 % % g g = =
I~ -] o o
Fig. 5 Main effect plot of Ra recorded from the Enter section R?=

58.32 %

R? =58.32% - Enter _zso ;0 Ra 5, » uibly U1 Julos 5 JSi



O 5 plsS g j5de Sgas

SN SIC w3 boas g 520  aguiagd] b Cu30malS (6,575,510 mlaw CuiS g Gioles gy p

S5 5l el adS” Jgaz cpl 50 il oals ooy lis 4 Jou a0 4
33¢ g Camadl oy yiion cdimolis S sae g Cawl ol gl e U
ML\‘SA Sl oy yiaS odimoylis )l
& 25 Az -5
S5) 2 $SSatle sloyally Sl s gy ool el Sue
25 ik Ol 5520 ptedll a4l b (als Slabad o o CokeS
el 00l (§ Az 5 S)gots Jelse (nl 5l plaS e 30 &S (L5 I
155 760 51 a8 o bo] Ll 5IRA, RZ 5y oy (sl ly 6,38 51
ghe CedS pooad i glayll oS 35 plpie Glgee gy ool
e 5 Sy Sy il b eads solatul (g Slg, g 5l £,
Ssg Jed O)lse (F i po wbiee Gl o)lgen b lade 6,5 pile
i 3] S5 b ol 5o 5,55 sl ool o ] Sl 5 5 SIC
Jsese 0o 5l i Jlpl Gale Oliee Sge cnl 9 5 039 pdloliz]
sy o 4 Kt o 3] (5 ipble o i b iz 995 o
ey el I il e
S Bolas 8,93 5 a5 6)lge 5o (alKiulej] Glllas olul
g0 iy 10 .l il RA (yl5ae o somlice iy 515l b SIC susle
b o)Ssle a5l a8 s wsbye o)Siile Sl o RA e
alads ;o )15 axdad g 150 o 065 Sl 0 Cenl (Sas aidl g S g,
chw $9) Szs5 sl il g ead Sol> (Sl 5 (Sl S9d 599)
SalS s el b asl j0 a5 00,5 Ra ol i ge g 050 ol axkad
S el o8 o8 el Glsioe @bl sl bl
Olime pSoslule il Il giole o 095 g jbiee [l ool iy s
O olen a4 ool aSle CujeelS ) omile e bjlnl ol
9 Sarbe Sy g Sl i (B Sy 0)lgen SIC, SN suiS ey s
L @S5 5 oeal (0 a8 (b Bos Glie eized 9 )5, B,
Wl Il il
Olie 425 55 098 0 3)ly By sla)lpl 4 gy SEBe 5 Sl
30 Oeizad g a8l (talS dalad o CoaS dnlol jo g asdl mol58l ol
5 SIC o s ool OIS 0eg a4l ol o ialS Inl ee Colys
5 Uinbe Gl Coge dimy oole )0 0aiiS el Slge oyl (Kedl 2598
g0 6oL 9> B SN yaie 0,8 @lal b > cpl o a8 055 o bl
005 Wlal oS plgie Glgiee 4l y0 g w08 by lulpd b e
O 5o lnl Gle el g 6, ile byl Sgy cge SN paie
s2eelS Slga o il e o sl el (s el cmnl 5T 4 Jgur

Table 4 Order of importance of cutting parameters and conditions on
tool flank wear when machining the tested materials

R Gos Joo (59 ey u“w slga
mmgsy s, mm/z S
mm/min
94.77 Al520 +
o 4 3 2 ! 10% SiC
Al520 +
960)04 4 3 2 1 10% SiC +
° 1% Sn

SIC L o )l S5 ol 0,55 1 Sy 09 3] yar (10lS (rizean
yor 5 48y Gl 31 el oliee 4 53 5 il SISk 5 &l
S oo iy 20l 5l sede
AI520 +10% SIC + 1% SN 3134l ilw sy -2-2-4
Dl Sigy s Soielly psmime slel 3B T S Gl
ok 9SS p S g b 5 9t £ Sl saalian BB Tl ole
285 e g 5 Wl il il S Wy » bl 1 B
Oliee g 2slee Gl (2alS 4 e sole Gl 4 SN yoges aSlsl aS
Ol GRS s Wlgi o pate cpl a0 5l oo il e anilil 4l
L3 b el il CoinelS g5 cnl )0 gl SokS GRS
@ Sis Al 6, ile ey o ol (pl 5 .08, SIC eoisS ey o5
SRl Gl e el ools Condg i gk ye (6, Sile Cl>
e g b3 65l Sorie £ el Bl I Il e a0
95 el 31l lnl ale Slpnss 89, p (ol S (Ghp Bee g (SBp
Slebos 5l am oads JSas ansbilad 5 Gialo Gl o8 085 4l ol o0
sselS ool nl Jile 10 SN jate 1 5 03,8 lay 1alS 6)55,8
5 Ol el o Gl |y SIC eaiSiuss S L sesaisesl]
S Ol 5) bl )8 e Sliles s (Sl o]
Slaams! Oliee 0o (239008 ool (nl 4 SN jaie pogiil L as cd 8
3l Grabes lime il oo GRal 81 15l sas s jo 5 2l 1) 1) (SIS
590lS 0ole & el (LjgalS onle (nl )3 SN jaie jph> @ azgi b
el a3l 2alS SN 0

65 Cutting speed | Feed pertooth | Depth of cut Lubrication
?
."\.I
60 I
[ .
| /
| I| /
55 /o A\
i | 1
/ | ,’ Y ..
| i » # \_\ ’/’ T
50l | | . p -
/ |‘|I ] -
&
| /
45 1/
Vo
40
2 © 2 @ O N 9o u o W o un - ~N
>80 en 5 SNnrs S
s 68 s °° 77

Fig. 7 The main effects plot of tool flank wear (R? =96.04 %)
TR2=96.04 13l ale 5 b sla el b b7 JSCB

Slya b (o5l WS sys5n 5 SIC wld (Seal gy S

a5 0,5 oledl akad jsb 4y g5 e e yiulej] 550 sloosle ;3 SIC saslus
5 31 E)1 wedioe it il Gale plime 93,5 jiey (B p Sy az o
o 5l it 1l il (i3 (615 bl el 5 woaid (615 pmiblo sole
sl Linle 2ol & jmie 6)Sly, Sl b s Sanble el s e
Ozme g a4l MIBL IR Gale (e 58 (S Gee RIBIL 58 o
Gollao el anlice 5 a3l 4 (o tion il oliee (g9 ey il
& R ol Slga 5o Gl e B slayally sl 3G 4 o
85 8 o g 090 b iule;] s o F-value (5. S
S e Sy 4 il s 5 bl den 0585 3 b ol s
@S aslsl ;5 a5 28,5 18 ) 0550 AT B a 50 0 l5e onl IS ):-’L

1974

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



0359405 (5 9US 9 pgle &y jubs

O 5 plsS g j5de Sgas

SN SIC w3 boas g 520  caguinagd] b Cu30malS (6)1575,% 10 mlaw CuiS g Gioler gy p

1975

&6

[1] Wang, C., Cheng, K., Rakowski, R. , Greenwood, D. and Wale, J.,

“’Comparative studies on the effect of pilot drillings with application

to high-speed drilling of carbon fibre reinforced plastic (CFRP)

composites,”” The international journal of advanced manufacturing
technology, Vol.89, N. 9, pp. 3243-3255, 2017.

[2] Barnes, S. and Pashby, L. R., ’Machining of aluminium based metal
matrix composites,”” Applied composite materials, Vol. 2, N. 1, pp.
31-42, 1995.

[3] Durante, S. , Rutelli, G. and Rabezzana, F., <’Aluminum-based
MMC machining with diamond-coated cutting tools,”” Surface and
coatings technology, Vol. 94, pp. 632-640, 1997.

[4] Haq, A. , Marimuthu, P. and Jeyapaul, R., “Multi response
optimization of machining parameters of drilling Al/SIC metal
matrix composite using grey relational analysis in the Taguchi
method,”” The international journal of advanced manufacturing
technology, Vol. 37, N. 3, pp. 250-255, 2008.

[5] Ciftci, L., Turker, M. and Seker, U., °CBN cutting tool wear during
machining of particulate reinforced MMCs,”” Wear, Vol. 257, N. 9-
10, pp. 1041-1046, 2004.

[6] Asgari, A., “Cutting Conditions Optimisation of Titanium Metal
Matrix Composites in Turning and Face Milling,” PhD Thesis ,
Ecole Polytechnique de Montréal, 2015.

[7]1 Zou, B., Chen, M., Huang, C. and An, Q., “’Study on surface
damages caused by turning  NiCr20TiAl  nickel-based
alloy,”” Journal of materials processing technology, Vol. 209, N. 17,
pp. 5802-5809, 2009.

[8] Muthukrishnan, N. and Davim, J. P., ©’Optimization of machining
parameters of AIl/SiC-MMC with ANOVA and ANN
analysis,”” Journal of materials processing technology, Vol. 209, N.
1, pp. 225-232, 2009.

[9] Cheung, C.F., Chan, K. C., To, S. and Lee, W. B., “’Effect of
reinforcement in ultra-precision machining of Al6061/SiC metal
matrix composites,”” Scripta materialia, VVol. 47, N. 2, pp. 77-82,
2002.

[10]Said, M. S. , Yusoff, M. S. and Hassan, C. H., “’Tool wear in
machining AISi/AIN metal matrix composite 10 wt% reinforcement
using uncoated cutting tool,”” In applied mechanics and materials,
Vol. 465, pp. 973-977, 2014,

[11]Sougavabar, M. A. , Niknam, S. A. , Davoodi, B. and Songmene,
V., “Milling Al520-MMC reinforced with SiC particles and
additive elements Bi and Sn,”” Materials, Vol. 15, N. 4, pp. 1533,
2022.

[12] Cronjéger, L. and Meister, D., ’Machining of fibre and particle-
reinforced aluminium,’” CIRP annals, Vol. 41, N. 1, pp. 63-66, 1992.

[13]Miracle, D. B., “’Metal matrix composites—from science to
technological significance,”” Composites science and technology,
Vol. 65, N. 15-16, pp. 2526-2540, 2005.

[14]Hung, N. P., Yeo, S. H. and Oon, B., ’Effect of cutting fluid on the
machinability of metal matrix composites,”” Journal of materials
processing technology, Vol. 67, N. 1-3, pp. 157-161, 1997.

[15] Srinivasan, A. , Arunachalam, R. M. and Ramesh, S., “’Machining
performance study on metal matrix composites-a response surface

methodology approach,”” American journal of applied sciences, Vol.
9, N. 4, pp. 478-483, 2012.



1976-1982 PP 2 o )louis 9 ala

o

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

Slook 90 Sl jls L (6596 Lda CublB gouc S ()

7 GOUTE B el 8

Ol e e Camy olRiils Ladlsn cwdige o555 (seiils -1
OIS oy Sam i olRaily (SLlSe  pwaigee ¢ jleiisls -2
amin-farrokhn@modares.ac.ir 14115-111 e, Ggaro )l

oS> e wledb|
doil 0 IS o oy (800 5 225 9,505, Bk 5l eole 93 (guman St HlSle (6550 Lz cud b 5 (Sl o Shee ol dllie 1401/08/16 8l ,»
S oolaiwl b el ool axslos (b5l b SiMyge i oole b (golpiing (gomdn Siduo JlSlo Sgpm (s ciulidl ol leslatul b 1401/10/11 : s &y
Sl g a5 sl (glwos pid slatoles] (w055 o 31,5 0dd Sy Sde LBl (JB Caond 4 Sl 5, oS S O lgunls
ol gdy— gVl L) ¢ o e goae daxdllas .l oads plil oole 90 (guamdns Sedue LSl (65, wde Cod b 5 (Sl oles e - gD gV
eles Dglas el H0B o ol el 00l Tzl S go JLdo 1) oads a8 5 Jlai o slo,lisle Jas 18 guly a5 sgame Gladl slajlbT 5o sl bl el
St 630 Jde el oo dalie (5,128 (6,181 v Sin Jlisle gloulomg s e S g | Slge g )Lad 5 LaiS b et Sgaze 13!

51 oolaiwl s & oS amo o las bl e pe lid (eolpiing Gamdn S Sl bl g s il 0yee o Jed LB
Sl 058 o0 sl oole g0 haie oS 5 aSh wed oo S ple> Seapn 5 e 5yl i del Gloosls g0 St sl LS L
sl asly axly oole S L (Jgans Sitie slo,lislo b anglie jo aiiy Shw g 55, @ Losle g0 (gamans Soie

Experimental and numerical investigation of the energy absorption capability of
the bi-material lattice structure

Hussain Gharehbaghit!, Amin Farrokhabadi?

1- Department of Mechanical Engineering, Tarbiat Modares University, Tehran, Iran.
2- Department of Mechanical Engineering, Tarbiat Modares University, Tehran, Iran
*P.0.B. 14115-111, Tehran, Iran, amin-farrokh@modares.ac.ir

Keywords

Abstract

Additive manufacturing,
Elasto-plasto-damage,
Nonlinear FEM

This paper investigates the mechanical performance and energy absorption capacity of bi-material three-
dimensional lattice structures via experimental and numerical approaches. At first, fused deposition modeling
was used to manufacture the outer part of the proposed three-dimensional lattice structure with TPU material.
Using a syringe, epoxy resin is injected into the inner part of the manufactured lattice structure. Then, quasi-
static compression tests were conducted to analyze the mechanical properties and energy absorption capacity of
the bi-material three-dimensional lattice structure. As the nonlinear numerical study, the elasto-plasto-damage
behavior was implemented in finite element analyses which track the nonlinear response of considered
structures. This model is capable to investigate the differences in tensile and compressive properties of the
materials as well. The comparison of the load-displacement curve of structures under compressive loading has
been compared. The numerical models exhibit an acceptable prediction about the linear and nonlinear responses
of the proposed three-dimensional lattice structure. The results reveal that not only does the use of hybrid
structures provide more energy absorption and improve mechanical properties, but also the rational combination
of two materials makes the bi-material three-dimensional lattice structure with the optimum energy absorption
and stiffness, in comparison to those usual lattice structures with a single material.
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cell with circular hollow struts by additive manufacturing
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Fig 3. Cross-section of the strut, soft material, gray color (TPU) and
hard material, lilac color (epoxy)
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Table 1 Mechanical properties of TPU material under tensile and
compressive loads [15]

Yield stress Ultimate Tensile Fracture
(MPa) Strength (MPa) Strain
Tensile 174 550 1.576
Compression 3.6 188 0.652

[16] 506 Jl ol oS5yl SeilSio ols> 2 Jgur
Table 2 Mechanical properties of ML506 epoxy [16]

Property Value Unit
Young's modulus 2.8 GPa
Poisson's ratio 0.35

Mass density 1.14 g/m?®
Tensile strength 76.1 MPa
Compressive strength 97.4 MPa
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Fig. 10 Deformation bi-material lattice structures under compressive load

Fig. 11 Deformation lattice structures with pure epoxy under compressive load
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Nanocomposites are widely used in dental restorative materials and medical equipment, among the most
important of which, polymer-based nanocomposites can be mentioned. One of the most useful
biocompatible polymers in this field is polymethylmethacrylate (PMMA). In the present study, the
numerical analysis of the fatigue behavior of polymethyl methacrylate nanocomposite reinforced with
hydroxyapatite nanoparticles has been investigated. For this purpose, standard samples of nanocomposite
were made and their mechanical properties were investigated. To study the fatigue behavior and life cycle,
a notched model was simulated in Abaqus and Fe-Safe software, and the data obtained from the tensile test
were used as the mechanical properties of the material. By adding nanoparticles to the pure polymer,
Young's modulus and tensile strength of the part, as well as the life cycle, were improved; However, it was
observed that with the addition of more nanopatrticles, the mechanical properties and the life cycle decreased
slightly, which was caused by the accumulation of nanoparticles on the surface of the nanocomposite, which
leads to a decrease in the strength of the samples.
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Fig. 6 Example of static loading results on a sample containing 1%
of nanoparticles. (a) 30% of Max. load. (b) 80% of Max. load.
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