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In this study, the free vibration characteristics of a rectangular sandwich panel with an auxetic
honeycomb core mounted on the wall of a fluid-filled tank have been investigated. The sandwich panel
consists of two aluminum face sheets and an auxetic honeycomb core made of aluminum. For the
homogenization of the honeycomb core, in addition to the Gibson and Ashby model, one of the latest
models (the Turna-Ban model) has been also employed. Three types of analytical models have been
proposed for modeling the sandwich panel, and their advantages and disadvantages have been compared.
An equivalent single-layer analytical model has been used to model the sandwich panel under Navier
boundary conditions and in contact with fluid. The fluid has been considered ideal (incompressible,
inviscid, and irrotational).The proposed solution methods, the homogenization relations of the
honeycomb core, and the mathematical framework of the panel—fluid interaction have been validated
using results from previous studies as well as three-dimensional finite element analysis. Finally, the
effects of various parameters such as the tank-to-panel length ratio, fluid height from the bottom edge of
the panel, the position of the panel on the tank wall, and the honeycomb cell geometry on the wet natural
frequencies have been investigated.
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Fig. 1 Auxetic honeycomb sandwich plate with a coordinate system in
contact with fluid
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Fig. 2 Origin of the coordinate system located at the interface between
the plate and the fluid
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Fig. 3 Geometry-dependent auxetic honeycomb sandwich panel
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Fig. 4 Geometric properties of a commercial re-entrant honeycomb cell
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Table 1 Convergence of natural frequencies (Hz) for an auxetic
honeycomb sandwich plate in contact with fluid versus M and N (M_B
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Table 2 Convergence of natural frequencies (Hz) for an auxetic
honeycomb sandwich plate in contact with fluid versus M_B and N_B
M=N=4)

@2 2350 (1 2)5g0 (2 s1)oge (151)350 My = Ny
2139.1545 1330.5463 1354.1145 611.7894 6
2134.0951 1324.7662 1353.0529 611.2586 7
2130.7498 1324.5179 1351.1392 610.796 8
2127.3314 1322.8915 1350.1069 610.6548 9
2126.45703 1322.5616 1349.6818 610.4814 10

S35 Sy (msilo By5 soiin ols> 3 Jgur
Table 3 Geometric properties of the auxetic honeycomb sandwich plate
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Table 4 Geometric specifications of the fluid domain
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Table 6 Comparison of the first five dimensionless natural frequencies

of a Levy-type isotropic square plate with a thickness-to-length ratio of
0.1
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Table 7 Natural frequencies (Hz) of a rectangular honeycomb sandwich
plate with Navier boundary conditions
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Fig. 6 Wet dimensionless fundamental frequency vs. tank-to-plate
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Fig. 10 Variations of the shear correction factor versus the ratio of
core thickness to plate thickness.

B9 & Ad Zualed Sl sy oy getal o po Ol ynis 10 JSCB

S5 Al g s - 4

le Gy5 o ol el sladasiie )y @ (B ool 4o
Jh O35 S olss yo it SLIST (6)su5aY aen L Ll
S Sy 5 ogiel] gy 99 ol (gl Gy el ok wiS oy
St 5iloiS0n sl ol oty el iz 51 S3ST (6050
logse iz 51 (Sl g 9 Sl Joe 2 odle (590540
ao (gl 35 iledae slp Sl oad eslitul 5 (Glyg Jo)
aslio o b T Colas g Lle 5 Wl ool slpring oo Jos ¢35
msile Bys oibedde aly Jolee VS5 Lbw Juo gg 5l lons
Jlosl (Jlow iloass oozl Jlow b led ;0 g ol (6300 by lylo
> laghy il ond 485 I )3 (2352 yé 9 g3 pf pdilinSTH)
S 2l sy 5 (s aes ilepSes Ly, ol
3y Qlie ple Slidod @l 5l eslatul b Jlw — (mgsile §)9
Al s loads  oriw Coro (gumans sgase Ll Ldos 1 Lol gl
b ) @59 Jsb & o35 dlal s ale it sla el
2 $9558Y Joho awiin g (35 o)l )3 359 Sundse «8)9 by 4
Wl 18 o)z 3550 ok ye (el Slo S 5 s,

229405 59U 9 pgle &g ks

2807

gl) S 3 45 S9d o0 oualis (pl g ogdle b 8 LS e 5 158
Ssysbr waboe al (W2 MBI el l/a mlidlpasie Jobo
el 3900 503555 55558 Lo sbe ;o e o218l STl

13 T T T T T

w— [ /a=0.001
Iy, eee1/a=0.01
* »» l/a=01 |

-60 45 -30 -1 15 30 45 60

5 0
0(°)

Fig. 8 Wet dimensionless fundamental frequency vs. cell angle (6) for

different cell sizes (I/a).

Slr Jobe asly ez oobye dme b (WS Sl 8 USS

l/a iz glacaws

Al w3 9y0 Jokw ojlaz Job & culs Comd F1 (o) p-4-5-3
oled 3 9l 98 (63l ST (59054 (Aawile B9 wue
Jlw b
@ Calrd Cund e |y Gsbre w8 Glss 9SS
e i slocans ey /1) 5555589 Jsho 30 o Jsb
w0 iz Cubrs [l b oS 0eh o saalin s o sl (@/1) Jsbo
OB L a5 298 o0 cvalie (ol poopdle b Il AL WIS
Alee G2 (3 @71 Jsho 50 0jloz ay (Bl ol ok Cons

135 e d/1=3 ees
o d/1=4 et
125 == d/I=3 ge
15
13 105
95
85
75
el vy s g og g
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
4/1

Fig. 9 Dimensionless changes of the wet fundamental frequency with
respect to the cell angle for different ratios (I/a).

slacans @l Jsho asly sy Cigb e dm o w0l (S5 Wl 9 UK
l/a Gbse

oy Tl il pb 59y 3 @19 M S Caoldud Connd T o)y -6-3

&%) 4Bl ge (58 50
Gl s el s oy, il S5LL -1H10 (S 5l
Sy slr 6oy 6 c8 bl slee 4 el al a5 b
e Kz hp mmal cope 2wl SHU glaa, b (mgaile
ol @ el cpl sl SedST slais 9554 5l yien o)l slais 905545
PG o Bt b sy 5 o Jao olol 5 45 ol o
o leds =3 Ll SIS slos sy 3l siins g ls slas e a5y

as (b) 10 JS...; )‘Lo)l..xi Sy Al Gupd Sy g 6:‘..)..} )_,I Sge



O 9 (53wl 9n

Ulao 43V S5 (6985 b Jlww b pwilos po i 33T dind b a9 il $ g ST Lyl pl

Op Ay o)l ST 6954 (mpile G lp 5

Sy » ok s oslar Jsb 4 Cwlke cawd Gl H1Jlew

9 Oprde &S )sba el Sogein Sodde hye bulid gl slays
22b oo SFSF g SCSC (65,0 Laslp & by jo o 5y o1 S o e

&=l

[1] Torabi, K., Afshari, H. And Aboutalebi, F. H., “Vibration And

Flutter Analyses Of Cantilever Trapezoidal Honeycomb Sandwich

Plates,” J. Sandw. Struct. \& Mater., Vol. 21, No. 8, Pp. 2887—
2920, 2019.

Bidgoli, E. M.R., Arefi, M., Mohammadimehr, M., “Free Vibration
Analysis Of Honeycomb Doubly Curved Shell Integrated With
CNT-Reinforced Piezoelectric Layers,” Mech. Based Des. Struct.
Mach., Pp. 1-32, 2020.

Nguyen, D. D., Pham, C. H., “Nonlinear Dynamic Response And
Vibration Of Sandwich Composite Plates With Negative Poisson’s
Ratio In Auxetic Honeycombs,” J. Sandw. Struct. \& Mater., Vol.
20, No. 6, Pp. 692717, 2018.

Cong, P. H,, Quyet, P. K., Duc, N. D., “Effects Of Lattice
Stiffeners And Blast Load On Nonlinear Dynamic Response And
Vibration Of Auxetic Honeycomb Plates,” Proc. Inst. Mech. Eng.
Part C J. Mech. Eng. Sci., P. 0954406221992797, 2021.

[5] Li, Y., Yao, W., Zhang, Y., “Nonlinear Dynamic Characteristics
Of Symmetric Rectangular Honeycomb Sandwich Thin Panel,” J.
Sandw. Struct. \& Mater., Vol. 23, No. 7, Pp. 3390-3413, 2021.

[6] Li,F., Yuan, W., Zhang, C., “Free Vibration And Sound Insulation
Of Functionally Graded Honeycomb Sandwich Plates,” J. Sandw.
Struct. \& Mater., Vol. 24, No. 1, Pp. 565-600, 2022.

Huang, N., “Influence Of Shear Correction Factors In The Higher
Order Shear Deformation Laminated Shell Theory,” Int. J. Solids
Struct., Vol. 31, No. 9, Pp. 1263-1277, 1994.

Frostig, Y., Thomsen, O. T.,. “High-Order Free Vibration Of
Sandwich Panels With A Flexible Core,” Int. J. Solids Struct., Vol.
41, No. 5-6, Pp. 16971724, 2004.

Omiddezyani, S., Jafari, R. A., Talookolaei, M., Afrasiab, H., “The
Size-Dependent Free Vibration Analysis Of A Rectangular
Mindlin Microplate Coupled With Fluid,” Ocean Eng., Vol. 163,
Pp. 617-629, 2018.

[10]Thinh ,T. I, Tu, T. M., Vanlong, N., “Free Vibration Of A
Horizontal Functionally Graded Rectangular Plate Submerged In
Fluid Medium,” Ocean Eng., Vol. 216, P. 107593, 2020.

[11]Hashemi, S. H. H., Karimi, M., Taher, H. R. D., “Vibration
Analysis Of Rectangular Mindlin Plates On Elastic Foundations
And Vertically In Contact With Stationary Fluid By The Ritz
Method,” Ocean Eng., Vol. 37, No. 2-3, Pp. 174185, 2010.

[12]Khorshid, K., Farhadi, S., “Free Vibration Analysis Of A
Laminated Composite Rectangular Plate In Contact With A
Bounded Fluid,” Compos. Struct., Vol. 104, Pp. 176-186, 2013.

[13]Khorshidi, K., Bakhsheshy, A., “Free Vibration Analysis Of A
Functionally Graded Rectangular Plate In Contact With A
Bounded Fluid,” Acta Mech., Vol. 226, No. 10, Pp. 3401-3423,
2015.

[14]Khorshidi, K., Akbari, F., Ghadirian, H., “Experimental And
Analytical Modal Studies Of Vibrating Rectangular Plates In
Contact With A Bounded Fluid,” Ocean Eng., Vol. 140, Pp. 146—
154,2017.

[15]Khorshidi, K., Karimi, M., “Analytical Modeling For Vibrating
Piezoelectric Nanoplates In Interaction With Inviscid Fluid Using
Various Modified Plate Theories,” Ocean Eng., Vol. 181, Pp. 267—
280, 2019.

[16]Karimi ,M., Khorshidi, K., Dimitri, R., Tornabene, F., “Size-
Dependent Hydroelastic Vibration Of FG Microplates Partially In
Contact With A Fluid,” Compos. Struct., Vol. 244, P. 112320,
2020.

[17] Bakhsheshy, A., Mahbadi, H., “The Effect Of Fluid Surface Waves
On Free Vibration Of Functionally Graded Microplates In

[2

—

[3

—

[4

[}

[7

—

[8

[

[9

—

S O Gl 60, pe e )98 (el oGy o
W08 oo S 50 1) ST sy miE SO Cwlo glialy o po)e
&5 @l a4 0l (amanle s slr s Gl S eepa
G55 2 Shn e albe @bl el ol ces
Dy g0 ol (6551 B (6, po a0 aidlidgete

calyo bags; (ol SHB L s, pom Ao alioge 558 0 2
@ ol onl &5 shoe S0y T lade 4 g bl Gl (LS e
bl slaGys )3 69) pom a e )98 B MlB sl
Sl S3U slaayg,

Jelo 4 G (63 pow Ao aliogy (595 slat woy G
Sy 655 gl aoys & b s ol 1351 S sgame ool
Abce 701 51 eS8 sgame ledl Judow a4y s

3Xm)(n }.gl).g 33 wbow &9 Lg‘;g ‘501)'] Ql?)o Slaws (4

s IIXIOXI ) N 6,55 sl

Sie Lulrd sl Gado Gl )3 eslitul 5)9e (Ll J> g, O
5 ool b wdlS )b daieiin dlolas glodiy, goins Joli o) g5
ol A el g Sl gpedly = g wiile aas slagts,
32 5 Slibas 1 o iy ool ol 45 L i el ol
= Gy Sern S s (e, Gl el gl (s sl gl
5 0,5 s

Jow b oles o )l ST3ST 6958Y (gl G55 50 (6
S Sialidl el 0.04 5 0.01 51 s b 4 Ceslbied Coms il
Dy se aly il 3

os Il 0 )l ST 0050 (amsaile Gy ln (7
poriSlo 4 085 ply (55 4 ad Caolied Comad )0 arly GuilS 3 ¢Sl
3l cnl GRIE L Jlw b oles Sl o a5 b o o0 095
e 2l 4l ulS )5 .0.95 1 0.45

S8y (Jlw b oled o )l g)93aY (gl Gy 0 B
ebin slodsbe St aly S5 s S LS ok ol
ok ojlil Rl b alloe ancin (420 jhe Jsho aly o)
oo (e Jobo sL193) 5,095° Sladohe oo &l (5 2 ooy SLe
S o

bl b obos 5o o)l h9ia¥ (amgnile oy 0 O
o R Gl &S sk b oo Gl al (il 8 Jobe ojluil aljS!
el ospede 900855 ok o

Lol b oled o g)le8 (5)50854Y (mgaile slag,g 50 (10
boe Rl b S BUS 5 Jehe slal cond (20138

bl o )l SS5ST 9050 (ampaile lagyy o (11
bior Gl b 8 9,009, Jshe loojlms Gad s b Jlew

e & b 8 Gy sl ad 5l Jlew el L 2
i £l bl i 4Ll b Slie 45 s ooty sy e alS (g0l
boe B30 by (S5 Gy el

ORI (hlre ©pgo b (W2 e ced b Bl L (13
Al go

0SB yls 518 ok o)lped 3 5e 5o (mgwile 39 &S S8y (14

el A il

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

2808



O 9 (53wl 9n

Ulao 43V S5 (6985 b Jlww b pwilos po i 33T dind b a9 il $ g ST Lyl pl

33)940l5 (5 )9Ud 9 pole &yl

2809

Interaction With Bounded Fluid,” Ocean Eng., Vol. 194, P. 106646,
2019.

[18]Ramian, A., Jafari, Talookolaei, R. A., Valvo, P. S., Abedi, M.,
“Free Vibration Analysis Of Sandwich Plates With Compressible
Core In Contact With Fluid,” Thin-Walled Struct., Vol. 157, P.
107088, 2020.

[19]Ramian, A., Jafari, Talookolaei, R. A., Valvo, P. S., Abedi, M.,
“Free Vibration Analysis Of A Laminated Composite Sandwich
Plate With Compressible Core Placed At The Bottom Of A Tank
Filled With Fluid,” In Structures, Vol. 29, Pp. 1259-1273, 2021.

[20] Khorshidi, K., Norowzian, H., “Stability Analysis Of A Sandwich
Plate With An Auxetic Core Reinforced With Carbon Nanotubes
Under Aeroelastic Forces,” JSTC Journal, Vol. 14, No. 4, Pp.
2597-2610, 2024.

[21]Yolcu, D. A., Ozturk, B., Sari, G., Okutanbaba, B., “Free Vibration
Response Of Sandwich Composites With Auxetic Chiral Core,”
European Journal Of Mechanics - A/Solids, Vol. 113, Pp. Article
ID: 105700, 2025

[22] Khorshidi, K., Savvafi, S., Zobeid, Z., “Investigation Of Free
Vibration In Fluid-Loaded Cylindrical Shells With A Three-Layer
Sandwich Wall And An Auxetic Central Layer,” Macs Journal,
Vol. 12, No. 24, Pp. 53-72, 2025

[23] Fang, X., Shen, H., Wang, H., “Nonlinear Free Vibration Of
Sandwich Beam With Data-Driven Inverse Designed Auxetic Core
Based On Deep Learning,” European Journal Of Mechanics -
A/Solids, Vol. 102, Article Id: 105276, 2025

[24] Heidarisoureshjani, A., Kalantari, A., Hesari, E., Talebitooti, R.,
Talebitooti, M., “Cutout Effects On The Vibration Of Sandwich
Auxetic Cylindrical Shells With An Experimental Validation,”
Journal Of Sound And Vibration, Vol. 592, Article Id: 118624,
2024.

[25] Malek, S., Gibson, L., “Effective elastic properties of periodic
hexagonal honeycombs,” Mech. Mater., vol. 91, pp. 226-240,
2015.

[26] Tornabene, F., Viscoti M., Dimitri ,R., Aiello, M. A., “Higher
Order Formulations For Doubly-Curved Shell Structures With A
Honeycomb Core,” Thin-Walled Struct., Vol. 164, P. 107789,
2021.

[27]Sorohan, S., Sandu , M., Constantinescu, D. M., Sandu, A. G., “On
The Evaluation Of Mechanical Properties Of Honeycombs By
Using Finite Element Analyses,” INCAS Bull., Vol. 7, No. 3, P.
135, 2015.

[28]Hashemi, S. H., Arsanjani, M., “Exact Characteristic Equations For
Some Of Classical Boundary Conditions Of Vibrating Moderately
Thick Rectangular Plates,” Int. J. Solids Struct., Vol. 42, No. 3-4,
Pp. 819-853, 2005.

[29]Hosseinihashemi, S., Fadaee, M., Taher, H. R. D., “Exact
Solutions For Free Flexural Vibration Of Lévy-Type Rectangular
Thick Plates Via Third-Order Shear Deformation Plate Theory,”
Appl. Math. Model., Vol. 35, No. 2, Pp. 708-727, 2011.

[30]Raville, M. E., Ueng, C. E. S., “Determination Of Natural
Frequencies Of Vibration Of A Sandwich Plate,” Exp. Mech., Vol.
7, No. 11, Pp. 490493, 1967

[31]Zhou, H. B., Li, G. Y., “Free Vibration Analysis Of Sandwich
Plates With Laminated Faces Using Spline Finite Point Method,”
Comput. \& Struct., Vol. 59, No. 2, Pp. 257-263, 1996.

[32]Yuan W. X., Dawe, D. J., “Free Vibration Of Sandwich Plates
With Laminated Faces,” Int. J. Numer. Methods Eng., Vol. 54, No.
2, Pp. 195-217, 2002.

[33]Rao, M. K., Desai, Y. M., “Analytical Solutions For Vibrations Of
Laminated And Sandwich Plates Using Mixed Theory,” Compos.
Struct., Vol. 63, No. 3-4, Pp. 361-373, 2004.



2810-2822 o 3 opleis 12 s

s—

Y5 4

SR 93y el &y s

H}”ﬁw $5ls 5 pole

http://jstc.iust.ac.ir

uk’_‘;ﬂ!f:&ﬂ

&

S g8 g Joo 99 (Wl 3 Cawgo yi (g poudy by (SO joolS )0 (L35 L8 ) dy Lo

S eyl )z g 6 mn 4 JI,50

2 o8 Lo yowat d SLALS 5,8 5L s dozmo

SIS (LIS olSils o SlSe gmikige o) (lis IS (sgmiils -1
SLal o Lals olRasls (Sl i b2
ghasemi@kashanu.ac.ir 8731753153 iy ggaio (Lol #

ouuS>

i wleMb!

e il 5 58, e St et %, JSH 5 5 il S Sy Jibs Jae 55 50 ol 5
SeawYlsSuss dobae sla il il (gilovaasin lp .l ool Sbj,l g Jdow sl mul Ling faces 2ujemelS slaasYous
SR sl o33 dl e 40 0ads (g jlwdastine gl el )b 5l oolitul a5 Lxil 1o eoliiul wezge 0,26 slaialesl s 5l Sy
e sl 5ol 0,8 sl 5 SISy s Jao 5 (025 (slo o] el o |y 695 sl 15,5050 4 by olan o
Joe 4y G ,5 5 Sea¥lslan s Joe 5l ol Cawds s inds (gjluwaasiine Aoz &jaa 5,3, 5 o5 a e 0 Sy
75 slse;] 5l odel Cawds ol b os5 Sl Gl 51l s fadad 2u5emelS slaaYaiz (gl (5w Sew¥lsSass
Sl oizmen a0 5 osalie (gssu (65950, 5 (05 e 99 58 50 GLbil pl g 0,65 0 b (225 5 (oles Zolaw ;5 (ogaty
25 5 9 Led sl ;S L byl cl polie a7 03,5 onalie 5 0l (o )5 Aolas (sla el i 595 A5 5 oo
Jode (b3 (oo sl eyl G 2008 Zligunl 25 g b 4 cos o gl )by ol Olyss oSl O¥olee aslsl jo 08 e
B e 3 L s I3 L o 0 e 0L gl b 4l 52 53 B G £ 5 e sl
ber a8 el g faied (DjeelS sleaVaiz lp (L2555 I (SB35 S E5 5 eSS oSl

1404/04/08 -3l 5
1405/01/30 : 5 3

OB Slguals’

NS

(o SetVlsSy Joro
SeeVlgSns sl ez Joe
S

(hiE el ),

S5l slaaYous

Creep behaviour comparison in thermoset polymer matrix composites based on

single integral schapery and four parameter burgers models
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In this study two viscoelastic analytical models -the four-parameter Burgers model and the single-integral
Schapery model- were compared, analyzed, and evaluated for predicting the long-term creep behavior of
glass/vinylester composite laminates. The parameters of the Burgers viscoelastic model were characterized
using available experimental data. Since using the same set of characterized parameters from the creep
stage in the recovery stage resulted in significant discrepancies between experimental results and the
Burgers analytical model, the model parameters for the creep and recovery stages were characterized
separately. The results obtained from the Burgers model showed significantly better agreement with
experimental data for glass/ vinylester composite laminates, especially at high temperature and stress levels,
compared to the Schapery model. This agreement was observed clearly in both the creep and recovery
stages. Furthermore, the effects of temperature and stress on the variations of the Burgers model parameters
were investigated, revealing that these parameters change with varying temperature and stress levels.
Subsequently, the governing equations describing the variation of these parameters with respect to
temperature and stress were derived. Finally, the creep compliance, creep modulus, damage factor, and
creep strain rate were calculated at each stage. The results for glass/ vinylester composite laminates indicate
that with increasing temperature and stress levels, the creep compliance, damage factor, and creep strain
rate increase, while the creep modulus decreases.
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Fig. 2 Variations of the burgers model parameters E;, E,, 11,, 5 during the creep stage as a function of static stress at 75°F
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Table 1 Fitted Equations for the Burgers Model Parameters During the Creep Stage at 75°F

R? c b a Function Parameter
1 159.1 0.5221 -74.97 f(x) =aocy? + ¢ Eq
1 3655 0.9041 3157 f(x) = acy? + ¢ E,
1 1.62B+05 5.62E+05 9.7E+05 f(x) = aoy? + boy + ¢ 12
1 1.09E+07 2.043+07 1.52E+07 f(x) = agy? + bay + ¢ 13
|.2 T T T Ll 1 I [ ]

] -
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Fig. 3 Comparison between the creep response of schapery and bergers models and experimental tests performed at different stress levels and
temperature 75°F
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Fig. 4 Variations of the burgers model parameters E;, E,,1,,713 during the recovery stage as a function of static stress at 75°F
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Table 2 Fitted equations for the burgers model parameters during the recovery stage at temperature 75°F

R? c b a Function Parameter
1 1515 0.5907 -70.98 F(x) = aoy? + ¢ E,
1 3412 1.788 -4019 f(x) =agy? + ¢ E,
1 1.63E+05 5.62E+05 -9.7E+05 f(x) = agy? + boy + ¢ 2
1 8.58E+06 -6.082 539.9 ) = aosy? + ¢ 3
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Fig. 5 Comparison between the recovery response of schapery and bergers models and experimental tests performed at different stress levels and

temperature 75°F
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Fig. 6 Creep compliance, creep modulus, and damage factor as a function of time under various stress levels at 75°F
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Table 3 Fitted equation for the variations of steady-state creep strain
rate at temperature 75°F

Function

fx

=acy® +boy+ ¢

R? c b a

1 -1.81E-06 2.34E-05 3.18E-05

MNysp (955 Sl <8 Gl L35 L8, o 50 Je g0 52
diged 59y p Lo Jlesl mhaw 4z ;2 558 oo alax>dle aS jshailes aiil oo
e ailige VL (G253 5 5 G SVl 555 ke sl YL
@ 6y 2 e dlkl I Sr Jee Y i g b ok o
9 5 Se¥IsSang Joe o Gldail 0Bl s 10,05 0 (228 slase)]
wbd oly 25 0.6 5 04 o5 sl 3 029 lagses] @l
boahl Sless 115 9,10 slaJSs 558 o0 0> Z9o54 (S)5elS
Tobe 5o Lod Olyesd o 1) G033 Al ye 50 5 Joe B, B, 1,13
ety asd 205seelS aYauz 0 09 = 0.2 — 0.60y,;; Ssbewl s
Ao o aled il

O ce> b Sl (53 55 25 Sl p oS Aol
@ ozl @l J 2 B oo sles 5o e Jlos! (St
dglio 8 JSi .l 00 03,913 o )les Jga 10 75°F (slos ;0 ooy aloxl
S35 2 1) e Srosesl @l 5 b 5 50 ladas (555 Gl o
Joome o o 457 BUI asly byl Juing aded u5emlS sladigas
&) oles maw Yz 05 09 = 0.2—0.60y;; Ssbwl i con 331
Silwaarie 5 (05 0l Gln @8 slogsel @Sl aes e
Sl o oolaznl 5 Jow sle el )l

%107
T T T T T T T T T
25k ==Curve fitting 7
@ Result from experiment
sk T=75F _
@ 1sf 1
s
v
1k i
05F 7
0 s ' s L ' L L s L
0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65
/
T (MPa)

Fig. 7 Variation of creep strain rate as a function of static stress

changes at 75°F
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Table 4 Fitted equations for the burgers model parameters E4, E;,1,, 113 during the creep stage under static stress g = 0.20,,;

R? d c b a Function Parameter
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Table 5 Fitted equations for the burgers model parameters E4, E5,1,, 173 during the creep stage under static stress 69 = 0.40,;;

R? d c b a Function Parameter
1 168.2 -1.246 0.008663 -2.562E-05 f(x) =aT3 +bT?+cT +d E,
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Fig. 11 Variations of the burgers model parameters E;, E,, 15,15 during the creep stage as a function of temperature under static stress g, = 0.60y,;;
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Table 6 Fitted equations for the burgers model parameters E4, E,1,, 173 during the creep stage under static stress o9 = 0. 60,

R? d c b a Function Parameter
1 204.1 -2.455 0.01847 -5.1188-05  f(x) =aT®+bT? +cT +d E,

1 3373 -44.46 0.3365 0001043 f(x) =aT®+bT?+cT +d E,

1 0.00403 8.446E+04 0.04482 -131.9 fx)=a-exp(b-T)+c-exp(d-T) 12

1 1.162E+07 -1.689E+05 1168 -2.987 f(x) =aT®+bT?+cT +d n3
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Table 7 Fitted equation on the creep strain rate at the end of the creep duration induced under various stress levels (0.2-0.66u;) and temperatures

(75-150°F)
R? d c b a Function Level stress
1 0.04953 6.461E-09 -0.0059 648806  f(x)=a-exp(b-T)+c-exp(d-T) 0.2 0,
1 -6.93E-05 2.287E-06 -2.108E-08 6.87E-11 f(x) =aT3+bT?+cT +d 0.40,;
1 -1.69E-05 9.1E-07 -6.451E-09 1.94E-11 f(x) =aT3+bT?+cT +d 0.6 0,
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Investigation of mechanical and metallurgical properties of Al6061/sic metal
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As Metal Matrix Composites (MMC) are increasingly used in advanced industries, various manufacturing
methods for parts made from these materials have attracted growing attention. One such method is the use
of high-power ultrasound during the casting process. This study investigates the effect of ultrasonic
vibrations during the casting of aluminum alloy 6061 (Al6061) and Al6061/SiC metal matrix composites.
Casting was performed in two modes (with and without ultrasonic vibrations) for both materials, and the
effect of ultrasonic time (1 and 2 minutes) on output parameters—including hardness, compressive strength,
grain size, and the size distribution of SiC reinforcing particles—was evaluated. Additionally, the
independent effects of the SiC reinforcement and ultrasonic vibrations were examined in separate tests.
Results show that for both Al6061 and Al6061/SiC composite, applying ultrasonic vibrations produced a
finer-grained structure in the casting, with grain-size reductions of up to 57.8%. Consequently, hardness
increased by up to 37.7% and compressive strength by up to 12.8%. Moreover, in the composites, ultrasonic
vibrations yielded a finer and more uniform distribution of SiC particles within the aluminum matrix. These
effects are attributed to cavitation and ultrasonic streaming in the metal melt.
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Fig. 1 a) Laboratory setup for vibratory and ultrasonic melt processing,
b) Industrial conceptual design of continuous ultrasonic casting, c¢) Effect
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Dendritic structure (without ultrasound) and spherical fine grain
structure (resulting from ultrasound processing)
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Fig. 2 a) Ultrasonic setup, power supply, casting mold and element,
melting furnace, mold temperature control panel, b) Molding Die, and c)
Ultrasonic system: transducer, booster, and horn.
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Statistical investigation and analysis of the effects of pin diameter, polyurethane
layer thickness, and hardness on the forming limit diagram of aluminum/copper
bimetallic sheets in the multi-point forming process

Milad Aali Majidabad', Ramin Hashemi'", Habibolah Akbari'

1- School of Mechanical Engineering, Iran University of Science and Technology, Tehran, Iran
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In this study, the forming limit diagram (FLD) of aluminum/copper bimetallic sheets in the multi-point
forming (MPF) process was obtained both experimentally and theoretically using the second derivative
method. The experimental results showed less than 10% deviation from the theoretical predictions. In the
numerical simulations, the effects of pin diameter, polyurethane layer hardness, and polyurethane layer
thickness on the forming limit of the MPF process were systematically analyzed. The simulation outputs
were subjected to statistical evaluation, and the results indicated a strong correlation among the studied
parameters, confirming the adequacy of the selected modeling approach. The findings showed that a pin
diameter of 12 mm provided the optimal configuration, yielding the highest forming limit under all
polyurethane layer conditions compared to other pin diameters. Furthermore, for all pin sizes, increasing
both the hardness and thickness of the polyurethane layer led to an improvement in the forming limit.
However, the influence of layer thickness was found to be more significant, particularly for pin diameters
of 8 mm and 15 mm.
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Fig. 3 Tensile test results of the polyurethane layer at harnesses levels
of 65, 75, and 85 SA
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Table 2 MPF parameters in ABAQUS
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(mm) (mm) (SA)
8 5 65
10 10 75
12 85
15
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Table 3 Simulation scenarios for pin sizes and polyurethane thickness
and hardness
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(mm) (SA) (mm)
5 65 8 1
5 75 8 2
5 85 8 3
10 65 8 4
10 75 8 5
10 85 8 6
5 65 10 7
5 75 10 8
5 85 10 9
10 65 10 10
10 75 10 11
10 85 10 12
5 65 12 13
5 75 12 14
5 85 12 15
10 65 12 16
10 75 12 17
10 85 12 18
5 65 15 19
5 75 15 20
5 85 15 21
10 65 15 22
10 75 15 23
10 85 15 24
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Table 1 Mechanical properties of Al and Cu
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Fig. 2 Tensile test results of the Al and Cu
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Table 4. The area under the forming limit diagram for 28 different multi-

point forming Style
2ol kY cwlrs Y SEe gkl G
(mm?) ,l5g03 (mm) ;b ! (SA) ¢y 9! (mm)

0.17626 5 65 8 1

0.18075 5 75 8 2

0.18363 5 85 8 3

0.18414 10 65 8 4

0.22108 10 75 8 5

0.23023 10 85 8 6

0.20035 5 65 10 7

0.20280 5 75 10 8

) 0.20970 5 85 10 9
i 0.20429 10 65 10 10
y 0.20945 10 75 10 11
4 021115 10 85 10 12
_3\ 0.21516 5 65 12 13
A 0.22778 5 75 12 14
N 0.23665 5 85 12 15
3 0.22856 10 65 12 16
2 0.23773 10 75 12 17
v 0.24154 10 85 12 18
Y 0.19483 5 65 15 19
3\ 0.19776 5 75 15 20
L 0.20741 5 85 15 21
i 0.20033 10 65 15 22
0.21300 10 75 15 23
0.23427 10 85 15 24
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Multi point forming process

Fig. 4 Schematic of the MPF process, die setup, and formed sheet
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Fig. 8 Probability plot of area
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The actual process spread is represented by 6 sigma.

Fig. 9 Process capability report for area
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Fig. 10 Variation of the area under the forming limit diagram with
changes in polyurethane layer hardness at a thickness of 5 mm
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Fig. 12 Percentage change in the area under the forming limit
diagram with variations in polyurethane layer thickness
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Fig. 11 Variation of the area under the forming limit diagram with
changes in polyurethane layer hardness at a thickness of 10 mm
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Low-velocity impact response of cylindrical sandwich shells with metal-fiber
laminated faces and a compliant core based on a higher-order sandwich shell

theory

Peyvand Abbaspour', Omid Rahmani'”

1- Department of Mechanical Engineering, University of Zanjan, Zanjan, Iran.
*P.0.B. 38791-45371, Zanjan, Iran, omid.rahmani@znu.ac.ir
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In this study, the low-velocity impact response of a cylindrical sandwich shell with metal—fiber laminated
(FML) face sheets and a compliant core is analytically investigated. The governing equations are derived
using Hamilton’s principle within the framework of a higher-order sandwich shell theory and implemented
in MATLAB for numerical computation. In the developed model, the face sheets are modeled based on the
classical shell theory, while the displacement field of the core is described according to the three-
dimensional elasticity theory without employing common simplifying assumptions. Moreover, nonlinear
distributions of stresses and strains through the core thickness are incorporated as complementary relations,
and both geometric nonlinearity and in-plane/out-of-plane shear deformations are included to achieve a
more accurate description of the impact response. The time history of the contact force is validated against
available results from previous studies, demonstrating good agreement. Furthermore, a parametric analysis
is performed to assess the influence of key parameters such as the core thickness and elastic modulus, as
well as the impactor mass, velocity, and radius on the impact behavior of the system. The results reveal that
these parameters play a crucial role in determining the peak contact force and the overall deformation of
the sandwich shells.
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Fig. 2 Spring-mass model of the sandwich shell and impactor system
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Table 2 Mechanical properties of the foam core material, aluminum,
carbon/epoxy, glass/epoxy, and aramid/epoxy [1, 22].
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3 Glass Fibre Reinforced Aluminum Laminate
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Table 1 Specifications of the sandwich face sheets with a foam core
[25]

il S dose Oslsy i pd Sk Joe
kg/m*) (GPa) (GPa)
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G13=3.16 Y13=0.313 Ei,=54
G,3-1.87 9,3=0.313 E33-4.84
6000 -
5000 |- = Analytical [25]
* Experimental [25]
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Fig. 3 Variation of contact force vs. time in a composite sandwich
shell with thin face sheets and a foam core
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Fig. 4 Variation of the peak impact force with the face sheet volume
fraction
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Table 3 Effect of the metal-fiber face sheet volume fraction on the
peak impact force in a foam core sandwich cylindrical shell.

D yS gy A S
&g > et =5 s 23 SajseelS
S il S b Sl el
1339.8 1171.9 1340.9 1172.9 1342.6 1174.9 0
1338.7 1168.9 1340.1 1172.2 1341.9 1172.5 0.25
1337.5 1161.8 1339.5 1168.3 1341.0 1171.9 0.5
1335.2 1147.3 1338.4 1158.1 1340.3 1170.1 0.75
1330.1 1118.5 1332.5 1129.0 1338.7 1164.5 1

2)940l (5 )9US 9 pgle ds jui

2850



33)940l5 (5 )9Ud 9 pole &yl

2851

Sea) 5 09 pwlic

w598 Slise p n3ydlosil aiwd 9 Bl U8 4V Jia sladso) b g3l (slaslgial i g3 ¢yl wae pun &9 516 Jul=xs

Sl ge L wilgs o awn I Sl a8 el o] [Sks Aig, !
6‘459?4‘. (0S8 L] S (65,3 (g 3lwo 3 dgups g 05l e u...,l)s| e
slas PREM PHAW 515 Cdo ASLE) [T p_ﬂ]m sleaiie a5
397 3l @lwe Rl g gym gyl Dad alS 0 i LIS S
W2 e lis

3 g ogden Jol 5l ooliiwl b oS> SVolre «g5le Jow ol 5o
Olae g ol ghmiul (amgaile glaatug Yhad,e 98 wsz)lr
S aSore Hod csdman AVl (6,95 Gliw p de plal>
B> m39 ced § Cpy Cawl 0038 )T (g3l Joe cpges o sla s sLuosle
ad)S Ll s 530 el dis Culs sl 3 bS5 o olral>
hp SLSSL i 5 iy Sllasil I s salinddly oleijl Sl 5 ond
&y o3l (5l 10 Gl U oo Corge aid iy 0,09, (pl ol ool gl 8
By ) 4 3oy 5 pleie Ojgod wglae JBs L slbaiis
5 b Shdyt p Giee S Gladae o oS el 0sd i
el plitws BB O jaia saiiS sgam slasjluools

O s Al Jode (Jol> s wlal 5 K8 gew
(6 JSs) S o Wyl uled (695w yloy a9 DAl sy (gallS
Saie o egwore ioli8lay poie s e ioli8l AT 0gd e cdalin
oL gy (00,5 (00 les (Sloj 03l (2l Sl (a0 9 eled (5958
Cuglin g ools Wyl 1) wbele L5 condo (poin loaiws a5 s o0
slaaie a5 Jb 0 wijsl oo polp slabisd JSo s ply 40 (6
9 S5 P @dx Gl uled lej Sae GIEIL 5y Sllas]
Wileer pol2 1) 95 gl Dol rals

1200 —— Ec=0.1 GPa
- — -Ec=0.07 GPa
1000 | -=~\ Ec=0.04 GPa
7 N
(< \
— p A
Z g0} s LAY
@ ; N,
e ’ A
o ’ o \
L 600 i i \
15} 7 («' \
£ i g \
g ot \
o 400 /7 /" \‘
1 \
II ," \\
200 ,”; \‘
yi \ \
1 1 1 1 1 Al 1 M1

0 J
0.000 0.001 0.002 0.003 0.004 0.05 0.006 0.007 0.008
Time (s)

Fig. 6 Variation of the contact force vs. time with changes in the
core’s modulus of elasticity
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Table 4 Effect Variation of the peak impact force with the increase
in the core-to-face thickness ratio of the sandwich shell.
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Fig. 5 Variation of the contact force versus time for the shell under
different core densities.
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Fig. 8 Analytical impact response under different impactor velocities:
(a) central deflection of the top face sheet and (b) time history of
contact force
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radii: (a) central deflection of the top face sheet and (b) time history
of contact force
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Fig. 9 Analytical impact response for different impactor masses: (a)
central deflection of the top face sheet and (b) time history of contact
force
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Investigation of microstructure and thermomechanical characteristics of in-situ
Al-15%Mg;Si-0.5%Er composite in hot compression test
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In this study, the simultaneous effects of modification Mg>Si reinforcement particles in Al-Mg-Si in-situ
composite by erbium addition, along with hot compression testing at temperatures of 300, 350, 400, and
450 °C and strain rates of 0.001, 0.01, 0.1, and 1 s™!, were investigated. Microstructural evolutions were
examined using optical and scanning electron microscopy, while thermomechanical characteristics were
analyzed based on Arrhenius constitutive equations. The results revealed that the addition of 0.5 wt.%
erbium transformed the morphology of primary Mg.Si particles from dendritic to polygonal, reducing their
average size from 56 pm to 15 pm. The lamellar morphology of eutectic Mg.Si particles also changed to
short fibrous and particulate forms due to the modification of interfacial energy between the a-Al and Mg>Si
phases. Furthermore, thermomechanical processing accelerated microstructural refinement through
mechanisms such as mechanical fragmentation, particle spheroidization, and dynamic recrystallization. By
analyzing the flow curves and performing linear fitting of strain rate, temperature, and peak flow stress
values, the constitutive constants were determined, and their variations with processing parameters were
evaluated. The activation energy for hot deformation was calculated to be 259.14 kJ.mol'. Finally, the
accuracy of constitutive equations was validated by comparing the experimental (measured) flow stress
values with those predicted by the model.
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Fig. 9 Comparisons between measured and predicted flow stress at various deformation conditions
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