Modares Civil Engineering Journal

Volume 25, Issue 5, 2025, 7-17 i
DOI: 10.22034/25.5.7 Tarbiat Modares

University

Investigation of the Mechanical Behavior of Aluminum Nano-films with
Surface Oxidation under Uniaxial Tests: Molecular Dynamics Analysis

Amir Rezaei Sameti 1">), Hossein Abbasi 2

1. Assistant Professor, Department of Civil Engineering, Faculty of Engineering, Bu-Ali Sina University, Hamedan, Iran.
2. M.Sc., Department of Civil Engineering, Faculty of Engineering, Bu-Ali Sina University, Hamedan, Iran.

Abstract Review History
Aluminum nano-films are one of the functional elements that have various applications in Received: Jan 09, 2024

different fields such as strengthening cement base materials, improving the performance and Revised: Sep 25, 2024

efficiency of concrete, and enhancing the mechanical and volumetric properties of clay. In this  Accepted: Mar 12, 2025

study, the mechanical responses of aluminum nano-film are investigated under uniaxial tensile Keywords
and compressive tests using the molecular dynamics (MD) method. The initial configuration of
the nano-film is constructed based on a 3D aluminum core—alumina shell model that provides a
suitable description of surface oxidation in the nano-film. This model is useful to determine the
influence of surface oxidation on the mechanical behavior of nan-film. Because of the accuracy ~Molecular dynamics
and competency, the inter-atomic interactions are evaluated using the EAM+CT] potential, which ~analysis

is a hybrid potential consisting of two components, i.e., EAM and CTI potential, such that it can Mechanical responses
also take into account the electrostatic interactions between the atoms. After establishing the Surface oxidation effects
initial configuration, the energy minimization process is performed on the nano-film, and then its  pyint defects
temperature and pressure are adapted to the environmental conditions through the relaxation

process. The MD analysis is accomplished by the open-source LAMMPS software, and the

visualization of outputs is performed by the open-source OVITO software. The periodic

boundary condition is imposed on the lateral sides of the nano-film to eliminate the free surface

effect of the atomistic analysis. The tensile and compressive tests are applied to the nano-film in

accordance with the experimental tests, and the stress—strain curves are determined. The concept

of Virial stress is employed to calculate the stress of the atomic model, which is equivalent to the

conventional Cauchy stress in classical mechanics. In order to diminish the dynamic effects,

deformation is incrementally applied to the nano-film, such that at each increment, a small strain

is gently imposed, then the nano-film is relaxed under the deformed conditions, and finally the

stress and strains are evaluated. The numerical simulations are verified by comparing them with

experimental data, which demonstrates the acceptable accuracy of the obtained numerical results.

The influence of various parameters such as the thickness and the percentages of oxide layers are

investigated on the mechanical response and stress-strain curve of aluminum nano-film under the

uniaxial tests. It is demonstrated that the thickness of the oxide layer significantly impacts

mechanical behavior, such that the hardness and energy absorption capacity of the nano-film is

increased considerably by increasing the percentage of the oxide layer thickness. However,

increasing the total thickness of the nano-film leads to a decrease in the Young’s modulus and

elastic limit of the specimen. It is because of the decrease in the percentage of oxide layer

thickness by increasing the total thickness of the nano-film. Point defects are one of the important

imperfections in the crystal structures of atomic configuration that have a significant effect on the

mechanical behavior of materials. In order to investigate the influence of point defects, different

percentages of voids are generated by randomly omitting some atoms in the nano-film domain.

The generated specimens are analyzed under the uniaxial tests, and their mechanical

characteristics are evaluated. The numerical simulations demonstrate that the hardness of the

nano-film is significantly reduced by increasing the point defects.

Aluminum nano-film
Uniaxial tests

* Corresponding Author Email: a.rezaeisameti@basu.ac.ir - ORCID: 0000-0002-7985-9840

Copyright © 2025, TMU Press. This open-access article is published under the terms of the Creative Commons Attribution-NonCommercial
BY NC

4.0 International License (https://creativecommons.org/licenses/by-nc/4.0) which permits Share (copy and redistribute the material in any
medium or format) and Adapt (remix, transform, and build upon the material) under the Attribution-NonCommercial terms.

7


https://doi.org/10.22034/25.5.7
mailto:a.rezaeisameti@basu.ac.ir
https://orcid.org/0000-0002-7985-9840
https://creativecommons.org/licenses/by-nc/4.0
https://orcid.org/0000-0002-7985-9840

.
]
Ul

WPI3e Ulres (e (sele dlxo

VWY G Y Olorio - 1+ F Jlo B o,les YO 0593
DOI: 10.22034/25.5.7

b eSS Og05) ot oedaw dnST Y s s JT sla, 550 SGIS H8, w) p

SN Sy Sy,

Y s\ .
wL& O ¢ J:,aLa JL&) J.:,cl

d‘j‘i\ cQ\J\M ;L:.w L5L;f AK..:.;\J cdw.,\.\.@.p aJ&.j.i\: cQ\JA} ‘;.N.)m.égd 5_5; dm 6;3 \
Ol i e g ol 85 ¢ pwdign 0 a2 O jas pwdige 03,8 i)l wlis S Y

Sa3ls azu ;b
VEY/N 0N sl s
VEYVE i S50

VERYATYY : by

6"\?‘5 oS

oo Sl Buasb
G SS sa0 o5
S50 Salus (g5luans
S szl

lakd a8l

oS>

e S g O e p gt glaaie) 3 ks (glas IS 4 Lies ol 2] dhex e S g5 50

o aallas ol 3 a0l e SUE e 5 SO ol Wl s om0 obl 5 Shes 50 5 Sleww 4l
Saalizs gy 3 ealial b (55T LS 5 23S 003l o o s T (Sla 3,550 SIS Glagals e
g 3 s Il s s Jlo olil 2 G U sl p s a8 S I 5 el Je s g e aitls S S05
32 o) o RS AL s el 3 eba O eS| 1 pnlin o 5 L5 gn oS o] e T 1S
GES U Sl S s e s s gl glwdds U sy i e aals EAMACTI il wlul
6551 SlwaanS Al b B85 5L Al i Sy sl 5l ey 35 4B S 5 0 50 D3 Sl 5 S
L et (5L 5 (23S (55 5meSS Osm3 pnr 2338 g0 L Jae Loyl 5 o gl 5 4By e
S B e 3,8 e e e GBS A5 Gl sal 5 e dlesl Wsad  ASELST Bl
o=l 3 i o5 r@‘%@ oo 4 Guspb p K0 sl (IS0 (VL e w51 30 (Sl
Lyl 5 o a0 s 0l Jlasl 4D gad 4 o)l @ oS IS0 05 1l (5,18 5 o a sl b
L a8 Soso ilutnd 258 n 2biol el 5o (RS 5 55 ol Ll 03 5 edn 8 5l anl S0 i
Glaculio s L Lad,s 50 (iludle Coms dul 51w 58 00 omncoms aLe3T laesls L anslis
o BOT J25,5= 25 )1 503 5 0l bl (6 pmncSS 003l s AenST Y 1 e slads s 5 il
Ao s Pl b aS(s)sb 4 el sl SOlKe 5, denST Y s sl 6 51 Sl b 35 S e
Al il JKLLIES Ve 4 VO s 51 0l SSb dsde 5 0l Jsiom 4 gas doys £0 610 S ST Y
25 ol St Ol I e el Sl (85,5055 Jlsad b glala Gl 0 ees

g:,\.w‘ LAM}AJ DL

g slaaw; jo e glas )8 aS s (5)56b s

oe @bl s, Shae 35 5 Sl a0l 5lge Cu 58 O green

oo —\

5 S0 b L0l ader 51 oo T sl 5t

Creative  MoJloys some o5 9 0ad piiia T (s jiws gy allia ol (TMU Press) Guyse o5 olKisls whlial ¥-Y0 © culyoS
ol Lilgsse Leds Game ol Lwlwl s (hitps://creativecommons.org/licenses/by-nc/4.0) 5,1 ,1,5 Commons Attribution-NonCommercial 4.0

0000-0002-7985-9840 :ORCID - a.rezaeisameti@basu.ac.ir :J siwe sdbies 55 asllil, *

._\.:.;fo.)liiwl(_;)lqd).:iML&A6|ﬁQTj|50);;5|)nM,JfU4§3TLﬂZ4.3LJ.:.:LA}(_;)'L»)'LQL;J)”‘)QTQB.xﬁif@_l)élegQ).ujlgA@f‘_;h}lw)g;_aﬂé)h)_\l)vlbﬁ

A


https://doi.org/10.22034/25.5.7
mailto:a.rezaeisameti@basu.ac.ir
https://orcid.org/0000-0002-7985-9840
https://creativecommons.org/licenses/by-nc/4.0
https://orcid.org/0000-0002-7985-9840

VE-F o 0 o)les YO 6,90

SLaG 5L SOl (ol o s ISt Y 6 s
S it slaaisnd [14] T opedln 5 e o e ]
Sy Oga3l S 503500 g 1y pp g I LG5 50
4S sl ol Lagl s s Lol Kol [y oy @
5 Al LGl SOl Jls, o gy LB 36 st &Y
s e LOT Caslie J2l5l 5 g plbcilan] 2alS & s
s ode Silwand (AR LT Sldlas HLS 3 ol gan
U rlde s e glasdiy S sl el S3) Ol e
Shrle Siame 1 o Slaiss ol sl o3 a5 350
SR BN N [ PR SPNESRCH & Py WY PPt E
omtl Al 5 Sles s Cal Sl T 6y ame
b 93 peis jpb A LIS e aglad e 5 Laglaand
03kl Jie KK tesilislge oS ssg 5 i slas sl
SO Ly 4 [15] O 5 Kyl el
S el U 35 i 0 a3l oo o pin T S8 G5,5 50
SRl S Lol el ity IS0 Saliys (5leand
565 Sn s S SRl L LaG s 50 3 3 e
b JSpe Sslos B, 5l eslin ol L [16] 0L S
Kog 3 s andllas |y 55d 2l elil o san JT (5la 555 50
2 1 el GLaGs 5t 53 S5 5 S [17] OlKan
oo SIS L Ll s s ey ol Jlas! il
Slapsl Lace ;5 s a8 dispes DU 550 Sl
OLd Gl L ladamdle LB s 4 85550 50 35 s
Y I [18] OLLSKan 5 o b e SRl s ol
Sy I O3S SGLSG S, |y e AS]
g i o pmatr LS 5 Skl gydn LS e yes
Calbiess i L 48 K5 gad SLI 0T 3 a5 andllas (gumsam
b s pgn ST 35U SOLSe glaial S Y
 L19] olo 5 wle oy 3 e plaisdle LB oo
sl bl a5 dsls 0Lis J 55 Salus i) 6500
oo s B Sals s T sl 5U SO il
Glas )8 a5 b asdlae opl 55 dls AeST Y Calis

sl Ao il mlis 5 osime Il S5 5L 63 1S

11 Mearini
2 Hoffman
18 peng

= 5 S ol 15 [3] (55 slee ot {1, 2]
S, SO ol mns bl l s 1 [4] ey S
Cstks 5 Shas 5l Oluabl 3 A5 LB s age 28 S3U
Sy il Gl ke glaces S b 4 ls Lol
O Ol e adaz OF 5l S ol ol &1 G550 SOl
{[6] wa«s So3menSS 03030 (5] 'l S5 SS O g0
L 5 35 0paT 7] ol s Son b il 358 0051
Oyeil 519,201 % Sl & pa3T 8] s S S s Soo
S, o 5 GaSESS Sl 51 ged o lal [11] e
4S8 ol G en ST S (oSl (SU glad s SO
Sty 5 SVl ol il 5l 1 aasls o esle
53 Ol ol Sl eslial s Jeol gla il 5l das e 4l
SrSeilal (s3lalal O man 2,150 4 Ol e SU ik
Sl 5 A5 5 &ges BB G515 e iged 53 (S S
[12] 5 505 W3l €503 5> S S ilie la a5 a0
Sle ks, s 5 el sl sdaze Dl 0 5SL
5 S il ) s el s 1 e e T Slacs 550
S Calies b e s 3T SG5 50 1L wse [13] 7 58
a0 [12] i 5" 58 Ua s sa @51 1 205l Y
Ly 5 o3 pad a1 el 00T b s U oyl
Sl G ST SiiS cnus bl 5 s 1 ol SGIKG
L LaGs sl g pd IS0 5 KL Jsde o dlpn Lol .03 50
53 oS b e il 2l T by S glasils o3l nals
5 O gl bS] Glasds s S35 o pin I GlaS 5 50 L
Slaaiz 5l sl ol SOl K 0t il 0T Sl 30
el gl mas el (gl (655L8 5 wdige (ke ilie
s035m 2V e & mha S Gl e s I sl 50
o3ls Sl Ism )3 35 50 05enST L ) 4 e Ll 3 s
s 435 e bl WOT o 55 o g Jlaest 51l

! Compression test
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® Atomic force microscopy (AFM)-enabled nanoindentation
4 In situ nanoindentation in a scanning electron microscopy
% Bulge testing

® Wang

"Fu

8 Haque

’ Saif

10 grain size



wobe g gulo Glo)

b 5 S 05 Ol s s ol b S e (S5l
5 S oSS Osa3l a el s 0T e 5 bl IS0
el lw ys ol as Ol 5 s g3lwan s 1 g LS
Ly i 5 Les cides Jal 5 oo p e Il G 8L
anllas |y Lad 90 oo gla S5 5 sbel ulil SO
5 o 0es AU U s age i baglaand ol 5 sed
LSl ol 5 Aol M@,ﬂkgugwsu S b i, 5l 5 58s
ik GLas IS sl L ) ge DSl B W5l e 0l 3
3505 s L s M S50
S0 J e e Salis s an Jdos o ISk«
o=l 31603,8 e cho gl ey Sl eslinal b b
S5 3l A el e el e SRSl
O oSyl addlae ol s ulad el el dal g laa s
EAM™HCTI™ Joily 5l eslial L 0581 5 p e 4T sl
S5 35 o e [20] OLLSen 5 55 Lo g5 sl &l
Jeile 5 51 s Ao 3 51 (S 5 Jesly nl D3 el
(BEon) Sotls S0 iy 5551 5 (B ) o 4 5

o = X F (TP (1) +5 T4 (5) V)

j#i .
i#]

1
Ecn =ZEi(qi)+§ZVij(rij’qi’qj) ™
' i

i Gsp s Sl ol T 58 Lils; o
S e Vij )¢.j d =l S 5 0 S S
sed ol lanst e Sl S (ES a5 sr S
L [21] 0l 5 sy ol 1 3l g3l (sl 03Y 6551
EAMHCTI il o5 3 yo5 bl ilises (gla sl &35 b3 )
O5eS1 5 poiwe I gadloy SHS 50l Aibone (61 b 235 (515
e 56 53 o (3badile 8l sl il 51122] 7o 5% pn
L gsde s 5l ol @L.:? dwslin L 9 s el oalanad L:A‘)ﬂ

A3 05 dob 1) Jaily cpl s Jalf.«.’;_ll.aj laosls

2 Embedded atomic method

% Charge transfers ionic potential
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Figure 1. Initial configuration of aluminum nano-film with surface oxidation; (a) schematic view of the core-shell model, and (b) atomic configuration
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Figure 2. Validation of the stress-strain curve of Al nano-film

determined by MD numerical simulation in this study with
experimental data reported by Haque and Saif [12]
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Figure 3. Stress-strain curve of uniaxial tensile test along with the snapshots of nano-film at the strain of
(a) 0%, (b) 0.1%, (c) 0.19%, and (d) 0.28%
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Figure 5. The impression of oxide layer thickness on the stress-strain curve of Al nano-film with a thickness of 80 A under the
(a) uniaxial tensile, and (b) uniaxial compression tests.
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Figure 6. The impression of nano-film’s thickness on the stress-strain curve of Al nano-film with a 30% oxide layer under the
(a) uniaxial tensile, and (b) uniaxial compression tests.
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Figure 7. The impression of points defects on the Young’s modulus of Al nano-film
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