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|=DU=Q QO =yxQm |xrY=i Vy=m =@ |�wvwQw |Ov@xm@W VwQ QO |rmQw]x@ "CU=
|xvwtv QO =Q =}=wR w |oDUmW u=wD|t =yxQm Q]k C=Q}}eD MQv Vy=m w \w]N

xvwtv QO |m}t=v}O Q=F; Vy=m x@ QHvt xUwQB u}= "OQ}o|t Q=Qk 22CL=QDU= Ov}=Qi
u}= [26]"OQ@|t V}B |m}D=DU=x@W Cr=L x@ l}ORv =Q |Q=PoQ=@ Ov}=Qi w OwW|t
=@ |rwmrwt l}t=v}O |=yp}rLD |t=tD 'Q[=L |xar=]t QO xm CU= sRq QmPD
CQwY [27]'24TBtr R=@uDt Q=Ri=sQv R= xO=iDU= =@ 23 (fs) x}v=FwDti 1 |v=tR s=o
xDiQ}PB s=Hv= [28]25wD} w= R=@uDt Q=Ri=sQv R= xO=iDU= =@ R}v G}=Dv |UQQ@ w xDiQo

"CU=

EL@ w G}=Dv "4
O=H}= |=Q@ |�wvwQw |Ov@xm@W VwQ 'Q[=L |xar=]t QO 'OW xQ=W= xm xvwou=ty
Q@ '=DU=Q u}= QO "CU= xOW xO=iDU= sw}v}twr; swiwv=v pNrNDt |x}rw= Q=DN=U
Cw=iDt |�wvwQw |Ov@xm@W xU 'QDtwv=v 16 O=a@= =@ pmW|@amt |xvwtv xU |wQ
|Ov@nvQ R= xO=iDU= =@ |�wvwQw |=y|Ov@xm@W '2 pmW QO "CU= xOW |R=UxO=}B
w 10 '15 R= ?}DQD x@ 'Q}N= |=yxvwtv QO "OwW|t xOy=Wt hrDNt |L=wv
=@ j@=]t "CU= xOW xO=iDU= |�wvwQw |Ov@xm@W O}rwD |=Q@ |iO=YD |x]kv 7
V}=Ri= xOt; CUOx@ |=y|yHwOvJ O=OaD '\=kv O=OaD V}=Ri= =@ 'QwmPt pmW
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^iL =Q OwN pmW|HviU= Cr=L w OwW|tv |W=B wQi Q=JO uW}Umr} Q Ov}=Qi
Q} w=YD w G}=Dv =@ j@]vt =yxvwtvC}a[w u}= "OUQ@ Q=O}=BCr=L x@ Ov=wD|t w Ovm|t
xOy=Wt 4 pmW QO u}vJty "CU= [10�8]'sw}v}twr; swiwv=v R= xOW x�=Q= |y=oW}=tR;

95



|Dt
=Y

|}=[
QQ}

t=/
"""|

tw}v
}twr

;|
=ysw

i|
m}v=

mt
Q=DiQ

|U
QQ@x@ xvwtv |tHL u=tr= O=a@= O}=@ T=U= u}=Q@ 'O@=}|t V}=Ri= COW x@ |D=@U=Lt

|m}v=mt C=YNWt R= ?U=vt T=mav= x@ QO=k 'xR=Ov= u} QDlJwm =@ xm OW=@ |wLv
O}=@ xvwtv |tHL u=tr= |xR=Ov= '=yswiwv=v XwYNQO [31]"OW=@ Q_vOQwt |xO=t
=yswiwv=v QO pmWQ}}eD |UQQ@ |}=v=wD xm OW=@ |wLv x@ '=yxQiL |xR=Ov= T=U=Q@

[18]"OW=@ xDW=O =Q pNrNDt Q=DN=U =@
Q=DiQ 'xvwtv |tHL u=tr= |=Q@ ?U=vt O=a@= u}}aD |=Q@ 'Q[=L |xar=]t QO
|r=oJ� u=Um} ,=@} QkD pNrND u=R}t =@ |rwhrDNt |=yxR=Ov= =@ |}=yxvwtv |m}v=mt
CLD �sQDUov= 10 OwOL Q]k =@� u=Um} |=yxQiL |xR=Ov= w ��44 OwOL |@Uv
QO VvQm � VvD Q=Owtv ?r=k QO pY=L G}=Dv "CU= xOW |UQQ@ VWm uwtR;
'QDtwv=v 16 R= QDnQR@ |xvwtv |=Q@ =yQ=Owtv 'u; j@=]t xm &OwW|t xOy=Wt 7 pmW
wQ u}= R= "CU= xO=O MQ |}=Qoty ,=@} QkD w OvQ=O Qo}Om} =@ |R}J=v ,=@} QkD hqDN=
Q@ s}taD C}r@=k '|QDtwv=v 16 |xvwtv p}rLD R= pY=L G}=Dv xm Ci=} QO u=wD|t

"OQ=O =Q QDnQR@ |=yxvwtv
w |iO=YD \=kv O=OaD '7 pmW QO xOW |UQQ@ |=yxvwtv QO 'Qo}O |wU R=
O=a@= =@ |}=yxvwtv |=Q@ 'Q}N= pmW j@] Q@ =t= 'CU= Cw=iDt =yxvwtv |Ov@xm@W
G}=Dv |oDU@=w sOa Qov=}@ xm 'OvQ=O |v=Um} ,=@} QkD Q=DiQ =yxvwtv 'QDtwv=v 16 R= QDW}@
Q=DiQ QO Q=PoQ}F-=D w |rY= pt=a wO 'Qo}O CQ=@ax@ "CU= |�wvwQw |Ov@xm@W x@
w �swiwv=v |@Uv |r=oJ =} w� pNrND u=R}t R= CQ=@a '|Rri |=yswiwv=v |m}v=mt
u}= "CU= Q}N= pt=a wO R= QDtm |�wvwQw |Ov@xm@W Q}F-=D w CU=yxQiL |xR=Ov=
w s_vt=v |=yQ=DN=U R}v |y=oW}=tR; Q} w=YD QO sw}v}twr; swiwv=v xm CU= sRq QmPD
|QDW}@ j=@]v= Ov=wD|t |r=ta= |Ov@xm@W uOw@|iO=YD xm 'OvQ=O |rmW|HviU=

"OW=@ xDW=O C}ak=w u}= =@

|Q}oxH}Dv "5
|tw}v}twr; |=yswi u} wv w OOaDt |=yOQ@ Q=m x@ xHwD =@ 'Q[=L |xar=]t QO
xOW xDN=OQB =yv; pNrNDt Q=DN=U |R=UpOt |UQQ@ x@ u=tDN=U CavY QO
Rri |wQ Q@ u; |R=UxO=}B w x�=Q= |�wvwQw |Ov@xm@W VwQ 'Qw_vt u}= |=Q@ "CU=
CQwYx@|�wvwQw |Ov@xm@WVwQ|R=UxO=}B|rmQw]x@ "CU= xOW|UQQ@ sw}v}twr;
|r=DU} Qm|rB Q=DN=U O=H}= "1 %R= Ov=CQ=@a xm 'CU= xrLQt GvB pt=W |Ov}=Qi
pN=O QO |iO=YD \=kv |O=OaD u}}aD "2 &pNrND uwO@ Cr=L QO sw}v}twr; Rri
u}}aD |iO=YD \=kv T=U=Q@ xvwtv |wQ Q@ |�wvwQw |Ov@xm@W O=H}= "3 &xvwtv
|Oa)@xU s=HL= CQwYx@ |�wvwQw |Ov@xm@W QO |RQt \w]N p}O@D "4 &xOW
xOt; CUOx@ s=HL= pN=O QO xm |tD= pt=m Q=DN=U R= |}=yVN@ hPL "5 w
QO =Q |�wvwQw |Ov@xm@W VwQ |}=v=wD '=y|R=UpOt "OQ}o|t Q=Qk |r@k s=o R=
w =yxQiL |xR=Ov= '=y|r=oJ %xrtH R= 'xOWO=H}= |xvwtv QO Q=PoQ}F-=D pt=wa pQDvm
|=yxvwtv |R=UQ=O}=B =@ "Ov=xO=O u=Wv |vWwQ x@ =Q =yxQiL |=yQ=w}O |=y|oDUmW
|=yswiwv=v '|]}Lt \}=QW QO |�wvwQw |Ov@xm@W VwQ T=U=Q@ xOW O=H}=
w |R=Ux}@W |y=oW}=tR; Q} w=YD =@ j@]vt w pNrNDt Q=DN=U =@ |tw}v}twr;
xm &Ov=xOW |@=} RQ= xO=U VWm uwtR; CLD 'xOW O}rwD |=yxvwtv |m}v=mt Q=DiQ
xm 'CU= xO=O u=Wv |y=oW}=tR; G}=Dv =@ =Q |@U=vt j=@]v= 'u; R= pY=L G}=Dv
x@ VvQm � VvD |=yQ=Owtv "CU= |�wvwQw |Ov@xm@W VwQ |}=v=wD w CkO Qov=}@
|tw}v}twr; |=yswiwv=v |m}v=mt C=YNWt QO |r=oJ |=RU@ Q}F-=D Qov=}@ Kw[w

"OvDUy

swiwv=v |@amt hrDNt |=yxvwtv |=Q@ VvQm-VvD C=Q}}eD Q=Owtv "6 pmW
"xO=U VWm uwtR; CLD QDtwv=v 16 O=a@= =@ |tw}v}twr;

|@Uv|r=oJ =@ swiwv=v|@amt |=yxvwtv |=Q@VvQm-VvD C=Q}}eD Q=Owtv "7 pmW
"xO=U VWm uwtR; CLD =yv; hrDNt O=a@= w �44

p=mU=B=o}o 17 7 OwOL QO 3 |xvwtv |=Q@ nv=} pwOt 'xDiQoCQwY |OOa p}rLD
|wQ Q@ xDiQoCQwY |y=oW}=tR; C=ar=]t T=U=Q@ xOt; CUOx@ |xOwOLt QO w
xOWO}rwD |=yxvwtv |DUQO |:tm CQwY x@ Ov=wD|t xm 'CU= xOw@ sw}v}twr; swiwv=v

"Ovm C=@F= =Q
Vy=m w pNrND V}=Ri= =@ |rmQw]x@ '6 pmW QO xOW x�=Q= G}=Dv T=U=Q@
nv=} pwOt C=Q}}eD OvwQ u}= "CU= xDi=} Vy=m s}rUD VvD w nv=} pwOt '|r=oJ
pNrNDt O=wt XwYNQO xDiQoCQwY C=ar=]t R= |Q=}U@ QO pNrND ?UL Q@
'pNrND V}=Ri= Q@xwqa VvQm � VvD |=yQ=Owtv T=U=Q@ [30]"OwW|t xOy=Wt
Ct=N[ Vy=m =@ \@DQt Ov=wD|t xm 'CU= xDi=} Vy=m R}v xvwtv u=UWm OL VvD
Cr=L QO xm CU= sRq QmPD u}= "OW=@ |a[wt Q=F; V}=Ri= w xvwtv |=yQ=w}O
|W=v xm 'OwW|t xOy=Wt |O=} R |=yu=Uwv '=yswi VvQm-VvD Q=Owtv |=Q@ |rm
O=wt R= xDUO u}= |Ov@ Qm}B QO |UOvy |=y|oO}J}B w lR=v |=yQ=w}O OwHw R=

"CU=
|R=Uuoty |Qw�D =@ j@=]t 'xDiQoCQwY |OOa |=y|R=UpOt QO |rmQw]x@
"CU= xOW xDiQo Q_v QO l}Ow} QB CQwYx@ CyH xU Qy QO =yxvwtv |RQt \}=QW
u}tND |=Q@ xm xO=t R= |WN@ 'xvwtv |tHL u=tr= O=a@= V}=Ri= =@ 'Cr=L u}= QO
C=YNWt Ov=wD|t =Pr 'CU= xDi=} V}=Ri= 'OwW|t xO=iDU= u; |m}v=mt Q=DiQ
|xv} Ry 'xvwtv O=a@= V}=Ri= =@ 'Qo}O |wU R= "OR=U Tmavt QDy@ =Q xvwtv |m}v=mt

96



1|
xQ=t

W'
40

|xQ
wO'

�14
03

Q=y@
�h

}QW
u=Qt

a|
UOv

yt

=yCWwv=B
1. Aluminum foam
2. Liu
3. Larner & D�avila
4. Tanaka
5. Montanini
6. Su�arez
7. Pinna
8. Yang
9. Crowson
10. Farkas
11. Ruestes
12. Mangipudi
13. Giri
14. Soyarslan
15. Yildiz
16. Embedded Atom Model
17. Pun & Mishin
18. Representative Volumetric Element
19. Ensemble
20. Li
21. Pico second(10�12s)
22. Relaxation
23. Femto Second (0.001 ps)
24. LAMMPS
25. OVITO

�References� `@=vt
1. Hipke, T., Hohlfeld, J. and Rybandt, S., 2014. Func-

tionally aluminum foam composites for building in-
dustry. Procedia Materials Science, 4, pp.133-138.
doi.org/10.1016/j.mspro.2014.07.550.

2. Montanini, R., 2005. Measurement of strain rate sensi-
tivity of aluminium foams for energy dissipation. Inter-
national Journal of Mechanical Sciences, 47, pp.26-42.
doi.org/10.1016/j.ijmecsci.2004.12.007.

3. Nouri Damghani, M. and Mohammadzadeh Gonabadi,
A., 2019. Numerical study of energy absorption in alu-
minum foam sandwich panel structures using drop ham-
mer test. Journal of Sandwich Structures & Materials,
21(1), pp.3-18. doi.org/10.1177/1099636216685315.

4. Liu, S., Li, A., He, S. and Xuan, P., 2015. Cyclic compres-
sion behavior and energy dissipation of aluminum foam-
polyurethane interpenetrating phase composites. Com-
posites Part A: Applied Science and Manufacturing, 78,
pp.35-41. doi.org/10.1016/j.compositesa.2015.07.016.

5. Larner, M. and D�avila, L.P., 2013. The mechani-
cal properties of porous aluminum using �nite el-
ement method simulations and compression experi-
ments. MRS Online Proceedings Library, 1580, p.905.
doi.org/10.1557/opl.2013.663.

6. Tanaka, S., Hokamoto, K., Irie, S., Okano, T.,
Ren, Z., Vesenjak, M. and Itoh, S., 2011. High-
velocity impact experiment of aluminum foam sam-
ple using powder gun. Measurement, 44, pp.2185-2189.
doi.org/10.1016/j.measurement.2011.07.018.

7. Su�arez, O.M., Estremera, E.G., Soler, R., Declet,
A. and Hern�andez -Maldonado, A.J., 2014. Fabrica-
tion of porous and nanoporous aluminum via selec-

tive dissolution of Al-Zn alloys. Advances in Ma-
terials Science and Engineering, 2014, pp.963042.
doi.org/10.1155/2014/963042.

8. Pinna, A., Pia, G., Casula, M. F., Delogu, F., Sogne, E.,
Falqui, A. and Pilia, L., 2021. Fabrication of nanoporous
Al by vapor-phase dealloying: Morphology features, me-
chanical properties and model predictions. Applied Sci-
ences, 11(14), p.6639. doi.org/10.3390/app11146639.

9. Yang, W., Luo, Z.P., Bao, W.K., Xie, H., You, Z.S. and
Jin, H.J. 2021 Light, strong, and stable nanoporous alu-
minum with native oxide shell. Science Advances, 7, p.28.
DOI:10.1126/sciadv.abb9471.

10. Crowson, D.A., Farkas, D. and Corcoran, S.G., 2007. Ge-
ometric relaxation of nanoporous metals: The role of
surface relaxation. Scripta Materialia, 56, pp.919-922.
doi.org/10.1016/j.scriptamat.2007.02.017.

11. Farkas, D., Caro, A., Bringa, E. and Crowson,
D. 2013. Mechanical response of nanoporous
gold. Acta Materialia, 61(9), pp.3249-3256.
doi.org/10.1016/j.actamat.2013.02.013.

12. Ruestes, C.J., Farkas, D., Caro, A. and Bringa,
E.M., 2016. Hardening under compression
in Au foams. Acta Materialia, 108, pp.1-7.
doi.org/10.1016/j.actamat.2016.02.030.

13. Mangipudi, K.R., Epler, E. and Volkert, C.A., 2016.
Topology-dependent scaling laws for the sti�ness and
strength of nanoporous gold. Acta Materialia, 119,
pp.115-122. doi.org/10.1016/j.actamat.2016.08.012 .

14. Giri, A., Tao, J., Wang, L., Kirca, M. and To Albert,
C., 2014. Compressive behavior and deformation mech-
anism of nanoporous open-cell foam with ultrathin liga-
ments. Journal of Nanomechanics and Micromechanics,
4(2), p.A4013012. doi.org/10.1061/(ASCE)NM.2153-
5477.0000079.

15. Soyarslan, C., Bargmann, S., Pradas, M. and
Weissm�uller, J., 2018. 3D stochastic bicon-
tinuous microstructures: Generation, topology
and elasticity. Acta Materialia, 149, pp.326-340.
doi.org/10.1016/j.actamat.2018.01.005.

16. Yildiz, Y.O., Ahadi, A. and Kirca, M. 2020. Strain
rate e�ects on tensile and compression behavior of
nano-crystalline nanoporous gold: A molecular dy-
namic study. Mechanics of Materials, 143, pp.103338.
doi.org/10.1016/j.mechmat.2020.103338.

17. Yildiz, O. and Kirca, M., 2017. A novel atomistic mod-
eling technique for poly-crystalline nanoporous met-
als. In: Proceedings of the 32nd Technical Confer-
ence of the American Society for Composites. DOI:
10.12783/asc2017/15307.

18. Nikravesh, Y., Sameti, A.R. and Khoei, A.R., 2022.
An atomistic-continuum multiscale analysis for hetero-
geneous nanomaterials and its application in nanoporous
gold foams. Applied Mathematical Modelling, 107,
pp.353-378. doi.org/10.1016/j.apm.2022.02.029.

19. Henz, B.J., Hawa, T. and Zachariah, M., 2009. Molecular
dynamics simulation of the kinetic sintering of Ni and
Al nanoparticles. Molecular Simulation, 35, pp.804-811.
doi.org/10.1080/08927020902818021.

97



|Dt
=Y

|}=[
QQ}

t=/
"""|

tw}v
}twr

;|
=ysw

i|
m}v=

mt
Q=DiQ

|U
QQ@

20. Olmsted, D.L., Hector, L.G., Curtin, W.A. and Clifton,
R.J., 2005. Atomistic simulations of dislocation mobility
in Al, Ni and Al/Mg alloys. Modelling and Simulation
in Materials Science and Engineering, 13(3), pp.371-388.
DOI: 10.1088/0965-0393/13/3/007.

21. Khoei, A.R., Khajehpour, B. and Rezaei Sameti, A.,
2022. Surface oxidization e�ect on the mechanical be-
havior of aluminum nanopowders under triaxial com-
pression test. Applied Surface Science, 606, p.154907.
doi.org/10.1016/j.apsusc.2022.154907.

22. Khoei, A.R., Sameti, A.R. and Mofatteh, H., 2020.
Compaction simulation of crystalline nano-powders
under cold compaction process with molecular dy-
namics analysis. Powder Technology, 373, pp.741-753.
doi.org/10.1016/j.powtec.2020.06.069.

23. Narayan, K., Behdinan, K. and Fawaz, Z., 2007. An
engineering-oriented embedded-atom-method potential
�tting procedure for pure fcc and bcc metals. Jour-
nal of Materials Processing Technology, 182, pp.387-397.
doi.org/10.1016/j.jmatprotec.2006.08.018.

24. Purja Pun, G.P. and Mishin, Y., 2009. Devel-
opment of an interatomic potential for the Ni-
Al system. Philosophical Magazine, 89, pp.3245-3267.
doi.org/10.1080/14786430903258184.

25. Li, J., Xian, Y., Zhou, H., Wu, R., Hu, G. and Xia, R.,
2018. Microstructure-sensitive mechanical properties of
nanoporous gold: A molecular dynamics study. Modelling
and Simulation in Materials Science and Engineering,
26, p.075003. DOI: 10.1088/1361-651X/aadb5d.

26. Li, J., Li, J., Chen, Y. and Chen, J., 2022.
Strengthening modulus and softening strength of
nanoporous gold in multiaxial tension: Insights from
molecular dynamics. Nanomaterials, 12, p.4381.
doi.org/10.3390/nano12244381.

27. Plimpton, S., 1995. Fast parallel algorithms for short-
range molecular dynamics. Journal of Computational
Physics, 117, pp.1-19. doi.org/10.1006/jcph.1995.1039.

28. Stukowski, A., 2014. A triangulation-based method to
identify dislocations in atomistic models. Journal of
the Mechanics and Physics of Solids, 70, pp.314-319.
doi.org/10.1016/j.jmps.2014.06.009.

29. Kalpakoglou, T. and Yiatros, S., 2022. Metal foams:
A review for mechanical properties under tensile
and shear stress. Frontiers in Materials, 9, p.998673.
doi.org/10.3389/fmats.2022.998673.

30. Lurie, S.A., Solyaev, Y.O., Rabinskiy, L.N., Polyakov,
P.O. and Sevostianov, I., 2018. Mechanical behavior of
porous Si3N4 ceramics manufactured with 3D printing
technology. Journal of Materials Science, 53, pp.4796-
4805. doi.org/10.1007/s10853-017-1881-0.

31. Khoei, A.R., Sameti, A.R. and Kazerooni, Y.N.,
2018. A continuum-atomistic multi-scale technique
for nonlinear behavior of nano-materials. Interna-
tional Journal of Mechanical Sciences, 148, pp.191-208.
doi.org/10.1016/j.ijmecsci.2018.08.012.

98


