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Abstract

Porous materials with controllable pore size and diverse morphology have been widely used in
catalysis, detection, protection, environmental protection and other industrial fields. As an im-
portant branch of porous materials, nanoporous metal (NPMs) has nano-level three-dimensional
connected pore structure and high specific surface area, which has attracted extensive attention
from domestic and foreign academia and industry. Of particular importance is the mechanical in-
tegrity and reliability which play a vital role in many applications. However, the influencing fac-
tors of the preparation process and measurement process of NPMs are very complex and change-
able, resulting in the instability of test results. These factors will inevitably lead to a series of dis-
advantages such as large fluctuation of experimental data, low accuracy of conclusion, large work-
load, long time and high cost in the research process. For this reason, the research method of ar-
tificial intelligence has been introduced into the field of materials science increasingly widely, but
the research on nanoporous materials and their mechanical properties has hardly been reported.
The main purpose of this paper is to establish a backpropagation neural network model and pre-
dict the mechanical properties of nanoporous gold nanoparticles with the input of ligament size
and relative density.
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1. 5|8

HARG R, A PKALIR SR MR R B A RPUE RS, XL e AR
AR 7 ECEEMMEM[1]. B 20 #2020 448, SKE THE)T M. Raney KL 1 H B2 )5, ZILERE
GHE T At AR R TR, K2 AL R AR R SRR R, VRS R AR A R
AR Z fLeEALARAE 0.1~100 nm Z [A], FLARKIL I 0OE S FLIR S5 AT BRI LER AR, A eIk e
WA S AN RH ThRE R L Rl B, LRI RE . SRR AL TR RS . R SR b 2
IS AR AT PR A S ARG, AEARIER, Al OB At S AT A ) R 4 P RS [2]

W TR R, Nt 2nt BRI 7 SRANWrE . SR 10 T R F B AR A5 BORAR 2, BEUR AL B )
A, G AT R AL TR EAL,  JEHR A7 5 S Ok EL RS AR B 5 SRR A6 T b 1
PRSI T T2 EN A TSR], A0k 2 fLe By S i) EE R T AR UL S E 2 (AL 2 A
A e R e B HORA LS MM vk, IR T B REFIMEECR, 22— MEEEL RS, 0TI
M B R B AT B

RE A A7 AR B 2 T (Y — ST R il A . Dy gt A BRAR MR AN T AR A0 A MR 1 2 R 55 ) R
TPRAIREA . SRR E IR IR e, (AR IBE AR . W TERE S MR R RE R UIRE R, A
SEATRHSAR I SRBE TT AHT— AU il REANEE e B2 IO SR B . ISR RPUK BRI R SR, KR AR
R WORL LTI R 2 i AR A PR B R AR, R MR AR RE (3]0 AR ZALAPRHTI R B A AR
PR B 1P L, R AE PL AR T AR (R e P 28) A1 FLAR 0 A1 (O S FEUR VRO I ) < RV R 2P R, BAy
FR AR LR A 3 PR K 2 fLe )i, R BRAR A 4 2 4 F AR

HHABRRL 8, AR 9K 2 L HER R TV S 2 /T, 6 e 2 PR RE AN 7 22 T S A BEAT T
FRMAT DT BEl, AMICENERIER XK 2 SR IA IR T — 2R R,
I B AT IR & s I FE O JE ol W AR LB 7 2 AT 9 S T e 17— S BRI 7
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K 2 FLE R A TE RER AL L8 KR A BEAR A PUAN FBUATWEIT, ATE R E R KBNS W)
JIFAWE J3s JEE BT Ry SRR AT RO RIS T2 INTOERE R, Rk L BT aEE
fE BRI 7, HAERE A 2 A R R LA AR P25 5, AR} 2k e 5 S i (X 3 2 ) T
WM AR R R, AT HBCAB T URE . JFH, K2 AL RRBet 5 R T AR
MIPERE, MOEHRITERE SR 2IVF 2 RIS BN, IS AR RE Iy RAR D IR X -

Bt N TAPE B ER AW A S R, ZIARIEGUR L LG R 1 2 Pk e AR TR 5 7
BRI PUBRTE . A ARG EEE, AN TS ERN TR 2 fLem i kel 2 4,
TR VB R E AT 78 0 TS B, IO FER K 2 FL & I At s, e, 4
TR S, D R R AR A o ) S

2. PRZAERNGHENEMER

YK Z FLE AR SR RO R ST A TR R, K2 BiIAS 9K A4 B 2 30 H B RS RN — 1)
FALM R IIRCE LM AR, w1 fos, HEAERBRIE . SR WP RE e AV AL
BB S . 2001 4, Erlebacher %551t SKie 51HEMNARI G S HI774E, KIMGIKZ LA MR
e —ANWIESN 15l R . TEGRZ LWL R, A Z IS s IR IR T Iaff, PE VR T 7E i
FRYEG MRERIARARE I, =AWERFERAEM . SI&KRZ A ERBMEEEG: BERE B
AL B B ik S o B T IR SEEG TV i % (10 2 FL & B AT )05 Al Al , Newman %5 A [6]38
AL A F B P FR A 53 4RI — T AR TR S D IR E RS 23 AT 31 AR 5 90K 22 7L 42 Ja SO 45 44 R 5 AH
L, FTLATE S F3)) /1% (molecular dynamics, MD)ILALL A TR FEBF T 40K 2 1L 4 )@ AR TEHLHIAN 77 2 M RE

Figure 1. SEM micrographs of dealloyed
25% Au foam by (a) Free corrosion and (b)
Potentiostatically driven [4]

E 1. (a) BAEBE®mMNO) EEBIEHT
REE 25%MAKZFLEH SEM BB (4]

NTRBEIPKZ AR YRS, AT T K& RS 58 FI R0t 78 . R3] 2 49K FL 4 (nanoporous gold,
np-Au, NPG), BAHIE&E . PUEBL. JrEWRE L7150 5, UK ILE )R 715 AT ) BAE
. Np-Au & —FALIHAT 2 nm 10 pm Z [8 P RCESALIE AT R, K2 H) s Rk R A (8] [9],
FLHR PR EEAE 5~13 GPa ], H X2 2 A e Al 56 P22 F) A 905 BBl 2379 /2 0.25~0.40 A1 16~150 MPa. Biener

DOI: 10.12677/ms.2019.911126 1019 FHE Rl


https://doi.org/10.12677/ms.2019.911126

S5 N[ 5206 2 B, BV AH X 5 B35 BEAR A 0.25, np-Au IR B BE 77 (40 8 IR ) ARzt KT KR A
ARFTR AL, EHAMEHRSENT 10 pm, 722 R85 RSB L T AR LU B 2 s . G 32 g R
TERIE LT, SI4S 2560 S A B S PR TR 10152 B B RBE W b ST R /N KRR A6
BlAL A R BB R SE R R (111 B . B H BT8R, XK 2 FLME ) S YRR I BR A 7T K 2 2k
T Gibson-Ashby B8, XM Gibson-Ashby 152 8! F A BEAFFE O 25 44 0 RS 2087, PRI, — BBt 5 i 5k
AR T REREAT TABIE9] [12]. B6Ah, Feng S5 N[13]8&H 1 — =% i8R 1HI e M1 AR 2K 1 N ) 5200 1)
B Ak 7 2E AR R SR A G K AL R RS PR B, Xia SE[14) BRI ERFFT 7 SE50 oW g2 21 1) B
B oy IZ G K Z LM B 25 1 e

3. BETHEMEHNFERE SR

BRI T AR R A A A 2 AR 2R R MK, Gibson-Ashby A HAZ 1F (AR AL #AS e AR HERR (19 %] I H np-Au
17722 RE S % Hk (backpropagation, BP)#HEE [ £ 1iF 78 759 L) 2 N T AR RHET 78 (125> Uk,
SR T np-Au JJ#EREE BT TR PR N E8 B AR WA RIE . FEIL IR RAE T 82 np-Au J32APERER)
WEREZ HERABONNAE, T BP ML MEIEN B & 1B %> BN, AT EARM #0555
BEE AN, BHEEMTELRBRREALIE, HUIZREFI M4BT np-Au J1 2 VERE R HEFEIK,
MTXF np-Au R 22 VEREBEAT HERR B TR, /D 7O BB BRAN AR &, 4% 1 TSRS AL, 4 np-Au
MBI TSR 1 T B R A5 s

3.1. ATHEMEHFR

N TAZE W28 56 A 2 [ FE 2R M 56 R T DU S RINE B, SRANWT IR 52 1 B 2%, kit ] L2 5
AR ERAN AR EUE AN EE, RO AR SR 35 R
BP #£2 45 Bl H Ji#h 22 2R, 5 I 2 10 e B AR MR IR 22 I ) A% 45 22 J2 i ot X 45
BP 142 f1 2% — % i 4 N\ JZ (Input layer). [0 2 (Hidden layer) f1% H 2 (Output layer) = 245K A1k, B&JZ
AL — 28 %22 . BP FIAEFE(E 5 IR0 ML B RIHR 22 1 S BB AN 2 o IE LB RN NS 518
B ZER TR 20, S ded itk mBesse, M EMES . Bl S 5 R Rz,
WEN T R AL R iR 24 B2 M 2R 2 R L%, BEBUEE, B RER
JEJT R NI, i RE IS, RERE - MERIRER BN NS SHEUENBIE), NgRs
BP #2 M 2 BAG AR LTS ARSI B8 77, T LLIE Ik S5 17 5 1 = 2 X 28 LA o (0K P 1 00 A 4 M 45
PR, O6F T RE D 48 K 22 B v P A 2R M S AN s M 1) S B ) AT 2 R AT R AT S R,
BP &ML I~ —LeEh T, . BIERTREPAN R AAE, WSOR NS, oI R RME .
3.2. BP MEME S Mk
FESEIL NPG /)5 fEh, RE AT RENES LA,
) BRZES, BEAN 3 E. — BRI BP MAMEMNZ - BRZ - M 2. BRZEm 2k
SE T AP 4 (VRS BE RIS /S, SR S B 1) 8 K 48 K 2 45035 mT LR = )2 BP M4k 5E i, (T
(10035 252 bR B0 T DAfeE F L AT URSIOE 5. IRIEAEE 7. NPG 25 B I SR = R AP 42 I 455
2) FRppsR M o, WEAN 8. HRREMEA LD, SfEMEMREL K, KL THAE
SR E . S TTEGLZ, SRS R KNG AR K B E ARSI T T RS E R . —
5 2 AT FH T E B R A2 T8 m:
n+0.618(n —t)
= )]
{t—(kélS(r—rﬂ
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m=~n+t+a 2
m=~Int (3)
m=2n+1 “)

ARXF n, 1, 0 HARERANEANE i ENRVNT 10 AR RUE
i€ BP P& W25 B35 JZ T — MR 1 BRI 256 28 SUAME W] DRSS TH 5 H 22 W 2% 1R 35 77 iR 22 J
ke, BRI EARXN:
J:li@w_ﬂﬁz )

i=1

ARF m NFEAANEG P OB, v v BP M sEhrfi . 20k 2 i Ea H 1S 2 Hud
20N 8 I, BP MM I T RR ZE B /N o [RIL, F 8Hf 8 A I 45 4510 Dy 2-8-1 = )2 4% #; BP
FREE WX 28 SR an 15 2 P o

N A (8 =3 W &
Mg AR
JE IR A% B
At B R

Figure 2. Prediction BP network model for Nanoporous gold

[&] 2. NPG JEBR3EE BP M4EiRHEY

3) YIGRFEARFIR AL A R 53 EE], AR SOR S EH R A 60% IFEAAE A IIZREE

4) ETERIER, " UOERMIZ 7 A B N 5. RMSProp. Momentum fil Adam {05 %
&, ARSCR FBREE T B2t 28 A5 0 14T 1 ks

5) IZRREL, IZRIREE J9 5000 1K

3.3. BEABEE

ARSI BRI E T 525, YN KRR ST NPG FE G 0 L 8 Se 36 AN gh >k R 9256 775 - NPG
{147 2 W e P A e RIAL B0 I T (R T s RUSE s ARG 25 B NGO S50 . RSTS84 T 34 A8, A HEsL
BRI NPG BUARXS B R . Bl R~ s A R et AR

R €/ TN AR R = RV L

1) X FaI0E NPG W% E 5% SRS SE 2, 8 TR SN . o, it i
B 4l 45 AR AR TS (0 NPG R XS %5 BE #7E 20%~40%2 [A] o

2) WA RAF: nlE 3, RE—GKZALERE M I RPN RS — 1, W BRI P IE KRR
A RS o AR IS 40732 0] A& AN R #9077 RSF () NPG, HA i A HNOs. HCI/NaOH %f Au-Ag.
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Al-Au FH T A 4, Hd Au-Ag A S FTHI#SH NPG 175 KN FH1E 8 15 nm,  Al-Au Bl #5H04)
RN MELE 10~80 nm 2|,

25 T T T T T T T T 50

Count
Count

18 20 22 24 26 28 30 32 34 10 20 30 40 50 60 70 80
Range(nm) Range(nm)

Figure 3. Distribution of ligament diameter [9]

3. HIHEERSHRE]

1 RXYUERIK NPG BEAZIR SR, b MR/ NGEROR, B RO 91 AR SRR
PN nm, i ARGEE A BALN MPa.

Table 1. Statistical table of NPG sample data
= 1. NPG HABIRM SR

AR B Bt EA% (nm) FPEAR (GPa)
BRME 0.35 65.3 86.79
/ME 0.2 20.0 8.27
FEARSBAE 0.34 42.58 22.34

3) JEARGRAE, X E BRSSO R 0 o S8 A P e Al o P LA SR A T AR Al K
JEIRFTG o« AR SR b BRSO 2 np-Au RORERE T AR AR GREE, W1 TR A, o5 o
IRV 72 S A T ATIURRAD, BT AR S0 91K e IR S 06 T 55 P B AT Ab 3

PR ISRR B FE R, EH 2GR L ILE R IAT NAT BB 9K 2 FLE & K IR AT LA AT
NT ZALMEHGIE R 4o X THIX BN T 0.3 BRI R Wilsea 55 A [15]1 52 M RHE Lk 7 &l 12
AR, JF BRI, EOLER R RS T TR X AT X BT R 2
PEIFRA ECEVEAR T I T3k T AR 1 AR 55 el i) AR 2 BE) BB 8L, TOREARER — o B 28 217 i o AL b 5
SRR R IR AR, RIEEME AR TR AR T, 2 AL 2 A PR 2001, P A,
JoE Al A R 3 A B O S IR A REAR S . — e TR I, ZAUMRI B IR G T 0, HIX
SEAIE T AR S Y AR 0.1 UR o RIS, Bl 2B PEIARA LA 0 SN 0.5, AJRE-55 Jm AR 5 A EE AN
1R R3] 3 CEVER ) IR AN RTS8 (0 BOR MR SRR - B 2 5 J AR 5 P 2 P 3) 0 % LT ig,
WERGIK 2 AL R AR R RS T R 2 AUMR RSl A 200 T 5l IS 46 ) np-Au iXFE, [
MEARF U Z R BRI fA L.

SR, X AR A AL, Volkert 58 A[16]4RIE, 7E/E48 np-Au BUEERT, W5E 7TARZRAkALL: £
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DA Ja 73 B A BLAR, BSR4 1 2 b (PR AT 2 BN ) PR FFIEE , AT 5 T 2 28
PEVAFRAELDY 0.20. BEAF, Nicolas S5 NFIPEIR[17] [18]WFFER ], FEZK LR R A LA kg0, 148
AR 7 PR T AR L. £ 55 np-Au BT, ST RF s MER oy 0.22, XAME
JEH AT Volkert 55 A\Hi7E 1) 0.20 ¥VEIARA L. BT np-Au ZERARMGE, Jovk BRI S = KRR TE Hr
MR B AR T, PR e TG ikt A 0 R VA AR e o AR Shaw 5[ 1914 I8 B PEVARA LE S5 18
FE-JE IR E LU s A DG R, SPRATARALE N 0.22, R BH np-Au MOHE B2 -JE IR GRFELL N 2.65.
BEZE A R IE 5, KRBT SCHR 201 B R AL, H5 1% 8 5 B T AT 78 3R 99K T IR 45

A AR — 2R ) S AR R AR . IR W] LS SRR R g 4 SR BT LR

3.4. BP HEZMEZIILGLER

F R A I G507 58, RS AR N B9 K 2 £L4 1 JE AR 53 B2 (Yield Strength, YS)HJ BP #1142 W
AT, HATINGAERIDL R4 R,
SIS AE A KL AR A S RN K IR S 86 BT 1S, 80—t b B, ERA XN

X—X .
KXcaled = —1;'" (6)

‘max ‘min

e Xgcated NIH— G BIEARE, x NFEAREAR, Xin 1 Xinax 73 AFEAS S5/ ME T ERAE -

EMEICEECN 3 20 EMNE, 1 EREZ, 1 2R, BEZEMLoHon 8, IIgE S B8
£ 60%, 139 0.2, ISR R IR IE IS A AR AR AR SR 2 =) (W€ ) B A A EE Al 22 PR BRAR(E . 76 B B X
i, WL S ERIR I A A 2 AN REA TE 22 H RT dR KBR 2 Hbal 4 2 R ABEARY 453 2 S o REDRE T
RS WA, R —NEUE, o T BRI 5 B T () HERA AR E o G SRAS AL I Tl 52
R, WHRRAE, BRSO, GBI H b WFTA FEA R 8] — 4P “B/N 1)
B A 22 o AR R (152 A(S), WAt R&I0T7 22 (B8l L2)IE R R RE, EIIZRRECH 5000 ]I %
PR, GAERNGRERL HRZEN 0.0013101, HkHiZeunisl 4, W 7 iRZH 0.00290034.

learning rate = 0.2 learning rate = 0.2
0.14 = 0.006+
0.12 =
0.005+
0.10 =
2 - a
g 008 % 00044
© =]
0.06 =
0.04 < 0.003+
0.02 =
0.002+
—
0.00 =
0 200 400 600 800 1000 100 200 300 400 500
epochs (per 5) epochs (per 5)
(2) (b)

Figure 4. Loss function value of testing set

4. EERKLEEN

WRESRAE AR N 5] 4, Ferb(a) 282k MR RO RAR RS, () IR A8 T 4Ty, ATl
B, #h 22 26 T RAAELE VN A0 T REAR R, ZEVIZRAE 100 IRIGTELL T, KT AA1~0.14 TFEE 4 x 107
PATR, 2K 200 RS RAE PR RS E IFIS A BT, (BARBROCFEAG, 1%k 500 Ja, TFREET T4, Wik
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AR

Bl 5 R UISREEHE 1) LS E AR 1 be i, Hh i e O A, L0 e &l (E L .
Kl 6 RN ISR B 2 X 265 2 450F 1 I8 A 75 280 A (B RN B0 S o b, b R 68 2 2% il A
BRIk, o L2k SRR B . AL S FTRUE HH, #RE M Z0EUITZRER L& 38R AN T, (B RTR 3,
K 6 B MR A L& 20 T R BUAS AN, IR AR AR A3 R B0 E 107 B, R E#H AT —
FERTEERE/NT 107, B3 2, BUMRZEN 3.0%, FINME R P AR 0L BseE, (HRMNBE BHE
ZAIEIRNIER) T 43.04%, [FIEIIZGEE, KIBATCURILEE 2. 3. 10 14 48500 78 2 45 ot
B, HFRBRREEEAE 10%0L BRI, 133 9.12% KR 2, R ZE AT BEIK 6.24 N /r . MBS —AJ7H
K&, BP MG WA REAE RS IR — AN 3, AR A TR Bl O RO AR S, A
WO BN BT IR, AT AR AR B 6 A S 7 i AT B0 E SRR AR B4 i 2> S A S 1) 00 174 o4
Bt A — 2 1 RE I

0.35 1

0.30

0.25 1

0.20

0.15 4

0.10

0.05 1

0.00 °

25 5.0 75 100 125 150 175

Figure 5. Real value and test value of training set

B 5. MIZEMESEFNINE

80 1

60 1

40 1

20 1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Figure 6. Real value and test value of testing set

B 6. MK KM ESEMTUNE
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Table 2. Comparison between predict value based on BP neural network and real value of yield strength for NPG

% 2. BP MEMEIER NPG [EARSE E FTUNEME AR LR

EN AR e ek R
15 AHXS 25 ) B+ (nm) FE TiME RZE(%)
1 0.35 18.9 86.79 94.19 8.52
2 027 43.0 8.35 11.58 38.69
3 0.28 43.0 11.06 13.16 18.98
4 0.33 334 25.30 25.54 3.00
5 0.3 50.0 15.39 16.84 9.41
6 0.29 43.0 13.78 14.75 7.04
7 0.3 43.0 14.38 16.33 13.59
8 0.33 58.7 25.80 2223 13.84
9 0.33 19.1 64.15 71.03 10.73
10 0.34 43.0 27.86 22.66 18.67
11 0.31 43.0 19.60 17.91 8.62
12 0.28 43.0 11.74 13.16 12.11
13 0.33 65.3 24.90 2272 8.77
14 0.27 41.0 20.33 11.58 43.04
FHE 0.31 41.96 26.39 26.69 15.36

Xia [14]#1 Nicolas [20] (B 7t BH, Ji ko B2 BE ) BRI AL R O &R, AN %5 B 2 [A] S 3 AL
LML R, Nicolas %5 H T FH B (S I6 AN K I S U0 E 0 418 3 B 43 (140 Jee ARt 238 A X
-’ =l.9390s['0 j , o, =0.0328/"%" (7
P,
AP RoRIEIRYERE, s RoRERYERE, p'p, MM R EHERE, [ AP ERZ.

AR SR ST R 171 B SRR 0 2 Tlehr i SEAG AN AR OK T IR SR A0 4HE ,  [FIREXT 4K R IR I 3E #R - 2.65
PIRIER 7, 2 3 dylh Tl AR THE R JE IR A, [FE40H T AR S8R BP pREe  4%
T A, @R AR T AR, AR BP A MR ZE AN 7.56%, T (7)) B I i
PR B i 2 I ME R IA 65.17%, A —MITH R B T BP #1128 W 25 1A 20k

Table 3. Comparison of result from equation and BP neural network

%2 3. BP & MEM AR FUNEXTEE

EN R e Je e B

15 AXEE P A (m) FLAH TiME B (%) ARTHAE R ZE(%)
1 0.35 18.9 86.79 94.19 8.52 73.37 15.47
4 0.33 33.4 25.30 25.54 3.00 45.96 81.64
5 0.3 50.0 15.39 16.84 9.41 28.67 86.28

6 0.29 43.0 13.78 1475 7.04 28.51 106.88
11 0.31 43.0 19.60 17.91 8.62 33.95 73.19
13 0.33 65.3 24.90 2272 8.77 31.76 27.56
PHIE 0.32 423 30.96 31.99 7.56 40.37 65.17
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B

ARG BP M WAL T 9ok 2 AL I e ARG, S8 AR T 34 20 e Bl A A, 2
LYK 2 LA LAAERT 2 E R AR NN, R IRGEEE N =2 BP WIS TR, XA AR
WREREHN 0.145830 (FEILEHE). 0.00290034 (SZIGHHE), Ji 5 P H403% 22 5 i E 10% LA o

I XK 2 AL 8 2 E R B AN S 2 A, o] AR DL R 468

1) K Z L4 1= R 2 B AR B B W0l ROF R RO A i o 1, TEAH R 2500 264 T
SEE AR 2 LA AR 3 FE AN A B4R SR 4508 T DA BP #2225 400 & FL R JIR G B I 2256 2 3K

2) BP #& M HATHKR Z L& S ERe Bl 54 S, A HER R =R A &
B AR RECE KR, N AR ZILEBI IR s gt T — 800 K

3) [FRFEILLE B, Wk 2504 F1 - MRS AR 58 = A A B e, BT 4R B i B0 HL i /b, il
BP # 2 WS VESEREPERIEFE, L mT S PR RURG 5 04 75 2K & AR 1 E v 3 o

E&WE

B X B3 ARRB#HE 4:(51401148).
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