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Research progress in design and characterization of porous
materials based on fractal theory

XUE Xin,GE Shaoxiang, WEI Yuhan, LIAO Juan’

(School of Mechanical Engineering and Automation, Fuzhou University , Fuzhou 350116, China)

Abstract: The complexity of cavities, randomness of pore distribution, and multi-scale of pore size in
porous materials make it difficult to quantitatively characterize pore microstructure. In recent years, fractal
theory attracts more attention because of its unique advantages in portraying the self-similarity and multi-
scale of complex structures. This paper reviews the development roadmap of fractal theory and its
applications on porous materials, analyzes the single and multi-fractal feature extraction and
characterization methods for porous materials at different scales, summarizes some advanced engineering
material applications based on multifractal optimization, and discusses the research progress in the
applications of fractal theory to the characterization of mechanical, thermal and permeability properties of
porous materials. During the optimization design and performance characterization process of porous
materials based on fractal theory, the main issues and shortcomings including the ambiguity of correlation
mechanism between micro structure and macro multi-functional characteristics, and low efficiency and
accuracy for prediction models and/or optimization algorithm are pointed out. The development trend and
potential engineering applications of fractal theory such as the consideration of cross-scale effect, multi-
physics coupling analysis, and optimization strategy based on machine learning are prospected.
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Fig.1 Development history of fractal theory in field of porous materials
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Table 1  Comparison of main characterization techniques of multi-scale pore structure'®

]

Pore type Characterization type Measurement technique Accuracy
Nanopore(1-1000 nm) 2D image observation Atomic force microscope( AFM) >0.1 nm
2D image observation Environmental scanning electron microscope (ESEM) >1nm
2D image observation Field emission scanning electron microscope(FESEM) >1nm
2D image observation Scanning electron microscope(SEM) =6 nm
3D reconstruction Nano-CT =50 nm
Micropore(1-1000 pm) 2D image observation Optical microscope >>0.3 pm
3D reconstruction Micro-CT >1pm
Macropore(=>1 mm) 3D reconstruction Macro-CT =>0.6 mm
Quantitative characterization Nuclear magnetic resonance(NMR) >8nm
Quantitative characterization Gas adsorption >1nm
Quantitative characterization Mercury intrusion porosimetry (MIP) >>0.01 pm
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Fig.2 Flow chart of calculating fractal dimension of metal fiber cross section by box-counting method

(a)image of local pore cross sections obtained from CT skeleton; (b)extraction of pore edges after image grayscale and black

and white binarization processing; (¢)segmented mesh covering pore edges ; (d)box-counting method to calculate fractal dimension
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Fig.3 Applications of structural engineering materials based on regular multifractal theory

(a)design of a snake-like bionic shape structure*’

1, (b)three-dimensional cross fractal multicell lattice structure for vibration reduction*

48],
H

(¢)multi-dimensional fractal periodic structure with elastic function of three-dimensional expansion'*’’; (d)Koch curve wire mesh in titanium

alloy for structural reinforcement elements™”’; (e)periodic “textured” fractal metamaterials with superelasticity"*!)

CELEAAAE . X R ERAE PR A R A A e A AR
IRZ A RHIURAT TN B ICTE o A% PR B 1 DU 3
WRE HOE ARG A i , AR ZE AR A2,
7 ELBATRT B 9 LA AR b, 0200005 I 4% 14 22 . [
FRABIE o ok 220 i 2RI I 1 MU 22 B 500 i) i
HERE ,(EIX A 55 HAE AR v A SRl A3

W 5 AT AT SR S S R 45 K TR A R R R
REAGBIFTE A e , ML 22 F 7 B2 B R FH PR AT 5 1)
Bl s R A AR R Z K. B 3(b)~(e)
JER T TR 4 = 4k 52 U8 2 MR A Al H
A = YERL KSR D RE Y 2 4k 53 T8 R M 2 ke T
S F 3G SR OT AR I B 4 Koch [l 2 22 190 R1LEL A i
PERRPE R A1 21207 02 AR 45 o BIESE R, L
W 22 B 3 70 52 B F TR A A e BE A 1 sl A
1A RETT R ) T B SR PE T . (2 A
B 5 BN B — (Y 1 A PR B, AR RERCR ) 5
JE, i T 2 H AR S A o E B e i B R ke
AT FITELN ) 53T

3 ETHRERNSAMBRIEAR

31 hEFlksE

Z AL R R AL B 53 A 5 6 RE Y T 27 P e R
AR VIR R . BEE 57T SIS N 2 FL A B AC
SCRFFE AR, AR I i) T #R 58 £L B 43 T ¢
(RS R WIEL - ra A0} ENTTDIE =N ¥ DA
PERE AR AR5 WO SLHEBT 10 T ik o AR, I TP
BRI Z AL B S R RAE T Y R B SR £
FUATRE 12 PR RE A TS0 | T 75 22 LA RE SR 32 (1 Ak A
SIE LB MR T R RE R S e

42 )8 Z AL RHE A P T R fil 4% 5 R A B
B AN Al B LA AR Ak L L B R R If
A=A AT 2B A TR RRAE . SR HUCFL B 43
TR I 2 S TR B0 T2 MR RE A B O R A Bl
T 5E 2 1L 4 8 PR AL B 43 A A8 A x4t ) 2% Pk g
[R50 . Pavlenkoz ™ B 58 T LR 70 B 4E B 6K & 4
FEAHLM F 5 B2 A 52 e, 2 Bad 3k o0 I8 4E0mT LA 2%



B4t o5

ST IS ) Z AL BT SERIERT St 205

PEAG AR B ST AV, B I e gl i T 2t 3R
JETE A AL . Wang 553 18 £ L B 53 T 4 550 1 10
T 2L EE A R R B 2 TS H T 2L &
(58 BE AT . Chen 585V BGIE T 20 TE LS FL N 2 £L 4R
AR 25 Ra 5 B B UER M | R BAL B o JE 45505 A Rk T
J i B[R] 52 IS B I %) TR A O, S AR Z LA R AL
BREEHE FI T PR Re A A T S IR .

T AR ZALPDRE R FEVPAR U, 2 T 48R TR 5 1
2 FH L Bt &5 K X b1 R 5 BE Y 52 MR, Han 5500 56 F
Menger BRI T T A [A] FL IR X 53 TR REAIE 1 22
S UL ST IR AE 5 R ko BE A IR 2R 38 0 LA A BT IR
BE 19508 RSE 0T DA ROPEAS ot e s B, 2% 7 16T
FTFIREE 4 S2PREEYi . Deng 2877 3 F 4318 BLS WF 5T
T RS LA FLLB S MR R RN TR R L SR
KUY, A F LGB 45 ARk i R] S 2 ) A i 4k
PETEARDC , 150 58 B 23 I T00 AR A 55 52 30 {7 1) e K
TR 25 R 2.09 %, BAT RAF I SOAG BE . B oE 45
SR REE & T 5 B A T EAR R A TR AR . Guo
SESIE SCTT SROME I AL BT 2 4 (elastic-wave
computed tomography, EWCT ) 43 4 %0 H T 1R & +
SR EEITAL  JF R T BA Z28000IREE BT E
2% (artificial neural network , ANN) it J& Fi | 45 %4 . #Jf
GEEE R EWCT 438 4 ok ANN T A 4 £
HOTHRRE A 23.15 %, AT AR Ay TR B - A A OGS AR A
AH S E i o T IO B R A K IR EE 8 RE R I 5
Wi 5 T Al . BLAh  FEAF e 2 LR A MR A
Yoo TAE T, 2230 B TR eF 4 3L 5 S W IR i ok
it CHEMGR, I Kk T s i B Sierpinski #h
J& FE 4 (compression after impact, CAT) 73 B 5l 77 7%
CATTRIZE R, 43 TR HA i RS B, H:
B KM 25 R 3.2%0 0 1AM TR RYAS i 22 o B ot
VE R A S50, A B T 52 B AR R v b k) i 468 4
AR

TRIE 5 I AL BT B4 KL 7 27 Pk e A 52 e XoF 2 e
LB R BA S E M E . K4 RR TR TE
Z LA B T 2 1 BB R AE v () LR B Y Pérez
SEOEEE T 2 RUEEFLBR 5 R X 4 JE R U R 4R AT
R EE A, A 4 (a) s o FEJR Se s TG A
TEWOCHNEEW T4 B IR B FLBRRE R, JF 45
H A BRITEE AL TG ST R, Casnedi S8
51 AR A 43 #.5T (intermingled fractal units, IFU)
DAL i 2 FL B % 1) 124 R fg , an il 4(b) i, il
it 2 LB LB AR 3R il 2k bh & B, MITP 3 it 4k
(#E H L EL, E2) M IFU AL F0 ith 28 (£ 5 2k M1,
M2 WA . X TFU @A ] L) 5 3 22 £L B

I TIOUL LB 73 A1 A A, 18R] A 3o i S LB
B LB OS5 14 (4% s 28 F1~F8) i 7 JE L 5, AT
gyt A L R 2. Bl 4(c) R i IFU B 7
Xof AN [] LB B8 22 L Pl s 4 4 DR 34 B A 5 0 1 93
DS (TF U Ay FRASE S T (L34 53 A 7 3 €0, 5 56 0 38
HIX 8N ) A B T 6k B % A 7 T2 0 il ki
T, Casas % WHRR T il 4 L2 50 B ALBLAR XS
Z LU IR R BT R BE 52, ST R, BAR B 3 A
AR TR T 2000 L B AU X 3 B 52 M /) ABRE A T )
FHEREM AR IR, R ARG EALB RN Z e
JE A RL ) 2 P REAI 5 W] LA R e b R B 4 i AF R 4Rt
B S

IRWETE R, B B Z LA R ) 2 e
FAESRME TR LA TEA IR R B A5 T 52 b
ARk ) 5 5 TN , A7 BT 48 75 FL R 4 A8 52 2 B R X AR
J1EEVERERRE MR o SRTT , ATRHL B 2548 438 HEAE 4 B
(A TP 43T B W e R PEATS R B AT W 38 43 B
R O A 3R
3.2 fEHMERE

LALLM 303 52 (effective thermal conductivity,
ETC) i Ak X AR I ] HA H 208 3, R TE AR
2RI A 2 T RN, Z IR T 2 AL EHL
PR ZE A 1) TC e PR LA 2 R LAk Z2 AL A o i) A5 34
PERE 3= O T 52 30 i SR A5 2 A i 2 OG
BT IR R e 4 X 22 FL A BT S BIL ] TR 2 3
fitt o 43T BRIE Ry 7R 22 RORE FLIR 25 #4 % 4R % FAbk
RERYSZ M S 1R LA -

Z LA R AP B R0 Y 3 B SR AR T A —
IHIERHE S BRME AL Z [R] (3K 22, 0 H FT R B9
W w7 Z LM RN 2 RO ETC B # A . Shen
ST B AN th AT B 0 TE 4R BOR RAE 2 N AL
BRE5HE , TF R T AR Z LA BT ETC /Y SCBRL, 45
T Z RIEALBEXT ETC #Y 8 3E R0 . Xiao %508
T LR AEFL R A A 1 22 RS AR, R R T TR ) £ 4
ZAMEETC M ZETEAR, XuFE " HIE T 2R
JE SRR R GIOR BN, 7 T LR R 3 TR AR AR R Tl
22 R AR A G2 B ETC, IR T A 5 R A 34
1R FALEE

bR 1432 ETC BUS RSN K e BRI AZ AL
MOEHLBR S5 B B T RCE M oEHME R ERE . KI5
I3 I ALBR BT 42 & 1 R 5 PP RRF 5% U 1 AH G
WL A 2 LA A RS ARG I 5 T,
BLAENE Sierpinski 438 45 14 I TR M RHE P
PERIFFE X Lo A 1 EAT AN [R] LB 45 14 1) 960 R <6 s ik
FRAE AR AR PR 1 Bt T A R 22 53, AN 181 5(a)



206 BT R

2026 4 5 H

5.0078x10°
. 4.4514x10°*°
3.895x10°

7.0398x10°
6.2576x10°
5.4755x10*°
3 14.6934x10°
3.9112x10°

- 3.3386%10° M .
2.7823x10°
2.2259x10°

- 1.6695x10°#
1.1131x10°#

. 5.5673x10¢
3.4364x10°12

3.1291x10°
2.347x10°
1.5648x10¢
7.8271x10°
5.846x1012

%“0'20 (D) E

o | o

TE, F T,

<= 015F

= E.is

c

2 Fa .

g 010k e

IS Forens,, 000

[ N

=

% 0.05F Fyeeey, 7
548427

g o) h 5 u?.:‘

o , s L RRLANRRA LY ‘-‘,‘g‘.".‘.’ i3

.00
0.001 0.01 0.1 1 10
Pore radius/uym

100 1000

1.00 (C) Blue point:IFU program Young's
° modulus calculation value
0.80F ° Yellow area:Experimental trendsj
[ ]
- 0.60F
w
5 °
w’ o
0.40F
° [}
0.20 £, Normaised effective ) °
elastic modulus °
o 00 L L L L

0 10 20 30 40 50 60
Porosity/%

F4 ST ENeTEZ LA R A AR AR (9
(a)Menger Sponge 4MEAE T JREE - 19 2 T A ARAE LA K Bt e i B AR s (60
(b), ()3T TFURLIF 9 22 FL 1 Ze FLIR A 22 2 A0k FC S B -4 e 2 Lo

Fig.4 Application of fractal theory in characterization of porous material mechanical properties

(a)Menger Sponge fractal model , multifractal features and compressive strength fractal model of concrete; (b), (¢)pore cumulative

curves and calculation error of Young”s modulus in porous ceramics based on IFU program"®"
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Fig.5 Effect of fractal pore design on heat-conducting property of metal foam
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Fig.6  Application of fractal theory in characterization of porous material permeability properties
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