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® 7F-2 CNCY Z2H =7 &4

Parameter Value Units Test method
Crystal length 100-150 nm TEM
Crystal diameter 9-14 nm TEM

19 7}-3 BGB UltraTM Cellulose Nanocrystals Suspension
Technical Grade and TEM picture

(W) Ze}olr] =(Polyamide, PA)

EFdARe Matrixd] 94882 I7HAE Urol & 5 vk A HA, AfAkel &€&
Agdth T A, o8 7}1A 34 (Adverse Environment) . 2R E AHES B E3sla, A
A, ZIAHQ] vfRZEEH HAFE BRIse 98-S drh Matrixe EFAE UF
TZNA A (Tensile Load)s HIGst= o] 32 ZA9h, FH o EA3=
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bromide solution 3.0M(EtMgBr), N-Acetylcaprolactam 99%(NACL)S 7RAIA] 2 SA4A=
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ATe AARH AL F, %4, AF Bl s Al Ak oW
Aok e neslr] dalA ABel AuU Pel WEHE Fol WHHL Y & Ytk B
et A% F4e AAHAs JEe Ba UAAstn, sFe o WY ¢

AM ERE= HZHI WY} FFRolth HAHLAA
SA, TEAA"Y AT AAxds FFAI7] AT 2AE
ojm et SARE HA DS FFA77] A

= Z

AekA el Aejoltt. HAHA

Wel uelAe HH WMeE 2E 4 e =70 AAAAE AAs ore e
Adols, AAs o|2e the B8 FAL Folol BTk A e AAWS,
Az, HAFFE QAR 7L o THLLE o3 e Lol AAH LA

A o3t}
Minimize: (z)
subject to: h(z)=0 (i=1,..., )
f: 22 3F=(Objective Function)
h;: A2k z271(Constraints)
z: AWM 4(Design Variable),

N M: AAMEFE Az AT

13 -3 Example of topology optimization using TOSCA



(T A 925

B Ao FEo] strain  energyE 32 minimize 3ta,  volumes
Az ow AAFOEZN, FEXEY 7IetFde HAH3 AHS AP Softwares
TOSCA (SIMULIA)E A&t Hx 2d2 HA&E F /9 JAke] ¥l Fs d&EH o=
o] FFdolth.

L

198 -4 Initial design

73 A

| =AozE, AYdAd AFGstE AR surfaceo] FHIFTH, Hx AE Fdol
s Fat= s urfaceOHUP 3 WS FE3ATh Volumee 242 E mEle] 25, 50,
75% PR W2 AR S o] Ade v 2

ptimization design crelos for analysis steps Step-1

19 -5 Optimization result of volume 25%
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13 -8 New design model of sleeper
(2) 34 H7}h
) dA84A

71Ee AEH AZ AAG FFY HAEo uF FYS HlusEy] fal, 24 JAF
2Es HLdwgoz g XA YL steel, =42 ballast, &2 concrete?]
EAXE A& Steel (E:210Gpa, p:0.3), Ballast (E:180Mpa, p:0.25), Concrete
(36.406Gpa, p:0.2)]

13 -9 Assembly model of conservative sleeper



19 y-10 Assembly model of new sleeper

AAZAL =4 st 2 d surface 3HE WHEE AT 5 37HA caseE
o] FAStES A7, case-12 HEF H&EALo] T, case-2& V|EHEI|E
AEFTY, case-3= A JAEF7|E AZEo] A" FiFdolth. 35 =Z7|= 100No|xL
ol EEt g SYHInE {7 AT

19 -11 Each loading case

AP =7 vS 275 JAE partel]l HFer] A8, 2 partEE GhEA

Mesh+
g d-2 C3D8R typeoll 50 mesh size,

AAFPer HAEZE& C3D4 typeol 25 mesh size,
A& C3D8R typeell 100 mesh sizeth.

s
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138 Y-12 Meshed assembly model

(1} Case-1 result plot

ndard SDEXPERTENCE R2047%  Tue Jan 22 14:43;35 GMT+409,00 2013 ODB; H_1.0db.
¥

ODB; 1 1.0db  Abagus/Standard SDEKPERTENCE RZ017%  Tus Jan 22 14: 3:00 2018 43/ GMT409100 2019

1% }-14 Von mises stress result plot of cross section in case-1

Case-1o4 7]1&XZ2] HW von mises stresse 9.175e-1 Mpa, A F&ELS 8.237e-1
Mpae]t}.



(th) Case-2 result plot

OO L2iodb  Abaqus/Standard SDEKPERIENCE R2017%  Tue Jan 22 14:53122 GIT409:00 2018 ODB: H_2.0db.  Absqus/Standard SDEXPERIENCE R2017%  Tue Jan 22 15:01:34 GHT409;00 2019
2

Step: Step1.

13 }+-15 Von mises stress result plot of 4 sleepers in case-2

v ODB:i20db Abaqus/Standsrd SDEKPERIENCE R2017x  Tue Jan 22 14i53:22 GMT+08:00 2019 ¥ ODB:H_2odb Abaqus/Standsrd SDEXPERIENCE R2017x  Tue Jan 22 15:01:34 GHT+09:00 2019

Step: Step-1. ‘Step: Stép-1

13 }-16 Von mises stress result plot of cross section in case-2
Case-204 71&F &9 stress= 1.571e-2 Mpa, A =& le-2 Mpao]t}.

(2P Case-3 result plot

ODB: H_3.00b  Absqus/Standard SDERPERIENCE R2017x  Tus Jan 22 14:50:45 GIT+09:00 2019

Step: Stap-1

13 Y-17 Von mises stress result plot of 6 sleepers in case-3



1% }-18 Von mises stress result plot of cross section in case-3
Case-39 A 7]&3 &2 stresse= 1.205 Mpa, A &8 1.382e-2 Mpao]t}.

(v} All case loaded result plot

138 Y-19 Von mises stress result plot of all sleepers in all cases

RE cased 3FS A 713 71EHE mdo AU stresst 1.218 Mpa, A A&
=g 8.244e-1 Mpao|t},

(Wb A3 24

Zy caseoll Al A & tigk 7|EXFo] HUSY BE Ay HW, case-12 1114,
case-2+ 1.574], case-3= 871928 =2 uE}Wtt}h Case-12 A FHEo Fr7td A9
FEFS AY WA LUAT, case-3A gk xpo]E A FEAA HBAAS UEFAT
Case-29] plot& ’%uﬁi‘ﬁ, 8ol Zhel A= AHZA] A ol FEAH A
o] dF EAEHCoE A HARle] Ford AAE EEFIWUSS & T Utk ook
3= BE cased stEs sAlAl AVEE plotelA H& FEEHAl YERdT mebA,
AR HAEE ol &S A HE a”ﬂx}olp— Z1EAERT YYERY dgie 4Ys
O §&408 #uieg & v 48 + Utk
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HPFoZa=C-g o BAS zteth = A3 YRy HIdES Yy,
Eshelby =dof 93] A== eigenstrain® 2 A4ko] Ht} Eshelby tensor §
et el #47 matrixe] Eob4 ul(w)o] o8] AAo] HI, z ¢ 18 1 Eshelby tensor
Atolell& tha3 2 BAZE EATY. 714 matrix, Ao ZFARA C, Eshelby
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BRI CAY RN

o] Ht},

Eshelby = do 2] E3tx]z 2] 3o A|(strain energy)S v o] ZH3}

_— o T P iy 07 T -
L =—f lo+ag) = le+gdl (8)
2 v b v

MPNHAE o] sl WP A=ES Adaeld

P . s
{Izi-ﬂ'.:' EE_FG'L £
.
e ! R I
=54 (C_) agt =0 =8 9)

olth. A (DollA = Z3tA}e] Az uE on| gt
E3ta g o] o dx] W=(strain energy density)E a2
S (P (10)

A 92 4 Q0= vastd HdAse] A4 dXg & 78 + Atk



ge e Bl AR e 249 Bdol 2¥8 AR
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w2 & (Numerical model)

ool Al w3 Eshelby, @ Mori-Tanaka =93 e EA27 sj4He B3A) 79
nAl Tz A AsE FAEAEEY =4S MEleE ta @
a8y #2448 2de oA EAS vAF AT A e
EdA R nAdgd AT diE L5 tih o
A P2 FAHAE HE Rde BERASE FAHSIL
A7) FFo] glom A5 HAFHN AsS YT F Jde EFAE AL
Tkt Bz mAFx sfHo] Jhsstth mA T F oHS &
a3 24 @t GA o] EAEkA] o mAFEY] FH 9 AT &
mel e e JE8% 2dS olgste] AT Folth I F UM B 5
ggiol YW mATRY FXHAMAH  HITHOTE  Representative  Volume
Element(RVE) <3 Unit Celld<H ol At RVE®} Unit Cell - HAIF-Z9
g oggtd BAe B 2@ HHEEAe] Ades A Yy wEel
Z1EMEe AR fAREA B 4 hoH20], (210

® S84

_LOE.. -134-4

2or

2
ot

1%

(\}) RVE(Representative Volume Element)

@D RVE 2d A9

RVE 2d2 E3As o mAFZ7t vhEdthE Unit Celld 23 Apolzt it
RVE 7idel A" z7lole= AFHO Agsdd A=z ds ded =Zde
Abgste] BEdA RS ATS wotetla, Unit Cell#he] o] &2 zpol7p ZAfs AT
EFARE oFE /M ZIEAH] FRE Dedsted B4 dEe  fARE
HAIHS ARESEA T 2000 toll oA el AsEded wet BdAge] B
ATz 5HE mAgEHoR EAME Fr] AASHA, o2 A3 RVE 2™
A2 Unit Cell HIWHA 93 zeol& Eioh. RVE HIWHS EBE4ET
nATRE F3T AFES T BAs] Wil sidd Ades FAAL LAE
7HAA A

-

oyt Evd3 HAAEL AFe vAZ BHAM £4T #, 24T FFAR
THAQ o] FE3] A3 EALdT HFARY] ANAHA AsE vEhd = AuH
o] wHZR] FEut ol g3t HA| HAARS ATE Ux & 5 Ak olHRt M=
Sl BETdd HFARY AsE ug F e AFHE S AdA AR AsE
gtetsls= wWo]l RVE A g RVE =d HZH2 Unit Cell
A

.
o) 713 2 FolHe ojyd Aol

AAA il A=Y
[e))]
AA

-Unit Cell

Al G20 7]3terd meFo] WHE-& o] F&= Woven composite, Unidirectional fiber
composite 52 EdAZ WrEZH EAE JIAA He FRE Unit Cello)g o

odl Tzt EgAme A BAL WEATL HE ¥ & domm FAdA



computational coste] HHE 7FXa dth Unit Celld] ATELE Y& H|Eo=Z
sAgeRN I AHE AA T2l HEdh= 2ol Unit Celle] W

5

a#}, Short Fiber Reinforced Plastic, MMC, CMC ¢ Ed&d 73 Ei3Age
AR BAFRE e BEdAL&Ho|m=Z, Unit Cell HITHE 837 Ysiie
Bl go] mAFRE tide) o o)

Square array Unit cell

Cross-sectional view of continuous
fiber reinforced composiies

a8 -1 BFY v A Fx9] Unit cell W3

Unit Cell AMe FHAolm WA WATEE A 2
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condition(A1 & W 9] A %7), Constant traction boundary condition(-33 A =7),
periodic boundary condition(F=7] ZAlZ&z1)e] ot RVE B2 =7|7} AFF 37HA
AAZALE BAXS A= &5 Fxo sMA $E3FA Yk periodic boundary
conditiong &3 RVE =i 7pd & FHEAS Holu gt} o8 e
g8 0 7 s & Aol A periodic boundary conditiong AF&3Fa ATt
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A A7 dHFEEE A JAIFE FA8ol ke CTE 213ksHA
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@ AFM(Atomic force microscopy)

AFMS &X(probe)S 53 o3 AFEE 2M3gE= 2vje] SPM(Scanning Probe
Microscope)®] € Folt}. probest A= 9] Atole] Aaztgo 93] dEix= wHH =
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Hig 29k (var der Waals force)2 E]gstolA EA =& 3+ BEAU e BE
kel Q19 g HHS wEth oy whoEd s e AdHHe} Als xHY Agdl
wet HEa Qlgo] 288t A Hw Ayt B4E d¥o] A&sta Ayt 7k A ™
o] LAstA Aot =3 ofwd o] AEstifo] wel AREEHA = mode”t
224 =y Adge] FHFol wel contact mode, non-contact mode, tapping
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BAL Folel $5F £ U1 w9, FARAL B #F sk sAW RVE
e SIFE FHAAE U A4S omE A8 A i dEne s
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BEHR &7 2 A E S@ isightE o]&3tith
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0.1%0.1%0.1 xm 0.15%0.15*0.15 # m 0.2%0.2*0.2 xm
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Egh 29 108 538 RVE 2de o S@4AFE £4598 o L=0.1xm¥ 7
oF 3730MPalZ FA EAFHAT, o]F L[=03,m-~045,me ©AAFY FHE
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@ CNCe] ¥4 2 7148 =4 Sev g

7V WA CNCe| 71414 &4 2 Aol @3 sgvgE dotRa 2 Aol A
AHE3HA ElE CNC & BGBAMolA  Fuid BGB Utra Cellulose nanocrystals
suspenswnoltq technical gradeE A &3l 9} Ak, HAAE Ze gevHE AFsta
otk E 3E Uk AEEox9 JAZ EAd tF AFATE zASHE APM 2
XRD &< ©]&3sle] CNC ¥ CNFell thgt 71412 =4 gk HAE 71X sy &

(3

Gold 4 QAT
® -3 CNCY| 71A13 &4 W9
Parameter cm™ o {(GPa) EA(GPa) Er(GPa)
CNC 1.6 7.5-7.7 110-220 10-50
¥ 39 o] HEE AL ywA] Igr|HY #H2 HYE /MR Jdoer 59
SAA T 32 2 HAE 7HA= Jekr|golth. RVE Ed o] A8 CNCe g4 A 9
HAE 9o FodAd Yyeld HLAE HESY FIFLANHE T3l RVE 243
A5l Bt
TEM X+ SEME &3] CNCe| Zdo] & F74 =AY 749 CNCe Zo]+= 100-150nm,
FAE 9-14nmE 7HAA "o o]d WHE T4 RVE Zdo] HEsof T
THAHE HEeoF stz 8D F A= Ho A, Skgk Mo TN = 7.2 - 16.7

JEAA =W, okel E Aftd o] 11719 CNC A&, dol ¥ F3IvE
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# -4 CNCe] RVE =€ CNC &7 49 vty 2§ W ey

Run Length Diameter Aspect Ratio
1 0.15 0.009 16.667
2 0.145 0.0095 15.263
3 0.14 0.01 14.000
4 0.135 0.0105 12.857
5 0.13 0.011 11.818
6 0.125 0.0115 10.870
7 0.12 0.012 10.000
8 0.115 0.0125 9.200
9 0.11 0.013 8.462
10 0.105 0.0135 7.778
11 0.1 0.014 7.143
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EdAEE AzxsA HW  gshEQd  wkgel o matrixet  FEA Ape]d
interphasez} &&= MELE F9o] AP} interphase EAL EFAZNA E3I
ZIAAR Ass 77171 9% 84 T ARHAA FFE vF F dv b0
EdA s Wil A=+ interphased 71AZ 54 matrixet AshA 2 AFstA] 9
AW &8 Ao wet FFS wom interphased] A L EAHLS I
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AZE Ve B gS vigo g AAAH, Micro-CT, AFM #4 AldS 133t 1,
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27 7AH ASS BAF7] Qs BT HrrEol9dE= inclusione)
Abo] 2, morphological characteristic 2 inclusion®] EAAH =7 23 ggnjg ot}
ek B3R Rl BRAAR AMEE dAEC] AR FAJTGE & AF, AT YA
HAA ZIAA A AR BAJA &2 FAH AsHd s 5 Jom, o]9} o
AZ2 THAE YAES “cluster” &l IdFT 5 AT

AE71E T Az AES A =7](cube  length = ImmE ZE
SkyScan-1272(Bruker, Kontich, Belgium)E ©]8-3}le] 50kV voltage ¥ 1.11um pixel size=
AzZ 2702 AN 8EE ZAHIFGY Z AREY 140079 GHARS #FFsow, o]



ARRS viEr o 2 A xAbo A Al F3te softwareE o] 83le] attenuation coefficientol]
Hlgsl= 3D volume image= reconstructiond}$th. Reconstructed images= clustered
PAN FA A ME YAE FEE F= AT clustered YA7IEY] FRES FEI
753tk Clustered QAbol A 7 dASS Az Boj9s FHz 2AS 514 I,
vary X-ray attenuation coefficient& 7IAXBEZ & FHOo =2 o|u|R|o FA|7} HT}
Clustered dAFHF-olA 7HE AR AgE Tl dA=ES EFsks WHe 53l
EFA S AeA e RHEES dolle WHS H A&7 o]
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Segmentation reconstruction & IAYSHA FH= olz2E ] EF
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Pixel sizeZ} 1.1lume] Micro-CTE4S F3llA AxS U EdAE YFe CNCY
REuELS 7T 4 Jdom, R CNC #HA=S AP Zhzhe] A9l orientation
tensorg & £ Ut FPH AFoAE Micro-CTE ZHdo] @A CNCx +FH
CNC(Clustered CNO)Z 7F4S 39t Ux EBFdAE Ax A, SEHHSHA A
713 CNCe =] w2 CNCe HEuE 82 o]4x¢l HuEL(deal CNC volume
fraction)o]™ Micro-CTellA A H FEIESRT & #S 7I3Y. o)A & &3
CTEY 3 BA43 FaE&9 Aole CTAA FFEA & CNCel Fjo|m, CTol
HYHA &2 dAELS matrixrFol EAEAAUTT JHAEF o, olHg VS
E3to] QA% vetu e = 248 CNC(Dispersion CNOZ 34t}
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I8 th-12 Micro-CT @9 &% £ 3D Al7A =d(F: CNC 0.1wt%, $-: CNC
0.2wt%)
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Micro-CT &4 A3} n}z}u g

Parameter CNC 0.1wt% CNC 0.2wt%
Pixel size(um) 1.10005918 1.10005918
Lower grey threshold 62 47
Upper grey  threshold 255 255
Clustered CNC  volume 0.03968359 0.08088988
Ideal CNC volume 0.071298 0.142692
Dispersion CNC  volume 0.0316144 0.0624621
Total orientation(theta) 4.98623715 16.80783061
Total  orientation(phi) 357.6723706 346.1458641
Orientation tensor all 0.998350534 0.942663254
Orientation tensor  a22 1.24608E-05 0.004794214
Orientation tensor  a33 0.001637006 0.052542533

Micro-CTE 53+ yx EFgA=e EAZA7, A=W Clustered CNC volumeel| tj3gh
2 FTEHES Al H7EgE CNCo Hl&REE HlE A o= F7lste As ST + o
3 AIEAHES nlgom BAsgonz A8 YR EAs= CNCY w)dko) st
A wjgo] FEHAA YEES ¢ F AT

)

L

Yol orientation tensor= A& ZAH o7

CNC 0.1wt%, CNC 0.2wt% Al152] &A= particle®] 7H =
Al&2] Volume-equivalent sphere diameter(ESDv)E Ay 8}
particle®] AAHe] g FHS oWHIT AFES Z+e ?i 7+
A 5o e ov g

Zyzy 201, 28770e)H, Zt
Atk ESDve= sk 7f 9
4 ], I FE o|F&=

Same Volume
L]
I

Particle Volume Sphere Volume

19 ©-13 ESDv % A=

Zt particle®] ESDvgt-& H7bste] ¥ 199 o] RAEE WHrista o] ARE
Hielo 2 RVE =Edo] AH&3F Clustered CNCY distribution 3}e}m|g]e)] & &-o)
HH(2™ 20) RVE &2de] AAd oz} HL3+ distributione] histograms F%3l=
2d& A=A glo] dasirt
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Micro-CToll Al #43 duAAS &3 3DRAE AFAsH o, A4S E3] RVE
2ds FAstE oY AF SEvHE FEstn 4859t o] IFIHvEES
Micro-CTZ Yx EgAsgel ©HS Y3t image processingS E3 EA3t=



Ngor FEegom, FE N AGPHE =EHE EAYo|
oz =&d evE: FEEH ouE: 2t HuHn o
= X

Fiber orientatione A 3h= 2 7FA W o] EA6t 714 77ag W2 reference
axesol| A fibere}e] scalar angele ZAste= Zolth skA¥F @4 orientation angels
23 HIsl= AL 3DE FAHOIAE fiber orientationg FHE 7] o] # &)
FEAst22 Bay and Tucker 17} A|F$H stereological Wi & AFE3FATE o] 7[HLS
unit vector pE T3l 4%=(0, ®)E AF&3te] :x3ASIH, fiber orientationS probability

distribution functiong %3] 3 4 Ut}
e peE thed o] 2T
P = (p1, P2, P3) = (sinBcosd, sinOsing, cosO)
EA g9 YolA o8 W =AHS E3 fiber orientation distributione 2 7]

e K B Rk

L 0 " 6, $)sinddp - J v -1

=0
Orientation tensor= o3 o] Ao AT}
a = [@wedp

9 fibero| AV Y3 W3S zk= fibergl 7FAS 39S w), fiber orientation
distribution, Ww(p) =1o]l=H o33 Zeo] Yelhd & Ao

o

p}fl P1iP2  P1DP3
%y = Pipj :\ . pngl
T D Dapa

matrix== symmetricel ™, definitionoll o] th23} Zo] & 4 Ut}

aqq + oo + Ayn = 1
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AFM &Aoo 2 <l3| interphase F71¢ SFHgtu|EE 20nmz AAHS 3T
interphase?] ©AAFE AFM A A3 8= AolA PA69F CNCZF A&7
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@ Pure PA6 ¥ ¥EtvEH =&

= E¥ASe gk RVE @& A7) dA FAAKo= -rzﬂ a2He] E
Pure PA6el Wig Z1AH EA IetulgHolth. Pure PA6Y ZIAIA =49
J2}v] B = Digimat AXZE ¢ ojol A4 isotropic 2 exponential linear hardening mode&
283t AEFHS JeEbd 4 3lE ¥WMS4E Youngs modulus, Yield stress % Poisson
ratioo] 2 W] A& 7+ Isotropic hardening parameter< % -83}lo] Hardening modulus,
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Parameter CNC 0.1wt% CNC 0.2wt%
Youngs  modulus(MPa) 3224 3234.5
Yield stress(MPa) 62.4 63.04
Hardening  modulus 20.1626 20.1626
Hardening exponent 435 434.4
Hardening  modulus2 110.5 109.54
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getEojol sh= AT BEdALAY @AHAAFE Hofstr] s, 4@ HAIWHA
FA 2 EFAF HIHE ol&dfof dth. B TEol4d, FE models &8st ohFdt
parametere] W7o w& HdaA e SGA T FolE BrietAH.

(D Aol A=t

(7h RVE model generation in Digimat-FE

RVE (Representative Volume Element)= HdaAE thEE 4 S+ unit celle]th
Digimat-FES ©]-&3} fiber/matrix 2§47 RVES A4 dlo}.

Square array Unit cell

Lross-segtiomal view ol comiimmms
Hiber reninbonced Codn s

Hexagonal array Umit cell
2% wl-1 RVE ¢ A]



X

a9 op-2 7]E RVE modeling

Components= fiber, matrix, interphase® o]Fo]x Qlt}t. Flber= CNCE 343}
st71918ll, chopped short fiber2 =2 &3t Aspect ratio= 100]™ 7|2l cylinder
PR AAe} A ellipsoid 3ot

Cellulose Repeat Unit Cellulose Chain Cellulose Sheet Cellulose Nanocrystal
O(A) (nm) O(nm)

Cellulese Fibrils Cell Wall Wood
O(nm-pm) O(um) O(cm)

Amorphous Cellulose wall layers =

19 w}l-3 CNC extaction from raw material

72

13 wuk-4 Cylinder fiber (eft), ellipsoid fiber (right)

Interphase=  HgaAe] &GA TN & FFe 7AV] wWEdd EEHHATH



Interphases= 57| fibere} matrixe] %

ARG FAE 4

AREgoll o3 FAPE= FYolH, fiberd &
ellipsoid= =< &3}

% A o
Zdlojt}y. Fibere Fejol ¢o&3t=%+F interphased & =T

il

19 w}-5 Interphase modeling
RVE el fibere] F&nl= 22t 1, 2, 3 wgn= Y+ AT orientatione 3D
random tensorE 7}ZIt}.

1% ul-6 Comparison of fiber weight percent

wg% (middle), 3 wg% (right)

-1 wg% (left), 2

(1} RVE size validation

RVE 3ghH 9] sizeo wal 2@ e mesh 2 fibere 47} AA AT}t Meshe]
A Agtoll F&FS F1, fibero] <

A

T+ RVE
& 2% RVES] Zstgre] £z 9% F7)
w2, validation #Fdo] & a3stth.Size= ¥ Aol 60 nmejlA 200 nm= HH .

19 uk-7 RVE size from 60 nm (left) to 200 nm (right)



Validatione size@ 2 47]¢] RVES] BAASZ Hrzkaoh M1, M2, M3= 3k 779
RVEAA 27y x, y, z &5 HFOE FE& A7FEE wjo] A3fgholar, M4, M5, M= Z+7]
g2 RVE modele] x & W&oz 3 = e 734710113} ALk HAA S
$38, no interphase, 1 wg% ZAC® ndS AT

o
o
N
N

Validation for 180
32000

2900

= == ot

L £ S
2800
2700
2600
2500
2400
2300

60 80 120 140 160 180 200

EM1+M2+M3 OMA OMS5 EM6 BM4+M5+ME

13 u}-8 RVE size validation

FA T B g2 74 FEe LEX WMo w Uetllth Sizevt
AQe2 28go] ARL & S 9 A9k computaional worke] IS wEH IS
EO, 100 nm7} &&F oty whghA, 100 nme] RVEE parameterd 3708 A A3t
HHS Axkstes A 7]F2Z 3rh Mesh sizee RVE size ¥ Zo] 100 nmE
71Z0 2 0.2 nmE A}

&u&

(th RVE volume validation

e

A4 ¥ RVE $HH Q| sizes 5_’752 1 fiber /M4E =&3ch. Zx3 12 3= fibero
=Y 1, 2, 3 wgk7t fiberd] /Mg B ZARCE FETh webA 100 nm o] 49
size’ Aol FF errorgte :rLiAUP. =2 RVE sizeoll A 2 errorgtS UeERI AT,
AxkAZEe] F5E 2HEHIAS W 100 nme sizeE AEYsAd = Z errors YUERY A
Rpig=g

— Eg ]» —



Weight percent of fiber

0.01 0.02 0.03
Reference data 0.00708331 0.0142085 0.0213759
number 11 22 33

100 effective  (0.00720075 0.0144011 0.0216015
error 1.65798193 1.35552662 1.05539416
number 19 38 57
120 effective  (0.00719766 0.0143951 0.0215934
error 1.61435826 1.31329838 1.01750102
number 30 60 90
140 effective  (0.00715647 0.0143136 0.0214702
error 1.03285046 0.73969807 0.44115102
number 44 89 134
160 effective  (0.00703195 0.0142237 0.0214155
error -0.72508474 0.10697822 0.18525536
number 63 127 190
180 effective  0.00707159 0.0142551 0.0213261
error -0.16545937 0.32797269 -0.23297265

number 87 174 261
200 effective 0.00711882 0.0142377 0.0213563
error 0.5013193 0.20551079 -0.09169205

1% ©v}l-9 RVE volume validation
(2D Meshing in Hypermesh

RVES] mesh 2¢]8 periodic Z7Ao] Hesith AZAA A 2z H3P3 4Heol 2D
mesh FA4S FLY3A 283 &, 2D meshd A4S vtgro 2 7z component?] 3D mesh
2t4S PP Element typed linear tetrahedron (C3D4H)ZE 1 nm sizeZ meshing
g3, RVE model & = <¢F 5000000702] elementS A4l Meshe] deviationg
AAREte], FHAM HY 0.2 nm 7}A mesh size7l &4&715a, ellipsoid A4S

eRtstA AT

Element Types

1-D Element 2-D Triangle 2-D Quad

3-D Tetrahedron 3-D Hexahedron

. o
Cmadeatie Elements

13 uv}-10 Element types



1% wv}-11 Final meshed RVE

(vp) Finite element analysis in ABAQUS

& CAE &4 E ABAQUSZ importing 3t} Zb fiber/matrixe] A4 x&
CNC/PA6E 7]Fo2 3d 3 interphase= ARSlgioz A &3t HdaA el w@AA<s
23S 9dl, A3 A = = We EE nodeE RVE Abolz9] 2% WHE H3Pols
NZo=x, &3 W BEslE = reaction forced) & T3 Hook’ s laws o] &3]
SBAFE S}

=

Elastic modulus  poisson's density

(Gpa) ratio (g/cmA3)
CNC 150 0.3 1.6
PAG 2.5 0.39 1.13

13 wl-12 Material properties of components
PBC (periodic boundary condition) A#4< %3] RVES &7=1& WEAZ + AUtk
Agmae HPAIF A4S+ node? boundary conditionS ¥YXA]#, nodezt FL 3+
AEse UElET JESF ot ¢F 8000070 €] constrainse] A3 ST

dummy l
U

s RF

) )) b= ) v - BBy

13 wk-13 Principle of PBC



% ©}-14 PBC to RVE
(2) RVE modele] 4414 o= A3 & £4

Z} parameterol| A ZF@nlo] w2 Eg iAol B ASFE experimental datael Hwdke]

T2 YERTh

OOB: Job-1,0db  Abaqus/Standard SDERPERIENCE RZ0175  Fri Oct 26 15:41:1% GMT+09:00 2018

13 u}-15 Stress plot of deformed fiber



008: Job-10db  Abaqus/Standard IDEXPERIENCE R2017x Fri Oct 26 18i91:23/GMT+09:00 2918

Step: Step-l

13 wl-16 Stress plot of deformed interphase

OBB; Job-10db  Abaqus/Standard SDEXPERIENCE R0L7x *

19 w}-17 Stress plot of deformed matrix

(7P Thickness of interphase

Interphase®] F7AI7} A& AF FE0 s wek o &
7

]
I YRS FHHIZF =& u, fiberzt Aol FHALE FIz

FAE AL, Helol 'k Aol wobA 7] Wl Z ot

<T : Thickness of Interphase / Diameter of Fiber,

rlo




ﬁ}r Confined fibers

S, Mises S, Mises

Normalized scale| | (Ave: 75%)

+1.811e+02
+1.200e+02
+1.101e+02
+1.00Ze+02
+9.026e+01
+8.0482+01
+7.061e+01
+6.073e+01
+5.085e+01
+4.037e+01
+3.109e4-01
+2.121e401
+1.133e401
+1.454¢+00

19 wl-18 High stress zone between confined fibers in reference

ODB Job-1.0db A ndard SDEXRERTEACH i Dot 26 15 T+03:00 2018

19 w}-19 High stress zone between in test data



6000

5500

5000

4500

]
8

3500

W
[=]
[=]
[=]

Effective elastic modulus of compostie (Mpa)

2500

T S—
- _'_ﬂ-i__u___h_,,.h—r--——““"— S
—_—

1 2 3

Weight percent of fiber in composite (%)

—_—0T =—025T

05T

0757 =——1T =—ExpData

13 u}-20 Result graph by thickness of interphase

(1)) Fiberzt penetration & &

Fiber®] penetrations &8 A9, (DA

=7}3kt}. Experimental resulte} xt= ©f-2- Holx

8500

7500

6500

5500

4500

3500

Effective elastic modulus of compostie (Mpa)

2500

13 u}-21 Penetration allowed

Weight percent of fiber in composite (%)

—() T —(.25T -

05T

0.75T =——=1T =—Exp Data

13 wp-22 Result graph of penetration allowed



(th Cluster

Fibere] cluster Bl &(%)7} 4+84F =2 87 Ao 29 Axrng Jrhsich
Interphase?] 7= HAQ 0.252 AAZLE 2AA EdsAolA clustere EA 9
AstE oIty AlEdEolAR AtE AU U o=, AAl cluster= WFol
A%A 945 WExsta, AlEE AL ofF BYstA Xoly] WEoE Al HT

<C : Volume percent of fiber clust>

13 u}-23 Clustered fiber

9500

8500

[=1] ~J
W W
[=] (=]
[=] o

&
8

w

-
(=] (=]
(=] (=]

Effective elastic modulus of compostie [Mpa)

2500

Weight percent of fiber in composite (%)

—(2 ==04C 06C 0.8C =1 =—Exp Data
19 w}l-24 Result graph of cluster
(2}) Void *3%F RVE

Voide E&4Ae b=, A= 59 #AABolA Ui BT 4+ de= defect 5
stuth EAle]l A3HE oFr|3tr] wj&Eo| interphase®] A= 0.752 A A3} Voide
Fuv) 7} Z718<4=2 modulus”} experimental data®] Z7}Hl& o]st2 A3}



a9 wl-25 Composite with void

<V : Volume percent of void>

6500
6000 =

5500 v i
5000 I

Effective elastic modulus of compostie (Mpa)
I
w
[=]
o

Weight percent of fiber in composite (%)

—QV =001V 0.02v 0.03V === =——ExpData

138 wl-26 Effective elastic modulus of composite
(P Graded elastic modulus in interphase

Interphase®] ©AAIFE fiber®H matrix7tA] S92 gradingsle] 283k ®2]ojt)
whehbA ARSlgre]l obd ohFd s AT 4 Aok Linear= fiberF-E matrix7hA|
APAQN TAEE AHE3S W, 2nde fiberBH 22 2o2 JFASHA A4S}
et Al ZaskeE WA, 3rde 2ndet 2 e E 3A e TAE YEe
2lolt}, 2ndel A experimental resulte} 7F ARG FolE YElAS & 4+ Atk 1

212 fiberoll A matrix2 Z<E modulus”7} 7r4a-shal, stress concentration zone2]
A Eo] A7 W, =& fibere] FTHnoAE 3tk effective modulus7} oF7] = A
7] jEo 2 AR E T

=

5O oft o o re
(o]



19 w}-27 Graded interphase

4500
A

£ 4300 -
£ 4100 :
il
E 3900 - —
% 3700 e e

2 3500 =

-
£ 3300 S
% 3100

lﬁ

el

o 2900
2700
2500

Effectiv

1 2 3
Weight percent of fiber in compasite (%)

= Linear =———2nd 3rd Exp Data

19 ©}-28 Result graph of graded interphase
(3) A3 99F

faa s S|4 AlEYo)lAZAF}, interphase®] EAXE  grading 3+ parameter’}
experimental reuslte} 7H& FARRES & & ATk AA BEdAAS FHS HUF
Htgsles Aol AlEdolde e xxolAwk, @A orientation tensoryt ZHE  defects
TH 22 84hE9 AHAA FAHA " BRI BSI HAAo|th. wEa FAEH
computational &4 WolA EgaA el ©@AHAFES ZAEA =T £ UdE HEHe
interphase?] E4 X875 bulk7} obd grade® 2 2 &3 F= Zolgdts AR =2
/\ O]]—:I_

> o AFAxE ulgto g AA ‘Composite structures’ (JIF 4.101 / JCR QDAEd]
Prediction of elastic mouslus for cellulose nanocrystal fiber reinforced polymer
composite’ A Eoz =Fo| EuFHUTH




L AE QA% A A 2 A

1 O

(1) Modal Analysis
(7P Lanczos &ig]&< &3 254

RERE T shes T 249 We2> A9 AA(Stiffness)oll o3 HdH )
Ao mE A H(nertia)e] FEAgol o Aoty WEIVF & AW SAHAE
3709l AH(point mass)# FIHNE] 2ZFo] AR AZH %ﬂ ANzHoz A7HE 4
Attt wakA, ol8d A == AL A (continuum body)E 309 A %(degree of
freedom)E 7HA12L A3, T A EA4Y 1/IF IFFAA P E F3holoh

rl

Ho

nfe THFEEE 7] Y3 223 (xn)=27]9 2
1 $s) Bask (NxN) sjduld2o=g
g HEt o] Lanczos €1 ElES E3] 57019 modeol th3H

2 ARG NS Az 4
[e)

® v-1 BEYE B4

Rail Sleeper Ballast

&4 A 5 (Pa) 2.1x10" 3.5x10" 1.8x10°
FolgH| 0.3 0.22 0.27
2 % (kg/m®) 7,830 2,600 1,650







1x2= 2= 3RRE= 4R RE bR =

T 52.540 52.977 120.32 126.81 128.41

a9 w6 AHHIE 14 n{AES




EEE R EE!




1A= 22 & A e 43R e 5zRE
F3+<(Hz) 52.420 52.543 83.663 84.240 123.35

W B D 2 &gl YA Bk 53 Yxo
Fol MEAoR gy WEe FH PHY B
AE7 Bastt 59 4E $we ness 15 B wet 1 39 54 2

SEe 2717 kit

71 49 7 FaeE Fastd 9ol 2Y&EE7 100km/hrd W AFFE
83Hz7kA n# st dake] &P% st 200km/mrd @ RFFE 166Hz7kA 1E ot
sia Azs vasiEd 71E HEFEI IARE 5 2ARECAME uf$ % AHgE
Firs U e 30T F Ao a2y 71E AEIREA 3RRE 1
Fuhrrh 85.07Hz-170.15Hz  Welola HHsE Fs AAE A %%%J
59.15Hz~118.31Hz & 200km/hre] 314 Aol 7|2 HAEIHS FuLr)
FTHAAR HHgE FEFFAAE Fog FHol TASA Fok AT AfH=
Aoz A H A

o
]



R EEE

(D 71<2 23

wol] ALgFHWHA AHES NAATIE SHoR
Hqenzr Z3g Eo 3t A7 FYHAG
_/_',:

= hE
4T HE 2 F ¥ 5% 8§52 28T A=

o2 AgHY A=
c}o) A|wl Ecko] eF 2/37}1%)

AutH oz AFZAEE HFo| 300kg/m3olA 1850kg/m3 Abolol Soirjek st
ASTM C 330-77¢14% 1850kgim3 olstefol @tkm WAHo] ok e/t ATH
W&o CNFo} ARIE BgAje] A9 ulFol 122671875 kg / m3= Yeli g
AMEGS] Z77 WA glol AF BAYER Ago] shEsith

NEe] AAUEE AZFTHY A2 AFITATIAYE, /EEIYE,
AZAZILER BRH o 7} 478 AF 2adE] F3 /E
CNFs} mytste] ARE AAE A%s s gz 7120 34 2 248 W3
Fot= A shsatt

AR B ATel BAso] 44W w=Ro| 9] SCI F&A o] EuEo] Uk
(L}) CNCS} 787 B3taj =
DPA6 2 CNCE B88 23w A2

PAGE: ol®e wWHom delx APHe Arkad AU
dFolr), FEolu} Agteold BAHA e fA4, HEA 2 AP

Azolnz 8ot g Wk

B A7e yuRgAns Adsts dgolAq PAGS Yigate] CNC H7hE Slske]
NAAA A7k FhsE AL BEAAD olF ANE PO HATEE BHT
ZS

b 1
% Q& MicoCT 3 ARM  Ade Adsta ARd Jrigame] nA7zs
o5t oz BT

[o

S nlgoz JxE3Age RVE »ds
98 FAs= CNCe =49 o3+ dIevgH+=

gglol 240 i olelgol EASE ZAbsIT TAGE WAS 2e
otk olH @ ieel WY wehHE s mAFES FRasdy Azl
oxtE WY AL F dx a9

ol @ & dnh waAd AR UwRdAns e

= =
4 9t RVE =9 74 seue 3 ¥AE 2e & 9



FneE golA WE serEHE B Sa, AL d=BaARe AA A
AF: RVE ™o 7174 Agol ud o F& BARLE AL s,
24847 Hads B 5 db AWM WS vHE 22R0. o
2A%47 Aasr 9 443 AAe Fo £3E @5 ddnEE B ATeA
MG B2 vATRIS} FEEH B setvleolth

WA B ATe} BAsol AW wFo] F9 SCI &A o] Fasol glrk

CNCE XA EAS 7Rz 9on 1EA matrixet =& 2AF¢S

APSE ol&3te EAMNAS FPSHATE APSE ol &3t CNCY mHMAs g
TAMNES APt oem o g HAFoe=E FTIR ¢ XPS # 5
FTREA Ao A 7]Ee Xl A AFe9} APSE o]g3sle] A =
AR AFAdS gulstes Fao]l FUie Zoe=E #Adxw XPS A=
A 2 N7 7 S7bste As & ¢ o

2
Solvent casting?4-& T3 UYEEFARE AT A HEZol 7P WA
ZAEHAT ole N TL & =M
FEISEI} il o)2EY  JHRRE
S7He Aol

PLASH CNCOl 2¥3AelAd EWAelE Fa% CNCoh Ashx @& ONCohel
A57 242 FAsgon on, EANYE FPF ONCE AZF h=BFAsE
Maznt A54e mA Hger ogd ONCY EBAHUZMES w2
AL 327102 5 A= TR0l T F Aok

T3 PLASF W/l ®E CNCE 7Hte 2 3 YL EFAEE nigo =z DSC 4 2
XRD £4¢ dgstel Aad d=BgAse] 54 2 @4 BT

AR X A7el BT A4P wFo| 9] SCI Ao Easlo] gt

Short fiber compositee] effective elastic modulsE finite element simulation®. =
dZaf Btk AlEdold HAE HANA, RVEY sizes &2 Zolodx= A2 <l
computational timeo] =i HF3FS mx)7] wFol], md Ao <A HlEA FHaF
A+ olt}. Periodic boundary condition RVE®] surfaceo] ZE *Eo] HEEFojof
sto g, ZAgol wat & v/l o]Ae] constrain equationg L8k wiEolth (D
Fibere} matrix %+ interphase] 7|, (2) fiberzt penetration 3-& %, (3) E3A
Yol fiber clustere] HlE, 4 EFA el void %, 18]lx () interphase] EA4
gradingS W42 A A| experimental resulte} W] w3t

Simulation ZA3, (D~4)9] parameter+= fibere] dwFul7t Arsdtol] wrgl AA)
AdgrEo AlEdelAd ol A=A Aestd] x7b AEdith. o]+ analytical
AIHA Hlds 4 gle, stress concentrationo] fibere] =)o wg} constant



fiber7} @A LAsH7] wjZoleta & 4 Atk O)= interphase®] modulusE fiber-¥
matrix7}x] =9 x}53}5le] linear or non-lineardt Aoz 7+AsA AL
parameterE @3 Ax}7} experimental resultet 7+ FAES & 5 ok

(D~(4)¢] parameter ©]jo= B3] o Z+F ZAgoly fiber orientation tensor
T4 ZE Ve A S AA LA A FASHA 2d sk o] HastAT,
A s parametere] tidt ARy} BE=3 Aotk wEld ¢ A4¥ ARES E3)
RVE with peoridic boundary conditions ©]&3 Ao EAZGSF A, 23-&S FHU
TgHo® F4F F Uv FTWHL interphase®] modulsuE uniformo = 73
Zlolopd, S grading st x5 A -&she Zlolgt A 4+ St

A & Aok BEEo AdE =20l =9 SCI geA o Fargo]
(2) BA=Z 43

(7h) CNF&} A E E3A 5

SAAA Zle dEugd stel Adux SRS A dAdAsT 23EE A
AAA R FoTUE A FRIF 7Hse 7l JEo] eyl A CNF 2 CNCE
835 dAL T4 AME & s 5 AFsL 1 AR A e

(¥ %2
6,000 CAGR = 10.7% 5,584
5,053
5,000 4,554
4,116
4,000 3,723

3,000

2,000
1,000
0
2012 2013 2014 2015 2016

SHEANE sHZOpHI =gEn cDdEEE

198 1 Z3A: Specialist in Business Information, Navigant Research, 2013,
The Freedonia Group.INC, 2012, Door&WindowMarket Magazine, 2013,
SYP E& B A4 A 84

BE& 20129 6= 3,500 €, 2014 16= 3,1009 €, 20161



(o3

500,000

460,630
400,000 CAGR=42.0%
319,820
300,000
225,430
200,000 162:290
113,410
100,000 I
0 III
2012 2013 2014 2015 2016

ENEFAUS WUIOENY WCEH "DPESHR

9 2 A gstAA AT, 2008, The Freedonia Group.INC, 2012, &3 72, 2013,
Door&Window Market Magazine,2013, SYP E3HEALF-4 A &4

20139 ARe] ANl ATH zuFEPULS AF Tadee] Hgow

5ol &9s 8 slze AHs wvs AUk ANFe] wene AF maANEE

Agstel ANTALES HEIHAS A T00E FEe AR J15e FHe
FIYE

S

6000ECE AZAY 4 YA, AFF CFI71F 52
Agste] WHe A FAN T we] 278
AAAQ 20%2FAF S AFFAT

nylon 3 PPE 7|¥to g 3k
A& F9¢l Glass fiber RZAAZS
&

=

=4= 71 AAHdlA

2202 B B
3} g EAx WA EH FS A 52 A

=43

Hooke] Yndgros AlFonw fIAMs BIARS waaA we 95@
24¢ Yehx Aok =3 4832 o ® e 2424 &0 gk

e Glass fiber Glass fiber CNF Cellulose Cellulose Tarc Kenaf Glassfiber CNF
A=8 20%/mylonG | 30%/nyloné | 10%/nylonG | 40%/PP 50%/FP 20%/PP | 40%/PP 20%/FF 10%/PP
Eb&d
el 470 592 530 447 470 275 430 571 436
(GPa)

il ] =

g5 175.7 2108 160.0 57.5 570 387 46.1 817 653
(MPa)
HZE 920 953 8.00 294 287 6139 248 240 266

99 3 Feldas GrAgRe s Ao @ BEAE B4 vm

22 BEAE ALHE FeldeE 029747 A AARCER vjEo] 930 o
g8 oz daEn, 2016 PR 45%° FFEFHAECAGRS HY A
aith AR 9@ Qlme} gl AR, AEA AL D S Axmels HEE A
e SR Agel Fa 4 Sl

oW BPAE AR 0ITUERE 20259717 AW 89%0 F44L o



20161 47329 2HolA 2025 A 191884 2o JHAE FE T A=
et =3 wEldF AeEStay SdAs A2 201604 2026 Abolel
AT 661%8=E A4 & Aoz ool HH 20161 4419 2ol 2026'd 83.63
2HE 47T Jos Jdddn

U.S. fiber reinforced polymer (FRP) compaosites market, by type, 2014 - 2025 (USD Billion)

1746 1921

-l
I ]
I |
B
I E1
I
[——

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
EGlass FRP ECarbon FRP EBasaltFRP ®Aramid FRP  EQthers

719 4 grandviewresearch.com®] A-F73Z e B3] A& B A
(h A HZA5Y HAAA

“Latest Trends and Technologies for Railway Engineering Using Composite
Sleepers” (2018) =+ W=W 7|& F3 53 divlsle FAZE FFo] FA O W&
Z7] AAEEo] A 20i7kA ztol7t dopal ok 27 HE RA A EIES OE
B e ge 1y darvt Q7] wiel v&S AT + Aok

YA AFEH T B3A] A3 =<0 FFUFiber reinforced foamed urethane) 352
Ao yl=o] =mglE wH] 1/5 4o ALslz HHo] golztoz  ZAH| L9
AZaIdE By At sARE doz FHEAAC wrlrl 7|E FAYE A=
H3| Zof A AAIZHCRE tFEe HAEEo] 48 E HEFo=2 FAH5T Qo

Nanocellulose fibrile 33 AWE EgAle] He dEFH} Z ZIH 7]HHe
FAAETE ola 71Ee FIALE 7Nk AJxolr] wEd 7HE dess HAS
stA ARE FA tiHl 0.5wt%E Eo1717] vl 40kg AMEE 7|E2 2 0.2kgo]

E7HA Hof, 16kg 3wt% CNF7} S0E€8 2 A& AA| Y 7149 s
AEsE Tl =S FA A AHlg dEs B3 v&Adzte
Hl <=3 ALY O e £Fo AAAMNLS AE Aow REroh =3 dRo AL I
Nanocellulosedl] i3l #H AAFS 30x¢Y HFEZ % gl
THIE ot 9o 7HAS O We#E ZAeE B T

- 100 —
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