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An Integrated CAD System for FEA-based Design of Heterogeneous Objects

Shin, K. [1.* and Kim, J. 11.**

ABSTRACT

CAD systems are routinely used by designers for crealing part geometries. Interfuces w CAE/CAM
systems are also commonplace enabling the FEA-based design optimization and the rapid labrication off
the designed part. However, conventional CAD systems have thus far focused on objects wilh homoge-
neous interior. T'wo recent advances--use of heterogeneous objects such as Functionally Graded Materi-
als (FGM) in parts and Layered Manufacturing Technology {LMT)--have brought to the torefront the
nced for CAD systems to support the creation of geometry as well as the graded materiat inside. We
first describe the need and the components of such a CAD system for heterogeneous objects. A prolo-
type CAD system is then described with one specific example {thermal barrier type FGM, pressure ves-
sel) in order to illustrate the use of the implemented CAD system. The implemented system is manually
integrated with FEA tools for oplimal design. Our ongoing work involves the automation of the integra-

tion with FEA tools.

Key words : CAD, FEA, Helerogeneous Objects, Functionally Graded Malterials, Layered Manufacluring

LN &

AR AA Fokoxl o) ALY AF 7151843
Fd ohde}, v LR EE 549 HAHs
sle e velrta Qe RR AAAA) 7Y
B2 GEY AARA helA, st AARDE
qeshd 718kt W4 P ARRES FA A5
FEg. AT g R —%5’— bl ket
SAAE DS ABL il ) v
NEH, HAA} 27 B R AR %E—S- Rl A

*"Alo}— R e Eat- I 21

Fhd, 2 7B ZA, H32Y WA (Layered
Manufactuning, LM)Z SFF(Solid Freeform Fabrica-
tion)2} 2% S17of A u) RAFE 3391 N WY
(heterogeneous objects)3 AJ4He) 4= Ao}, A
WAl

]

AFEIel M) o2l FAlO o2 VHH) A WL

AR, A3, ALt 714 g
s3] 2- Akl gy 7] A ekt
- R 2005, 04, 20
- AARER Y 2005. 05, 18

=}

o

PG o) FEE ok flake AR 3 B
g BHE 4 Q7] WRITHN, alpe] B2

L=}
A2 A 2] Aol T2 AR5 = #2228 (Rapid
Prototyping, RPY Wby & 24971 oh e} LA 831
P4e QAT F G PEend BEu .
CNC 7ha3k 742 A% 2g) Ao gz o)
ARE NuAoz Aoy AFFHE 7T
}. ojell W3l 31"/”“ WAL o8 sp2] S
AuHos olgsld @ A P4 ol el
25D AL b Xd AU Aol BRE =
7o 28 2 A5 TA(fixturng) 5 FYL
Pow ax] gherh z2eg CAD 264 s}
o AA Y= AFe) FAE WE A A4S 5
=

2 =RAME Fig 19 2089 234 gy
(pressure vesse'S o2 MghA] Aol AA T A
zzéﬂ /%]A]-Q. 3_1" _‘7‘_:‘{} CAD A] _}-%] a] %35
(prototypey2 HQEHIZE et AIQHel 4|82 FA)
7}A) A 23rar FofellA] dz] 4zl Ao 4

ARE A 83k 7478k A2 (knowledge-

pa iy



HEA B74e] FEAZIRF 4AS

based systern} &£, AAZ7Y B4 W AHAREE o}
oz M F §324 3)|4(finite element
analysisys A 2 #A3lste dae)F-E AHS-g)
Fig. 19] o}t i Sale 312, 2ol SA7E 944
A AR, 952 JUAoz @2 g 7 2k &
Z5o] Ak 7HYshE, hFae] Sl F83 8
B T3 (thermal protection layeryS FA4 57| sl =
Al 2} (ceramic) A7} s, Fe] % A
ERE 58 744 Z=E F7] A3l vZ (metal)
A&7t 338 4 Slck sAT T oAl A F e F
AAN HAE HARAA YAse EuRedE
(thermat residual stress)?) Xpo| . <13}e] ZHAR i}
2)(delamination) 42 Za sk B elEE ¥
o ARG FHALR sk 714 AL §
2 (Functionally Graded Material, FGM) ’%‘MM‘
HgEolof gy, &l gl 5o SN
T 0%2 SUsAN FapEo g Fotale 94
€ 100%7} 5 dAsh: 2ol FGMEAelth &
2% a2 = 7)AZ 7t (mechanical strength), I
A 8+8)(thermal resistance) S3 7+ Ad=<) A5
B2 Wate Ao dEe) wslo] thale] mAIg
Zlejet. o] srE3e| F(_vM *3711*}@ &, A Az}
b AJ2e ARRYE PS5 (material  composition
function)Z dlo]g] wlol 2 Re Jad £ {3ad
A (FEAYS Foto 45 &8 (et 89, 95
B S)S A4S Tre) AlG(coeflicientyE
FRgshe AlREe 2R (trial and erroryS 3=
o} o]2 3 AFL pAsH] i e SEA FA4e
E8H 0% H¥(representation) P F4)(visualization)
& 4 3l cADEel 2adn, 715 AsFs 93
dloje] Wo]Xr} 7& o] flojop shy, A ALE g
5 wrdske) 7haM HAHZE Fopd £ 9le B§
FEA Eo| Azt @Aa71A 71skshy F40s o
T RA dlelx= Y 713 CAD Bo] E4 3}
U, ABAES B AR e 58 A9 EdelA e
T} o)2|3) o] 2 B %Ev‘f-ol]*lE 7] 8VEFA o o}

2= =

Volume Fraction/
Material Property

A ' Idechani
Strength
Metal ... ! il
N ' !
FGM ... :
'
Coramic X '
CAMIC o K L }
3 High temperature/ 100% N i
cssare 1
- prossare fluid Ceramic Y FGM v Metal
Pe ' ;
Re ! { >
0% ius
° Ry Ro Radius

Fig. . Heterogeneous pressure vessel.

{13 55 CAD A1=4) 329

vk Fgunel A4A-4es g7 RES £ el B
§ CAD A 2=59] 8FE& Lollepaia ghot

1A 23N & B 4o A4 dA) 445
= ¥ 7 S dulEka, 336l Ak $-¢
CAD Al=g)e] -t a4g Auwivt 22)7 4, 53
oM A2 FEE CAD Al2-92 Fig. 19| st
4 Ao} Agske A4S WE NNEIESE 8
choopR| o g gobdl SR A7) tisiA et
3] sl

2. SR YA UAE A
S 71X] wry

534 P AHHAE g whgez s A
A7 u(generative approach)®t HEAIA uby

(variant approach)®] ¥ 7Ex) wylo] 2ic}.

2.1 YHEA YW (generative approach)

Fig. 2= AA44A "pgell 25t B8] F4ke] A
AL ¢AX o2 nolgi Ut} o] vl 9fsid
A4 <) (design domain), A= 3L (design objectives),
3¢} 227 (constraints on solution), T3 7B
(primary materials), -3 (loading), 7 Al =7 (boundary
conditions) 5°| YHLE FAA, Fig. 30 29
743 A7) Yhomogenization design method,
HDM)!'D 3} -2 A3l A7l ofsl Hz{sd
Fd 2 AY BI7F A5 oz AR Fig 38 o
A3} AT I3t QR ) AA o7 FolZ 3}
3 AAxZed dsl, A43tE EYE X
(density distribution)’} 2= g}

289 FJAE2 B4A) de|Hes oA 93g
(reversc cngineering) 718} F3)@l FA(): Solid
Builder Module™'™y8 AX EBgA adwd
(Heterogeneous Solid Model, HSM)E WF¥} o)

Design Domain, Design Objectives,
Constraints on Solution, Primary materials
Loading, Boundary Conditions

*]npm

Optimal Design System
(e.g., Homogenization Design Method)!

1.2}

lOplimaI design output

Heterogeneous
Solid Model{HSM)

Post-processing
(e.g., Solid Builder Module) "2 |

Fig. 2. Design process flowchart lor generative approach.

F=CAD/CAMTEE] =57 Al 10 A58 20059 109



“
=

3

Design domain

RRONNNNNN

Loading
{2) Input(loading and BCs)

Fig. 3. Homogenization design method(HDM)!',

{b) Ouput(density distribution)

elgh 38 7k Bxle] 34 2lsl] A L5
FAEDL oA Fead dlAeh} AE=HE 9%
CAD dlojelz &84 < Ack AT o] A4 F
3k 7t FAH ) FHS L ol HFES o8] 9
LLEJAJ-O /@A-hg}__ B _7;:._%_' UL—‘LO]Z:] 010] LH ]
AHLE EXE Fdshe vl @A7) Aok 2B
2 A7 EFold) ARREE doje9) F&A<
Ergel oz E%F’_ -7k ol T A glt,
gh, g v Qt’r"o*ﬂ/é/-‘liﬂ}{—- Al
'“4’“6}7] st =ElE 7154 A miMI(FGM)
o) AAlen: &8 F ‘Rlﬂ’r‘”‘ @ Fig 19 945
B AollA = %iii-@ AFshe A9 &4 3
23t A1717] A3 FGM BAE =18k kA g
87347 o) d3L of2d -] oM A
Azl o 2e Agdos ZiE A8E907E e
EAZ N Ao Rk Zlejn)

2,2 S8 Y (variant approach)

WA el e AR 544, A4 2
2, 294 %3k (know-how) 5& HAHAN &3}
Hoz wkdd & Ark. AA A7 Sed] g BN
2Elo| Adg R4stke G| ollzl, 2 B4

Loading,
Boundary Conditions

&
«

Designer interaction
y

Geometry, Primary Materials,

Material Composition Functions No
1
. . Design Objectives
l Finite Element Analysis
Yes

Optimal Design

Fig. 4. Dcsign process flowchart for variant approach.

RICAD/CAMEE =& A10d ASE 20059 102

ANE, AT

o 27] ¥4 % ABAAE oS sl fFd8a
A4S TR T A0S FHsto, AA)
FREE VS| 2R, A dARIAE $38
o) ABIAS AT, o)) e Al aAL- A A A
AlolZg WBgo RN HHSN AT 9L 5 3
thFig. 4).

SRR, AATAE Ash e Al
u}_‘i‘rz—lOi F=el gt = 9l 29 E9) HZzo g A
A49) ok E $R8 HgohA] T3h 9ok ofel
HE A Rl st S dAEAE 9 5
& CAD €9 #424%:= ofgo} 2 7o) Ao}

A—l A}o];:e'. o

- 5P B4 RLR|(CAD T 2 7 uh)

AR AR 2 B4 diojE go]~

- A1 AL 3 FolHele)

- 84X %772 (property estimation rule) 2}o] 2
212]

- 288 A UEJH ©) 2 (Graphic User Interface,
GUI)

4> F GUIE AAIA7E ob2 blof¥) u)
ojAE 8302 2T 5 AUEE HL AT
**%%1- uie} go] B =Fo) Lyfg ¥ m‘xﬂ A
E ST T CAD A|Z=52 HF-A4A) ubde) 71uks}
T 3071 2o, R gollAl s e AlawolA 7
WY 4 FHRAE FaHeR AFES sl

SEEZE]

3. S5 CAD A|2gle| M A

30 SEN YA I(Heterogeneous Solid
Modeler)

€ =70 2708 T3 CAD Al2¥le) A48 oA
231 WAL TAET 249 2 Qs FeH0l 8
4 =zl stel ok, F4 3’}3131-4 g 3@
Aol FHL = o Bz ¥ 2432 Hoffmanns
Rossignacllol] 2J3l] 2l 415)7) ) z}siict @) 7]
3 Fde] BHE 98 #ehea 7|9Kfinite
clement-based), 54 719Hvoxel-based), =& 7]t
(decomposition-based), 75 7]¢H(construction-based)
F3AY Fol ALHAF. Jackson F-2 AFHA)
FE2A 719t ES Y (tetrahedron mesh-based modc])
< AR o] TP Yol ke APEA 24
7] =X(nodeyd 71R2 oy, zZ]z}e] meriy=
Ax AR oluye} 2= 3R (material composmon)
4 REZ barycentric Bemstein UF3H2] & o]&8l] A

:L



Bl 4ol Frazil 4A1Z 948 53 CAD A&

gl Wl 58 NURBS (Non-Uniform Rational
-Spline) HE 24 7o HIYS EF3 FHY
»HI"FOPAIL} 38 Kumar?) Dutta™s Bah4g &
1L 18 73R P22 -object ¥d-g Al
OJ'_}‘%LI" o] 3 WH2 Y5l ko] T
AREEIE rset! o] ANE S A FPY L) L3S 3
3—’%’3 &) 7HL:10§ Z15her&l azg-q]jlﬂ o] 5H.4 =3
AR RS EE3) Shind} Dutta™= r,-object &
P % P 21570 RN S Al B o=l
o] 5% CAD AlZ¥& Kumar?} Shing] FEF el
Z|Z2EBE, o5 P FTHALE HEHE 1,
object 29|l cijsl) 7heks) Aol ghe)

234 g oy T4 A S (primary

o>‘ r‘..

O

matcrials)2 2] ik 22 g ¢le]o) 3t e
AAA QRS e AR AE I HAE
(volume fraction)2 EPECE o] LIHUNE S pated

Y vz FASR, o)5e) AW R ¥e) B
Aoz ool 2ol Rady,

y= {yek"{iv,:l and v,.zo} M)
Iy
A A @PIA v iF TR AGe] ReAN
EE Vet 2408 AR 5J—r =A%
2ol 34 3709 sdele 4 x(e £y E w3 A
AR A v(eR") 25t Lol v (one
to one mapping)°] BT}

F:E' > VF() = v(x) = (v,) @

A9 7174 Ao Qa) Bt 32 vupd
T e AL 2123 primitive)Z A r-set RS
=913} ro-setd F37H(product spat.e) T(=E*x
RS RA[T (A B AARH, P(cE) e ¥4

2 HYUSE rsete]™, B(c V) & rset P} A A A
HE WA= F5 /P Y5

olA] Qukile] Eala 3AkS- Eﬁﬁ}‘{:— ik

&Lx
RAEA r,-setE2] ZFHcollection)?] r.-object OZ
ofzfe] 2] 3) el Yo},
Q0= {_(-PlvBI)s-“v(P_;.-B_j)}
where P,C £’ B,cV (3)
ot 72 7)278) i, -set, r,~ohject® W} o} E),

EdA @4rd2 4937 s

33

material union, difference, intersection®} 7+& A+
stel Eelet AR (regularized Boolean operation)S

AEA gl

32T Y2 g elo|=eiel

ABF 8 worllA AA7EA delxl G838 44
T I ElelBezl: B CAD Al2de] Q)
A 84|} Table 19 ofe] 223 5oA] 94
#H F8g QAR L 229 FREop A
g)so] Slck gt vie} o] AR Table 19]

O

Table 1. Material composition functions from literature

Cemposition tunctions/

Property variations Application

Thermal barricr FGM
{mectal-ccramic)®)
thermomechanical
stress 9t heat flux @)

] &3l

Ni-ALO, FGM 2@t
o 2 (2Y B lsenzad
40 =) Wzt A A7 A
Saa AanE

.
va(X) = ag+u x+agx”

1 . a2y
v 0’)=—{Sln ==+ }
A 2 (2(" ) ) Mectat 7} ccram|09]
oS B s
Ly B
VA(I:)=§J{(2’%—I) +|}
B @o R &

2 2P A= F
) 2 o2 *J."Jtl(MML-
=+ 2r (7 -2rr M SiC particulates)2) 2

£7 2230

High hcat fluxel =
nuclear reactor
liners(stainless steel —
partially stabilized
zirconia}®] transient
stress 2] F A g4
Thermal barrier type
FGM(metal-ceramic)2)
g2l F4aH
AAWAA orack)
2 g oy AR
o] Hihaolaie 4
4 g 8 ANy
28 i

Gas turbine cnginc
(NICrAlY-Zr(--Y0;3)2]
thermal barrier
coatingst*

\’H(") - -
r”—!‘-

or=(1-2)

vylx) = (A-_)-Ojn

) =Xy

fp = 1y E(ﬂ[-h

(n: shear modulus)

ux
valx) ==
8 t

AFCAD/CAMTS] =13 A 103 A 535 20059 109



332 AIZ|1E, A8t

ENL2 “ll°|-é§’TE‘1 Hgta APYE e AYe
T, o Aol A B4A WreaS A8skd &
LR SRS $ 18 dEaas oS A A &)
A7) date SRA g 28 Aol
ARG g2l Al (coefficientyS MBHA| A 7HHA
REEARL A4 AN AP E AXAM A
of AARe]: THE-E7F HEFHRT H3)E de
o} #AR7EA Q) Aol o] L wHE3l4-8 Ee
¥, ABZE B5E A8 FAske 7ol Ek)
< BAPAR 248 enjolel 44 dA)7t 2
Zlo|ct,

ol2)gh WHE AAl-H4 FHS H{e o2 DAk
(thermal bartier) FGMS £ 4 Ar}*423| Markworth
2} Saunders®li= A|HQ| ko] zhz} 22} 2ol
& ok 7P R 1xbd m2AlER FGM A
Al 919) whE A a4 S = st ol
Azt FGMe| A ERE 8588 5l 32
SY(yielding stress) ©)3H2 ilz*i} A7l Aot}
2E2 g PAHAES EEH P4 (parabolic
function)2 717 3}, $Hef 74] T A48 A 2.

33 S4X Mot ajol= i)

Ak AR 0 AdsE fetad SN e
Lolo] MA-S 2l &4 Xl(physical propertics)]
717} o] Fo) Aok ek BN ¢lejo] §F HojA2)
432 X &-f-E(inclusion)2] A(phase) =71
93r 2.%F, ¥h3¥(orientation), Z7HARQ0 X Fo| vl

FZ(microstructure)l] 2}EF 0T}, 2E)8 g o) g
Bl o] A rz2 e BEAAE A5k 3

ARAQ dlole]7} a3 Wy e g B4
A Z S A (Young's modulus) T A A5
(shear modulus)}t 72 71A1R A, dU3dg3 4
z]l.__ =) 7L0 goaasua )bzl z{;]z{g.,;;)r z—]/\o}
F(dieleciric constan)®) 42 A7]7 HF, Mg
(diﬂﬁsion constant)s} -2 3}8}E QA %*;r F%e}
e} SRR T 2 =80l AvlE = slo A 7)A
4, B HAS Hrkshe Ao gyl

o] Pt FIB680) o)z 7|dF dod g7
E432) B7htAo] iHe) Sho) gl AR WEL
2 EFFA(Voigt W), 9HE A (Reuss ¥HYH),
Kemer M, Mori-Tanaka W, Tamura R, self-
consistent 2, modulus-hased 2 (¥ A7), 3
22 Kdilute approximation) 3% 5ol Ut} o]
Hrizde) 7)utele, 2] aAFo) 4 NHHAE
2 /T &350l Sl B3 34de) BAA=

= CAD/ CAME &

Table 2. Range of applicability of micromechanical models

© Windowd B0z 7Y -

=237 Ao As3 20059 108

Volume fraction, v Micromechanical models
v < 4.1 -
MDY EEENET
0.1<y<03 Kemner 4, Mori-Tanaka Wi,
Tamura B9, Sell-consistent %
Y. Modulus-based 2+, Voigt
0.7sv<09 B ©H d
¥ W, Reuss YY)
0.3<v<07 ru/ly |0gic Ho}‘tg

=

fuzzy logic ¥ 52 oj&8le] R (interpolation)
o7 Aikg 5= 31t Table 200 thgst B4 5
ThFAS A8 £ e FEy 774 )

32 2

3.4 2208 X QIE{H|I0) A(GUD)

GUI= AR} 53 CAD A12:9) 7h9) G839
A ALS 2SI 25 @A)k B =20 4
AE GUIE ¥l Sun Workstation 4ol Motif2}
OpenGL 2}o]B.8j2] S AH-3le #3310 )
MFC(Micorsoft Foundation Class)y2 ©|%3% PC
Foll k. Guie) #pA g
WE-E 573e) A8 Aol & AR 3 B 2}
A3) 271812 ct.

4. BB NS 918 CAD AlAE)

&% vigt 2o) ARME E5 CAD AlAPe B}
A Be] AA-a-- AN RS EHeE
ajste] AZTEL 2 AZTEYE S8 A
HAA 7P EA el 719 Aot 2
FoAe A Pe] 28 ¥ AN EFe dAS
g8 e FE CAD Al=9el 21% (prototype)S
2708527 gt} E-2 Ak CAD Alzdlells A4

Q2EA B3 F4 =4 2| (Heterogeneous Solid
Modelery’t E3s]0} 9lc}, w88 Al2wol 23a)
Bde]l Al P4dsio] HFALN7A] QAlLlE #
el Fig. 59 23] Als]o] o).

Aol BgA Fade) AAEAANE A% 53
CAD Al Z"iellx) B3k B3ndeiE 1, -object Z2)
A H(framework) S 71RO = ACIS(Spatial Tech-
nologies Tnc.) 71'd ¥} CH+ languages AHE-31
TFHERN L™, GUIE Motife} OpenGL gle]|Helg] S
o) &3} Sun Workstation F-730) Az = 2y
S0t Fig. sellM e} o] Fardels YHez A
A Eel E(l: HDM outpur) ¥ Heje] 3



S35l Qo] FEAZIQ AAIE 218 §51 CAD A2 333

{ HDM output )

{ Geometry )
L Primary material
y A 4 database
> Heterogeneous Solid
Modeler (HSM) Material composmon
function hbrary

Optimal Design

l Process Planning l

. {Tool Path
\4

Heterogeneous
Solid Model

L Property Estimator j

Layered

wObject Model Manufacturing

I Pre-processing l
I Made!

A
—‘LFinilc Flement Anulysisl

Fig. 5. Information flow in an integrated CAD system for
heterogeneous objects.

‘Fgeometry) S W& F on FAL AR dolH
o] 20} A 23R e o B efe]
A FArdg At A w
TS Hgsla] 242 TY(Object Model,OM)21&
a2 ohA) {5390 NS 98 Ay 2)7)(mesh
A3 LIEFYE 713 FE A= wabac A7t
XI o} FHoM= A A Rl mRE L ndF o) ¥
b FEEIAEE ) E o] Rol i,

MJ Al sl 428 s vAe
o] WOTHAIE FAddn),

i i

3
& 4% W7

e 2

Step F: primitive 323¢] 919,

Step 2: FAl AllSe) Aley,

Step 3: AEAAE ) Y.

Step 4: primitive 934 ] b w1 sEAr, -
set).

Step 50 1--49] TS MRF BE primitiveZ ¥
H71 8l s s

Step 6; ZERF ARE Fdlele] BHY HAZTG
& M) STH(r,,-object).

Step 7: B3Hl sAmdl. EAx ¥rpndz N
3

Step 8: 244 W7iREde FE B2 §ig

Step & fr¥ted FME Salsle] AARZIE W
e

Step 10: QAT BN kol YR ¢
28] Al E A sk QAR Q1”3

1WA A AZQE S48 =38l & 9l
of 7lol= gjRle] rijke] Haghd], s A= §4)
318 Folu},

5. 8Z d

2 oAl 1Y §3 CAD A299] 48 92
Fig. 1o 271 433 2] 3Alel 4534 -
HhE Alel o) ¢ A g ARS8 Vsl
= sk %%POJ WSells 2, 2T, PP
A7} SAH o] Azt %34 g £ Aon
2 olE Hasl 7171 $8 I M 2A7E A9
of. g kel 9158 7)AlAR] Bk Slol 1.8

eEza0l s} 2ok ,v-al_ e 7\et

-l

7R Q) o) W52 ARESS F495)
2130 A2k R{ALOy) AR o] AHE S| o, 950
FET A AEE gusls] fs vWigAl
) A7) ARSEQdY HASEs AFlE &
2l(circumferential stress) 2 4stole) Fu-3 ¥
(yielding stress) ©] 32 ¥H=& ol

r|r i file

50 2 Qo) Ay

Fig. 19] felgtoll sjdhahz S5t 4 249) 4
A FHAo) Fig. 6-99) TANE GUISL Bjgo] A7) s
o itk FEE GURE B BAI MISTE P s,
Ful = “File®, “Create Prim”,
“H-object”, “CAPP" 525
M2 Aestod @ e
o AZA A

“Manage Prim”,
FAdslol 2k “File?
U (* sat, ACIS geometry)
_%Ul edAIIJL-ij apd (:t o,
ACIS geometry + material information) s 22 ¢ 7L}
A48 4 2ok “Create Prim™E 71314¢] primitive
B 2 (r,-seyS> FAT S 9= NS ATsh

Jaweomelry-mw | Block ]
Materdal Comp - ' Hollow Block

Property Model - Cyﬂnder

Sphere

Hollow Sphere
Torus

Hollow Torus
Cyclide

Sweep with Matl

Fig. 6. Create a geometry for pressure vessel.

SHECAD/CAME S =84 Aol 953 20058 109



334 A7VE, 58

Create/odity materis! inlormat

Mo of primary miaterials f%

matt AR ] Meel [ UOSRT o B a0 BHe] Domai

ma2 | Apoatyy ) w2

e void | wma i

o v ] W

" werd I

Coondinate Type Cartastan Sphgricat Brendfan}
< Cyfindrical SweepZD)  DsetD)

Cavedings Sypara  Qiwhd Local user Det,
wanviuien . % [ogy ¥ [Toon z{oee
rolstion. i ilocs w [fowo w00 ratangle I o060
o i Mp(yJ Gancel ‘1

Fig. 7. Create maierial information.

a=-0.018 a,=-0.01

a=10.0

=002 a;=0.04

Fig. 8. Visualization of material distribution.

= YwE, primitivea*"(cﬂl‘ box, cylinder, hollow
cylinder, sphere, torus ), 21234 T, 8437
7 7.,41 =2 AAA7 QeFoR )\113\:%} F o=
Fu 7} g slel ot

N7 A el FAks A4

ARG

15l7] $18) (rcate
Geometry™“Hollow Cylinder” 222 vy

AFME 2 xohE YgHalq F7 L
(hollow cylinder) H4-2 A AsIAThFig. 6). T2t
2 94g dAIZA “Create Prim”-“Material Comp.”
Lo "ﬂ"“ i—'u’3|°1 a3 mule 95 F42
AE D NAAL o) 2714 F YHIKFig. 7).
Az 712 3“’“’4“ w4 AT FAR 59
27 ps UEI T op 17 AFHRE FE A
Wy zZH A 2¥l(Cartesian, cylindrical, spherical
coordinate system)ell mE} BA3IA Aok, B- dlo A
£ n =201 LRojg AN At ALo)el 4
FAEZ AWt 25 AR FAHAEG
A Age] NFAAR FE 1“’10}7] sl3l, 4=
Aol FAld B AFAE DAL Table 124
B} oke) A (et 7e 23 EF AT (parabolic

Prim
Mas),

=T Ao

F=ZCAD, CAMT} 3]

A A5z 2005 102

function)z A& sto] JH sl
Vo (r) = ag+ a,r+a2r2 “)

# AN vz 410 FHIAUE T T
2 5E2) Ag)lE Y, a, ay, an= 0]—7LI A7 =]
A g2 miA o] Agolth &, thE9) 2l A}
ojZojAl HA4EN ASE Hojop rt. YA W
Z(r = R)PIA Al2) FAFHAEES 0(0%)°] 2, 25¢
= RPIAE 1(100%)0] Hojo) dthe 252 1S 3
43k, 2 (@)= okle 4 (5% 2ol ¢, shie ol

AAG-F AHFste) oAl & S Aot

a R R(R,~R)-R
Vadr) = PO +a,r

[l—a,(R R)} )
R‘

Y oA oF ASEA "WIAA 7 A
5ukak 2@l (circumferential stress)e] FA3bs= ¢r
& 2o AAN-F) dAl=) o] drEz o) 3}
Aol vz A<= g0 vpd wjvjch 7ol Walsk= Al
2 B3 (material distributionys AACA] FE ol
A Az Fog gelo] yFaahh(Fig. 8). & <ol
ME Fig RellA gl o] sl 7k3] g, (= -0.018,
-0.01, 0.0, 002 0.04)°) W7 ALALO, A2 X E
B 1

e SlE AR BE Aege 493 3

7} B9 (object modehE M3 2qlo) A g )
o] 2L “Property Model” ¥l 78 Hdldle], W7}
33zl sbe &4 A(Youngs modulus, Poisson's
ratio, Y AE, AAEH) ¥ AW FTRE(Voigt
rule, Reuss mle, Kemer's equation, Mori Tanaka
method, Modulus-based ruleyS Z-8-3h0 84 A9
thFig. 9). o|2A A5 = 243 =g (object
modeDS- &84 NS 9fs] RaF Fi sl vt
2 ARG nd 2 AAdg ) ie)s

(mesh

Geometry -
Material Comp -
}Propeﬂy Model r iYoung's Modulus ;IVoigt Rule
Poisson’s Ratio Reuss Rule
Thermal Exp, Coefl. Kerner's Equation
Thermal Cond. " Mori Tanaka
Modulus-based Rule

Fig. 9. Apply property estimation rules( Young's modulus).



R3by 843e] FEAZIRFHAS AT 58 CAD AIZR 335

generation 5y 2-4-3t] FE 292 Wgs)F) foh HFEFo 2 A A7t HIlelA] 937) wRol) T 4
AR 2o e e Al4(Young’s modulus)2} el f4gk AREsIRIcE, dAu o) WEes 50N/
Folu) (Poisson’s ratio)2] H71el Kerner Wy, B mm’e] ¥4t 4H4 700 KO] M2 2408 WAl
ES(thermal conductivity)?] 7}l Voigt Y, < ™, o= 400K 2= 23 FIAsIAY €4
3 A A) “F(thermal  expansion coefficient)2] 4 7}l 2 Wutako 2 slslu, 2 whE L T e R

modulus-based BPH & 27k 2 8-8)Th, 258 7+e BEAXNE /KRS 285F sl 1?1
a2 2de) AR AEHE ALALO, AFe) 2 dbddeko m ¢ldh: 8agel B e

zt 2Hphaseyol o2 7)1AA], 49dA SAAS A& dxrp eptA o

Kwon"2] ko] AAH 8] s ol Al vie} ANm 48 259 o AFa = -0.018, -0.01, 0.0,

po) B4x Frted2RE FEHAS AT 9383 0.02, 0,048 WA/ FE20 9 7Y
Y FEUWAFIOR TS0 Hrk 2)2z o] 3 9 A3, wE o] PEEY ® FHEES

A o] 53 Aol & AFHAR ol At Fig. N~133 72+& A4S Bch o @el -0.019
B} Z7 0.043 B & F$ole fasia 22
5.2 gH 3 WOl {4 SY BHoHAEW > | T2 vy < Oyt ALt 7] o 2ol 2

B oM = Abaqus(kiibbit, Karlsson and g Ao Al = oA STk,
Sorensen Inc.) 3% 43LE o] o)F-5l) o] T

ol A AAE B4 e ade) MY g4 /s T(K) s \ ' E
2 #A(lincar ¢lastic finite element analysis)E o i
&ahict. T va

0—0:;'1;332 i

F—r 45004

T, =400 K
P, =8 N/mm’

v
M)

Fig. 11. Temperature distribution.

T.=700K
P. = 50 N/mm? - Fig. 119148} Fo) 4, 34e] Mgl @8 2 B F
' L 2] Mahe F3 nImEkA, Fig 129 (33 7ol 9
O QO EAN 8'£]((7 )m ﬁ]?:lHlol- :t}{“”}_] B o, W
E :f W/}j o] Wale) =7) #-¢yich 1503k S-e) Hi)HA
Fig. 10. Finitc clement model for pressure vesscl. 37)7F MAWNSE L@ w) f17] wfel] QFalar o
ﬂ o) ¥ Azie] sl F o AYAect 2ja
rEa wu)o) ke o)z} mlite) A Y 2 YRR 9] o AFE AEPYoz WEA
Ao 422 | Wyt 2#dle] Faad mdS A HAA] YRAAES uprE f)F5ek Slo] 21X 9 3
A8t e Fig. 10). 2234 & felle Al = U Fqees *é'l SR (@R olslE 7]’"/’\]"@ T+
=2 Jixl= HU® 248 noded plain strain v}, ool Al@3 oA Al A G F oa =
clement, Abaqus element Z}o| X jz] 2l (PFS)— -0. 0[8"& w) g/t 27l ¥eH, v Agke]
AMg-sien, daAe fMe AW s G,, Zre] H3lolAE AEEAUY q, = -0.018 of of

e 221 B AT 228 noded two- E o F A g e 22 2 (5P Y AR
dimensional diffusive heat transfer clement, Abaqus cqlo{]/q AR 22Xk FEA AR 35 9o
element 2folxlgjz] el DC2D8YS AFEEMATE, Al i} sl-93(linear function) 2-2- 3%} Fr(cubic function)

rLI

o4k RWE Fig 100048} o] A7 % B R £ AEAR @ AR 5 Qo e 33 g g
Aol d hHe) AARNEG ZbAm, wobtate B ARSI 2R Asol tak AZs) Wyo) W as
70, AR R NS CPES S48 71T % RE @3 B9 2Av) "

SHECAD,/ CAMEHE] =58 A0 A5 3 2008 108



336 AW7NE, 433

KMIN  Q.000E+00
XMAX  F.750E+0L
IMIE -5,410E+01
YMAX  1.122E402

SBETLNTE DISTANE

Fig. 12. Circumferential stress distribution (o).

(xm:*}m ‘ ' 1
0 g~ -0.018
o—0 g 00t
&——a g0
Oty it~ )00
ot =004 oL i
: N
N ]
Fig. 13. Radial stress disteibution (g;,).
53535 THE /8 SHAH
B =AM B Hade H44AS 93 &
§F CAD A=/l syt Avllsksiv). 2AFel &
3 "3;5’2}'9] A52Y WA gsiAe v st
2wk ARG S 2% A dlsiA (de) &
W3z = s} 374 Al 8 (process planning)S £}
CAD A|=§12 CAM A|2=¥1 2} A= 03 2
o] oA 7R, gty o ”LHTOI] A2l
A BT} HMAE 7HE FGM 842 AV
(stepwise)] AFANEE pALE H3ksh= Ba|aia
E ZAkE(discretization) THY-E ARG, @ AzHS
Axsheln HZFE A0 H2% (surface finish)ys B/
F=

Al = 2l 2 ukeke] A2 orientation), #) 4]

9] Al (support generation), 2 Zre}o]Al(adaptive
slicing), 43742 A4 (tool path generation) 521 2
A2 AAA B}, Fig. 1405 4E3 malo] 4=z
g 219 349389 O‘hﬂ s F Tiq d
Abgt(discretization) @ 42 Sle)d =
Stk

Fig. 14-@)oll x|} 7hol hsr Ry yuls)dix
SAREHZAE B = 10%) 48E Z1AH 1Y 59
g Pdes Fejgd. #eld -’—f HAEe F2I9 A

7

I'_rl

4
\ﬂ B
neiF

|'J|0

AZCAD/CAMTHE] =24 A0 AsE 200583 10¢

(b) adaptive slicing

(2) discretization

Fig. 14. Process planning for layered manufacturing.

3 4eg

=g Akl Al - 90%, ALO-10% 2. Al
- 80%, ALOy-20% ). °le)gh <2aks} 2bd-2 A
ZYG | A152] A4l A (fabrication resolution)l] FH4]
7b 2271 mEol fashc},

6.4 £

2 =M S g4 AFHLAE A%
ki) LAD AlZ2E S vl sPL) Alohd B8 A4k
AAA7E F2E A8 vlely] Wl AEA
F glelBeu], EAA W73 elo)|Hee] 5
gt dAl-e) A A B A S okE 8
A BEe Hld) o] HAslE g 2 AR B
A= A AV A5 A A) 2= (knowledge- baced
variant approach system)o|C}, A ehF A| ]S H A
b8 B 3k A: fz?ﬂ ul-)\l oF AAG = o)
E&5 FJadse] A58 MANINE S e 7|""§l
Q) bltA] ZAREEAL & % 1d3l= 7158 A

en

ﬂJ|0 FIE
i 2k 0% rlo o',{r.

°_|'

3L
gl m

zll°P5 CAD A 2=]l9] 8 o U359 7}
A 7154 A B (FGM) SrE el A4 MA
H4-g AASIch WA xll‘TMJ ol A Rl A}
2553 2le dlolr] ulo] AR RE Al 2 ALOE F
= "Ll]?*iCd ouq 2;]. TE /4 E}ol"f AI ;Z.l
R it o F fakad sjde
tAlZ B4z 87} 728 ARajed srhs
l(object modelyS AB43E15ict AalEle) H31a 4 3
A 2d2 FEukE)0R A e, R )
FA-ANA Y B AR ABYRE Tl ARE
HHz}h shek. A =43 @715 D (object model)
FEE a4 s 2Y(FEM modely2 A dh=
el A-Fgl A Fol el

o] A AR HA) 7IRHOE 20|



Bl
UE CAD A =512} V)55 whsla, CAM A28
o 715 Fksted, 4R Y CAD/ICAM A 2:8)
& Fdske Aol §8 CADICAM A28 & 75
317) YellMe & 9 §8X0 " B3 AL T3
@ % YECAD TR} ol)ite] Aaslofo} &
o, 2% vjo}E](scanning data)2 e A A4
-8 A A Sl & SHreverse enginecning) -2
%‘»_‘o;'_IL_ 3‘100}1}, u.a]. L].ooh-ol 243-/.33 DV\I(““
DMD™, SDM, 3DPyl AH8-3 5- 21‘% A
% @ STEP-NC™9} 22 §3 rbga ojdme 4
A Mze| o) Hash),

rJ|

n_)'l_l

2

=

—_

- Bendsoe. M. and Kikuchi, N., “Generating Optimal
Topologies in Structural Design using a Homogeni-
zation Method”, Computer Methods in  Applicd
Mechanics ond Engincering, Vol. 71, pp. 197-224,
1998.

2. Bendsoe, M., Diaz, A. and Kikuchi, N., “Topology
and Generalized lLayout Optimization of Elastic
Swractures”, Topology Design of Stricnres, Kluwer
Academic Publishers, pp. 159-206, 1993,

. Cherkacv, A., “Relaxation of Problems ol Optimal
Structural Design”, fnternational Jowrnal of Solids
and Striternires, Vol. 31, No. 16, pp. 2251-2280, 1994,

4. Cherakaev, A. and Kohn, R.. Topics in the Marfe-
matical  Modeling  of  Composite  Materials,
Birkhauser, Boston, MA, 1997,

. Markworth, A. J. and Saunders, ). H., “A Mauode)
of Structure Optimization for a Functionally Graded
Material”, Marterials Letrers, Vol. 2. pp. 103-107,
1995.

6. Tanaka, K., Watanabe, H., Sugano, Y. and Potcrasu,
V. T, “A Multicriterial Material Tailoring ot a Hollow
Cylinder in Functionally Gradient Materials : Scheme
to Giobal Reduction of Thermoelastic Stresses”, Com-
puter Methods in Applied Mechanics and Enginecr-
ing, Vol. 135, pp. 369-380, 1996,

7. Kwon, P. Y., “"Macroscopic Design and Fabrication
of Functionally Gradient Materials™, Ph.D. Thesis,
Department of Mechanical Engineering, University
of California, Berkeley, 1994

8. Sub, Nam P, “Applications of Axiomatic Design,
Integration of Process Knowledge into Design Sup-
port Systems”, (999

9. Mazumder, J., Choi, J., Nagarathnam, K., Koch, J.
and Hetzner, D., “The Dircet Metal Deposition ol
i3 Tool Steel for 3-I) Components™, JOM. Vol
49, No. 5, pp. 55-60, 1997.

10. Fessler, J., Nickel, A, Link, (G, Prinz, F. and Fussell,

I, “Functonal Gradient Metallic Prototypes through

[¥5 4

h

o} FEA7 Yt QAE 2151 5

2

[£%]
-

23 Williamson, R. I..,

SHCADR,/ CAMEE] 8-

. Marsan, A. aad Dutta, D,

. Hoffmann, C. M. and Rossignae, J. R.,

JJackson, T. R,

. Wu, Z.. Seah,

. Shin, K. H. and Duua, D.,

CPark, SO M.,

. Kumar, V.. Burns,

. Drake, ¥, T,

. Hol,

238} CAD ~) 2y 337

Shape Deposition Manufacturing™, Sofid Freeform
Fabrication Proceedings, Austin, TX, pp. 521-528,
1997.

“Construction of a Surface
Modei and Layered Data from 3D Homogeaization
Output”, Jowrnal of Mechanical Design, Vol. g,
No. 3, pp. 412-18, 1996,

. Marsan, A. and Dutta, D., “Computational Techniques

for Automatically Tiling and Skinning Branched
Objects”, Computer & Graphics, Vol. 23, Neo. 1, 1999,
“A Road
Map to Sohd Modeling”, IEEE Transactions on
Visuatization and Compuier Graphics, Vol. 2, 1996,

. Kumar, V. and Dutta, D.. “An Approach to Modeling

and Representation of Heterogencous Objects”,
ASME Journal of Mechanical Design, Yol. 120, No,
4, pp. 659-667, 1998,

Liu, M., Patrikalakis, N. M., Sachs,
E. M. and Cima, M. J., “Modcling and Designing
Functionally Graded Material Components for Fab-
rication with Local Composition Control”, Meareriaf
& Design, Vol. 20, No. 2/3, pp. 63-75, 1999,

H. S. and Lin, F, “NURBS-Based
Volume Medeling”, International Workshop on Vol-
ume Graphics, Swansea, pp. 321-330, 1999,
“Constructive Represen-
tation of Heterogeneous Objects”, ASME Journal of
Computinig and Information Science in Enginecring
(JCISE), Vol. 1, No. 3, pp. 205-217, 2001,
Crowford, R. H. and Beamann, J. ).,
“TFunctionally Gradiem Matetial Representation by
Yolumetric Multi-Textring, for Solid Freeform Fab-
rication”, 11" Annual Solid Freeform Fabrication
Symposium Austin, TX, 2000.

. Requicha, A, “Representations for Rigid Solids: The-

ory, Methods and Systems”,
Vol. 12, No. 4, 1980,

Computing  Strveys,

20. Holtmann, C. M., Geometric & Solid Modeling,

Morgan Kaufimann Publishers, 1989.

D., Dutta, D. and Hoffman. C.,
"A Framework lor Ohject Modeling”, Compuner
Aided Design, Vol. 31, pp. S41-556, {999,
Williamson, R. L. and Rabin, B. .,
“Finite Clement Amnalysis of Thermal Residual
Stresses at Graded Ceramic-Metal Interfaces”, Part
11, Interface Optimization for Residual Stress Reduc-
tion, Jowrnal of Applied Phyvsics, Voi, 74, No. 2,
pp. 1321-1326, 1993,

Rabin, B. H. and Byerly, G. E..
“FIEM Study of the Effects of Interlayers and Creep
in Reducing Residual Stresses and Strains in Ceramic-
Mectal Joints™, Composites Engiieering, Vol. 5, No.
7. pp. 851-863, 1995,

B., Koizumi, M., Hirai, T. and Munir, Z_,
Editors, “Functionally Gradient Materials™, Ceramic

B A0 A5E 20058 109



338 i i

Transactions, Vol. 34, 1993,

25. Hirano, T. and Wakashima, K., “Mathematical Mod-
eling and Design”, Special Issue on Functionally
Gradient Materials, MRS Bulletin, pp. 40-42, 1995,

26. Suresh, S. and Mortensen, A., “Functionally Graded
Metals and Metal-Ceramic Composites: Thermome-
chanical Behavior”, /nternational Materials Reviews,
Vol. 42, No. 3, pp. 85-116, 1997

27 Weng, G. I, Taya, M. and Abe, H., Editor, Springer-
Verlag, Micromechanics and Inhomogeneiry, 1990,

28. Nemat-Nasser, S. and Hori, M., Micromechanics:
Overall Properties of Heterogeneous Materials,
Elscvier Scientific Publishers, 1993,

29. Zuiker, ). R_, “Functionally Graded Materials: Choice
of Micromechanics Model and Limitations in Prop-

30.

31

32

33

erty Variation”, Composites Engineering, Vol. 5, No.
7, pp. 807-819, 1995,

Markworth, A. J., Ramesh, K. S. and Parks, W. P,
“Modelling, Studies Applicd 10 Functionally Graded
Materials - Review”, Jowrnal of Material Science,
Vol. 30, pp. 2183-2193, 1995, _
o]}, “Rapid Prototyping 7)sof et & 3l
S CADICAMEFE[ 2], A2, A 23, 1996.

Asld, AAE, “dolAE olg3t APFELH
(DMDY1£", SFECADICAMELE =57, &g =)
3%, pp. 150-156, 2003,

A, A4S, IF, “STEP-Compliant CNCZ
28 STEP-NC Repository 73, $FICADICAM
stg] =3, A8Y, A 1E, pp. 48-54, 2003,

LI -

19908 ML oishie 7|74 A &bzt wha}

D 1992 A QUS| A A okat AA}

20023 Univ. of Michigan, Ann Arbor
7170 3 it wAL

L 1990 3920053 29 GERlEAHYE
. 242 39972
2 20059 303 AR sk 73

st} A4}

4} 2ok CAD/CAM, Rapid Prototyp-
ing, Heterogeneous  Objects,
Digital Manufacturing

4 F gt

19963 ol =t b w 7)A) 2o B}

19975 UMIST 7] Al &8zt A4l

2004%) Purdue University 7| 4l & aF 2+
upA}

20055 39-A| MBI 74y
ghab A Al

ASCAD,/CAME B =23 211038 2152 20054 1049




