B X
Original Paper

J. Soc. Powder Technol., Japan, 61, 486492 (2024)
doi: 10.4164/sptj.61.486

SHNFEREFRE AV ERAFERRE 708X &
R T AA D E3E 7 8 508k D BERF

Ry AEw", A3 B AN DO, PRy e, i

Numerical Analysis of Powder Compaction and Tensile Test
by Using Multi Particle Finite Element Method

Shuji Ohsaki®, Yusuke Imayoshi, Koki Ogawa, Hideya Nakamura and Satoru Watano

Received 30 April 2024; Accepted 24 June 2024

In this study, basic research was conducted to develop numerical models for filling behavior, compaction process,
and tensile test of compacts. Numerical calculations of the filling behavior using distinct element method were
performed. The calculated results got a good agreement with experimental one, enabling us to perform the numerical
analysis of the filling process. The powder compaction process was also performed using multi particle finite element
method (MP-FEM) with the information on the particle position and radius obtained from the DEM calculations. The
compaction pressures of the same order as the experimental results were obtained, suggesting that the powder
compaction process was successfully analyzed numerically. Furthermore, using the compact geometry obtained from
the compaction calculations, tensile tests were numerically calculated using the MP-FEM when a load was applied in
the radial direction of the compact. The crushing process of the powder layer was successfully represented. It was
shown that the tensile strength can be calculated from the numerical analysis. The particle filling behavior using DEM
and the compaction and crushing processes using MP-FEM were successfully calculated numerically in a series.
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CENTELZEZHLNICILTWAS[6]lo MEDXHIC
DEM (2 X % N7 CL3oRL1- 8 O A1 HAE F R0 5 BT 19 72 7R0HA
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REROF —N—F v T THHE T 5720, KTFOLERICO
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HFAY v MIEHTE L WHETH S, 2D, FEM T
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FOEBRORTPEAAT B L, KT B OB E
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12 L72[16]c Shang 5 XEEHIDOIEIE)) % FHI$ 572012,
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Mg 70t A &L EHE T 0 2O %17 720 4§12,
AN R A L7 RIS 3 2 FEdE - MG - RO
5| 5 5 BE O 3P G BR O BB RAT E TV O RS & H iR
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Fig. 1 Particle size distributions of model samples
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W5 ETHIIHEZTEHL, BHKZME L, &5
2, FEfERERPE (Powder Compression Machine, %)V k
B) 2T, BBAROEL T LEEROfifE &
Zof 2 P L7z,

2.2 BUERRT

2.2.1 WFRIESEBOKERFET

HAE® Feed Shoe % #ifi L 72k 7 O FEHZE) %, DEM
W CEME L 720 DEM IS8 24 10 5E B I B3 5 3
B, DU IT/R 9 Newton D AFAHE 3 L Ol @ B 5 #2
RNk -oTEENS,

dv

mpd_chn+Fct+mpg (1)
192 - F @t F, @)
dt Cn|w| ct

ZZT, o omy, v, Fo, Fo. g I o r&pl3ZhTht
TR, REEE, ERTOEMT), & AR IO
i)y, FEIIEE, KFOREEEEE—X N, KT
A, W OBEOH, SETE COHEEL X R
BRI TH 5o AFIETIE, Johnson-Kendall-Roberts
(JKR) EF NV ZRICHEHNC L 2NENEEH L,
NFETIZ, IKREFNVEHWT, FEBREFHRICBIT 25
F OB 2 B & fFAT L 72 iS5 5 [21,22]0 Hertz—
Mindlin & JKR & 7V % A G b, EHI7 0 o5
F, 3k cksnsb,

FcnzFJKR+Fcnd (3)
Fir = 2520~ VamE*a1 “
E*, R*, y, & al3ZNENM|EY > 7 Bk

£, R ANF—B L OEMEEETH LS. Eq @)D
5 1 JH & 45 2 JHIZ Hertz—Mindlin P12 360 < 5 1A)
DAl ) & KR HEml KO BN R ENENRE LT
%o &AW H O] F, B X LRGN ORI F,, ,
1% Hertz—Mindlin € 7 WAt > TREH L 720 % ds, BRI
MY 7 V=7 Tdh5H EDEM (Altair Engineering
Inc.) ZFIHL, FHE%&MF% Table 1 1I2F &7z,

2.2.2 MMEAEHET Ot X OBIERRT

WK T2 8 %, MP-FEM % H\ > CTENF L 72 MP-
FEM CliZ, DEM T T S L7k T 7RI Of5 R %
ERVER Y 7 b = 7 (ANSYS Space Claim, ANSYS
Inc.) WCHUD A&, By Ial—varyvy 7o

Table 1 Calculation conditions for DEM

7 (Ansys LS-DYNA, ANSYS Inc.) (2 & % JEMERAT % 1T
) LT, ZRTOEMBHZIAE L, &b, FHER
DAT—=VHBREVIIEY L KAT v THREL B
HEMAVNE (R B 72, ARAFFED MP-FEM &HE TR
FARD A — V% 1000 fE OB R IR L 720 PR
e LT, EBEFA XDRE 1000 5O A ZDRTOR
WIEZ W L7 2 A, D A7 — IV THRIZEIER
BETHLILZMALTWA, Fig.2(a) |2, #HH LA
AR EIRT . HB XL TR E 2L, BiRE
WZIZHEYEE TV 1 O T4 5 Bilinear isotropic hardening
model % 3# ] L 7z, Bilinear isotropic hardening model T,
RIS ) & BIVE SIS OB A L 2 B E S 5 & & CHfiPE s
WMy HEIE A XN T 5. T, RRBIE FICIE, Eq
G WRT I =¥ 2ADOREARBEE A L 72

1 o
Fzzo'ijo'iijz (5)

ol \ZMRAIET], YIIMEE TS X @3k L7 RRIE )
Thhbo MEIIT 2= OEMICIE, H—k T OHEMK
B CREFUREEE2EE GRANO, MHAET) 247w, &

(2)

Upper punch  eo—

Die wall 15625 m

Lower punch

(b)

Fig. 2 Calculation geometries of MP-FEM for (a) powder
compaction process and (b) tensile test

Property

Coefficient of restitution [-] 3.5

Coefficient of friction [-] 0.5

Coefficient of rolling friction [-] Large particle 0.01195
Mixture of large and fine particles 0.008586
Fine particle 0.006169

Surface energy [J/m?] Large particle 0.002219
Mixture of large and fine particles 0.001966
Fine particle 0.001742
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e B /MR- G O R/NRERL T % FodE L 7- R O Tt
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Fig.3 Experimental and calculated relative densities during filling
process as a function of small particle fraction
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Fig. 4 Relationship between die diameter and filling ratio in DEM
calculation
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Fig. 5 Relationship between small particle faction and relative
density of powder layer after experimental compression
process. Error bars indicate standard deviation of three
experiments

DEM |2 & 2% F- TS B OFNTIC X > TH S h 7R+
OB E FIWT, 82 2 /001814 OBHRRE O Hi
70t A% MP-FEM (2 & o THHT L7z /N84 0,
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3.3 MP-FEM IZ & 2 BB A D5 3REE O SFMRER
BE9 3 BT

9, BEEM 70X 22X o TR S R B A D £
Jia O BERER & EER AT, FIRME A B L7,
FEASIEARIIE AL L CA B EEASE S 5 F T2, 02mm
BEEMLZZL25b2Y, ZOEMEIXRIZARERE
§mm I LT 2.5%Th o7z, bz aHEC, MP-
FEM (2 X % TR 1 | R 50 BE 0 FFAM 3R 1 B 5 2 Bt g
ME T2 TOLE, BERTREICEBIT 2 LMK AR
BEARICK LT 2.5%720) EF 2 EM S ¢72, MFHEE
0. 50, 100%DZMTH, MP-FEM ICX AEMHETHE S
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0

Equivalent stress [MPa]

2 EMK O Wi X % Fig. 7 \2R$ . 4B, HAhoa
VH—=KE L TRLZ, HHIZIZIZRIE0D>TES
3, K, kR, WEMEOMII XD KRE SHIAA LT
WBHIEERT, WTNOMETEIERFICBVTD,
EFHEE L T2 RS iR IS R 5> TE D,
JIBHDBELTWAZENRTEND, X 51T, L Hl
LT\ SR T- O SRIE I H il L T B80T b I i A3 4
LTWwWb I Edbhole T2, MTHIEDT0, 100%
LT, 50%D5MDIEH) IS L) 2o TW
BRI (Fhkt) 29K, RELREDFIRANL A > T
WBZ ERDbh o, THIE, BERBOMSEEIKE
W ENBRTORMAML , WP E THEEL
TeDEEZLNDL VWO Z UL, NRT-EEDT0, 100%
DENETH S N B HEIE DA T, & il
LTWBETIBOPERLTWwEEVWRE, 22T, /b
HT-EE 50% DMK 1233 A MP-FEM O &1 4 5 4
SEH L, HoEfia s FATEOMGR% Fig 8 12
R o ZRREOBINIAE AR L, RIS
FHLIRICEATAHIENbY D, Lzdi>T, A
EOVY—ZETEENRI ), HICHh2DMEINED L
el EZONL, R /M THEOEMITBVTLHIH
BEDIRNT % 4T > 720 Fig. 8 ICBT B LRAFEDO ¥ — 2 fii
LMK T-E A O BIRE Fig. 9 IR T /NRET-EIA DY 50%
DRFIZEEATEDS D 5 L b REVWT LD D o7z /M
THE 0% THRIEEDR T 1E D - & D BEEAK X
<, BEMHEAKEL oz 2 E THEREDRKICR
TlEzZohb, UEDXHIZ, MP-FEM Z W5 2 &
THMAIE D5 |55 FE % 53 2 1132 5k Bk o0 B fEE AT 5]
BETH DI LAIRENT,
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BT T T T 77
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Fig. 7 Contour maps of equivalent stress in powder layer after
tensile test. Small particle fraction of (a) 0, (b) 50, and (c)
100%
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30 i | L _ —

Fig. 6 Contour maps of equivalent stress in powder layer after compression process. Small particle fraction of (a) 0, (b) 50,

and (c) 100%
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Fig. 8 Relationship between upper punch displacement and upper
punch load in during tensile test

4. & B

ARWFFETIE, FHEE), EHRE T2 X, REAED
JE 3 3R O BT € 7V OREEE I )T 7= SEBERE L %
1T 720 DEM % W 7- RSB O Bl FH R 2 1TV, FEER
FRICE DO TEWRRIE SN, T T 0t 2 OHUE
RS RE L 72 5 720 72, DEM OFMER R SHUS L
TR F OB E AR & PO EHZ T, MP-FEM % H
W MREME 7 O A OBAEEI R 2 T o720 T DGR
EBAERLEF U A — 5 —OWBEI RSN, BHREM 7
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Fig. 9 Relationship between small particle fraction and crushing
load in tensile test

O 2 OREBATIED) Lz & 512, EMEHE» S5
NIRRT A U 2 WT, BIBAROE I
D720 % MP-FEM %l W= BlR1 5%
fTolze TOME, BRBOESEMEEZEHT L LI
B L, BIREE 2 BN 2 S BT RECTh b 2 & &
IRL720 &0, REEICEBS 2 BT 5 7201213 RS
FTRA—=IDOREEL R EERTLUERDLLEEZLNSD
DD, DEM % H\W7oRiFFEiZH), MP-FEM % H\7z
FEMiB L OE#E T 2 % TR T 5 2 L IO
L7z,

Nomenclature
a : contact surface radius [m] r : distance from center of gravity of particle to the
E* : equivalent Young’s modulus [Pa] contact point [m]
F : Mises yield function -] R* : equivalent radius [m]
F, : normal contact force [N] Y : yield stress [Pa]
F,, , : normal damping force [N] t : time [s]
F, . tangential contact force [N] . particle velocity [m/s]
Fyr @ JKR adhesion force [N] y . deviatric stress [Pa]
g : gravity acceleration [m/s?] y : surface energy [m?/s]
1 : moment of inertia of particle [kg'm?] e . coefficient of rolling friction [-]
m, : particle mass [ke] 0] : angular velocity [rad/s]
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