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A Study on Mixing for Injection Molding of Ceramic Turbo—charger Rotor for
Automobile Engine.

In-C. Chang*, Jin Ko**

Jae-R. Youn**

ABSTRACT

Mixing of ceramic-binder system was investigated experimentally and theoretically for application
to Ceramic Injection Molding. Polypropylene, stearic acid, and paraffin wax were selected as
the binder system, and silicon nitride fine powders were selected as the ceramic material.
Single screw extruder was emploved as the mixing equipment.

Theoretical analysis was performed to investigate the mixedness of mixture quantitatively.

The analysis predicted average residence time, average total strain, and average shear stress
as a function of screw speed for mixtures of different volume fraction. Qualitative mixedness
of mixture and characteristics of mixing were investigated by using SEM and EPMA. In addition,
rheological properties of the mixture were investigated by using a capillary rheometer to examine

possibility of injection molding.
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A2 &A% (ceramic injection molding) & ©l
£8 4% Ay BB M2V ed UFd4H(mass
production) 3} ZE3 AANNME] B3} 2H (turbo-
charger rotor) %} ZL BAY IF& R A
Z4 47} (near net shape manufacturing) o] 7hs@
7igolth

Aty AP AzxPgPL A MY B¥
{ceramic powder) R BYAA A% (binder system)
o) MAFA, Aty Pud AYAAN2LY EHFA,
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AN A AAFHY €eAFH, FAYRY F7
g A% Adue A£3FY, FAHE FH FLE
g Ao

o] 3 ERFHL A&IRHA EHEY /AFEAH R
2% oo 29 YA (moldability) (1), ERFHA &
e BEYAY A% EYE WY UYH 99Y(high
packing region) ¥ Fz|AHQ @A&Lxo W] ¥
279 £2(2), £8FPA TYEY ¥Fo) I £
HE AF8Y, 79 Y R £ &5 (kinetics)
o d%(3) 5 ¥ ¥ FHY AE4Y, 8A 4
A FAA BAN) YL F= FLE TG



A%} ol EFFTHL ATy A2HY FAH A

FEE vAEE, EFFHY oldglel: Y T FH
A AP FEY PAg e Aol Eibssit
olZj g olfX, EFF AEAYEL Y] YsiA
AN A, & 3R 9N ERANY oldlg
A A3HEY 'Y Yol g TP E(goodness
of mixing) &} 7]&o] EYsofo} 3lH, o1& Y& &
#3H dig FAHA 77 "esio

st 59 A (mixing quality) & Jehl=gs
duizroF B TR (scale of segregation)$ &
9 Z=(intensity of segregation) So] H]BAI&EF
(non-dispersive mixing) 8] AT 2] ALLE IR CI(4).
EFEJA A REY wER 2FHARE
gHdA e JF oz ool HoelE(clumps) A
ol9] HF Agoln, Mohre] o&f FH@ ¥ %4
(striation thickness) & ZTH5). %3 Danchwertsol
ol Aokd AF A (coefficient of correlation) &
o] &3l IFEA 22 HYHOE o]Fojz Holylg
a”ng R+ 4 veld = d2n(6), Nadiv
59 E2oA ogd AW 48 ¥ + UK.
29 FxE JUeple T U AN EYER
(minor component) o] Zt= e (concentration) 8
W BEUAE HAYS chi-square indexE o] 4
7} itk Kalyon& o] & o] 83} 712 B (carbon
black) 3t E7t44 ©AFA (thermoplastic
elastomer) 8] TIXHTE YUY X (gray level) B o)L
¥ WAE 7ol JEATHS). Bikkers $FORA
YEzE 93l T AL HEAC9). oAy
ATSL FYHREY EX(distribution) & UERRE
d, olge ge #4HEE(dispersive mixing) 9 &
Uehl7] fgldAE EE Wo EAsE B39 BHE
_a7el @y 237 AgEAC10).

A AEAYE A% TRFANZE(11~13) URE
o B9 #43 A3F 427 (twin screw extruder) 7}
AHREO AL BE A3 27, WE wx &
7124 Wie] EY7](Banbury mixer) 7} AMgEo}x)7]
= @0 2 =RdMs 9F 23% $a)g A3l
Rew, Z A8 Ao ARFHR AYAA AL H
24 ATy EUE olFojd g FYFLE
AEAgel 7ted AEAR FIFIN, HFTH F
o 7t % vng s 4F3 o2 AL yys)
HA EHERY 71ES viEEle AFE Yy
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ol s, AN T} EFEA disld, Ay
AzES] xS Azt Qizle RS (wetting) X,
Ay gAY Hear) € aEE EPEY &
HEHE HEAE ARl B RS EAHS
gol mgtch EF, FohAed Edo o fEHAS
B ERAPNN EgEo] AL AMBFAT(total
residence time), AAHMYE(total strain), BFLH
(average shear stress) & T8t HEAHLE TF
4 dg &L AAsAch

2. EffAkel ME % oE

2-1. ZEdy 9 EENT

ety gaed A TFL dquz AF F
A (energy intensive process) 22 1A 4t (solid
phase) 2.2 P4 F YAFA (agglomerate) o 3}
7, 239 ZHAA(closely packed particles) 9] ¥
gl 9 Fasejd ey AgA oz wEe ¥

et AL F gAs B4 EE Z%(intensive)
Tgoln Aum A BBEA Ee BHY
(extensive) Ego] Hrh

PollA Medt PAF- 0| RAEEY BgEge Falq
Aetg-A¢A EFE(ceramic binder mixture)o] &
43 e 7Y UAHUAER PHHAR X
B slo] EiHge] EEEs AAYHDEZ AF EFY
HAgME R4t BlRA T5k) EBgtafo] @A mE
olo} g}

BAEZAMY BAY AL Mgty Yaigye] B
At ok AEe YR FYPJeRE Van
der Waals §, RA7)d (electrostatic force), Ala}t

2 QIAFE  ApolojAel A¥A Y 9% mAPY
(capillary froce) %3 E2E(impurity), #A7HA
(additive), YREHANA F& (humidity) ] HZof

s} A7 L&FE T ustdAo] ok APl
YzHEE el B4 BHEAA (surfactant) U coupling
agent®] 383 ZL(chemical action) 3 §FF W)
Mo 1A Zgo] sl ol FolTh o]F E AT
AL A7 A meisiA gon ) QA
o 71AA Zge IPch Bolend o) 9jsim
E37] e FA K54 (dynamic flow field) A =}
3 B FHEH= FA9EEQ ¥ (hydrodynamic
force) & YAEHNe Y52 (internal stress) & 4



FEAYFTEYA A9 AT

AAFIe, WRgdo] A (threshold value)d] o]
W JAEHo] BARG(4). o)&Ed A st
AEAY daE YY) gAY FAAQ ST
YA Add W& dAZ T g3 A F¥E
wh=th

H|BAERY] AEE EFEAA T2 TAHL Aol
M2 %719 2t FAQEY wWdd 8 Jdehd F
Aok B AToA L8R ERES e 44 A
gulo] e AR 2R B Frie A2k 4x
o wWdo] F THPE A Ay FAHQ A
AEE Uehdo. g2rickiAMg #5314 Zol FRFE
o A% T3¢9 A$ HEZA9 F TANEY W
& TPE QoMY HEYER AFAQ AN AL
BE2(4), o83 vl Hr2A FiEol ¥
= AAEYPEC] AEES o
2-2. RSN

TPREY d2g 9T TYHEY AL Y3ty
ged 2o Mg fEHNE ST 4]

EFEY B2 Al #(rectangular duct)eli(a
g 1), FE &4, 5&8% W (creeping) &
zolch, L/HM1ol &) x $gogs &xdgde §l
o 529 Zole ¥AFen, YTFY ETANY A
= 2AgT wdo] FAsH wrdxe nnHyg
ok
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Fig.1 Rectangular representation of the flow
channel in the extruder

x,z 3% %944 (equation of motion) & &
& #o.
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a_p _ _aTyx
x - oy (1)
6_]:_) _ Tyz
22 - oy (2)
d71A, pE %¥, x,vz& I¥ld Jeid FES
e AUgES Yt y @ 2299 Wane
Azl Hel 98 Fagdlsld FAQus ag i
#o] Aogich
=X
a=y 3)

AN ~(3)olM vy, v, Y 200148 Zo] a8
L2 FHAD.

x Wako gol fEe ou, ve a=2/39 XA
dglo] BIAA HEg fAdREL 28 29 o M
ol rygRdA HNANEFE ol ZdolEAA] o ¥
gog 2Fold FAYAE 4o AN 4 o A=
siAA gk oW y &

f3°vx da +/lvcda = 0 (4)

o fstd AAEH. A7IA ace
Ye
H
2 FAHE Fa dgoln,
2% 449 £5& 29 29
=

(5)

ac =

W 329 gololn.
(byell ebd A Z
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Fig. 2 Circulation of a fluid element as it travels
down the screw
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A £A47t BYPse YE3UYPE(average total
strain) & Tab7] {81, FFAIZE X (residual time
distribution, RTD) #%9| 7jd& =9j%ch RTD®

e f(t)dt

f(t)dt = —do—;ﬂ (6)
o8 Jehdn, AN Qe BA/F dQE as

a+da AfoloMe) #% dQ-& a9 a-+da- A4
o #F& et 4(6) 2 HARF dFE FFA
o] tolA t+dt Alolo] #Fdhe RAHS frFv|olh.

4(6) & ol g3l fAYAES] F&7) PolM TEE
AAHE HFRFA7 (average residence time )

403 2ol B

=

E=3

(-]
fto

t-f(t)dt

£t (0dt (7)

© t
jto

E3 2o Py dsle WF 2wEE TE A0 F
gol BYY 4 Yok

17, 7 E(t)dt

f(t)dt

7 - 17, ri(t)dt (8)
[, f(t)dt

A7A te HARAFAZOIL 7E ad AXE B}
E A PE3UYERA 499 XA Ady
Ygd HEAFAZE I Q22 dehdoh

T3 BAEGe] AxeA HFEE TE ()8 ol
Ao g.

(-]

Jio T7-f(t)dt

T

I, T E(t)dt (9)

@ t

/, f(t)dt

(4]

7N, T= (2, +18,) " =p - Folth

B Age AHgHolA %4avE wENAel 1.0Lom,
A32 % Zols} 59.3m, JHzo] 0.349 radiand
715184 (4 AT itk REHAE 3¢ A=
A, aY 32 2379 &5yl o E£H7] gelA
o ZAFAZE vebddh Ak gFe] 50%, 55%.
60%Q) EFEA thate AW 23F £x7)
0.15, 0.3, 0.5(rev/s)olAN AH 4de] AE %2
A EGREC] HE FFATE oY 3-3. MY ¥
Yo 233190, TN 2289 JALETL F
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Fig. 3 Predicted residence time as a function of
screw speed for different mixtures
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Fig. 4 Total shear strain as a function of screw
speed for different mixtures

7hgol wel AFA) ALty F48 71E71E HA
2 2058 ¢ & Atk AEE T T A8
e AR 20~30% = 2 & UG E
&, 1% 4, ¥ 55 AT 4xdsle o 39
&G AGLEE dehdch a7 SolM AP
2379 454l oz d¥Hos wEYgs ¢ 5



B FUFHYA A9W A4E (1992. 1249)

At T e TEE vimstd A #F9
7l g8 EYEY HAel FvRinE IWYEH
Aggdol FF3 INMYE ¢ F At E=E 60%
EgEdA tolg AAGYE B 3HYER FLE
gol 433 201EE ¢ T Uow, teo] 714 m}
EzAe 43d WL £ ok

=
=}
S
3 — 8ox
a1 -+ 60%(No Die)
Py -- 557 .
3 — 50% pid
. .
- ”
—_ ] -,
& ©3 e
3 .
e .
S - ”
o 1 /’
oo L -
& =7 -7 -7
- O Pl -
L] 3 -, -
3 - -~
3 e -
o] e Phe
& . _ -
! " _
(> i -
- il -
3 PN
34 7
ol =~
O. LI SR LB S B B J S N SND B S B N | T T T T 1T T 1T
©.00 0.10 0.20 0.30 0.40 0.50
N (sec)

Fig.5 Average shear stress as a function of
screw speed for different mixtures

3. BEfET nEE 9 oH

3-1. YHE7|0Me EE

g2 A3% 42718 AEEd RS TYsAed
TgEY ZAL E 1o Uehd uie} o

Ga7NelNY Eel ¢A 70rpmoE YA fF
3 wE QoA DAY EUE HRES TYPIAG.
WA FHZRAQ A o}U4H(stearic acid) # AZF4A
(Si;N) 8 410) 2087 AR Fo FAUAQ &g
T 2P (polypropylene) # 7}AHQ % (paraffin
wax) & A3 ZL A7 B¢ HAANA TANHY E
gEe YAIAS

Yol ASE o2 A3F V)Y EZHEL
e et 3uASE F3Y 7@ (heat band) F @A
] (thermocouple) & o]Fo|xn ELEE= FAYAQY
Zexagae) NFexE meis 4z 220, 230, 240
TE A&
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e HEAQ 23 (ged TUES BHdH
oA g@she HEFA) o e o]FoiAn HF &
e WA 1089 98 gEFPe TYEUD
T AYAAe] Mg A8 42 F B4 oA &
e ABE AHRIA.

Table 1. Composition of three different mixtures

blend 1
component  vol. % weight % density
Si,N; 50.0 78.26 319
P.P. 25.0 11. 06 0.90
S. Acid 15.0 6.27 0.85
P. Wax 10.0 4.42 0.90
blend 2
component  vol. % weight % density
Si;Ny 55.0 81. 48 3.19
P.P. 22.5 9.42 0.90
S. Acid 13.5 5.34 0.85
P.Wax 9.0 3.77 0.90
blend 3
component  vol. % weight % density l
SisN, 60. 6 84.37 319 |
P.P. 20.0 7.95 0.90 1
S. Acid 12.0 4.50 0.85
P.Wax 8.0 3.18 0.90 |

3-2. Ettme| BT 24

Y g2 AEe gde Agol Imd FILE
Zed. 349 ARS FEEAQ EZEEdY &
Ag PAE7] Aste AgA4L WHelM P2g F Fg
g UIFEFsd FAAERF R PASAC

2 AT Mg ZEAAY Zo] uld T Ay
o] 2mu|7} 60%Q) TA-BYA AAR BE FAA
APuZ L ¢ oA A BRAME AUzt ZEA
Alolo) Hug HAE THE) YEH, 53 4AEFH
o geld) o) ok ol9 AL s AEY
B3 ohge] Eeloedl gx(polyethylene wax) & 4
2 F AxBAY il G¥E vAA P vENE



FYsto] Mziel o] A2 M2E ERES
o]g AF3l §HAl FAAA H§Y AME WE
FEF ¥ 12 Fdo iy EPMA B 93}
EHE WY dATHEY 27 E EXE BN

)

1=

3-3. A&7|LHOIMS EftEe| TRAMZ £F

QM) fEHMMS ATe} e AHRE EF
B9 EFAHEE FBATVY] St 23F HHKE
wg} EgEl ¢E7] M HE ARALE TR
o 0.3~0.5m9 FEAHEE EFEF A WEYF
2 Rsled EREF A wES B folg ¥
d 9z UgGARe Ae FFsNh

3-4. ZAZ HTZHE OIBH HZEYH
A2APAAMY  HEA (fluidity) & 7HE4

(processibility) & €@7] fsixe EFEY B4 t
Z2xo] "t o2 ZA T L/D7} 4009
£o] 1.27mQ BA# HEA (capillary rheqmeter) &
AHgEta] AlZol #alodxle 2&(210, 230, 250C) %
X1&719] AolE (gate) & x=Z(nozzle) FolA wAsE=
AOHYESE(100~1000 s7') ZUFNAN BA2EE
R =

4, Hdn ¥ F
4-1. EgI| oMel REEY

AskFad] Fuuzt 50%9 24 19 EFEL 13
Gzt Bol THAY F7HHQl JRAE Qlolk
$88% (melt flow)ol olFo{get. old Hlsh %4
2, 4 39 TPEL 27] £§7%5E st 2~33
o wiE ¢g2uyol agon IHdN EFEL *E
7] ko PYoijge Yol §I& A EXEY UE2
E7H53%H.

FHoAY do] WRY olfEe uAYHY ERE
o] W@y} A3F Abojojx uAP (solid bridge) &
A, TFE AR (feeding) & W3] wEoiH,
Z7v49) Eog EFEel ¢4Ev] udA @43 33
B AHEA ojBsHA st EFEY &84 A =
& 0 4Z€¥d.

114

4-2. FAHXHOIYE 0BE 24

FAAREZ A E ol gt wHEAQ REHA
oE EgE Aude) wsle Awnyd, Ay g9
55%2] Tl a% 69 (@)% (b)E wiag W (a)d
A B4 Qe an &AL BogdEe ] FYH
A o] o)FoAE AT (b elA RAFe A
ol A A7 AR A& ¢ F AR 2719
HEs Aty gakel 50%, 60%% BAE FLHA
st ol@ Av19) Wske EYe] AYHY &
2 golggo] @AY WY Holrt. EFRA
oM EXEge AYAYE Az dzsel ERE
QoA FYsA A4AQ A S siul AYEr o]
Hg AN 2 o Gojge A2 9 A 9
AE9 §AYL AL golzy URrE dFHEH, BF
Azte] Yol 77| & EPRPEE #A ¥ A9
o, Eg golzl ui¥d Boig Aeld FA

2

(boundary) A E 7ol &AFF Hojth

Fig. 6 SEM pictures of blend 2
(a) after two extursion
(b) after ten extursion

(x300)



#RPY YA M9F A4z

T e Az 4R YA bR E
W 28 79 (a)dA & 5 Ae TILY FH2 4o
g Ay e 44¢ ¢ At a8 79
(@) oA 2zte] Mzt gEe ZFA s dAH
o AA ¢ 2 4A B F Ao ole IR
QM AgA 7L AAHQ Mgy FRE&EoT FYHA
AFSA ZH7) gEeltt. o2y AFelA= AFAY

5ol BTSN MY dzES 24 (packing) A

(x500)

Fig. 7 SEM pictures of blend 2
{(a) after two extursion
(b) after five extursion
(c) after ten extursion
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S ysA D2 olF THIMN AR WAL 29
ol ® Rolth 1% 78 (), (ol Egol Xy
lEA YA ARAQ YNES IFA Be @
& gl

2% 82 golMe) BUE TRY AYAYL 1w
B9 Aoloh IYelH Fe $RE Az YRE
el olfoinl FRoln Uiz HEe AYAEE oF
o REITh A ¥Fl WE A MEY(pre
-mixing) 02 TAYHZY EFL s Ay YA
2 ojfolnl REE IYelAY 2ol 2 WEE Ao
og Aolz BuaHel YA WEB Roloh U4
AkiNe Egol ARgs Beate AuAE 84
slof A2l YAEeld YRELY FoE Yool 28
of AT, AW Bl BE FEYH AYAY
Aol oIFoR AL TYE YolAE FHET o
@ Qolgt QoiMel 49 gol BTTY 37l

et 2717 Frkeke, Qo Aleld] FATE EEd
TEEGS viREn

H ek}

0} o =R
g A

Fig. 8 Schematic diagram of distributive mixing
process

4-3. EPMAE &8 E4

EPMA ARE A EGES tige Zejdgy &
oA Bl R2AEY A7) e AeEE(Si o thated ofy
(mapping) 3t ZLE, ITFE QoM Aoz o7
o7 F-Fo] FMog uyehdth ¥ 99 (a), (bidl
Me AEy el 60%Y TRES 27 13 103
423 AlBe) ddoZ (a) oM Aty YAEHY 2
712 #d 5um 7ARY BEE R, (b)AME 2.5em
A A7|REE ZAet BHEIE ¢4 iy
2.5pm oj4e] Aty YREFHL HaEs ELE
A A&HoE RAEFe] APHASE ¢ & Utk
(b)dlA Mzt {izt5Ae HEF7IE O lpmoly o
= Foizl Fu AFdA MY 4z g ¥}
0.15~2. 3umo|s BFX|Eo] 0.7pmel Ao v|Fo] B
W HENY EFEL HJTHY BiaEFo] o]FofF
€ ¢ 7 A%



Fig.9 EPMA pictures of blend 3
(a) after one extursion
(b) after ten extursion

(X2000)
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ALY AOHEE Sxd U9 IS HEE g
Rugge o2t 2@ 100 Jeldoh

O
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Fig. 10 Viscosity vs. shear rate

olAMAY Aol 3, Al&AYe] 7EEY] HAsl
ME A2719 AolE(gate) & =F(nozzle) FollA g
ARAYEETO st F9(100~1000s7") ofA] A
YEo| = FAo] 10,000 poise ugtolojop Fo}
olgigt 7o} bl Mgk H3 #Fo] 55% ulvte]
3L AEL sMedAle, 609 A 33 LE7) 250C
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gty o oA} 7)Ee] Ex] 3L ¢ & Ut
@7 Q= BETE Y& 250TC olAdAY YL
AZAH Y FEd (thermal degradation) & §%A)7]7]
ASDE 4o Hdd ¢ Qo 2F, 49 A
Ar2RoZE Ao RAFFE 60% ol F7IA
7171 e $H, 60% o149 FFL AsME B A7
o] AFAAAHGM RAFAY 7p4A Y Fegol} F
79 wWar} Slojop ol

5. 4 &
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2 WE + ok

L EgEel 7] QoM HE FERFAL HEFA
=

AHYE FEIYS il oE EPA £g
o dig 1&g uHEsiAc

2. SEM& ¢ BNS& Bl $XEYY AYHH)

W 12E AT 9F 23F GE7)dMY &Y
o o dod EFEe didtd Ay UxEy
TEG APAY A=Y Wse WIPozH
TE Ui HTAHA BXEYe] AYHULE ¢
T AKen, o o] He FHYEL 24
1, 2, 39 distd 2] 7,000X62], 10,000X 10
3, 18,000x103 o)}

3. EPMAE °]8% B4E Bdld &g 2gq e

Az Yz 271dskE Elsiion Ay
FHPF] 60%Q EFE £ 4Yd A gE 42
714 AdE AFAQA Aty JAEIY e
2.5m TlTle ¢ £ AAZ, o EFEel FL
AAgEL 0.9MPaz A4tsigld.
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