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1. Wax Pattern 2. Assembly 3. Investment

The wax geometry incorporates a Large and complex wax (a) Coating — Wax pattern

special design that only allows the components are assembled is dipped in ceramic

formation of single crystals when into a tree and runner slurry to reproduce every

the metal to be cast is poured. A —>f system. This allows multiple detail of the wax °

. Tk . @

ceramic core is inserted into the wax patterns to be cast (b) Stuccoing — Coarse =

pattern to create the internal simultaneously particles are applied to 3 B

cooling channels. the initial coating 3
used to improve 1:, ‘é
structural integrity of the % e
slurry. This prevents run- 2 E

5. Firing : F)ff_and fracturing of g E

After the wax pattern is removed, 4. Dewa_x.mg ) initial cast. IS

residual moisture and organics After SO|IdIfi(-jatIOn of the slurry, the (c) H.ard_enmg —Each &0_

present in the ceramic mould are wax paftern is m‘eltedA {\utodave <—— | coatingis left tg set.

removed. This step also serves as a de‘waxmg is the industrial standard before the application of

means of preheating the mould in using saturated steam { subsequent layers

preparation of casting. Burnout

furnaces often used and operated

in the 870 °C -1095 °C temperature

ranges with 10% excess air to

ensure complete combustion ¥ Core removal

\l/ After the shell mould has been removed, the ceramic core used to create the

6. Melting and Casting
Vacuum melting is usually
used for turbine blade
components as it prevents
oxidation of the reactive
alloy. The molten metal is
poured into the mould and
withdrawn from the furnace
hot zone allowing the
crystals to grow

W Ceramic core

Turbine blade

Leaching

[ Cooling channel

cooling channels needs to be removed as well. This core removal process takes
place in a low pressure leaching autoclave

Bl 33 sk wWAz[2]
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Equiaxed crystal a Single crystal

structure Columnar crystal

structure

(a) (b) (©)
Bl 4 = 485 W 1) % b WS HEOILR S WSO & S WS

[1]
2.2 1§ <& ) # i Core Leaching

oz o R I E A ek B R IR E 2 ",fl‘% TS A
Wi BRSHBMIFAM L §F 04 (NaOH) 3% (B~ LR 4
25% > £ AlAsdn kR 5 20%) 24 F 40 (KOH) 3% (B~ kR
5 045% 0 LAk R 5 35%) RF Mo 3RS RESH] 58 4k
1% (4o 5 442 NaOH & 4 § i* 49 KOH) #B# % 5 (=Si-0-Si=)
Bz #IZ S 6 4 SiO) SRR o F LA S 5 7 B Lag
GE LT P IRS ] k& # & & (alkali silica reaction - ASR) A& 4 i fik
BEROBIE B AR TR

TF R ANT EFRY FBRY (W /e Fin o

TR ) dF MAET R - RGN TR
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it % NaOH {r KOH i& {7 i 5532 11 o 157 fdk £ $ 4p 02 g Ao

B oo e 17 0 HY M ETA% & BB -
MOHsy+H,0(y & M* (qq) + OH™ (4q)+H,0(p (1)
L1 fRig i BALE o e T R BHLE S FIL v i &
ARd AR S e BT EE oM 1 R F = AR (4]
c IR ATIEGG - RARA Y BiEFA L Ht (&3 ) dk 23 A

¢ pfER A4 OH- (& 5 1948+ )-

- TLETHR IR - RAFS (HY) B8 askAFS (HY)

W BFETRR AT R B Arde AR o

S3dk ok ® 2 R 2R bldcg (NHs) hF ¥ M 457

NH; + H,O<=NH, "+ OH~ (2)

Wdk4rd § 1“4 (NaOH) 2 % 5 i* 47 (KOH) f-k” B § =

2RPEFBVH S 20
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MOH = M*+ OH~ 3)

Ry e (Ko) &85 ¢
_ [M™][OH"]
¢~ [MOH] (4)

Sk R Y 2 2 R4 F [MOHJRT 0 PF > Ko g 4B 30— B
LE SR L R

pK. = -logioK, (5)
F]pt o g e pKoiE A g kg o 424 § 44 (LIOH) -~ 7 3

4% (NaOH) frd § i 49 (KOH) #tLsk ik » 3 pKofiso | 1 -
ARERT P kHE TS A BBRT £ E § RS 2P
g% %8 (clusters) [3]ciz- MELFER* B740H > F15 &
BREVMFRE T g F V4 (NaOH) 24 ¥ it 4w (KOH) kR
AW SMe Gdr* FERT P A RoT g E A d 3 F R4S D
R oM pd 3 F P R - F R REART i R o
A& E (clusters) e ¥ i HRZRYP ¥ * chpd 3 39
IR KA PP F B RS o B PR R
BRI B EE K A T o BB AR P -
¥ M-OH 44727} % Mfr OH PF » S 385 ¢ S1igfE-k A 5 5

AALRART TR O FRAFFAF A AR EBRT 0L RS AoF]

()]

CTEAPT T ag R PTG hd s B A A

s

iwrd H
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LiOH ~ NaOH - KOH &4~ 3244 B4 13 302 A2y (X E &
BlOBT T84 F tH 25 CTARERERERS DM o 3
PREEERVCRAFIZEIL IS HEF DL R AR DEEF A
AR > BEER N L HEE AT BRRY REOL KT oA 2 A
WEp g b o iz fAdg? > KOH bR &K » @ LiOH
FREBB o BT RDERFPRPN > o= fAdetd 3 AR
L HEE R E N o Bl 7B 7 NaOH - KOH ~ % B f 3 R chdkb &

SRR M R R FIAL20°C 3] 70°C o 5 T L E 2

BREMICSLEPFDREY R AHIRORET N ERPFRD
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P foiB 42K 3t o 19958 7 0 20°C FF > NaOH i3 i «h%k & v KOH <
$36% A3BREFEFREAT(H 160°C)F » AR AR T LE 33 o

I Metal Cation (M*)

CZ-3 Primary Hydration Sphere

1 Secondary Hydration Sphere

B 5 & BT Bl sfos sok & & [3]
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12 4

® LiOH

¢ ® NaOH

Viscosity (mPa s)
[%]]
1

- . ® KOH
[ ] ]

MOH concentration (M)

Bl 67 Fdgid § 1 4 cndp i Sk B cn% i [7]

6 1 * # 9.9 M NaOH (30 wt%)

& M 10.1 M KOH (40 wt%)

Viscosity (mPa.s)

o 20 40 60 80

Temperature (°C)

B 7 NaOH v KOH ;3 it AT i B Dk R ™ endb R WE B e it

B % [7][9]
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R 1A+ okig R e g Al L RT[6]

55 340 515
76 380 544

Lis 78 382 12.7
90
04
04 276 365
08 299 398
101 358 405

Nas 102 360 435 9.36
116
117
125 201 271
138 232 295

K. 149 275 321 6.91
151 331 343
152 351
148 330
149

Rb. i 6.54
163
170 329 376
174

Cs. - 5.63
186
7 300 11828

Mger 428 1992 62.0
100 412 1306

Caze 106 420 1504 37.5
114 1592

Zhoe 74 430 54.1
133 300

OH. oo 8.3

b. = § i3 2184

S pd ek g SIOE e s L B R RS 6
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WHE o ¢ o B SI A o 2 F R ap REART AL S LB

FoREH ERNZAEG - F P RROERER B

oy
-

P AfRE F eI BARTFIZE IpHE ~ - % | ~ B R

ey
-
4
XY
g\:n
M

b. - §F *w3fas4-pl &

1Ry 8 = F & & pH B3 el 5 ¢ ¥~ > 2fg pH
EREA LA > A M pH BRI R F BR[12] -

RHEF 4 B ep - 577 > H;0e OHiF 5 it |+
M ERAREARY S R e B ORE A KT > B EIR R
&R & 1213 kI/mol 5 F H3O'I® 5 feLit @ pF > 5 1t & '8 3] 100.4
kJ/mol ; OH" i 4 feiiv | pF » 55 1 5t & — 5 *% 5] 79.1 kJ/mol[13][14] -

FEF L R R A B IR AR S R R B A

Fip o B hok? R ERRENALE S F R o - LB M
T H i
AR F o N HERRE L FARN ZELF B

;,;)gafr}; Boalt o v i ™ » Wik RY oz % (V7o ;gﬁ;@,&

gEREp RS c Hppaolipd - BF h3&e B4 (OH)
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fei= o= » H i &30 % Si(OH)M -
SI’OZ(S)-I_HZO(D « Sl(OH)4(aq) (6)

Bkt 25 °C Ak d AfEwa s 43 R ALY 5 100
ppm[15][16] o B >+t kR B > & BHp A+ 2 B iR F Rk §

== R PR HO (32 AH)
Si(OH)4(gqy + Si(OH) 4 qqy < Siz0(OH)s(aq)+H200) (7)

I e XA R BT ISR R RB R PR A BER
%G F LI AR A F P A G gL g
ER O HRY R S F AR PEQLAF R TE B
B W - B FREET - B RS fpik[14] -

Bl 10aBF7 & 519435 F " A 3 i 42 o 4oB 10 b #7177 >

@ ¥ 132 SihOOH)s® e— B & 3+ 3, 4 4 T BEMRE LA+ A

FETHZF A G L R iERAR R o AR 10c ¢ 0 AR

I=q

feizen® B o o % - BEAL (TS %254 M 10d 7 4%
CLH - BEAL (TS2) #ié » 4Bl 10 e #7m » 7 § 243 4 7
Ao 2B 1017 SFarkfRas o GB Bt & §F sk

FopRAT » TEMERP DY - FBFRBIIHZ &4
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AR £ S AL ERER N 2 R IR AR X T

BT R AR ] c LR ie - AN MRS % pH ERR

B OFem 11 AwEBEF TR 2EM iR EELT (2§
B) eI peip R gtE (145 H ) 2T s R3S

Si-O&E& R 4e 1 4.9% » ipfidg L ot WAL 5 £ Si-O g4 chm

>y

5?\“—@%.1'_[14][17 —~E’§éé§3—'\’~ gt W3 * 77 Si- Oéﬁ-b @ tFYE ,ﬁr' J l?‘E"%\ =

N

A_Si-O R 2 U e & iEAR > e REART A F Y dk PR

4 RN A YL - -
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§i0, (ppm)

1200

1000

800

600

400

200

B O= § ivw e g acal[14]

20
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b. - §FitpipEPtl--F P ERILZEAET

WI2EF ¢ F P ARG E LB FRTEERR!

SR fRR o 1T 3R £4345 Sjoberg[15]4% s enfEap ¥ foE it B F

M AMERIBERATIVM G FILEEFRAEALE AT 0

Ik

BAc o kAFRTIRPIE-F LRSI 2T oG RS TR
BoRAH T HFEEACRERRBBROPEF B S SK
T hehgd BEL O GRP T R EH A B ke g g

SRR T et [ P R ¢
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6.0 x
— 3.0 A
% had
— 4.0 - # o-quartz
Z
3 3.0 - ot M o- cristobalite
=
o -cristobalite
“ 2.0 - % H P
u » amorphous silica
1.0 = m R *
0.0 @ . —* : .
0 20 40 60 20 100
Temperature (C)
) 12: 'f'—‘}}]":'%ﬁﬂ Tl/%ﬁ }\‘:l m//‘ﬁ*}iuxim_}img‘%'" [15]

b. = § twBRBI-& BB %R

(SiOy)* H ~ e = chz M= 2¢ & - Papirer [10]% » 4 **§ &
TR FRMIBECERE F AF e E S F P A R

B pHESN? MRZEY K- F it da RIaF f R i R
+ g ERREF (Ht) 429 fro 2 @A (=Si-OH) - &-
E-F R Ee P BET ER2RE PRl AR E{oFr BiE
A2 o pfiA e PEFLFE R MR EREPI T g e o
Exh+ke ! @ rfridicr PE MR OL e FPEfetEE75 0

&

AR pHERBY > 2 p@mAmI I3t eERLad f T

T

At pH EIRE Y > F3 gl g # 4 e BEY HAF DT .

AN S EFTEBFISGINF LT DF RF oo mARFE
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Hppphmedodad @ 3amildod hst a4

7 % 72 (geminal silanol) » 4= 483 9 [15]#77F o i&fd B + S ' 42

R PSR o SER B TR A PR FA

o BRSO G F ek FRER o
=Si-0 +H*S = Si-0H (8)

Si-OH + Ht 5 = Si—- OH»* (9)

HppmARfoS #pmABOTS o F w5 9.74-4.61
w4 7=Si-OH e pH2 ¥/ pH 7 2 FFAp§ 422 > 7 =Si-OH, ¥ &3 &
pedt i FY (pHE 1) 254 « F pHEF > TP » B8 3 5 19
W e AGFMBARI T 4G TIE T H[I0][15][18] -

TR AFPHET » H FipF s RNuEN R 2P - F L4

f# o 2T M pH BT o i FRIRARE € (R T OE S H 4 [19]:
Mg?* < Ca?* = Li* = Na* = K* < Ba?*
C.&£ BB »a i

B ARG PG B IR B A R AL 2l ¥ L R R

J&(alkali silicareaction ; ASR)31 4= gk {4 TR 3 € 3R OH 3+ sz ¥

\yr:

RHE MY R (C F ) e g - RS Y

SO R EIBRED ATRAIVRS O A AHERBA -
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T8
i

SVE A o MR AP I Ao 0 AR

H217:

LizSiOs crystal

B 13 in s f F A58 e LiSi0s &b $8[20]

b) Hats i1 - F L8 A B PR 5 A SRS oy
Ao F P A G 0 A R ASR HuE 7[20] -

C) A5 = Wk I i X e 3 [20][22] » Lit PR 303520 B & R i 4

I SRR RS R ARk

S B

F35 > FU IR RO IR T R0 d ASR 314z eh
RSN AR S
A 17 g do kg 2 EfR T R AR i o L

PRUARFE R wv g drdl = § 1403 fRE ARG o Dove [19] 4% ) 0¥
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PR G lehinl o AR AE S F PP LG AR 2a st H
Sih+ o= Bfr= BHHS (DA %= e IIA %% ) $#-k e 3+ afpd]4 {

o0 WEG LS fokE D R A kAT LR BT T

LB fREAR o
2.2.2 ]S4 F 2B

B30 3 "fﬁﬁii TR BN R HPEN AR
HPU A RS F R A BER BRI L F 2R HP L
fe gy iR AR ok Al o Bl HBIRA TR 2.4k 1T
BREEB HP AT URKEEN AR 4RI AT 5 KA B E
%% k1738 B [23] - 4 14 > LBBC technologies 2 7 4 & % | &

BEH YRR AL S R T 0 B (b

# R RS S  RA PR T G BN RF RS
AP FRED PR RN REEE G [ F T 2o
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oA UERERIF RER > R BT fokk o

FOTAL Y RS RSP RS RPY) TR AR g A
% A Efrz i (cavitation) ¥ A MM E R G R A4 b W4
ARRHAH TR FF8 o Ra > o0 BERASL PN S hD B
PR e R e B R A e RIRME R E F R
SR B IRERERS a2 Ed RERA A R TS
IAEFRA T A4 4oR] 15 A7 [24] o

FORA A IR Y RBR A BT EF R4 PF25]:
P external — P internal (9)
P, =P +P, (10)
He PAA%B RS Py E ki B4 > Poi g RS

LopA)d R FAURAR Y B AP o R P £ R0 5
BA A b FRBR E ST EF RS TR A E § R
WAL B 4G s i o4 o £ AP kR e Mol % F e o AR
RFCEMAG L EF R FHES (Po) A TRMY FTF
e o

FHRBEBA EMRD EF R T 2R NGB 4 (Pinerna) B

WoATIB VIR R 4 0 OB AR A o gL R T aEp

e

=y

&4 1o

N

R R A € SR e 4 o BRI R 4 KRS B
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