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Abstract

CoCrNi high-entropy alloys exhibit excellent strength and ductility, with high
strength of up to 1.3 GPa and over 70% elongation at low temperatures. It has been found
that CoCrNi-based high-entropy alloys have lower stacking fault energy than the
CoCrFeMnNi-based Cantor Alloy, resulting in the generation of a large number of
deformation twin boundaries at low temperatures during rapid deformation. This property
gives it superior low-temperature ductility compared to other metals. Therefore, the
development of lightweight and high-yield strength alloys based on CoCrNi-based high-
entropy alloys is currently an important research direction. By adding cost-effective and
lightweight elements such as Al or Si, a lightweight high-entropy alloy, CoCrNi(Si/Al),
can be formed. It not only reduces the melting and alloying costs but also decreases the
density of the alloy. The resulting second phase can effectively increase the yield strength
with an appropriate amount of addition. Previous studies have employed small-scale
vacuum arc remelting techniques to investigate the solubility and second-phase
strengthening of CoCrNi-based high-entropy alloys with Al or Si additions. However, to
expand the application of lightweight high-entropy alloys in industrial-grade low-
temperature impact-resistant alloy plate manufacturing, it is necessary to study the
solidification microstructure characteristics of industrial-grade vacuum casting, argon-
protected casting, or precision casting billets or slabs. This will help to demonstrate the
practical value of the excellent properties of lightweight high-entropy alloys.

This study used Si addition for lightweight CoCrNi-based high-entropy alloy
precision casting billets. Experimental investigations and simulations were conducted to
study the solidification structure, heat transfer phenomena, elemental segregation, and
homogenization kinetics. The information obtained from these casting microstructures
strongly influences the mechanical properties of the as-cast metal and the required time for
subsequent homogenization heat treatment. Therefore, it is important to understand the
thermal transfer characteristics of lightweight CoCrNiSios high-entropy alloys and analyze
the relationship between process characteristics, cooling rate, and solidification
microstructure. This will facilitate cost reduction through theoretical simulations and
predictions, reducing the need for experimental trial production. Thermo-Calc software,

with the latest high-entropy alloy database TCHEA6 and the Thermo-Calc DICTRA
iv
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module, was used in the research process to obtain more reliable parameter sets. The
predicted parameters will be applied to the establishment of macroscopic transient heat
transfer and mesoscale phase field models in COMSOL Multiphysics® .

In this study, the microstructure of a low-defect and suitable for subsequent plastic
processing 9 cm x 9 cm x 3 cm precision casting billet was examined. By comparing the
results of the precision casting billet with the as-cast specimens obtained from vacuum arc
remelting and their homogenized counterparts, it was found that the secondary dendrite
arm spacing in the precision casting billet was approximately 170 um, significantly higher
than the 25 um in the vacuum arc remelted specimens. This resulted in a homogenization

time of over 12 hours at 1100°C for the precision casting billet. Due to the limited literature

on the solidification characteristics of related CoCrNi-based high-entropy alloys, a
comprehensive study of the solidification science of Cantor alloys and nickel-based
superalloys was conducted to infer the cooling rates of the precision casting billet and
vacuum arc remelting, which fell between 0.018 - 0.05 K/s and 2.75 - 5.94 Kis,
respectively..

In terms of macroscopic heat transfer modeling, we utilized COMSOL Multiphysics®
software to simulate the precision casting billet process. We analyzed the effects of ceramic
molds versus copper molds, ceramic mold thickness, and mold temperature. The copper
mold used in the TCA billet had a thermal conductivity of 400 W/(m-K), while the ceramic
mold had a thermal conductivity of 1.22 W/(m-K). The copper mold's high thermal
conductivity allowed for the molten metal's rapid cooling, resulting in a finer dendritic
microstructure. Additionally, to compare the differences between ceramic mold
thicknesses of 1 mm and 4 mm, we selected the quarter position of the billet. We analyzed
the cooling rate and temperature gradient at t=350 s. The cooling rate and temperature
gradient for the 4 mm ceramic mold were found to be 0.73 K/s and 4.13 K/mm, respectively,
while for the 1 mm ceramic mold, they were 1.12 K/s and 4.6 K/mm. It was observed that
the temperature gradient and cooling rate were lower for the 4 mm ceramic mold than the
1 mm ceramic mold, indicating that increasing the ceramic mold thickness reduced the
cooling rate and extended the solidification time.

In terms of mesoscale modeling, we also used COMSOL Multiphysics® software to
establish a boundary for a rectangular block of size 18 [, x 18 [,, where [, =852 umis
the characteristic length. To simplify the model, we used CoCrNi as the solvent and Si as

the solute, and we increased the nucleation sites to achieve an equiaxed dendritic growth

\Y
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mode. In this study, we varied the initial solidification temperature T,to observe the growth
behavior of dendritic structures under different degrees of undercooling T,=0and T,=0.1).
The results showed that as the undercooling increased, more secondary and even tertiary
branches needed to grow to facilitate faster diffusion and expulsion of Si atoms, resulting
in finer dendritic structures. Furthermore, we analyzed the concentration distribution of Si
atoms along a scan line using COMSOL software to measure the interdendritic spacing.
We obtained the average interdendritic spacing by measuring the distances between the
peaks of Si concentration curves. The simulated results for T,=0 and T,=0.1 were 164.7
+ 81.9 um and 177.13 £ 75.8 um, respectively, which aligned with the experimental
measurement of 170 =+ 30 yum.

The macroscopic transient heat transfer model and mesoscale phase field method
successfully simulated dendritic solidification, capturing latent heat release, thermal
dissipation, quadruple symmetry dendritic growth, and solute microsegregation
phenomena. Future research can continue using Thermo-Calc for experimental and
simulation analysis to compare lightweight high-entropy alloys. This will aid in optimizing
the thermal transfer, mass transfer, and phase transformation behaviors during
solidification and homogenization processes in industrial-scale manufacturing of high-
entropy alloys. Further mesoscale phase field simulations can be performed in COMSOL
Multiphysics® under non-isothermal conditions to observe dendritic structure evolution
and solute microsegregation phenomena. The validated computational models allow for
the cost-effective exploration of a wider range of parameters, facilitating the establishment
of theoretical models for controlling solidification and homogenization microstructures in

lightweight high-entropy alloy processes.
Keywords: solidification microstructure, homogenization heat treatment, calculate phase

diagram thermodynamic analysis, finite elements, heat transfer model, mesoscopic scale

phase field simulation
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% 2.1-1(CoCrNi)100xAlx £2 (CoCrNi)100xSix & 4 4&4x 8141 £ il

(CoCrNi)10- Compressive Compressive Compressive Volume Reference
xMx Yield Strength Fracture Fracture Strain Fraction of
M=Al or Si [MPa] Strength [%] BCC or FCC2
[MPa] Phase
[%]
Alp 204.1 - >50 0 [4]
Aly 2194 - >50 0 [4]
Alg 236.7 - >50 0 [4]
Al 359.6 - >50 6.3, BCC [4]
Aliz 488.5 - >50 9.7,BCC [4]
Al 512.5 - >50 11.5,BCC [4]
Alss 555.7 2470.5 44.3 15.4, BCC [4]
Al 760.5 2433.7 34.6 24.2,BCC [4]
Al 913.8 2383.8 29.1 36.6, BCC [4]
Algg 1226.0 2542.0 220 65.9, BCC [4]
Al 1531.8 2543.6 18.2 100, BCC [4]
Al 1792.0 2455.9 10.1 100, BCC [4]
Alzo 1765.5 2623.6 10.2 100, BCC [4]
Sis 241.3 - >30 0 [2]
Sig 278.3 - >30 0 [2]
Sig 375.1 - >30 7.8, FCC2 [2]
Siz2 603.3 - >30 17.8, FCC2 [2]
9
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B LR R S 0 (D)TEM %34p » 2 4459 B2 fp A d e 5 W St
P (Ce)fpFia B24p (=9 ) 2BCC AR (Fd ) ¥4 i Fugz[65] -

Loginova % A [66]41* ApHHids > 2 A7y 2L B iE 2 T 2 A & £ R FEAL 0 2L
FRAAUpAFERY 3 RERPR SHYE ENGRERC RS EE P
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F@QESEHANERTIHmE » LA 2 RERS > RO TAFLFEF S 47418
i ff S AHACE e B 5 BB AGTE B B Tl enie S (D) 255 8 3 £ A7 Neumann
WRIEE o4 B R PR QET2Z Bl 125 Q _% ¥ oaiztEipeand
Foo SATEF D AT

dT .
= _ Eqg.2.3.14
=T [ f $(x.y, t)ds] q

Loginova % 4 [66] 5 #7 § 3 RV 3& chx o] 04 & 4 frig S8 S 4 K ORER TE g
BEFBAAXZRABRESE 269X10° moa | 2 BB E 5228%X107° m»
WA S B ANM1.3x10% K/s3.4x10% Kis~21x10% Kis = 4
AT & 2 EET) 0 4oB) 2.3-5 fcB] 2.3-6 #rm o A
fri# 5 T §] 2.3-5(C)fcH 2.3-6(C) P EAE L LS B GEEL R 0 K

AT AR i e fE AR T B AR PR e AR ¢ R TR T R
EEFRAEF R A RS SRR TS o A TR B P EEDD
Heda 2B 23-5(0)F ¢ - A SIL A i s om it B 2E
BRI R 23-6(D)RIE 4 BB L s RA S T A TR Y VAR
A AriE SRR A1 0 o) 2.3-6 Q)T o AR R et B RIS R0k 0 B R
Flafesbd g esfrid 50 - A L AR FA R LR B E NG § R MEE AT
P e R AR T4 R o B 5 o HT ML i F o 5 S
Mo ZEERRMEC) T A A TR B A he Ra o § A krd

FERBDHPROPF AZERRENE VMFEIFERLE 2R R foiin

Bl 235 ] z B BEEDBZFL T RS HED fe el frig 5 1.3 X 10° K/s ~
3.4 x10* K/s~21x10% K/s» j€ =75+ % 1 » PR 5 1.4 ms[66] -
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(a) (b) ©

e —

B 2.3-6 L_—\__[‘F'&j,)?\‘} 3@,4m/\’;ﬁ4\7’5 5 ¥R aul e X 1.3 %X 105 K/s ~
34 %x10* K/s~21x103 Kis» =73+ 2% » B9 (@ 5 1.7ms  (b) ~ (c)
PR 5 2.75 ms[66] -

SWLELR AR PR FREYIREL - b TR L 4
BAviEsec k> & 3 0 ARSI Al chiE 2T A E e gt ok HHOR BT F A
&R A6T] 0 Ag e feip iR @ #hgl 1 @ 1177.[68] - Kobayashi % 4 [69] & * 7 #c i ot
S BRO BHER B AG BT o BB BT HWA RS EERES
Fg e Be 550 - B R e AT TEP VA S Bkl
Holsdy il B o B % 0 5 Al S BT S R B ) £ e B ol
PR E XY B LN R R F Al (R TSR A R e RN ) 2
b o 2 Al e 465 BRE S - BRARS P Y- BLREASFT( - %8
p(r Tk r{epE W tASIE A Sl p=0 A7 iRdp - p =147 A - AR A5
R E O fel chp il £ 7 o B 237 B 1 ARBp A SR X o @
Lo BV L B e AN RN B K3 N A G AU e B 4T ER T B
Bv=()mXe(Av) = (W) A > 0endndic “F3ZE o & 24 & Jufl]d —Vp& 7o
wa e eSS BN AT

op _ , 0O¢ ) 1
T = —V~<|Vp| £—>+V'(s Vp) +p(1 —p) (p—§+m> Eq.2.3.15
HY 15 - Big| et ﬂflﬁt‘——(—)l mp|i&44 Bomd4 o ppFo 2 ¢ BEX M

LB Rl FAakd o 2 EQ 23160 R Y R A R BRow R L Eq 2317

m(T) = (a/m)tan" [y (T, — T)] Eqg.2.3.16
a(0) =1+ Scos[j(0 — 6y)] Eq.2.3.17
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He Za<l et ¥ 803 v B HRR N2 2e Bl B féd BT BT R
R AN AT
aT ap

2w hid Eq. 2.3.18
T VT+K6t q
HY THEEZSH > REFHAIFERZ O THFERE 1-KE- BaZHEF

Fo BEE AT > ELErR R A F Wt o S H AL > TR o 8 R 3B nPE AT Hoap
oEQ23.18 £- BHBE S 20 BF BB A G Rk FE R 46 LR
P KD 8§ 2T 0 ek F AR AV 4] RS ¥ EQ.2315
Eq.2318 i wxRaEh AR KIIE Lo BERRSERT > 1% i %1
B S F G e R o 4o 23-8 %% K & 4o o KR e Ak pt

B ALEE L FAAPT I - B @A R LRRY a s
2 f5 R R OR MM ATE IR NI AT K=20 BT 1 F T -

B A D RS o] 2397 U FE RIA L K H B R L LR A0
RIS LS ERUAE DK PREFSR - T AR R S H A0 B 4%

PR 518 RO AR -
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O(e) Ole)

Bl 2.3-7 1% 4p idy 7 ke p &8 Flig 6 ehi % [69]
33

doi:10.6342/NTU202301894



K=0.8

O
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f
!
o] R
|
l
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K=20

e — —— e — — [ ———— ey

o || 3

time » 0.080000 time = 0.240000 Ve * 0.420000
B 23872 F KET i A8 HEET LHeAg 0384 £ 27 §=0.04[69]
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e | (N

time = 0.200000 time = 0.80000Q tine = 1.400000
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o OO

tise = C. 200000 time = 0.800000 Lize = |, 400000

&= 0.020

b,

tise = 0.200000 Line = 0. 300000 time = |, {00000
B 23-9 A3 FSETA S Hir2 6 LA ASHIFE T w384 £ 2 ¢ K=2[69]
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¥ ¢h 5477 CoCrNiSios * % & & AL BEF ~HF 2 5005 oo %47
Acharya % A [70]#5 7 IN718 ¢4 542 & & (B A Ni 2 AF > EN e g
&) RF S A KB BT S R o4k (Laser powder bed fusion)iE 42
R &R R A R EIEARY €2 7 e LB 4o f ks 28 % - Phase Field
L ER AR S A T R - Ba Sk (LS ARF) o 3{%‘3 = ARy AP
SR I o1l o 3@ AR S AR fE > T U IER] LPBF A% ¢ MRS HE ) A iR
Codefdd B BABE S 2 F BAT[TIE R % 3 TR F(ND) AR P a3 f2 R
s o Tt F AR A R B E R (ND) € AR T B S oo Ft o A D
¥ FIORN I ¢ B IL(ND)E B SE P 0 e IR %0 @ — =t 2 BR Y pE(PDAS) 25Uk B #
Mk FERIFRHc L - T2 FFEEAL T 3 umz B & BB 5 PDAS
FEA L4 pm - B 2.3-10(Q)% 7 1 i FHHx&H a3 TR Nb ik B 10 0 Ji
BB T 0 RAET S =0 AR FE(SDAS)E K £.800nm I 1 pmz T
RS S AP EL > 295 BRSO Fp o 4oF] 23-10 (b)#577
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SDAS iepfd o 2 ¢

b
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0 0 ded d ds 0
_(p < <p) ( __(p) + V- (e2Vp) + ¢(1

LJE09\ _ 9
Yot " ay\*a00x) 9x\000
Y XX : Y Eq.2.3.19
ofp-3en)
m= %tan'l(y(Te -T) Eg.2.3.20
PG Eq. 2.2.21
a(8) =1+ &cos(j(6 —6,)) Eq.2.3.22
dp/ dy
—_ -1
6 = tan (—a(p 7 Ox) Eq.2.3.23
aT do
o _ _, 9e Eq.2.3.24
T VT + k T q
9% _ v .5lve+ - ke Eq.2.3.25
ot A—p) +katd) " ? G &2
~ 1(1-¢)D, + k(1+ ¢)DS]
D= Eq.2.3.26
(1 —¢)+ k(1 +¢) q

HY oy, t)5tp8  mivas 4 BR(T, —T)ipM % d > y 5 84 B b 4
T FE0(0)0~eh AT LR A L (anisotropic growth) s dic s T(x, y,t) 5 8
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Chapter 3 R5&#H3E > 2
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3.1.2 A s
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3.2 Thermo-Calc4p B -5 #x ¥

3.21 Thermo-Calc £ & /i ;2 &2 3% iF

Thermo-Calc #_ - # A * CALPHAD (Calculation PHAse Diagram) & 2 i} % e4p
BRI > ¥ % SORORIeIfRl & & FSafp g s AT e BEE S e
T B R R0 F S TS o

i * Thermo-Calc i& {7 4p WIHCHEL T & L2& 2 AR BIHCA] > 220037 L 8 » ~ &%
A B AR FRGRTRE c RS VR IHAEF L AR E o X
BR G B TR AR RTER - ZEARfE TR E o 2t b > Thermo-Calc B
B E U AR 2 B2 # % 5 54 MATLAB - Python 4= COMSOL
Multiphysics % - :z#t 7 it & Thermo-Calc = 5 - B2 5~ ch1 & » ¥ # 30 % e
it el TRB A A RFIEEST o

AFET R BATE W & 28G5 2 TCHEA6 12 2 Thermo-Calc # 4 53+ 5 11 jE (7
{7 fhehddice » 30 I
1 FAEESTE 4o d dhT 7 4p B ~ Scheil 527 ~ #HicE
2. #-CoCrNiSipz ® ¥ & £enfma = Av\ﬁi%l » o I_ﬁia?] »RE SRS
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HIppl@ e R A2 RYUAR SR AR RS auE > o
Bl 3.2-1 5 Thermo-Calc i (£ ]
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@@ MOBHEA3: High Entropy Alloys Mobility v3.0 v

v Package: | Ei§&= (TCHEAS, MOBHEA3)

Composition unit| Mole percent v

Condition Definitions
Elements  Species  Phases and Phase Constitution  Components  Data Sources  Description
PeriodicTable | Alphabetic it Temperature = Celsius v || 1500.0
Material Pressure Pascal v || 100000.0
Material name:
Systemsize | Mole vl 1.0
Amount Mole percent Composition CO
Ce
M ‘ Composition Cr
% I Cr
e sllcin 2 Composition Ni
Al IBIE & - .
Composition Si 9.09
T || v |JCE] Mn || Fe |[Col INIY Cu || 2n || Ga || Ge || As || se || B
R s Y Zr Nb Mo T Ru|/Rh|| Ps || Ag |l c n | Sa 5
Calculation Type
& Ta W Re I P B Py
| (] s 2 g £ Single equilibrium One axis Grid
Equilibrium
A Asis variable: | Temperature v | cetsius v
s (1) 4 S
[ ] Axis type: Linear
gt eidgy) LA Limits: 5000 to 15000 step 2500 Automatic scaling
Non-Equilibrium
j Axis variable: Amount of phase ~ | No normalization ~ | All phases ~ | Mole v
L Aistype: | Linear
Precipitation DEMO Limits: 00

B 3.2-1 Thermo-Calc £ * 3k (T [
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b it = AT e R 4o 32-3 4 o
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8 FCC 2 FCC R - )
g § e -
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!
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(c) (d)
Co-Cr 1900 Ni-Si 15007
binary phase diagram binary phase diagram .
(Co-rich part) Liquid (Ni-rich part) T )
\ 1400 = Liquid
@ Cft AN @ co _—
® Cou %) AN ® Cou %) =
o D ‘o 1300 =\,
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o 1400 B E \ \
g FCC ' 2 =
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D ) X A\ y |
i . [
1100 ~—
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Mole percent Cr Mole percent Si
(e) ()
Cr-Si 20007 1 Cosi oL
binary phase diagram binary phase diagram \\\\
(Cr-rich part) Liquid (Co-rich part) \\ Liquid
\ \\\
® g R @ Crec B NN
@ Coue g \\ < Cl,” T 1400 N \
T B T —
== 5 X %
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1500
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£ 1300+
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>
ey
o
8 FCC_L12
£ 1200- -
@

1100+
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B 3.2-3 Thermo-Calc #p Btz 4ic %8 7 ;8] CoCrNiSioz » % & & % - ~ T {§r4p §
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3.23  Scheil 4 %4p &l

223 & ¢ 43| Scheil FRFHAE - fAH B3] v K AR FERY F B3
i dp? e geA feiT T L F I BARERL A ERARY SR AL G
"EEFRF R AL R o S BRA PR EE A B H R W Y ONIRRIEIA
A S fos a4 T & o F]P 28T 1% Thermo-Calc 4p Bl ¥t #8 ¥ &0 Scheil 5 FH#-
@37 CoCrNiSios ® "F & £ cr# 4 & S8 ¥ % 11 (v % COMSOL Z g2 /i B #
A el S8

¥ A7 e Thermo-Calc # #fi¢ * ¢ Scheil s FHce™ A 2 a > & % 5
Classic Scheil 12 2 Scheil with back diffusion in primary phase - # # Classic Scheil 3k

Ds =0~ D, = oo > @ Scheil with back diffusion & - & i p % crul 422 > 3 F ~ %

e F4p ¢ %{ﬂ?’f%? e B SIL Gt eipk o F - B3
e Tl b A pE o B R AR i i PR & ?ﬁ FoOPEAGE S Flt g AR
TR Y R AR AT A 0 AR T A R -

Scheil with back diffusion B3k A% & 427 » Flifpe> £ @ F 2 FAE LY o
BEAFERFHM(TRFTAZTERERELML EEFD>0)cF A+ £
PR R R g?ﬁ#ﬁ%ﬂ”ﬂ%#ﬁ?iﬁ#ﬁ 22}l IR R R - U3 F TR e g
Scheil Back Diffusion # * 4 17 & & chp 427 hZ A Gl £ 2§

=
™
Far

<+

B ERF T USRI R AR ARE LMY ha GEIR Fl AT )
R HBCE k2= CoCrNiSios ® % & & chik 7535 « 2 ¢ Thermo-Calc # Classic
Scheil 12 2 Scheil with back diffusion e i 4 & Bl4cB) 3.2-4 #1771 » H P = X kFen
T8 AN 44 Kavoosi % 4 [38)F7 1 4 7 ir§ it 4EH % B8 ¥4 2 45:2 INT38LC
BERE &l A%t.,_E'_.? e {r}}irﬂ 75 ﬁﬂ%%“b’%ﬁfﬁp\ Sk A, =
457033 ,
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Calculate from: ® Liquidus () Gas () Starttemperature | Show advanced options

Calculate from: ® Liquidus ) Gas () Starttemperature | Show advanced options
Calculate to: ®) End of Scheil Temperature below solidus
Calculate to: ®) End of Scheil Temperature below solidus
Start temperature: 20000
Temperature step during Scheil: 1.0 Start temperature: 25000
Temperature unit Celsius Temperature step during Scheil: 1.0
Composition unit: Mole percent Temperature unit: Celsius.
Jculation heil with heil
S SomicSche) ) scheiwid RV E e P9 | Composition unit Mole percent
Scheil Calculator 1 Calculation type: Classic Scheil [[®) Scheil with back diffusion in primary phase] ' Scheil with solute trapping
Legend option: | Stable phases | Legend style: None Cosling rate 2 7

X-axis Secondary dendrite arm spacing:  Calculated l 4 m
Te ratur v v

Auis varisble: Temperature Celsius Primary phase: T —

Adistype:  Linear

Limits: to step (] Automatic scaling
Composition 4 Fast diffuser

Y-axis
Composition Cr 30.303 Fast diffuser

Axis variable:  Density System Gram per cubic centimeter

30.303 Fast diffuser

Adstype:  Linear Composition N

Limits: to step 7] Automatic scaling Composition Si 9.09 Fast diffuser

B 3.2-4Thermo-Calc = Classic Scheil 12 2 Scheil with back diffusion in primary phase
FiThio R
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o

Composition unit: | Mole percent v

Length unit:

Micrometer v

Geometry: @ Planar

Region1

Region1
Left Interface Boundary

7‘\‘

2

i
© F % Bl4c@ 3.2-5 #7

o i e iy (G=H-TS) # P & »

BRI A F RN

s om DICTRA #icke

[ Diffusion Calculator 1

X-axis

Axis variable:  Distance ~ | Micrometer v Region | All regions

Axis type: Linear
Limits: 0.0 to 75.0 step 5.0 Automatic scaling
] Y-axis
Axis variable: | Composition | Si v | Mole percent ~
Axistype: | Linear
Limits: 5.0 to 20.0 step 5.0 Automatic scaling
Time Hours s Value(s) 0.01.0204.08.012.024.048.0

v Show left interface boundary

@ = Region

Name: Region1

[ Width:  75.0 pm] 75 points and type  Linear v
@ Phase: FCC_L12 v
[Composition profiles: Edit ]

Right Interface Boundary

Vv Show right interface boundary

Left Boundary Condition Right Boundary Condition

Closed system Closed system

& 3.2-5DICTR

G

Dependent component: | Co

‘Component Si: | Function | 2.1448234924E-09*xx*x*x*x?x - 4.3229357050E-07xxx":
ComponentCr: | Function | | -7.1494116074E-10%cx"xxxx + 0.00000014409785604%
Component Ni:| Function v | | -7.1494116074E-10%*x*x*x*x* + 0.00000014409785604%
2
30
2  J
26
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2
c
S
L 18
@
Q 16 es
2w oc
2R N
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4
2
0
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A e FiR )
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331 EigfteE >
W AR WA A BR % 2 * 4258 5 COMSOL Multiphysics® Ver. 6.1 » H i

ity Fde™

1 3L AHA S 9 cem X 9cem 2 4 %kt > T EH 2D FH e A B e
ﬂﬁﬁfﬁﬂiﬂfﬁi"ﬁﬁf\ﬁ%ﬁw*%’;éﬁi FHACHR A B 2K LA ST
COMSOL  #= &][73] 2 “Continuous Casting — Apparent Heat Capacity Method” -
“Phase Change”r4 2 Thermo-Calc 4p B fit i 48 2 #icdy.

2. £ 9cm*E 9cm Btz B & AsAt o4 PR Imm s 4mm 2 0§
e VLR R R Sk

3. ATH FARE MG R E £ R Sl

4 ZZAPREHR T S K THAPRERERE BE -

5. ®HIHE2 L e HREAMGHILE -
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B 331 iR s e > F
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“aw | =R = it

;g'_‘_‘ %g}__ T.m 1673(K] 1673k | Melting temperature
2 7T = dt 180[K] 180K Temperature transition...
(] | |
= ¢IFEJ“ 2% dH 232*10A50)/kg]_ |232E5)/kg_ Latent heat of solidificat...
& 0 130061 300K Ambient temperature
< | | « Q BH1 (compl) Tin 1773 1773k Melt inlet temperature
i 9 = = : 4= epss 08 08 Surface emissivity
i i = =R P
3D 20 By 20 10 mgi 10 oD R
(2 BB2m1 (s7) mE: [EAFA ‘
b [2] ExR 1
N = — v nERR
REYEE N SELE
i ELT T -
T EAF1 (5q1)
28 = R (1) > R
0 BR2 (r2) o o n
|} 7 3 (r:
= iEﬁjs 3 - B#k
T ER A4 (r4)
Raa—# (fin) HaaN
4 TE L1 -
: 181501 22 ERREE:
iquid alloy (mat7) Toi e &
solid alloy (mat2) 15018 2 ZMONBER:
ceramic mold (mat3) ar,., dr [3
49 RBERRnE 2 (h2) 1M 28008
Ly  dH kg
v ZEEHES
D zERNE
o € mEan -
1
® a2 - m‘,’”
e ZEHREEH1 Tiy MRERT =
T0 K

Bl 3.3-1 COMSOL ## %45 47 fu £+ @ sz = Rl
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332 #HiBipiks > REERIEER T
7273 41% Thermo-Calc 4p BB 3 R T R 44 4 5 S BEE B %10 bl
K,éft OB AT SR VRS AL A ZENE AP AL RITOHER 2
b BRFMREEREERE T AEF AV RS SEOEERASR L FL IR
WAL A R e S Bk Bk 214 > & T COMSOL Multiphysics® CAE it — % &
PrEmEsT Y PR B R T EEF LR R AD S
R RE 0 UTER S LR FEATIE R B odp A FHhg L o 3¢ COMSOL
Multiphysics ® p & i3 4] A = AF4o™ ©

aT
dpCpoe+ dzpCou- VT + V- q = d;Q + qo + dzQua E.331
q = —d,kVT Eq.3.3.2
_ Pa
=RT Eq.3.3.3

BPd, 2 E0BR p 2 BR Ci 3 REFE qiREE U MG >
Q = #vk ’Qo PR SR T de PR S TRl ¢ af?t%;—r RST::» f?%ﬁg"#’g{’-r R
d gt COMSOL 22 fici# * ciphsfl ¢ 4 2 SR FAp % L > 7 i@ * 3| & g(apparent) £ 7

2 H RHRST Ao T 3 N Arak

p =01p1 +0;p, Eq. 334
1 Ja Eqg.3.35
G, = ;(91,016};,1 + 6’21026‘79,2) +L,; a_;,n

1 szz - lel Eq. 3.3.6

Ap =

26,p; + 02p;
k = Qlkl + 92k2 Eq 337
0:+6;,=1 Eq.3.3.8
Risflr T &6 BEE s B R AR eI R H S At

4o

—n-q=d,eo(T}, —TY Eq.3.3.9

B nize R qsBILE 520 F50F (308) Ty » RFER (B
300K)

Foebo PR N0 R S Ae R ESF  RANE IRFAFET SRR S
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#oo F1p b COMSOL ¥ 12 Snieeh) 38 4 7 o deod 33-14r# 33247 8¢ 4 33-1

PR AR HR A4 B 5 1856°CHr 3.3-2 ¢ Epihilenk B A L 1176°C2 7
% 7 #chp &k p Thermo-Calc 4p Btk 4048 2 Scheil 5 %)= ;% 7 3] CoCrNiSios © % &
&R B E R A UH -

# 331 A2 B 5 4

S ATk B ] T

kyiep S 1356°C 1500°C 5.6915x10~3T +16.533 W/(m - K)
PLiRAR S A 1356°C 1500°C -7.6977x107*T +7.9786 kg/m3

Cppitedp TREG £ 1356°C 1500°C 1.5639x1072T +18.105 J/ (kg K)

# 332 R EEE A F S

S AzheR B ] EE

k, Blip A & 500°C 1176°C -4.8717x1075T2 +1.0567x10~'T —32.568
W/(m - K)

P2 FIAR % R 500°C 1176°C 1.6320x1077T2 -7.4471x107*T +7.9527

kg/m3
Cor AR TUBHF £ 500°C 1176°C -3.5145x1073T? +8.2961T —4731.1
J/ (kg - K)
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334 M eI SIS 44T
222 & ¢ JIIEER L HEEE OB T L0 R A D Pk il B4
BRTHR A o 0 E S FHATFRERRE R PR £ T R 2T

GROKAGEERRS FF LR A AFLERRY T FRECE SRT R

<

1% COMSOL Bt dic# & fp ik = 47 2 B3] ¢ 4 4 mm 2 508 > L & B8 T
BBl 2 A4 B A Sk~ ok 333824 334477 0 iR T 51:"._?:3?]
¢ CEREPER CERBRE AIrEF ~ApL F oo

[ix4

# 333 M A A A Sl

P8 S H &

kerg FAVGE W/(m - K) 1.22
PRz B A kg/m3 2760
Coli % 2R#E R J/(kg-K) 1050

% 3.3-4 A A A S

S Hi A

kb #E F W/(m - K) 400
Pk % R kg/m? 8920
Cobk TREF £ J/(kg - K) 385
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BLE RAPFHCAIE 2 B

4 @ CrNinew cubics newml * k 20230320.mph froot) " == === = P
Fl ._ EEES K 1.60 1.69 L/Cp(Tl-Ts)
P & TA 0.0003(s/m~2] 3E-4 fitting parametsr
5 RE EPS 0.0 o.m anisotropy coefficient
4 Q S q (comp1} DELTA 002 O.DE .ar.u.;cvtmpy strangth
4= == AMGLED | 1.57 1.57 initisl angle
e AMISO 4 4 syrnimetry crder
a= B8 ALEHA o9 0.9 supercaaling carrelatio. .
" EE1 (step?) GAMMA 100 10 supercooling correlatio. .
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| EE1 D 1.18*10"-8[m *2/5] 1.18E-8
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_1 (99/ 0y
— 1
6 = tan (76(/)/ ax) Eq.3.45
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—=V? — Eq.3.4.6
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_ Eq.3.4.8
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DT F¥Ho0(0) 0 i REHL R £ (anisotropic growth) s #ic > T(x, y, t) 7 %
B CO,y, ) ;R FHa4 1 3 FkR Difd Rlcejhibm Bl 65 &
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do 6( Beatp) 8( asa(p

- ion: I . — 2 I ,
Phase-field equation: 5 = |~ 75\ 20 3y + FEANETR: ) +V- (e V<p)] +e(l-9) [cp + m]
aT .- d¢p
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Chapter 4 f®=Z%25%833%
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(a) TCA ingots as-cast (b) Lab ingots as-cast
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Cr
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Si
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Region Co Cr Ni Si

Dendritic 311 32.9 29.3 6.7
TCA
Interdendrtic 20.2 28.7 33.0 18.1
Dendritic 26.5 29.8 32.0 11.7
Lab
21.2 26.9 33.6 18.3
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# 4.1-2EPMA ~ 4% EDS % 474 %] & 1100°C ™ 3275 15 -] p¥{r 48 /| p¥(at%) (¢ +%
FAARERERE)

Region Co Cr Ni Si
Dendritic 30.52 3241 29.00 8.07

TCA (15hr)
Interdendrtic 30.74 3137 29.64 8.25
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4.2 Thermo-Calc CoCrNiSios# #2145 #g 8

421 - AT Geip B Scheil 5 S %

F1* Thermo-Calc #p E%in%aﬂﬁ@?] » & & = & Co(30.3 at%)~Cr(30.3 at%)~Ni(30.3
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TEoT - B FAME LY > AR A AP B A a0 BB GRS AT
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fS C d
Cs o GUdfs Sf(f) fs Eq. 422
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(a) Temperature Field
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(a) Temperature Field
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(a) Temperature Field
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