A [BH &

&

THERMODYNAMICS CALCULATION
AND KINETICS MODELING OF
PRECIPITATION OF MICRO-
ALLOYED MG-AL-CA ALLOYS

Student: Jing Su



Qutline

Obijectives

Background of my project

Thermodynamics calculations
Scheil cooling diagrams of Mg-Al-Ca alloys
Equilibrium diagrams of Mg-Al-Ca alloys

Kinetics modeling of precipitation
Classical theory of nucleation and growth
Selection of input parameters from literature
Calculation of input parameters by FactSage
TTT diagram of Mg-Al-Ca alloy

Conclusion

Reference



Obijectives

To have a perspective of precipitates in as-cast Mg-Al-Ca
alloys from Scheil cooling calculation by FactSage

To acquire heat treatment temperatures for Mg-Al-Ca
alloys from equilibrium calculation by FactSage

To model the kinetics of precipitation during ageing
treatment by using classical nucleation and growth theory



Background of the project

Addition of Ca into Mg-Al alloys

Refinement of the microstructure --- Improvement of formability of
sheets

Strengthening
Inexpensive alloy element comparing with the rare earth elements

Increase the ignition temperature --- Protecting the melting surface
from oxidation

Experimental alloys

Table 1 Nominal compositions of two selected Mg-Al-Ca alloys

Alloy Composition Range
Al (wt.%) Ca (wt.%) Mg (wt.%)
Alloy 1 0.1 0.5 Balance

Alloy 2 0.3 0.2 Balance



Thermodynamics calculation

71 Scheil cooling diagram of Mg-0.3Al-0.2Ca
99.5 Mg + 0.3 Al + 0.2 Ca Scheil cooling
cl\FactSage\Equil.res 12Mar11 @

Composition of as-

cast alloys

Formation of Laves
C14#1) phase:

] 0.22wt% Mg2Ca
HCP ] 0.11wt% AlI2Ca
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Thermodynamics calculation

SEM results of Mg-0.3AI1-0.2Ca

BSEI-3 alloy1 as cast 7.0kV x4000 5um {

Ca

Cak

keV



Thermodynamics calculation

_
1 Scheil cooling diagram of Mg-0.1AI-0.5Ca

99.4 Mg + 0.1 Al + 0.5 Ca
cl\FactSage\Equil,res 12Mar11

Formation of Laves
C14#1phase:
0.8wt% Mg2Ca
0.06wt% Al2Ca

" Liql#1

HCF#1

Vig2Ca(LC14#1)
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Thermodynamics calculation

SEM results of Mg-0.1AI-0.5Ca

The precipitates in theses two
as-cast Mg-Al-Ca alloys are
(Mg,Al),Ca and a-Mg

eutectic structure.




Thermodynamics calculation

_
o Equilibrium diagrams of Mg-0.3AI-0.2Ca

995 Mg+ 0.3Al+ 0.2Ca

1-Dn IIIIIIIIIIII":Fac:tsa'g'_IE_':._.
090 .
0.80 | | Precipitates in alloy 1
070 | 1 are: Al2Ca(Laves 15)
060 .
£
8050 | AlLCa(LC,#1) 1 Heat treatment
= HCRP#1
0.40 1 temperature range:
0.30 Ligyid# . 400_6] OOC
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Thermodynamics calculation

1 Metallographic picture of solution heat treated Mg-0.1AI-0.5Ca alloy

As-cast 4000C8.8h FactSage: Heat

freatment
tfemperature
range: 430-
580°C
Experiment:
450°C&8h 500°C&8h Precipitates
are dlmost
disolved into

matrix at

5000C for 8h.




Thermodynamics calculation

_
o Equilibrium diagrams of Mg-0.1AI-0.5Ca

994 Mg+ 0.1 Al+ 05 Ca
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Thermodynamics calculation

1 Metallographic picture of solution heat treated Mg-0.1AI-0.5Ca alloy

4500C&8h

500°C&8h

FactSage: Heat treatment temperature
range: 430-580°C

Experiment: Precipitates are almost
disolved into matrix at 5000C for 8h.



Kinetics

—Classical nucleation and growth theory
N

1 Nucleation

Nucleation rate:  (Kampmann and Wagner Equation)

dN AG r
—| =Nz ——— ) exp (-~}
Gl =02 o (<57) 2 (-

N, -- the number of nucleation site per unit volume;
N,=3/(4%X3.14XR*3)
AG™ -- the energy required to form a critical nucleus of radius R*

16 5 2y
s B |l
AG 3 ﬂﬂgz Ag
Z -- the Zeldovich factor

B* --the condensation rate of solute atoms in a cluster of critical size R *



Kinetics

—Classical nucleation and growth theory

Nucleation

uf [ 7 VP -- the mean atomic volume within precipitates
=" @ o .
nR" 'Il‘-' kT Y -- the specific interfacial energy

D --diffusion coefficient of solute atoms

AR DX

ﬁ"’" — y X --the matrix mean solute atom fraction
)

a --the lattice parameter of matrix

In multi-component precipitates, the addition of condensation characteristic

times for each atomic species i gives: ARl 1 ~ |
fr = 4R (Z B__le_) |

t=4/(2nf"Z") T -- incubation time for nucleation



Kinetics

—Classical nucleation and growth theory

Growth
df] D X-X(® 1dN (R Ej
dt grawth B E rXP — XII:_:] ;.II"F df !

Xp -- mole fraction of precipitates

X -- mean solute mole fraction in the matrix

Xi -- equilibrium solute mole fraction at the precipitate /matrix interface

R -- mean radius of precipitates

D -- diffusion coefficient

a -- the ratio of matrix to precipitates atomic volumes (mean volume per atom)

vP . -- the mean atomic volume within precipitates

M /..P vM - the mean atomic volume within matrix
o=/t at



Kinetics

—Classical nucleation and growth theory

Another equation for growth

dR D C— Ceyexp(Ry/R) 1d;.,-( Ry _
)

df = R 1= Cuqexp(Ro/R) ~ Ndr \'In(C/Ca

D -- diffusion coefficient

R -- radius of precipitates

C -- the current solute concentration of the

C.q -~ equilibrium solute concentration of the matrix

a -- The numerical factor a in equation accounts for the fact that nucleated
precipitates can grow only if their radius is slightly larger than the
nucleation radius. The precise value of a is of no consequence on the

results of the model. It was taken a= 1.05 in the following.

Rﬂ = ...:',‘H_"P I:kBTZI

§ Sa



Kinetics

—Classical nucleation and growth theory

rsen
Coarse dR _ D C—Ceqexp(Ro/R)

When the mean radius of precipitates is much df |gromn R 1 = Cegexp(Ro/R)
larger than the critical radius R*, equations * dN .
describing pure growth are valid: | A | gows

When the mean radius and the critical radius {fj_ﬂ = _:1_7 1 Cﬂé H;f}

[ L - Le =
are equal, the conditions for the standard LSW e ;
law are fulfilled : Re gt = 10

In(C/Cey)

The. rate of vo!rlf:lflon c?f the AN 4 C Rl[ Ry 5\
density of precipitates in pure 73; comre 27 1=Cey R} |R(1= C}(fmﬂa : ) b
coarsening:

dR dR dRr
— = (| = feoars | — COArs ™,
l:: f } ds growth +f dt COLTS

mm) | ¢
{.:I._'ﬂ'l-'l
@ =

N

d
f:':clarsﬁ

‘ COuars



Kinetics
—~For ternary alloy application

Nucleation

The addition of an extra component leads considerably to the
complexity in obtaining a rigorous solution for the nucleation rate.

Unlike in the binary case, in a multi-component system, there are
multiple pathways across the nucleation energy barrier, and which
path is followed depends on both kinetic and thermodynamic
factors. Although this problem has been solved rigorously for simple
systems, the solution is mathematically complex and does not
account for solute depletion.

It is difficult to justify this level of complexity given the large
uncertainty in the predicted nucleation rate that arises from a lack
of accurate knowledge of the interfacial energy.



Kinetics
—~For ternary alloy application

Growth

Calculating the growth rate of each precipitate
requires a knowledge of the interfacial compositions.
Local equilibrium is maintained at the interface as
growth and dissolution occur.

In a binary system the interfacial compositions are
uniquely defined by a single tie line on the phase
diagram. In the ternary case, there is an additional
degree of freedom, and for any temperature there are
a whole series of tie lines that lead to local equilibrium
at the interface.



Kinetics

—For ternary alloy application

Assumptions

For the binary precipitates (Mg2Ca) with matrix element (Mg) in
ternary alloys, the important simplification is that the ternary nature
of the alloy is not taken into account, the alloy is considered to be
pseudo-binary, with an equivalent solute having its own equilibrium
concentration and diffusion constant.

For the binary precipitates (Al2Ca) without matrix element (Mg), the
growth rate depends on the element with lower diffusivity.



Kinetics
— Input parameters

Input parameters

Alloy 1
Weight percentage Mg-0.3Al-0.2Ca
Mole percentage 0.9961Mg-0.0027 Al-
0.0012Ca
Mole fraction of matrix 0.9961
Mole fraction of solute Al-0.0027
element Ca-0.0012
Atomic ratio solute (Precipitates--Al2Ca)
element 1 in compound 2
Atomic ratio solute (Precipitates--Al2Ca)
element 2 in compound 1
Molar volume of 4.6*10

compound (m3/mol)

Allloy?2

Mg-0.1AI-0.5Ca

0.9961Mg-0.0009AI-
0.003Ca

0.9961
Ca-0.003

(Precipitates--Mg2Ca)
2

(Precipitates--Mg2Ca)
1

4.93*10°



Kinetics
— Selection of input parameters from literature

Selection of input parameters from literature
Inter-diffusivity of Ca in Mg

D=D, exp(%j

Diffusion coefficient (D, is the pre- exponen’rlql factor (m2/s), Q is the
activation energy of dlffu5|on (J/mol), R is the gas constant(8.3145),
T is the absolute temperature)

T, is chosen as the mel’rlng point of calcium (1111K), Dy, is estimated
to be 10712 (m2/s), Q is approximated as 166 kJ/mol .

Dy =Exp[£{L_Lﬂ
D, RI|T, T,

At 505°C, this gives D;,= 4.62X107%(m2/s) for the diffusion of

calcium in magnesium.

D,=6.8%10°5 ) /m?




Kinetics

— Selection of input parameters from literature

1 Selection of input parameters from literature

7 Inter-diffusivity of Al in Mg

Table 1. Parameters and Values Used in the Calculations

An activation energy (Q) for diffusion of 125 kJ/mol and A pre-
exponential (DO) of 4X 104 m?/s

Parameter Description Value Used Reference
j.f_: length-to-thickness ratio of Mg,-Al,2 lath 10 this work
fw length-to-width ratio of Mg7Al;2 lath 4 this work
d hep Mg matrix grain size 100 pm estimate from 61
G shear modulus of Mg-Alj2 32.6 GPa 10, 11
i shear modulus of hen mairix 172 GPa 1011
D:‘] pre-exponential for Al diffusion in hep Mg 4-10* m¥s this work
oM activation energy for Al diffusion in hep 125 kJ/mol this work
v Poisson's ratio 035 ilH]
M Taylor factor 5 this work
b Burgers vector for basal slip in hep Mg 0.32 nm 11, 60
a, lattice parameter of hcp Mg (.32 nm 11, 60
T, intrinsic lattice strength in hep Mg 1l MPa 60
k Hall-Petch parameter 0.37 (MPa m"'%) 60
C coefficient for solid solution strengthening 197 (MPa. at.”*") 61
greousaning Mg 1Al »/hep interfacial energy extracted from

. plate tip radii assuming maximum growth rate hypothesis 0.43 (J/m?) this work

tuclzatian ‘Effective’ Mg,;Al »/hep interfacial energy used
for the nucleation of Mg sAl 2 0.114 (J/m%) this work




Kinetics

— Selection of input parameters from literature

Selection of input parameters from literature

Calculation of diffusivity of Ca in Mg and Al in Mg with different temperature

temperature  Diffusivity{Ca-I Diffusion (Al-lvr

473 3.17052E-23 0.29E-18
453 1.7571E-22 2.28E-17
513 8.52075E-22 J.49E-17
333 3.67023E-21 2.25E-16
533 1.42243E-20 0.24E-16
573 3.01561E-20 1.61E-15
593 1.62437E-19 3.91E-15
613 4.87239E-19 8.93E-15
633 1.3635E-1& 1.54E-14

The diffusivity of Ca in Mg is almost104 smaller than that of Al in
Mg, so the growth of AI2Ca depends on the diffusivity of Ca.



Kinetics

— Selection of input parameters from literature

Selection of input parameters from literature

Inter-facial energy
MgZn,: 65118 mJ/m?
Mg,Sn: 410%£120 mJ/m?

Mg,Sn particles are plate-like and mainly equiaxed in the a-Mg-matrix
while precipitates of MgZn, have a needle-like shape and are semi-
coherent during almost all stages of growth and coarsening

The low value of interface surface energy is in line with the coherent
inferface between MgZn, precipitates and Mg-matrix. A rather large value
is indicative of incoherent interfaces between Mg,Sn-particles and Mg.

Mg,5Al,, :114 mJ/m? (Literature)
Assume Mg,Ca(hcp—coherent with matrix(Mg))-- 50mJ/m?
Assume Al,Ca(fcc—incoherent with matrix(Mg))--100mJ/m?



Kinetics
—Calculation input parameters from FactSage

Formation energy of the precipitate
AG= AGP + RTInK
AGP - Standard formation energy of precipitates— from FactSage
2Mg (hep) +Ca (fec)= Mg2Ca(s)
2Al (fcc) + Ca (fec)= Al2Ca(s)
K=1/(a(Mg)*+a(Ca)')
a -- Activity of elements — from Factsage
Mean atomic volume of precipitates
vP . =V/((x+y)*1000%6.02*1023)
V—AMole volume--from FactSage

Solute concentration at the interface of precipitates and matrix

—from FactSage



Kinetics

—Calculation input parameters from FactSage

Activity of solute element

F Beactants — Eguilih

File Edit Table Units Data Search Help

Dl +| =

TIE] Platm] Energyld] bazz[mol] %ol(lire)

| B B2l

1-3
Mass[mol] Species Phase TIK] Fltotal]*™ Streamit Data
Jo. 3961 fme | = |
* |o.ooos Jal | = | I
* o 003 [ | || | 1

[T Initial Conditions

FactSage 6.2

Compound:

| 1./20 databazes

Solution: | 1/1E databazes

N Tl et




Kinetics

—Calculation input parameters from FactSage

Activity of solute element
1o

File Units Farameters Help

N | E,’*| EI T[K] Platm] Energui)] Mazsimol] Yollitre] W |B| 1-?.?|

— Reactantz [3] |
| 09961 Mg +« 00009 Al +« 0003 Ca |
+ |Code| Species |Data| Phase |T|V| Activity |
+ |4 | Mals) FTlite  hop_a3 ¥ 0931
—Products——— M |l -
— Compound zpecies——— — Solution species — Cuzto 5 Mgls2) FTl!ta hep_2n aser
I_ gas € ideal = real o = | - | Baze-Phase | Full Hame - ] .ﬁH & ME[SE] FT|ItH fl:l:_ﬂ1 W a718e
I_ aqueous o FTlite-Liqu Liquid — o id 7 Maglsd] FTlite  boc_a2 &m0
[ pure liquids 0 FTlie-FCC FCC_AT ] B Mgls5) FTlte cboc_al2 Q6563
* |+_ pure zolids 3 FTlite-HCF HCP_&3 g MglsE) FTlite  cub_al3 HEME
¥ suppress duplicates agglgl FTlite-BCC BCC_AZ2 —Peeu |* 10 Aliz) FTlite focc_al Y 2.7B0EE.-03
* - customn selection FTlite-LCT4 Laves_C14 | 1 Al(s2) FTlite | hcp_a3 1 FBEELT
species. 3 TiteAClS Laves C15 i 12 Als3 Fite  hep_zn 1 BIENS
Ire- aves . .
- = = ¥ in 13 Allsd) FTlite | ches_al2 FEEG
S FTlie-LC 356 Blaves €36 =} 0 4 AlsS) FTite  bec_a2 QOS50
- hohe - _|L_Ei|5.|:|.rn-li:,:ib|e 1 v Show = all & zelected Taotal 15 Al(<E) FTlite | cub_al3 o BB
W — opeses 2 Select | 17 Als8) Fite  diamond_ad B LS
i 18 A130M 23] FTlite | epsilon W of JESEEES
~ Final Conditions Equilibriv [* 19 Cals) Fite  fee_al 5.7942E-03
L <B3 T(K) Platm] ~|[Froduct Hip =] | | & nomal 20 | Cals2) FTlite | bec_a2 & FRE AR
473 713 20 . " bransitio 21 Cals3] FTlte | hep_ald of B 0F
—— _  predom 22 Mg2Cals) FTlite |laves c-14 2]
10 t ™ Tahl [13 calculations | 2 g .
o - noculations 23 AlZCals) FTite  ci2dlaves_c15 SEE
24 Al4Ca[s) FTlite | ti1 0-id/mmem 1 BRELE
25 &13Ca8(s) FTlte ' apds_[caBing] SN
| FactSage 6.2 26 | AN4Ca13s) FTlite | solid_monochni i IS
27 Cadal3mMals] FTlite ' pbcm A TRETEE




Kinetics

—Calculation input parameters from FactSage

0 Activity of solute element
=10l x|

Output Edit Show Fages

[ ||j"| E«JI | TiK] Platm) Energyi]] Mazsimol] Wolllitre] "T | .‘rl BI e

473K | 493k | 513K | 533k 553K 573K sesk| 613K 633K 63| 673K | 693K | T13K|

N

STREAM CONSTITUENTS AMOTTHT fmol _J
My S9_.89510E-01
Al S_0000E-04
Ca Z.0000E-032

EQUIL AMOUMT MOLE FRACTION ACTIVITY
PHAZE: HCP_AZ#fl mal
Al S_0000E-04 S_0000E-0O4 1_700ZE-02
Ca Z.0000E-03 Z.0000E-03 Z.Z4Z6E-03
Mo 2.9510E-01 2.9510E-01 9_S9cl0E-01
TOTAL: 1.0000E+00 1.0000E+00 1_0000E+00
PHASE: HCP_AGHZ mol MOLE FRACTION ACTIVITY
Al O.0000E+00 S_.0000E-0O4 1_70O0ZE-02
Ca O.o0000E+00 2.0000E-03 Z2_F4Z8E-03
Mo o.ooooE+0 2.9510E-0 S_S9cl0OE-0

mol ACTIVITY
Ny _hep_alis)h - O0O0E+00 S_2&10E-01
Al feoc_alis)h QOO0 E+00 E_E17&E-0Z

Ca foceo_alis) 0. a0aoE+00 Z_.7704E-03

R T T T T A T A T T AT T T T T R T T T T L LR LT

J.E-1 J J.E-1 J dm 3

i o e e o i e o i o o e e e e e i o o e i i e o e e o i e e ol e e o o o ol e e ol e e e o o e o o e o

Z_68938E+01 4 _ LE1983E5E+03 4_42161E+01 -1.&6&672ZE+04 1 _4Z563E-0Z —

Lattice parameters for HCP_AZH1:
a/fmm = 0.32Z58
c/nm = 0.52540 ;I




Kinetics
—Calculation input parameters from FactSage

Standard formation energy

=101
File Edit Jable Units [ate Search Help

Dz +| m| TIK) Platm) EnergyiJ) Massimol) Vollitre) ne e =

1-2|

Mazz(mol) Species Phasze TIK) Pltotal)]*™ Suesam¥ Data
3 [Mg [scha1 hep_a3 =| [a73 [ [

* ICa [obd1 fec_at =] [z | [

IV Initial Conditions

FactSage 6.2 Compound: | 1/20 databases Solubiorc | 1116 databases =



Kinetics

—Calculation input parameters from FactSage

Standard formation energy

F Henu — Eguilib: last system
File Unit=s FParameters Help
0| =) &

T[K] Platm] Energeld] Mazg(mol] Yalllitre]

=
L

—RHeactants [2]

2 Ma +
(473K =1.H#1]

Ca

[473K.=1.81]

— Products
Compound species

Solution zpecies

|_ gaz  ideal i real 0 = | + | Baze-Phaze | Full HName 0 fixed activities

[T aqueous 0 FTlite-Liqu Liquid 0 ideal solutions

|_ pure liquids 0 FTlite-FCLC FOC_A 0 achivity cuefflcn.ents

= [+ pure solids 1 FTlite-HCP HCP_A3 Letails ...
¥ suppress duplicates_apply | FTlite-BCC BCC_a2
* . rnebom eslachinn FTlhte-LC7 4 LEI"\."ES_E-I 4 PSEHan}ImS -
- — FTlite-LC15 Laves C15 apply [~ List.. |
+ | Code | Species | Data | Phaze |T |‘l."| Activity | FTlitel 0257 Laves CI6 7 N e molar vol
3 M FTite | hep_s3 v ([ inude moler volumes
: = saend pecies [ma= 1500] 5
4 MQ[SE] FTlItE hn:p_zn fi?nenr-.-liscible 1 ¥ Show € all . zelected Total Solutions [mas 400 2
al tig[=3] FTlte | foc_al i species: I o
B Malz4) FT|!tE bee_a2 soluions. 2 5kt | Defautt_|
! Milsh) FTlte | choc_al2 —_
. E quilibrium
8 MQ[SE] FTlite I:Ub—a1 3 TIE] IF'[atm] ;I Delta HJ) LI {* normal = nomal + ransitions
3 Calz) FTlte | foc_al 3 ? ransitions only £ open
10 |Cals2) FTite |boc_a? PSRN lulate >> |
1 Calz3) FTlte | hcp_ad
(12 Mig2Calz) FTlte laves c-14

Cuztom Solutionz

_ (o x|

=l=ka




Kinetics

—Calculation input parameters from FactSage

1 Standard formation energy

F Eesnltits - Eqnlllh 473 K

Qutput Edit Show Fapes

(82.688 gram, 1.0000 mol, 4.9271E-02 litre, 1.8000 gram/cm3)
{473.00 K, 1 atm, 51, a=l.0000)

The cutoff concemcracion has been specified to 1.0000E-75

D] 23| TiK) Plaim) Energyid) Massimol) Volie) noels
| 2m3 + ca-= 2
(473,1,51, #1) (473,1,=1,81)
0. 00000 mwoel  Lawves Clagl
(473.00 ¥, 1 acrm, a=0_99959)
{ 1.0000 MgiCa Vi
+ 0.00000 mol  Laves_Clégz
(473.00 K, 1 atm, a=0_99999)
{ 1.0000 MgZCa v
4+ 1.0000 mol HgiCa_lawves_c-14 s

2 product species idencified wich *V" are modeled with an equaction of stace

L L e e e e T e

DELTA H DELTA G DELTA V DELTA = ELTL Cp
(J) (] flicre) (J/E) (JFE)

R R R T T T R RN N T TR FF N T T TTRFFFNFTTTTRFFAFTIGTEEFFTTTETTEETTTS EEEFTTETETES

=3.3977EE404 -2.D13E4E404 -4.Bl077E-02)-8. lZ064E4+00 . 31472E-0D1

L e (e e e e ]

b s 2 2 A A R s St S R s bt & 8 b Rt b b & R R b b b & 8 & 8 & 3 LA & B b & & & & & 4

H c v g Cp
(I {3 {litre) {I/ED 8 8 :4]

TEETT T T AT T T T T AT T r T A drrFr A d s T r T T A A AT T A A ATASAETETTTRTSASTSTETT TR RTSTSA ST ET TR
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Kinetics

—Calculation input parameters from FactSage

Mean atomic volume of precipitates

=
File Edit Table Units Data Search Help
0 ||;.’=-| il T(K] Piatm] Enerayl)] Massimol] Yollitre] il EN ek
1-2 |
M azz[mol] Species Phaze TIK] FPltotal]*™ Streamit Data
B Ita | =l | | I
* Ic= | =l | | I

[ Initial Conditions

MHext >>»

| FactSage 6.2 Compound: | 1/20 databaszes Solution; | 1/16 databases o
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—Calculation input parameters from FactSage

Mean atomic volume of precipitates

F Henn — Egquilib: last system

File lUnats

Parameter= Help

0] | &

T[] Platm] Energyl)] Mazzmol] Yaolllitre]

=101

I = ]

—Heactants [2]

— Products
— Compound zpecies — Solution species — Cusztorn Solutions

[© gas € ideald® real 1] = | + | Base-Phase | Full Name 0 fized activities
[T aqueous 0 FTlite-Liqu Liquid B 'dE?'_SD'ut'DI{;_S_
|_ pure liquids 0 FTlite-FCC FCC_a1 actiity coes |-:|n.3nts

* [+ pure solids 1 FTlite-HCP HCP_A3 L etails ...
¥ suppress duplicates aEE'EI FTlite-BCC BCC_AZ — Peeud -

* - custam selection | FTite-LC14 Laves_C14 = Dﬁm _

. o 1 FTlite-LC15 Laves_C15 apply List .|
+ |Code Species Data| Phase |[T|¥| Activity .

: ] . FTlite-LC3E? cLaves L35 IV include molar valumes

3 iMgls] FTlte | hcp_ad i :

""""""""" - Legend Total Species [max 15001 5
4 MQ[SE] FTlite hED_Er'I I iﬁmiscible . F Show & all ¢ selected Total Solutions [rmax 40 2
d Magls3] FTlte |foc_al i species: 4
5 Ma(s4] Flite |bec_a? sohtions. 2 _Sekect | Detaut_|
I Mgl FTlte | chee_al2 E quilibrium
B MQ[SE] FTlte E!l.,ltl_-5|13 TIK] Platm] LI Product H[J] LI £ normal € niormal + transitions
E| EE[S] FT|I|IE fE!E! E|1 473 1 r' tranmtl-:u.ns oy r' OpEen

- = - " predominant
10 | Cafs2) FTlite ' boc_a? Calculate >>
11 | Calsd] FTlte | hcp_ad
+ 12 Mo2Calz) FTlte  laves c-14 1.000




Kinetics

—Calculation input parameters from FactSage

1 Mean atomic volume of precipitates

| Fresatts - Bemilib a3 (=] £

Qutput Edit Chov Fapes
Dl 2Rl TIK) Platm) Energsdl) Massimol) Vollitre)

Uikl =4 BT

| 2ng+ ca-=

0. 00000 mol Laves CLl481
(472.00 K, 1 atm, a=0, 99593)
{ 1.0000 HgiCa i

+ 0.00000 mol Laves _Cl48
(472.00 K, 1 atm, a=0, 25333)
{ 1.0000 Hg2Ca vi
+ 1.0000 mol HgiCa_laves_c-14
(B8.688 gram, 1.0000 mol, 4.9%ZT71E-0Z licre, 1.8000 gram/cm3)
(472.00 K, 1 atm, 51, a=1.0000)
The cutoff concentration has been specified te 1.0000E-75

& product species identified with "V" are modeled with an equat

-

Cp
/R) (37K}

aAEAATEEEESEEEEREREE e

35013402 8. 19Z5ZE+01

aFEEEEEEETETEERERERREEEE e R EEEEEEE e

H : v
(F) {73 {licre)

LR R R LR ]

=Z.0Z199E+04 =2.40810E+04 | 4.92711E-02

Total mass/gram = 88.688
System density/gram/ca3 = 1.8000

il

Mean atomic volume of
precipitates(AxBy):

v =[V]/((x+y) X 1000
X 6.02 X 102
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—Calculation input parameters from FactSage

Mean atomic volume of matrix

| FactSage 6.2 Compound:

1/20 databases Solubor: | 1716 databases

F Eeactant= [r|u'|1|ﬁ _II‘-lIl
File Edit Table Units [Data Search Help
Dl +| m| TIK) Platm) Energil) Massimol) Vollitre) LIETEIES

1-3|

Mazz(mol) Species Phase TIE] Pltotal)™ SheamB Data
jo.eee1 e | =i | ]
* |o oooe ] | = | 1
* fo. 003 |Ca | =1 I I
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=
—Calculation input parameters from FactSage *

Mean atomic volume of matrix
21

File Unit=s Farameters Help

0| = T[K] Platm] Energui)] Massimol] Yolfitre] m | B‘| 1.g.r|

— Reactantz [3]

| 0003 Ca + 09961 Mg + 0.0003 & |
— Products
Compound species—— — Solution zpecies — Custom Solutions
[T gas € ideal %) re4l 0 = | + | Base-Phase | Full Hame - 0 fized activities
[T aqueous 0 FTlite-Ligu Liquid [ 0 ideal zolutions
I— pure liquids 0 FTlite-FCC FOC_&1 0 activity u:u:-effu:u.ents
*[7 pure solids 3 | FTlite-HCP HCP_A3 _Detais.. |
[ e dhaelizcieg] o FTlite-BCC BCC_ &2 _
ot oda ] Spacer [Dota] _Phase LY Aoy { — FTlite-LC14 Laves_C14 i |
. .| Mgl FTite  hep_a3 v 0.9961 3 : = apply r Lizt ...
5 Mgla2) FTiita | hep_zn a7 FTlite-LC15 LEI\.-'ES_E'I 5
3 Md*il :::Im ::c'ﬂ vy aswr FTlite-LC.364 Alaves L6 W include malar volumes
Mgled) lile | bec_al foltan T
8 Mgis6) FTite | chor.al2 aetoe FTlite-LCEEE ElLaves C36 ;I T otal Species [max 1500] 9
] MglsE) FTiite | cub_ald (AR —Legend — -
& 10 Allg) FTite fee_al WV 11694E-03 - iﬁ'll‘l‘liSCitdE 1 F Sho i all i zelected Tatal Saolutions [rax 40) 2
11 &[32) FTiite | hep_ad FFLE TN : 5
12 Alf3) FTia | hicp_zn FLAEAT EPEeCIE:
13 Aljed) Flite | cbec_alZ 8 T E AN zolutiohns: 2 ﬂl
14 Alls5) FTite | bee_ad FESFEY Default |
15 aljs6) FThe | cub_al3 o T
16 alfsT) FTlite | bel_a5 R E quilibrium
17 AlsE) FTlite | dismond_ad a s [T TIE. o ' .
18 AOMo23(8] FTita | apson V I IRERS (K] Platrn] ;I Product H[I] ;I r: n-::rmra.l nnrmral+ transzitions
o) 19 Cals] FTie fec_al & 0I05E02 473 1 trarisitions arly (a]u]=lg]
20 Cals2] FTiite | bec_a2 o RERFE LT " predominart
21 Calsd) FTite  hop_ad 2rraa PlE Calculate >>
22 MpCalz) FTlite | laves_c-14 Ly
23 Bl2Cals) FTlite | el2dlaves_e15 Fol ook
24 AMCa[s) FTiite | 71 0-idfrmmm IR
25 AI3CaH(2) FTlite | ap2Z_|caBnd) I ST
F. adacal As| FTlie suld_l'nnnnl:lrm & SRR PR é
7 CadaiaMgls) FTlite | pbem 54BN
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—Calculation input parameters from FactSage

Mean atomic volume of matrix

F Besult=s — Equilib 473 E =10l x|

Output Edit Show Fages

[ Iﬁl Eﬂl | TIK] Platm] Energyl)] Mazs(mol] olllitre]

+ 0.00000 wmol Mg hop_ a3 v ]
{473.00 K, 1 atm, S1, a=0.39610)

+ 000000 mol Al foo_al w
(473.00 K, 1 atm, =51, a=5_5176E-03)

+ o_o0o0ooo0 mol Ca foo_al
(47200 K, 1 atm, 51, a=2_7704E-03)

The cutoff concentration has been specified to 1.0000E-7E

2 product species identified with "V" are modeled with an ecquation of state

EEE AT AT E AT T T T E LT T LT T LT XA X AT AP T F T T E L X T T T T LT P L X T T XA X LT X T LT X R T T LT XL XA E LT

H G v 5 Co
(T (] (litre) (JTSED (JSED

E R R R R R R R R Rk

4_ L51385E+03 -1.6673ZE+@4 1. 4EZ563E-03 4.43161E+01 Z.68935E+01 pu—

Total mass/ gram = Z4_ 355
Svsten density /gram/cm3 = 1_7083

T = 473.00 K
P = 1.00000E+00 atm
W o= 1l.4zEe3E-0Z dm3z

STEREAIM CONSTITUENTS AMOUNT Fmol ‘:J
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_
Equilibrium concentration at the matrix /precipitates interface

Mg -Al-Ca

4T3K-T13 K $Factsag
0.005 —————— g e _

0.004

0.003 [

0.002

AL (Meg+Al+Ca) (molmol)

0.007

0.00%

Ca/(Mg+Al+Ca) (mnol'mol)
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—Calculation input parameters from FactSage

Equilibrium concentration at the matrix /precipitates interface

=101%]

File Edit Table Units Jata Search Help
Dl +| =l TIK) Plaim) Energl) Massimol) Vollire)  IET =k

1-3)

M azz{mol] Specie: Phaze TIE] Piliotal]™ Stusam@ Data
Io. go81 e | =1 | (]
* Jo.ooos jal | ] | i
* [0 ooz [ | =11 | hn

|FactSage 6.2 Compound | 1/20 datahases  Solsion: | 1/16 databases
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—Calculation input parameters from FactSage

Equilibrium concentration at the matrix /precipitates interface

F Benn Egquilib. last system _|I:I|£]
File Units FParameters Help

D|=| & TIK) Plaim) EnerguiJ) Massimoll Vollitre) m = =]

Aeactantz [3) 1

[ 0991 Mg + 00003 Al + 0003 Ca ] + |Code| Species |Data| Phase [T|V] Activity |

4 i Mgls) FTlite  hcp_a3 V| a9

o 5 Mgls2) FTite  hep_an asw

 Campourd specing - Soliion apeties ~ Cust E Mals3) FTlfts fec_al Vg5

[T gas € d=sl & 1=dl 1] = | + | BasePhase | Full Name = 0¥ 7 Malz4) FTlite | boc_a2 85850

[T aquecus 0 FTlite-Liqu Licuad 0 8 Mals5) FTlite ' chec_al2 A4455

[ pure liquids 0 FTlte-FCC FCC_AT B g Mglsh) FTlte | cub_al3 aaet
*[+ pure soids 1 I FTiite-HCP HCP_A3 _ 10 Alls) FTlte  fcc_al V 4T
W suppress duplicates _apply | FTlite-BCC BCC_A2 Pest 11 Al(s2) FTlte | hcp_a3 I T
e ' FiReics5 e C13 ol | 12 A FTie [hop_mm LBUEH
FTite-LC38A ALaves_C36 — 13 Alls4) FTlte | cbec_al2 & ITEO5
FTBo LL3D Bloves 036 =] & 14 Alis5) FTite  bec_a2 & ITHEDS
— Tanget — Legand Tota 15 Allsk) FTlite ' cub_al3 oA EEOS
- none - | - smmiscible 2 ' Show (& al " selected Tota 16 Alls7) FTlite  bet_a5 & ITHMEG5
Estimate Ti} [1000 species: 18 . 17 Alis8) FTite  diamond_ad 1 217605
Massimolt [0 sohubons: 4 —I 18 | AI30Mg23s) FTlite  epsilon VRS
19 Calz) FTlite | fcc_al A
~ Final Conditions E quilibri 20 | Cals?) FTlite becc_a2 FATEE
> <B> TK) Platm]  ~|[ProductHY) ~| £ 21 Caisd) FTlte | hepa3 2ATEDS

47371320 |n e 2 Mgcals) Flite laves_c-14 07112

10 steps I Table 13 calculations . 23 Al2Cals) FTite  cf24-laves c15 4540
24 AMCals) FTite  ti10-id/mmem PEEIEGT
25 Al3Cad(s) FTite  ap22_[caSin3) FIESS
[FactSage 6.2 [ 26 A4Cal3s) FTlite  solid_monoclini GIETIES?
27 Caddl3Mals) FTlite  pbcm 1 HSIELT




Kinetics

—Calculation input parameters from FactSage

Equilibrium concentration at the matrix /precipitates interface

F Results Egquilabh

Qutput Edit Show Pages

Ol=| 23

473 K

(page 1/13)

TIK) Platm) Ensegi)) Mass(mol) Vollse)
41K | ek 513k 513k ss3k| smx| 3k e13k| a3k | 63| 613k e93k| N3]

0.5561 Mg + 0.0005 Al +

0.95208 mol HCP_A3sl

0.003 Ca =

System component
Ca

Al

ng

Lattice parameter
Lattice parameter
c/a = 1.6244

+ 0,00000 mol HCP_A3s2
(473.00 K, 1 atm,
( 7.3152K-08
4+ 3.6267E-04
¢+ 0.99985¢6

Systen component
Ca
Al

ng

+ 2.6402E-02 mol Laves _C1

Hole fractiom
3.6267E-04
7.318528-08
0.99556

a/nm = 0.32241
c/mm = 0.52374

a=1l.0000)
Al
Ca
Bg
Mole fraction
3.6267E-04
7.31852K-05
0.9995%¢
43!

(24.1128 gram, 0.99208 mol, 1.4084E-02 lictre, 1.7124 gram/cald)

000)
( 7.3152E-0% Al
+ 3.6287E-04 Ca
+ 0.999S5¢6 Hg

Mass fractiom
5.9789E-04
8.1188E-08
0.99932

Mass fracrion
5.9785E-04
8.1188E-05
0.99932

(0.23837 gram, 2.6402E-03 mol, 1.3418E-04 licre, 1.7615 gram/cm3)
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—Results (TTT diagram)
_

Alloy 1: Mg-0.0027AI-0.0012Ca---Al2Ca precipitates

time

1.B5E+D6
4 30E+05
1.17E+D5
3.6BE+04
1.35E+04
5.73E+03
2 9DE+D3
1.B2E+D3
1.59E+03
3.01E+03
3.26E+03
1.20E+04
2 25E+04
6. 30E+04
1.54E+05
9. 15E+05

logt

6.26788
563328
506712
4 56601
4 12852
3.75826
345154
3.25964
3.20258
3. 47909
3.51312
4 08008
4351359

4799
518765
596156

temperature
473
493
513
533
553
573
583
613
633
653
654
663
665
BE7
668
66D

700

650 |

600 -

temperature (K)

n n
o 8
o o
I . 1

450

3.0 35 40 45 50 55 6.0 6.5
time(logt) (s)

The incubation time of alloy 1 is 1590
seconds (26.5minutes) at 633K (3600C).
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—Results (TTT diagram)
_

Alloy 2: Mg-0.0009AI1-0.003Ca---Mg2Ca precipitates

time

1.18E+07
2.81E+00
1.88EHD5S
2.60E+H05
1.01E+05
4.65E+04
2.68E+04
2.13E+04
3.38E+04
9.87EH)
1.53E+05
2. 10E+06

logt

1070508
0.445068
5.856791
3.414602
5.002745
4.6067882
4.427599
4.327799
4.5294227

4.95448
5.184327
6.322134

temperature
473
493
513
533
553
573
593
613
633
643
645
650

660+
640-
6201
600-
580
560
540
520+
500-
480-
404

40 45 50 55 60 65 7.0 7.5

time(logt)/s

temperature/K

The incubation time of alloy 2 is 21300
second (5.9 hours) at 613K (3400C).



Discussion . e

The incubation time of alloy 1 is 26.5minutes at 633K (3600C).
However, the incubation time of alloy 2 is 5.9 hours at 613K (3400C).

Effects on the incubation time
r=4/(2rnf"Z*)
Incubation time has an inverse relationship with Z factor and B*.
Effect of diffusivity and interfacial energy on B* and Z factor
_ . 2y
fr = g T 2nRA\ kT " Ag
B* ccDXy?/Ag? and Z o< -Ag/ y3/2 B*Z2 oc DX /y1/2

Increasing of y decreases Z, while increasing of y increases B*.
Increasing of D increases B*.

p —_

AnR** DY 7 b [ 7

R* =

Higher diffusivity, higher concentration of solute element and lower
interfacial energy results in lower incubation time.
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Effect of
interfacial energy
on incubation time

For example:
Mg-0.0009AI-0.003Ca
If interfacial energy
changes from 50mJ/m?
to 10mJ/m?, the Z
factor will increase
almost10' and B* will

decrease 102 ,and
then the incubation time
will reduce near 10'.

SJ00E-02
SJ00E-02
SJ00E-02
SJ00E-02
S.00E-02
SJ00E-02
S.00E-02
SJ00E-02
5.00E-02
SJ00E-02
SJ00E-02
SJ00E-02

-interfacial energy

1.00E-02
1.00E-02
1.00E-02
1.00E-02
1.00E-02
1.00E-02
1.00E-02
1.00E-02
1.00E-02
1.00E-02
1.00E-02
1.00E-02

interfacial energy « Beta star

1.90E-05
1.22E-04
2.47E-04
4. 93E-03
2. F9E-02
1.55E-01
S.AE-01
5. 25E+00
F.54E+H01
S.TBEHD2
1.08E+03
2.3TE+HA

Beta star

J.59E-07
5.23E-06
3.39E-05
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6.20E-03
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2.50E-01
3.02E+00
2.31E+01
4.33E+01
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Z factor
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5.883297
F.021154

logt
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Discussion

Effect of interfacial energy on Zeldvich factor
Increasing of interfacial energy decreases the Z factor.

The Zeldovich factor is often called the Zeldovich non-
equilibrium factor. The actual concentration of clusters of size is
smaller than the equilibrium concentration, and many
supercritical clusters decay back to smaller sizes. The actual
nucleation rate is therefore smaller and Z corrects for these
effects.

The dimensionless term is often called the Zeldovich factor and
has a magnitude typically near 10! .

From previous example, when the interfacial energy of Mg2Ca

is either 50mJ/m2 or 10mJ/m2, the Z factor will be from 10-2
to10° or from 10! to 103 . The value of Z factor could be the
factor to introduce error in the calculation of incubation time.



Summary 5«,;3

\_

The precipitates in as-cast microstructure is eutectic
structure with (Mg,Al),Ca and a-Mg. So Scheil cooling
gives good prediction of composition of precipitates
in as-cast structure.

The equilibrium calculation gives good prediction of
heat treatment temperature range.

From kinetics modeling of precipitation, the incubation
time of alloy 1 is 26.5minutes at 633K (360°C).
However, the incubation time of alloy 2 is 5.9 hours at

613K (340°C) .
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