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ABSTRACT

By means of the first-principles calculations, the enthalpy of formation for the quaternary phase in
the Al-Cu-Mg-Si system was computed. A set of self-consistent thermodynamic parameters for the
Al-Cu-Mg-Si and Al-Cu-Mn-Si systems was then obtained using CALPHAD approach taking into account
the reliable experimental data and the first-principles calculations. The thermodynamic database for
the Al-Cu-Mg-Mn-Si system was developed based on the constituent binary, ternary, and quater-
nary systems. Comprehensive comparisons between the calculated and measured phase diagrams and
invariant reactions showed that the experimental information was satisfactorily accounted for by the
present thermodynamic description. The obtained database was used to describe the solidification
behavior of Al alloys B319.1 (90.2A1-6Si-3.5Cu-0.3Mg, in wt.%) and B319.1 +xMn (x=0.5-2, in wt.%)
under Gulliver-Scheil non-equilibrium condition. The reliability of the present thermodynamic database
was also verified by the good agreement between calculation and experiment for Gulliver-Scheil non-
equilibrium solidification.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Al alloys are widely used in packaging, automotive and air-
craft industries. Addition of the alloying elements, such as Cu,
Mg and Si [1,2], can improve the mechanical and chemical
properties of Al alloys. Large amounts of studies have been
performed on the Al-Cu-Mg-Si alloys due to the application
prospects in the automotive industry [3-7]. It is found that
the addition of Mn will yield an increase in strength of the
Al-Cu-Mg-Si alloys [8]. Thus, Al-Cu-Mg-Si alloys with Mn addi-
tion (or Al-Cu-Mg-Mn-Si alloys) attract increasing interests
[9-12].

The mechanical and chemical properties as well as the corro-
sion resistance of solidified Al alloys are heavily dependent on the
microstructure obtained after solidification [13,14]. Accurate pre-
dictions of reactions during solidification are essential to design
solidification process and subsequent heat treatments in order to
obtain optimal material properties. Consequently, information on
the phase equilibria and thermodynamic properties of the Al-based
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alloy systems is of great importance, especially for the multi-
component systems [15].

The CALPHAD (CALculation of PHAse Diagrams) approach
has become a valuable tool in the calculation of complex,
multi-component phase equilibria of industrial alloys based on
experimental thermodynamic and phase diagram data. It has been
demonstrated by Wolverton et al. [16] that the first-principles
calculations provide a method of predicting thermodynamic data
when such data are not available in the literature. This method has
been verified to be reliable due to the good agreement between the
first-principles calculated enthalpies of formation and the experi-
mental data [17-19]. Thus, it is reasonable and important to apply
the first-principles calculations to the present thermodynamic
modeling, because no thermodynamic data for the quaternary
phase in the Al-Cu-Mg-Si system are available in the literature
up to now.

The aims of the present work are to (1) obtain the
enthalpy of formation for the quaternary phase in the
Al-Cu-Mg-Si system from the first-principles calculations
in order to provide a reliable energy basis for the thermo-
dynamic modeling; (2) establish a thermodynamic database
for the quinary Al-Cu-Mg-Mn-Si system on the basis of
the constituent binary, ternary and quaternary systems
using the CALPHAD approach; and (3) apply the present
database to solidification simulation of Al alloys B319.1
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Table 1
List of the symbols to denote the phases in Al-rich corner investigated in the present
work.

Symbol Phase

L Liquid

(Al) Solid solution based on fcc_A1 Al

(Si) Solid solution based on diamond_A4 Si
B-AlMg Binary phase Aly4Mggg

AlgMn Binary phase AlgMn

Alj;Mn Binary phase Al;;Mn

Mg, Si Binary phase Mg,Si

0 Binary phase Al,Cu

T1-AlCuMn Ternary compound Al,gCu;Mny

T4-AlCuMn Ternary compound AlsCu; Mns3

Tg-AIMnSi Ternary compound Aly4Mny(ALSi)s

S Ternary compound Al, CuMg

T-AlCuMg Ternary compound Al Mg,s(AlLMg)s(Al,Cu,Mg)as

Q Quaternary phase in the Al-Cu-Mg-Si system
Table 2

Comparison of the calculated and measured invariant reaction temperatures for
Al-rich parts of the Al-Cu-Mg system.

Reaction Measured T (°C) Calculated T (°C)
L (AD)+0+S 502 [68] 502 (this work)
506 [69]
507 [70]
L+S < (Al)+T- 470 [68] 469 (this work)
AlCuMg 467 [69]
468 [70]
L (AD)+T- 451 [68] 448 (this work)
AlCuMg + B-AlMg 451 [69]
443 [70]

(90.2A1-6Si-3.5Cu-0.3Mg, in wt.%) and B319.1 +xMn (x=0.5-2, in
wt.%).

2. Evaluation of phase diagram information in the
literature

In order to facilitate reading, information on the phases in Al-
rich corner investigated in the present work is listed in Table 1.

Binary reactions:

¢, max: L« (Al) = Mg,Si, 582°C
e Les (Al +(8i), 577°C

ey Ler{Al) + 0,548 °C

Temary reations:

E;: L« (Al) + Mg,Si +(Si), 589 'C

E>: L e (A +(Si) + 0, 521 °C

. Ei:L» (AD+0+S,502°C

e, max: L« (Al) = §, 505 "C S | E;: L & (Al) + Mg:Si + f-AlMg, 450 °C

esmax: L <2 (Al) = B-AlMg, 450°C A E:: L (AD) + T-AlCuMg + B-AlMg, 448 °C
(Si) U: L=+ S <> (A + T-AlCuMg, 469 °C

Fig.1. Calculated liquidus projections of the Al-Cu-Mg, Al-Cu-Si [32] and Al-Mg-Si
[33] systems in the Al-rich corner. The compositions are given in weight fractions.

2.1. The binary systems

The thermodynamic parameters of the 10 binary systems in the
quinary system: Al-Cu [20], Al-Mg [21], Al-Mn [22], Al-Si [23],
Cu-Mg [24], Cu-Mn [25], Cu-Si [26], Mg-Mn [27], Mg-Si [28] and
Mn-Si [29], are adopted in the present thermodynamic database.

2.2. The ternary systems

The thermodynamic parameters for the Al-Cu-Mg and
Cu-Mg-Si systems in COST 507 project [20] are accepted in the
present work. However, the published parameters cannot describe
the experimental phase equilibria in the Al-rich corner of the
ternary Al-Cu-Mg system accurately [30]. In the present work, the
thermodynamic parameter for the fcc_A1 phase in the Al-Cu-Mg
system is thus reassessed in order to describe the phase equilibria
in the Al-rich corner of the system [30].

The thermodynamic data sets for the AI-Cu-Mn (shown
in Supplementary Table 1), Al-Cu-Si, Al-Mg-Mn, Al-Mg-Si,
Al-Mn-Si, and Cu-Mn-Si (shown in Supplementary Table 2) are
taken from He [31], He et al. [32], Du et al. [22], Feufel et al. [33],
Du et al. [34] and Liu [35], respectively.

The remaining two ternary systems Cu-Mg-Mn and Mg-Mn-Si
are assumed to behave as ideal solutions, i.e. their thermodynamic
parameters are synthesized from the corresponding sub-binary
sides.

2.3. The quaternary systems

2.3.1. The Al-Cu-Mg-Si system

The phase diagram data in the Al-rich corner of the quaternary
Al-Cu-Mg-Si system have been the subject of numerous stud-
ies [36-42]. Using thermal analysis (TA) and optical microscopy
(OM), Petrov and Nagorskaya [36] investigated the phase equilib-
ria on the quaternary system with the composition of 90, 80, 70,
60, and 50 wt.% Al. Axon [37-39] measured the isothermal sec-
tions at 460 °C with the compositions of Si at 0.6, 1.2 and 2wt.%
by means of metallographic examination, Willey [40] reported one
isothermal section with 92 wt.% at 460 °C, which is consistent with
the results from Axon [37-39]. By means of optical microscopy,
Smith [30] investigated the phase equilibria at 500°C in the com-
position ranges of 0-4.5 wt.% Cu, 0-4 wt.% Mg and 0-2 wt.% Si. Also,
Crowther [41] reported one vertical section from 4 wt.% Cu, 4 wt.%
Mg to 4wt.% Cu, 4wt.% Si. Recently, Zolotorevsky et al. [42] con-
structed one isothermal section at 500°C with 9wt.% Si and two
vertical sections with a fixed value of 3 wt.% Cu-9 wt.% Siand 1 wt.%
Mg-10wt.% Si. All the above experimental data are considered in
the present thermodynamic modeling.

Three eutectic and three peritectic invariant reactions in the
Al-rich corner were firstly reported by Petrov and Nagorskaya
[36]. These reactions were reexamined by Schrader [43] and Mon-
dolfo [44], whose results are in agreement with the data reported
by Petrov and Nagorskaya [36] except for the invariant reaction
L+Mg,Si <> Q+(Al) +(Si). The reaction temperature 521 °C [36] was
observed by Schrader [43] to be 541.6 °C. Subsequently, the above
reaction was determined to be L+ (Si)+Mg,Si < Q+(Al) at 529°C
[44]. Mondolfo’s results [44] are accepted in the assessment work
of Belov et al. [12] and Zolotorevsky et al. [42]. Other researchers
[6,45-49] also studied the invariant reactions in the Al-rich corner
and their results are consistent with those of Mondolfo [44]. Thus,
the experimental data on the invariant reactions from Mondolfo
[44] are used in the present optimization.

The quaternary phase in the Al-Cu-Mg-Si system was firstly
observed and designated as the AICuMgSi phase by Dix et al. [50].
The phase has then been named as Q [37-39,43-45], W [36], A
[46] and h-AlCuMgSi [51,52]. The structure of Q has been reported
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Summary of the optimized thermodynamic parameters in the Al-Cu-Mg-Mn-Si system.?

Q: Al3/21 Cuyp21 Mgoj21 Si7/21
G3 —3/21 = GIe-AT = 2/21 = Glee-AT —
S: (AL Si)os Cug2s Mgo.2s
°CS o cdi d o Cfcc-Al o ch _ oIS
GSi:Cu:Mg — 0.5 Ggamen 44025 Gccuu\ -0.25- GMC;JB =—2461- LA],Si:Cu:Mg =
T4-AlCuMn: (Al, Si)s Cu; Mns
o o cdi d o Cfcc-Al o b _

;:CmMg —0.5 > GgAmon A4 0.2 GCCUCJ‘ -0.3- Gﬁ,{gcu“z = —33005.45
T9—AlMl]SiI A114 (Cll, Mn)4 (Al, 51)5

CGEI:CU:AI 19723 Géﬁf;‘:l‘ 423 Gglcfj:i - diamond_A4
; . o _ o cdi
S hcussi — 14/23 2 Glee-Al — 4723 = GleeAl = _5/23 = G —1398.17

9/21 -~ G,}\‘/[Cgp‘“‘3 —-7/21-° G‘Sii“‘"“‘"‘LA4 =-17427.23+2.11-T

= -10503.87

2 InJmol-atoms~'; temperature (T) in Kelvin. The Gibbs energies for the pure elements are from the compilation of Dinsdale [72].

to be hexagonal by Phragmen [53] using X-ray diffraction. How-
ever, the constitution of Q is controversial, which has been reported
das A14Cu1Mg55i4 [45], AlXCu4Mg55i4 [51,52], A14Cu2Mg35i7 [54],
AlsCu;MggSig [44,53,55], and AlyCu,Mgq,_,Si; [56]. Wolverton
[57] calculated the enthalpies of formation for Q with differ-
ent constitutions by using the first-principles calculations and
demonstrated that Al3Cu;MggSiy is the most stable form of Q. Ther-
modynamic data for the Q phase are not available in the literature.

(ADHSDH+Q  (ADHO+Mg2Si+Q

a 0.07
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Most recently, Yan [26] and Pan et al. [58] have modeled this
quaternary system. However, their thermodynamic parameters for
Q phase were obtained only based on the phase diagram data. More-
over, their calculated invariant reaction L+Mg,Si < Q+(Al)+(Si)
disagrees with the experimental one (L+(Si)+Mg,Si<« Q+(Al))
[44]. Thus, a reassessment of this quaternary system is necessary
in order to provide a reliable basis for thermodynamic calculations
in related multi-component systems.
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oola AA O oa A
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Fig. 2. Calculated isothermal sections in the Al-Cu-Mg-Si system along with the experimental data: (a) 0.6 wt.% Si at 460 °C (data from Axon [37]), (b) 1.2 wt.% Si at 460°C
(data from Axon [38]), (c) 3wt.% Cu at 520 °C (data from Smith [30]) and (d) 4.5 wt.% Cu at 520°C (data from Smith [30]).
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a 600 . ; - . Table 4
Enthalpies of formation of Q phase computed by different methods.?

592 L
\ 76 Q phase Enthalpy of formation Method Reference

L+(Al) (k] mol-atoms~1)
\ AlsCu,MgsSig -12.0 FP(GGA) [57]
o i3 -12.9 FP(LDA) [57]
O 550 -12.5 FP(GGA) This work
‘; —35.53 CALPHAD [26]
= 784.6 CALPHAD [58]
T Al3Cu, MgsSi; -16.1 FP(GGA) [57]
o -174 FP(LDA) [57]
o3 ) ) 508 -17.5 FP(GGA) [71]
E 500 | (ADHSI+MgaSi -17.6 FP(GGA) This work
= -17.4 CALPHAD This work

(ADHSIHQ

2 FP, the first-principles calculations; GGA, the generalized gradient approxima-
tion; LDA, the local density approximation.

450 1.04 1
i 1 2 3 4 M?ﬂ 2.3.2. The Al-Cu-Mn-Si system
g;;'g;_m Weight percent Cu ] Information on the phase equilibria of the Al-Cu-Mn-Si system
Sl ks is very limited [44,53,59]. Phragmen [53] reported that Tg-AlMnSi

takes Cu into solid solution. Using optical microscopy, Bagchik and
Axon [59] determined two isothermal sections in the Al-rich corner
L+(Al) at 460 °C with the composition of 1 and 2 wt.% Mn. Their results also

576 revealed that T4-AlCuMn and T9-AlMnSi dissolves a small amount
of Si and Cu, respectively. Mondolfo [44] experimentally observed
-~ L+(Al)+(Si)+Mg,Si L+ (Al)+(Si) three invariant reactions in the Al-rich corner of the quaternary sys-
550‘ tem. No quaternary phase is observed in the system [44,53,59]. No
thermodynamic modeling has been performed for the quaternary
. system in the literature.
,% In the present work, the thermodynamic parameters for the
& phases T4-AlCuMn and T9-AIMnSi are evaluated by considering the
co0 §Dﬂ; (Al)+(Si)+ Mg,Si+ Q 507 phase diagram data [59] and the invariant reaction data [44].
-
5
Py Al+(Si+Q
ES (A Shy 2.3.3. The Al-Cu-Mg-Mn, Al-Mg-Mn-Si, and Cu-Mg-Mn-Si
(AD+(S)y+0+Q systems
No quaternary phases were reported in the Al-Cu-Mg-Mn,
450 Al-Mg-Mn-Si and Cu-Mg-Mn-Si quaternary systems [53]. In the
él%gg 0s 1 1.8 éf %) é‘L%Si‘é’é literature, there is no experimental information on the phase dia-
Mgo ° Mg ool grams of the above three quaternary systems. Consequently, the
¢ 800 thermodynamic properties for the above three quaternary systems
' : ' : ' ' are synthesized from the descriptions of the constituent ternary
750 - 0 © © o Q] systems.
O O
700
£ 650
(0]
= d
=]
& 600
g
c.200
=« -
500 FO°S80 -
apG| LR LA 2
450 - 73 PPN,
: e
400 ] 1 2 ST e
0 0.05 0.0 0.15 0.20 0.25 0.30
AlO.G R X élllll](»
e Weight fraction Mg Hga2

Fig. 3. Vertical sections in the Al-Cu-Mg-Si system: (a) calculated one with 1 wt.%
Mg and 10 wt.% Si, (b) experimental one with 1 wt.% Mg and 10wt.% Si [42] and (c)
calculated one with 60 wt.% Al and 8 wt.% Si along with the experimental data from
Petrov and Nagorskaya [36].

Fig. 4. Calculated liquidus projection of the Al-Cu-Mg-Si system in the Al-rich cor-
ner according to the present work. The compositions are given in weight fractions.
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Al-Cu-Mg

Al-Cu-Mg-Si

Al-Mg-Si

Al-Cu-Si

E3: L+(AD+0+S

+S+Q|

LB

| Ei:L+ahsMesitsh |
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[ L+ Masio@n+ro+Q |

| L+MeSi+(Si+0 |
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E2: L+(AD)+(S1)+6

] Lo Q+ (s +0+(aD |

(AD+QH(SI)+0

1 $2: L+(Al+Mg.Si+S |} L+0+8+Me.Si |

| U: L+s+an+T-AlCuMg

] 1v: Lo MgSi+S+a+an |

(ADH0+8+Me,Si

! L+T-AlCuMg+S+Me.Si |
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(AD+B-AIMg+T-AlCuMe+Meg,Si

Fig. 5. Reaction scheme for the Al-Cu-Mg-Si system in the Al-rich corner according to the present work.

2.4. The Al-Cu-Mg-Mn-Si quinary system

Only five of the invariant reactions in the Al-rich corner of the
quinary system have been reported by Mondolfo [44] using TA and
microstructure observation techniques.

3. Enthalpy of formation for Q computed via
first-principles method

In order to select the proper constitution for the present thermo-
dynamic modeling and provide thermodynamic parameters with
sound physical meaning, the first-principles calculations are used
to determine the enthalpies of formation for Q in the Al-Cu-Mg-Si
quaternary system.

We utilize the first-principles plane wave pseudopotential
method, as implemented in the highly efficient Vienna ab initio
simulation package (VASP) [60] to obtain the enthalpy of forma-
tion. The calculations are performed using the generalized gradient
approximation (GGA) of Perdew [61]. Convergence tests indicated
that400 eV is a sufficient cutoff to insure total energy differences for
the precipitates were less than 1 meV/atom. The atoms are relaxed
toward equilibrium until the Hellmann-Feynman forces are less
than 10-2 eV A~1. Brillouin zone integrations are performed using
the Monkhorst-Pack k-point meshes scheme [62]. Both the unit

cell sizes and the ionic coordinates are fully relaxed to obtain the
equilibrium state.

The equilibrium enthalpy of formation AH®(A,BqC;D;) for the
Q phase ApBCsD; is given by the energy of the phase relative to
the composition-weighted average of the energies of the pure con-
stituents each in their equilibrium crystal structures:

AH®I(ApB4CsDy) = E(ApBgCsDy) — [x4E®9(A) + xgE®9(B) + xcEI(C)
xpE®(D)] (1)

where E(ApBqCsDy), E®1(A), E®9(B), E®9(C) and E®(D) are the ener-
gies (per atom) of the compound ApB;CsD; and constituents,
A, B, C, D each in their equilibrium (zero-pressure) geome-
tries, xa=p/(p+q+s+t), xp=q/(p+q+s+t), xc=s/(p+q+s+t) and
xp=t/(p+q+s+t) are the concentrations of A, B, C, and D,
respectively. Different atomic occupations reported in the liter-
ature [53-58] for the Q phase AlsCu,;MggSig, Al4Cu;MggSi; and
Al3Cu,;MggSiy are investigated in our calculations.

4. Thermodynamic models

Based on the present first-principles calculations which will be
discussed in the following section, the quaternary phase Q is treated
as a stoichiometric phase Al3Cu,MggSi7, and its Gibbs energy is
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Table 5
Comparison of the calculated and measured invariant reaction temperatures for the
invariant equilibria in Al-rich corner of the quaternary Al-Cu-Mg-Si system.

Calculated
T(°C)

529 [44] 528
521[36]

541.6 [43]

512 [44] 512
512 [43]

512 [45]

510 [36]

510 [46]

513 [48]

507 [44] 508
507 [45]

507 [46]

507 [6]

505 [36]

509 [43]

510 [48]

510 [49]

510 [47]

500 [44] 502
500 [36]

500 [46]

503 [47]

507 [45]

467 [44] 469
464 [36]

471 [43]
444-448[44] 447
444 [36]

449 [43]

450 [47]

Point  Reaction Measured T (°C)

I L+(Si)+Mg,Si < Q+(Al)

11 L+Mg,Si< (Al)+6+Q

| L Q+(Si)+0+(Al)

v L < Mg,Si+S+0+(Al)

v L+S <> Mg,Si + (Al) + T-AlCuMg

VI L <> Mg,Si +(Al)+ T-AlCuMg + B-AlMg

expressed relative to the mechanical mixing of the pure elements
by the following equation

G% _ HSER —3.° G%CA] 420 GECSAI +9.° G}]\lllcg?AB
+7° G(SiiiamondJ\4 +A+B-T (2)

in which the coefficients A and B are to be evaluated.

In view of the solubility for Si in the S phase [63,64], this phase
is described with the sublattice model (Al, Si),Cu;Mg;. According
to the formula for sublattice model [65,66], the Gibbs energy of S
phase per mole-formula can be expressed as:

oS SER _ ./ o S oS
G —H™ =y ° Garcumg Vs Gsicumg T 2RT(Vpy - In Yy

orS
+Ysi I Yg) + Y Ysi ° Laysiccumg

/ / ’ / 11S
Y Ysi- W —Ysi) - Laisicumg + - 3)
where the two parameters denoted OGiCu:Mg (also called compound

energies) are expressed relative to the Gibbs energies of pure Al,
Cu, Mg, and Si at the same temperature. The superscript ' means
the first sublattice of the model (Al, Si),Cu; Mg;.

The equations similar to Eq. (3) can be written for the Gibbs
energies of 71-AlCuMn and T9-AlIMnSi, which are modeled as (Al,
Si)5CusMn; and Alq4(Cu, Mn)4(Al, Si)s, respectively.

Table 6
Comparison between calculated and measured reaction temperatures for the invari-
ant equilibria in Al-rich part of the quaternary Al-Cu-Mn-Si system.

Reaction Measured T Calculated T
(°C) [44] (°C) (this work)
L < (Al)+(Si) + 0 + T9-AlMnSi 597 606
L+71-AlCuMn <> (Al) + 0 +T9-AlMnSi 547 541
L+AlgMn < (Al)+7;-AlCuMn +T9-AlMnSi 517 521

a so = LN T R B — = Two-phase
4512 : Z 4 & Three-phase
£ gl 2
401§ & ié A g o (AN o-AMSi - D Four-phase
z £3 2
L35L: | FF| o= .
o [m): S x|
-5 30 -
@25 s BF _
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Fig. 6. Calculated isothermal sections in the Al-Cu-Mn-Si system at 460 °C along
with the experimental data from Bagchik and Axon [59] with: (a) 1 wt.% Mn and (b)
2wt.% Mn.

Table 7
Comparison between calculated and measured reaction temperatures for the invari-
ant equilibria in Al-rich part of the quinary Al-Cu-Mg-Mn-Si system.

Reaction Measured T Calculated T
(°C) [44] (°C) (this work)

L+(Si)+Mg,Si < (Al) + Q + Tg-AIMnSi 528 528

L+Mg;Si <> (Al)+ 0 + Q+ To-AlIMnSi 511 512

L« (Al)+(Si)+ 60 +Q+T9-AlMnSi 505 507

L +T9-AIMnSi <> (Al) + Mg, Si+ 6 + 71-AlCuMn 502 502

L < (Al)+Mg;,Si+S+ 0 +T9-AIMnSi 500 501

5. Results and discussion
5.1. The Al-Cu-Mg-Si system

The thermodynamic optimization was performed by means of
the PARROT program [67]. In order to reproduce the experimen-
tally measured phase equilibria in the Al-rich sides of the Al-Cu-Mg
system [30], one regular interaction parameter for the fcc_A1 phase
is adjusted: °L2Cch'Mg = —60Kk] mol-atoms ™. Table 2 compares the
calculated and observed invariant equilibria in Al-rich corner of
Al-Cu-Mg system, showing a good agreement. The liquidus pro-
jections of the ternary Al-Cu-Mg, Al-Cu-Si [32] and Al-Mg-Si
[33] systems in the Al-rich corner are calculated using the present
database, as shown in Fig. 1.

As indicated in the preceding section, it is of interest to
reassess the Al-Cu-Mg-Si quaternary system. The present first-
principles calculations show that the enthalpies of formation for
AISCUZMgSSiG, A14CU2MggSi7 and Al3Cu2MgQSi7 phases are —12.5,
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Fig. 7. Calculated equilibrium and Gulliver-Scheil non-equilibrium solidification
curves of Al alloy B319.1.

—14.1,and —17.6 k] mol-atoms™~!, respectively. Our results are con-
sistent with those of Wolverton [57] and Ravi and Wolverton [71],
indicating that the most stable form of Q is Al3Cuy;MggSiy. Thus,
Al3Cu,;MggSiy is selected as the model of Q, and its enthalpy of for-
mation is set as the start value for the A parameter of the Q phase.
Then, the A and B parameters of the Q phase are optimized based on
the measured invariant phase equilibria [6,36,43-49]. Finally, the
parameters of the S phase are adjusted by considering the phase
diagram data [36-42]. The optimized thermodynamic parameters
in the Al-Cu-Mg-Si quaternary system are listed in Table 3.

The data for the enthalpy of formation of Q calculated in the
present work and by the other researchers with different meth-
ods are summarized in Table 4. It can be clearly seen that the
present CALPHAD results are more reasonable than those of Yan
[26] and Pan et al. [58]. The CALPHAD calculated value from Pan
et al. [58] is too positive while that from Yan [26] is too negative, in
comparison with the first-principles calculated values. The value
of 784.6 k] mol-atoms~! may be misprinted in Ref. [58]. We can-
not find out the exact value which Pan et al. [58] used for their
thermodynamic calculations.

Fig. 2 shows four calculated isothermal sections in the Al-rich
corner of the Al-Cu-Mg-Si system along with the experimental
data [30,37,38]. One calculated vertical section with 1 wt.% Mg and
10wt.% Siis compared with the experimental one [42], as presented
in Fig. 3a and b. It is demonstrated that the experimental data are
reasonably described by the thermodynamic calculation. Fig. 3¢
shows one calculated vertical section with 60 wt.% Al and 8 wt.% Si
along with the experimental data from Petrov and Nagorskaya [36].
Most of the experimental data are accurately reproduced by the
present database, except for those at high temperatures. The rea-
son is that the parameters of the constituent ternary Al-Cu-Si [32]
and Al-Mg-Si [33] systems cannot describe the experimental data
[36] well enough. Calculations were also performed for the exper-
imental phase diagrams reported in the literature [30,36,39-41],
also showing good agreement. The representative results are given
in supplementary material (Supplementary Figs. 1 and 2).

The calculated liquidus projections are shown in Fig. 4 and
the correspondingly calculated invariant reactions are presented
in Table 5. Again, the calculated results agree reasonably with
the experimental data [6,36,43-49]. Specially, the peritectic reac-
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Fig. 8. Effect of Si contents on the solidification behavior of alloy B319.1
(90.2A1-6Si-3.5Cu-0.3Mg, in wt.%) under the Gulliver-Scheil non-equilibrium con-
dition: (a) calculated solidification curves of Al alloys (96.2 — x)Al-xSi-3.5Cu-0.3Mg
(x=5, 6,7, 9 and 11, in wt.%); (b) calculated reaction temperatures of Al alloys
(96.2 — x)Al-xSi-3.5Cu-0.3Mg (x=5, 6, 7, 9 and 11, in wt.%) during solidification
process with experimental data [77].

tion L+(Si)+Mg,Si< Q+(Al) is well reproduced by the present
database. The reaction scheme for the quaternary system in the
Al-rich corner is constructed, as shown in Fig. 5.

5.2. The Al-Cu-Mn-Si system

The optimized thermodynamic parameters in the Al-Cu-Mn-Si
quaternary system are listed in Table 3. Fig. 6 shows the calculated
isothermal sections in the Al-rich corner along with the experimen-
tal data from Bagchik and Axon [59]. The fit to the experimental
data is reasonable. A further check on the reliability of the ther-
modynamic modeling is provided in Table 6, where the calculated
and observed [44] temperatures for the invariant reactions are pre-
sented, showing a reasonable agreement.
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Fig. 9. Calculated solidification curves of Al alloys under the Gulliver-Scheil con-
dition: (a) (93.7 — x)Al-6Si-xCu-0.3Mg (x=2, 2.5, 3.5, 4.5 and 5.5, in wt.%); (b)
(90.5 — x)Al-6Si-3.5Cu-xMg (x=0.1, 0.2, 0.3, 0.4 and 0.5, in wt.%).

5.3. The Al-Cu-Mg-Mn-Si system

A thermodynamic database for the Al-Cu-Mg-Mn-Si system
is established on the basis of the constituent binary, ternary and
quaternary systems. Table 7 lists the calculated and experimental
[44] invariant reactions, showing a good agreement between the
reactions.

5.4. Solidification simulation of Al alloys

Various approximations and simplifications are always needed
in simulating the complicated solidification process [15]. One
qualitative approximation is to use the Gulliver-Scheil model
[73,74]. It has been realized that there is a reasonable agreement
between prediction and experiment by applying the model to the
description of solidification process [15,75]. In the present work,

I T I
A (Liquidus): L ¢ (Al), 611 °C -
B (Binary reaction): L ¢ (Al) + 15-AIMnSi, 592 °C
C (Ternary reaction): L <> (Al) + (8i) + 15-AlMnSi, 561 °C
D (Quaternary reaction): L ¢ (Al) + (Si) + 0 + 19-AlMnSi, 513 °C _
E (Quinary reaction): L ¢ (Al) + (Si) + 0 + Q + 15-AlMnSi, 508 °C
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Fig. 10. Effect of Mn addition on the solidification behavior of Al alloy B319.1
(90.2A1-6Si-3.5Cu-0.3Mg, in wt.%) under the Gulliver-Scheil condition: (a) calcu-
lated solidification curves of Al alloys (90.2 — x)Al-6Si-3.5Cu-0.3Mg-xMn (x=0.5,
1, 1.5 and 2, in wt.%); (b) calculated liquidus and reaction temperatures of Al alloys
(90.2 — x)AI-6Si-3.5Cu-0.3Mg-xMn (x=0.5, 1, 1.5 and 2, in wt.%) during solidifi-
cation process. The gray region shows where sedimentation of primary T9-AIMnSi
precipitates occurs.

Gulliver-Scheil simulations are performed to describe the solidifi-
cation behaviors of Al alloys B319.1 (90.2AI-6Si-3.5Cu-0.3Mg, in
wt.%) and B319.1 +xMn (x=0.5-2, in wt.%).

Solidification simulation of Al alloy B319.1
(90.2A1-6Si-3.5Cu-0.3Mg, in wt.%) is conducted to further
verify reliability of the established Al-Cu-Mg-Mn-Si thermo-
dynamic database. Fig. 7 shows the calculated equilibrium and
non-equilibrium Gulliver-Scheil solidification curves of the alloy.
Only two reactions are detected for the equilibrium curve while
four reactions corresponding to the Gulliver-Scheil curve are
detected, as shown in Fig. 7. The microstructure of the solidified
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Table 8

Calculated reaction temperatures of Al alloys (93.7 — x)Al-6Si-xCu-0.3Mg (x =2, 2.5, 3.5, 4.5 and 5.5, in wt.%) and (90.5 — x)Al-6Si-3.5Cu-xMg (x=0.1, 0.2, 0.3, 0.4 and 0.5, in

wt.%) during solidification process.

Element Composition Liquidus, T (°C) Binary Ternary Quaternary
(wt.%) reaction, T (°C) reaction, T (°C) reaction, T (°C)
Cu 5.5 606 556 5162 508
4.5 609 559 5142 508
3.5 612 562 5132 508
25 615 566 5102 508
2.1 616 567 5082 508
2 616 567 508 508
1.9 616 567 508° 508
Mg 0.1 613 564 5182 508
0.2 612 563 5167 508
0.3 612 562 5132 508
0.4 612 562 5102 508
0.49 611 561 5082 508
0.5 611 561 508> 508
0.51 611 561 508° 508

2 Temperature for ternary reaction L < (Al)+(Si)+6.
b Temperature for ternary reaction L <> (Al)+(Si)+Q.

alloy resulting from the Gulliver-Scheil model is (Al)+(Si)+6+Q,
which is identical to the generally observed one [76,77]. However,
the microstructure according to equilibrium solidification calcula-
tion is (Al) +(Si), which is significantly different from the observed
one [76,77]. Fig. 8a shows the calculated solidification curves with
different Si contents of alloy B319.1 under the Gulliver-Scheil
condition. As it can be seen, when Si content increases, the lig-
uidus temperature decreases and the binary reaction temperature
increases but the last two reactions remain the same. This is also
shown in Fig. 8b, in which the calculated reaction temperatures
are compared with the experimental data [77]. The excellent
agreement is an additional evidence for the reliability of the
present thermodynamic database for the Al-Cu-Mg-Si quaternary
system. Also, we can conclude from Fig. 8 that different B319.1
alloys with Si contents (5-11 wt.%) go through the same reactions
during the solidification process.

We apply the present thermodynamic database to predict
effects of Cu and Mg contents on the solidification behavior
of Al alloy B319.1. Fig. 9 shows the calculated solidification
curves of B319.1 alloy with different Cu and Mg contents under
the Gulliver-Scheil condition. Compared to Si, both Cu and Mg
influence the ternary reaction temperatures apparently. Table 8
summarizes effects of Cu and Mg contents on the reaction tem-
peratures. As Cu content decreases or Mg content increases, the
calculations show that the transition of the ternary reaction occurs
at the composition of 2wt.% Cu or 0.5wt.% Mg. Thus, our results
demonstrate that the contents of Cu and Mg should be >2 wt.% and
<0.5 wt.%, respectively, in order to maintain the same solidification
reactions as those for Al alloy B319.1 (90.2A1-6Si-3.5Cu-0.3Mg, in
wt.%).

In order to explain the effect of Mn addition on the properties of
Al alloys, the present database is utilized to study the solidification
behavior of Al alloys B319.1+xMn (x=0.5-2, in wt.%). Compared
to the solidification curves of B319.1 (90.2A1-6Si-3.5Cu-0.3Mg,
in wt.%) in Fig. 7, T9-AIMnSi takes part in the reactions during
the solidification process, as shown in Fig. 10. The microstruc-
ture obtained from the alloys is (Al) +(Si) + 0 + Q + Tg-AlMnSi. It can
be concluded that the increase in strength of the Al-Cu-Mg-Si
alloys with the addition of Mn [8] is due to the formation of T9-
AIMnSi phase. As it can be seen from Fig. 104, the liquidus of B319.1
decreases slightly when 0.5 wt.% Mn is added, but increases signif-
icantly when 1, 1.5 and 2wt.% Mn are added. This phenomenon
can be explained by transition of the liquidus reactions and one
critical point at 0.89 wt.% Mn is detected, as shown in Fig. 10b. For
Al alloys B319.1 +xMn (x > 0.89, in wt.%), sedimentation of primary
T9-AIMnSi precipitates occurs [76,78] in the gray region of Fig. 10b.

This phenomenon is commonly known in the die casting field as
“sludge” or “fallout” [79], which is harmful to Al alloys. Thus, the
present work demonstrates that the Mn content should be less
than 0.89 wt.% for Al alloy B319.1 in order to maintain the good
properties of the alloy.

6. Conclusions

e The enthalpy of formation for the quaternary phase Q in the
Al-Cu-Mg-Si system is computed by means of the first-principles
calculations. Based on the first-principles generated data and the
experimental information, thermodynamic parameters for the Q
phase are obtained by using the CALPHAD approach. Compared
with previous assessments, the present CALPHAD calculations are
consistent with the first-principles generated data.

The thermodynamic database for the quinary Al-Cu-Mg-Mn-Si
system is obtained based on the constituent binary, ternary, and
quaternary systems. Particularly, the phase equilibria in the Al-
rich corner of the quaternary Al-Cu-Mg-Si and Al-Cu-Mn-Si
systems are modeled in detail. The reliability of the established
database is verified by good agreement between calculation
and experiment for phase diagrams, invariant reactions and
Gulliver-Scheil non-equilibrium solidification behaviors.
Gulliver-Scheil non-equilibrium solidification behaviors of
Al alloys B319.1 (90.2Al-6Si-3.5Cu-0.3Mg, in wt%) and
B319.1 +xMn (x=0.5-2, in wt.%) are investigated. The application
of the presently thermodynamic database to control phase tran-
sitions throughout solidification process for Al alloys indicates
the importance of thermodynamic databases in material design.
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