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Abstract

13 ternary Cu-Mg-Si alloys were prepared by means of the powder metallurgy method. Phase equilibria at 500 and 700 °C
of the Cu-Mg-Si system were determined using X-ray diffraction analysis (XRD). The existence of 3 ternary compounds in
this system was verified: CuMgSi_Sigma (Cu,Mg/Si,), Tau (Cu,Mg,Si), and Laves ((Cu,Si,,) (Mg, Cu,,,)). 4
thermodynamic modeling for the Cu-Mg-Si system was then conducted on the basis of the experimental data obtained in
this work and those critically reviewed from the literature. The complex phase relationship between Laves phase and other
phases has been successfully modeled in this work. Comparisons between the calculated and the measured phase diagrams

show that most of the experimental data can be reproduced by the presently obtained thermodynamic parameters.
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1. Introduction

Al-Cu-Mg-Si system is the basis of a large number
of wrought and casting aluminum alloys, e. g. 2XXX,
6XXX series wrought aluminum alloys and 3XX
series casting aluminum alloys. The main
strengthening mechanism of Al-Cu-Mg-Si alloys
depends on the growth control of the precipitates
during the heat treatment process [1]. The Cu-Mg-Si
system is an important sub-system of the Al-Cu-Mg-
Si system. The ternary compounds of Cu-Mg-Si
system, such as Cu,Mg,Si and Cu, MgSi,, can play
as precipitation hardener in Aluminum alloys [2]. A
deep understanding of the phase stability in the Cu-
Mg-Si system with the change of temperature and
composition is essential to promote precipitation
hardening of the Al-Cu-Mg-Si alloys. The present
work is a continuing effort of our previous attempts
[3-6] to establish a thermodynamic database for
commercial Al alloys.

Bochvar et al. [7] reviewed almost all the
experimental phase diagram and thermodynamic data
for the Cu-Mg-Si system in 2006. According to
Bochvar et al., most of the experiments available in
the literature were performed in the Cu-rich corner
and there is a lack of accurate data on phase equilibria
of the ternary compounds. There are several
thermodynamic descriptions of this system [8-10]

* Corresponding author: zhaojingruil 008@gmail.com
DOI:10.2298/JMMB150515009Z

based on the literature data. However, these
assessments are all limited to the Cu-rich corner and
the liquidus surface cannot be reproduced using these
thermodynamic parameters. Moreover, some new
experimental data were reported in 2014 [I1].
Therefore, it is necessary to carry out new
measurements and perform a new thermodynamic
assessment of the Cu-Mg-Si system.

In the present study, a critical review of the literature
data will be made first, and then key alloys will be
prepared to determine the phase equilibria at 500 and
700 °C, respectively. Finally, a thermodynamic
optimization of the Cu-Mg-Si system will be carried out
through the CALPHAD approach.

2. Evaluation of experimental phase diagram
data

Many research groups contribute to the
experimental measurements on the Cu-Mg-Si system
[2,11-24]. Three ternary compounds have been
determined: Cu,Mg,Si, Cu,,MgSi, and Laves, which
directly constitute the characteristic of this system. To
facilitate the understanding, all the known phases in
Cu-Mg-Si system and their crystallographic data are
listed in Table 1.

Portevin and Bonnot [12] claimed the existence of
the first ternary compound Cu,Mg,Si with the melting
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Table 1. Crystallographic data of solid phases in the Cu-Mg-Si system

Pearson Symbol/ Lattice
Space Group/ Parameters Atom Wwp? X Y zZ CN® | Ref.
Prototype (nm)
(Cu), solid solution based on Cu
cF4
Fm-3m a=0.3615 Cu 4a 0 0 0 12 [25]
Cu
(Mg), solid solution based on Mg
hP2 _
P63/mmc a:0.3206l Mg 2¢ 0.3333 0.6667 0.25 12 [26]
¢=0.52091
Mg
(Si), solid solution based on Si
cF8
Fd-3m a=0.54309 Si 8a 0 0 0 4 [27]
C (diamond)
hep_A3, binary Cu-Si phase Cu,Si
hP2 B
P6./mmc a=0.23547 | ey +0.128i 2¢ 0.3333 0.6667 0.25 12 | [28]
3 c=0.41758
Mg
bce_A2, binary Cu-Si phase Cu,Si
cl2
Im-3m a=0.2854 - - - - - - [29]
W
Cu,,Si,, binary Cu-Si phase Cu,,Si,
cl76 Cu 48¢ 0.04 0.38 0.16 13
I-43d a=0.9694 Si 16¢ 0.20833 0.20833 | 0.20833 | 12 [30]
Cu,,Si, Cu 12a 0.375 0 0.25 12
Cu,,Si,, binary Cu-Si phase Cu,Si at higher temperature
rE¥ a=0.8815
¢=0.7903 i i i i i - P
Cu,Si,;, binary Cu-Si phase Cu,Si at lower temperature
cP20 .
_ 0.83Cu+0.17Si 12d 0.125 0.20224 | 0.45224
1;11/[33 a=0.62228 0.83Cu+0.17Si 8¢ 0.06361 0.06361 | 0.06361 ) [31]
Cu,Si, binary Cu-Si phase Cu,Si
hR* a=0.247 .
R3mr a=109.74° 0.75Cu+0.25Si1 3a 0 0 0 14 [32]
Mg,Si, binary Mg-Si phase Mg,Si
ez M 8 0.25 0.25 025 | 10
Fm-3m a=0.63447 £ ¢ ' ' ' [33]
Si 4a 0 0 0 8
CaF,
CuMg,, binary Cu-Mg phase CuMg,
oF'48 a=0.5275 Mg 16g 0.125 0.125 0.0415 15
Fddd 02 b=0.9044 Cu 16g 0.125 0.125 0.49819 | 10 [34]
CuMg, c=1.8328 Mg 16f 0.125 0.4586 0.125 15
Laves ¢, binary Cu-Mg phase Cu,Mg
ck24 c 16 0 0 0 12
Fd-3m02 = u ¢
o a=0.7021 Mg 8h 0.375 0375 | 0375 | 16 | B
u,Mg

Table I continued on the next page
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CuMgSi_Sigma, ternary compound Cu, Mg Si,

Cu 32f 0.121 0.121 0.121 13
cF116 Cu 32f 0.334 0.334 0.334 12
Fm-3m a=1.165 Mg 24e 0.288 0 0 17 | [24]
Mn23Th6 Si 24d 0 0.25 0.25 12
Si 4q 0 0 0 8
Tau, ternary compound Cu,Mg,Si
hP12
P6,/mmc 1=0.5001 Cu 6h 0.1667 0.3334 0.25 12
Cu;Mg,Si 07872 Mg 4f 0.3333 0.6667 0.5625 16 | [14]
(ordered e Si 2a 0 0 0 12
MgZn,)
Laves ¢, ternary compound Tau3 with the composition (Cu,,Si, ,),(Mg, ,.Cu, ,,)
cP24
P4.32 0.959Cu~+0.041Si 12d 0.125 0.13084 | 0.38084 | 12
(ordered a=0.69776 | 0.882Mg+0.118Cu 8¢ 0.00295 0.00295 0.00295 | 16 | [18]
derivative of 0.723Si+0.277Cu 4a 0.375 0.375 0.375 12
Cu,Mg)

* Wyckoff Positions; * Coordination Numbers; © The binary phase Cu,Mg and ternary phase Tau3 are treated as one phase Laves

point of 927 °C. They investigated the phase area Mg-
CuMg,-Cu,Mg,Si-Mg,Si by means of thermal
analysis and micrographic examination. The vertical
sections Cu,Mg,Si-CuMg, and Cu,Mg,Si-Mg,Si were
found to be “pseudo-binary” with eutectic points at
565 and 857 °C, respectively. Besides, two invariant
four-phase equilibria were reported: a ternary
transition reaction at 508 °C and 38 wt.% Cu, 0.6
wt.% Si: Liquid+Cu,Mg,Si=CuMg,+Mg,Si, and a
ternary eutectic reaction at 479 °C, and 32.5 wt.% Cu,
0.4 wt.% Si: Liquid=Mg+CuMg,+Mg,Si.

Witte [13,14] investigated the vertical section
between the composition MgCu, and MgSi, by
thermal analysis. His study shows that there is a
polymorphic transformation in Cu,Mg,Si between
870 and 890 °C: the high temperature form is MgNi,
type (disordered Laves phase with C36 type), whilst
the low temperature form is MgZn, type (ordered
Laves phase with C14 type). Witte [13,14] determined
the structure of Cu,Mg,Si using XRD analysis. He
also found the second ternary compound Cu, Mg Si,
and investigated its structure.

Komura and Matsunaga [15-18] found the third
ternary compound Tau3 near the composition
(Cu,¢Siy,),(Mg, Cu, ;). This compound is a new
ordered ternary C15 Laves phase. The composition
range of the alloys used by Komura and Matsunaga
[15-18]is: 25-35 at.% Mg, 10-20 at.% Si, rest Cu. The
alloys were annealed at 500 °C for 10 days, and then
crushed to small single crystals appropriate for X-ray
analysis. The results show that the ternary compound
Tau3 exists in solid state at 500 °C. Matsunaga [17,18]
determined the homogeneity range of this new
compound: 25.5 to 30.0 at.% Mg, 13.5 to 16 at.% Si,
rest Cu, but its formation reaction and the highest and

lowest temperatures of existence are unknown. In the
same investigation [17,18], the homogeneity range of
the binary compound Cu,Mg was established to
extend into the ternary system up to 25-33.3 at.% Mg
at about 13 at.% Si. These data agree with the results
of Klee and Witte [19], who determined that the
solubility of Si in Cu,Mg along the 33.3 at.% Mg
section can reach 13.3 at.% using the measurement of
magnetic susceptibility.

Using a combination of thermal analysis, optical
microscopy, XRD analysis and chemical analysis on
250 alloys, Aschan [20] investigated the phase
equilibria of Cu-Mg-Si system in Cu-rich corner and
reported a series of three-phase and four-phase
invariant equilibria. Bochvar [7] constructed the
450 °C isothermal section of the Cu-Mg-Si system
after Aschan [20], and the Tau3 field is corrected
according to the data from Matsunaga [15-18] (see
Fig. 1).

According to the work of Aschan [20], the ternary
compound Cu, Mg Si, is formed from melt by a four-
phase  peritectic  reaction at 826  °C:
Cu,Mg+Cu,Mg Sitliquid=Cu, Mg Si, (826 °C): and
the ternary compound Cu,Mg,Si is formed from a
three-phase peritectic reaction at 930 °C:
Cu,Mg+liquid=Cu,Mg,Si (930 °C). It can be seen that
both the ternary compounds Cu,Mg-Si, and
Cu,Mg,Si are incongruent melting compounds. This
result agrees with the findings of Witte [13,14],
therefore we can make a conclusion that there is no
pseudo-binary section in this system and the
conclusion of Portevin and Bonnot [12] there exist
two pseudo-binary sections Cu,Mg,Si-CuMg, and
Cu,Mg,Si-Mg,Si is not correct. Fig. 2(a) is the
liquidus projection redrawn from Aschan [20]



102

J. Zhao et al. / JMM 52 (1) B (2016) 99 - 112

Axes: at.%

CuzMg 40 60 C:Mgz 80 Mg

Axes: at.%

. 4 -3
< P z
_“_ g
3 e
%d P\~ Laves Y. ,
\ \Cuw)\ _800__
Cu Dl

I I |
G780 Uy cuMg, Oy, ¢ M) Mg

Cu 65.00
Mg 0.0
si 35.00
Axes: at.%

Cu 90.00 10 20 Cu 65.00

Mg 25.00
Si 10.00

Figure 2. The projection of the liquidus surface of the Cu-
Mg-Si ternary system [7]: (a) in the whole
composition range, and (b) in the Cu corner

replacing mass% for at.% by Bochvar [7]. Fig. 2(b)
presents the enlarged view of the copper corner.

Farkas and Birchenall [21] studied the alloy with
the composition 56Cu-17Mg-27Si (wt.%) using
differential thermal analyses (DTA), XRD, optical
microscopy and scanning electron microscopy (SEM)
techniques. According to the work of Farkas and
Birchenall [21], this alloy is constitute of the ternary
eutectic structure, Cu, Mg Si,+Mg Si+(Si), with the
transformation temperature of 770 °C. However, these
results are contradict to the work of Aschan [20] and
Witte [13,14], who showed the ternary eutectic
structure is Cu,Mg,Si+Mg,Si+(Si) for the same
composition.

The thermodynamic properties of ternary liquid
Cu-Mg-Si alloys along the section X /x=7/3 were
determined by Ganesan’s group [2, 22, 36]. They
measured the enthalpies of mixing by isoperibolic
calorimetry, and Mg vapor pressures by an isopiestic
method. Partial thermodynamic properties of Mg
were derived from the vapor pressure data, and the
composition dependence of the Mg activities was
given for 900 °C [2,22]. They also studied the Cu-Mg-
Si phase diagram along the isopleth with x /x,=7/3
by means of DTA and XRD methods [36].

Arabaci and Yusufoglu [11] determined the
thermodynamic properties of ternary Cu-Mg-Si alloys
by using thermogravimetric Knudsen effusion method
(KEM). The phase boundary compositions in the
phase diagram with w, /w, = 20/80 were given in
their work [11].

3. Experimental

Due to the high volatility of Mg, it is difficult to
prepare samples by the traditional arc-melting
method. In the present work, the powder metallurgy
method described by He et al. [37] was used. Thirteen
Cu-Mg-Si alloys were prepared from pure elemental
powders (Cu 99.9 wt.%, Mg 99.99 wt.%, Si 99.9
wt.%). The pure powders were weighed with a high
precision balance with an accuracy of 0.0001 g, and
then the powders were blended in a mechanical mixer.
After mixing, the powders were pressed into green
compacts with a powder metallurgy die of 10 mm
diameter. After that, the green compacts were put into
iron tubes. These iron tubes were sealed by arc
melting in a vacuum arc furnace (WKDHL-I, Opto-
electronics Co. Ltd., Beijing) in a high-purity Ar
(99.9999 %) atmosphere. All the iron tubes were put
in a muffle furnace at 800 °C for 2 hours. Then some
of the alloys (1#-9#) were annealed in a tube-type
furnace at 500 °C for 60 days, and the others
(10#-13#) were anncaled in the muffle furnace at
700 °C for 50 days. After annealing, the alloys were
quenched in cold water. Finally, all the alloys were
pulverized in an agate mortar and analyzed using
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XRD (Rigaku D/max2550VB, Japan). The phases 1200 : : : :
present in the alloys were identified using MDI 1084.6 (a)
(Materials Data Inc.) Jade 5.0 software and the ICDD- 1000 L
PDF database. L
800.4
4. Thermodynamic model ) 800 7 B
O&; (Cw+ 649.9
In the present modeling, the Gibbs energy 2 600 L
functions of pure elements Cu, Mg and Si were taken &
from the SGTE (Scientific Group Thermodata & 400 4 486.6 |
Europe) compilation [38]. The thermodynamic &
parameters in the Cu-Mg, Cu-Si and Mg-Si binary (Mg)~
systems were taken from references [39], [40] and 200 B
[41], respectively. The calculated binary phase
diagrams are presented in Figs. 3(a)-(c). 0 | : ‘ :
The phases in the Cu-Mg-Si system to be 0 0.2 0.4 0.6 0.8 1.0
optimized in this work are as follows: liquid; binary .
phases, Cu,Si, and Cu,Si,; three ternary Cu Mole fraction Mg Mg
compounds, CuMgSi_Sigma (Cu,,MgSi)), Tau 1600 I ! !
(Cu,Mg,Si), and Laves (Tau3). Different models were (b)
employed to describe the above mentioned phases. 1400 M35
4.1 Solution phases 1200 - - -
1084.6
The solution phases, i.e., liquid, fcc Al (Cu), %i 1000 - -
hcp A3 (Mg), and diamond A4 (Si) were described & | \Oo 5005
with the substitutional solution model. 2 8004 ., - -
The molar Gibbs energy of phase ¢ (¢ representing g i\ |
the aforementioned solution phases) is expressed as £ 600 = . | B
below: & col | E ,
4004 |_E t
Gi= > x'G'+RT 3, xIn(x)+“G' 20 i —7 0
i=Cu,MgSi i=Cu,MgSi 200 - S ? § f L
where R is the gas constant, 7 is the temperature in K, O
x, 1s the mole fraction of component i (i=Cu, Mg and 0 ‘ ' I |
i . . . 0 0.2 0.4 0.6 0.8 1.0
Si), °GYis the molar Gibbs energy of pure element 7 at C ) . Si
25 °C and 1 bar, in its standard element reference u Mole fraction Si
(SER) state [38], and «;¢ is the excess Gibbs energy, 1600 | I ! !
expressed by a Redlich-Kister polynomial [42]:
P Y POy [42] 1400 (c) 1413.9
exyh — e j L
G"= xCungjg:L” ! LCu,Mg(xCu _ng)j + 1200 - L
N
7 Y O 1000 -
+XCMXSij:OZL.. LCu,Si(xCu xg) + A 5363
v o . ) g 800 - -
T Xy Xsi j=OZI Ly si (X —Xg5)" + ;;i 23?}2 a7 Sk
= «—Mg2Si
+ ‘xCung‘xSi(xCu (0)L¢Cu,Mg,Si + a 400 J M) o -
+ ng (1)L¢Cu,Mg,SI + xSI (Z)Ldéfu,Mg,Si) 200 - L
where V¢ Or? and V'L, . are the interaction 0 . . | .
parameters of 4 phase from the binary systems Cu- 0 02 04 06 08 1.0
Mg, Cu-Si and Mg-Si.®r¢, | . denotes the ternary Mg Mole fraction Si Si

u, Lol . . K
interaction parameter among éu, Mg and Si, which is
expressed as:

wr = A+ BT

'Cu,Mg,Si

(€)

Figure 3. Calculated phase diagrams of (a) Cu-Mg, (b) Cu-
Si and (c) Mg-Si binary systems according to
[39], [40] and [41], respectively
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where A and B are the parameters to be optimized. In
this work, only the ternary interaction parameters for
liquid were optimized.

4.2 Binary intermetallic phases

Both the binary phases Cu,,Si, and Cu,Si,,
exhibit some solubility for Mg [20]. They were
described with the sublattice model (Cu,
Mg)j 750474510.210526 AN (Cu, - M) 556551, 1641705
respectively, with Mg atoms dissolving in the first
sublattice only. The boldfaces mean normal atoms
(i.e., major species) in the sublattice. The Gibbs
energy of the phase (Cu, Mg) Si per mole formula is
described by the Compound-Energy Formalism,
which is expressed as:

(Cu,Mg),, Si, _ '
G - yCu + yMg

+mRT(yg, In ye, + ¥y Iy ) +

N

+ VeVl 2
' , j=0,1...
where Vc¢,and Yy, are the site fractions of Cu and Mg

in the first sublattice. The parameters denoted as

GLCuMemshand Gyt are the Gibbs energy of the
formation of the so-called “end-members”. The
parameter ’ L(CC;‘AZ% S represents the interactions of Cu

and Mg within the first sublattice.

G(CusMg)m Siy

(Cu,Mg),, Si,
Cu:Si G +

Mg:Si

N G
ew=Vae)’]

J [ (CuMg),, S,
Cu,Mg:Si

4.3 Ternary phases

The ternary compounds CuMgSi Sigma phase
(Cu,,MgSi;,) and Tau phase (Cu,Mg,Si) were
described with the stoichiometric model. The Gibbs
energy of CuMgSi_Sigma phase (Cu,Mg-Si,) is
expressed as follows:

CuMgSi _Sigma __ 0, fce 0,hcp 0,dia
G =16x G,/ +6x G, " +TxGg™ + (5)

+a+bT
where a+bT is the formation energy of one mole
formula compound. a and b are parameters to be
optimized in this work. An analogous equation can be
written for the Gibbs energy of Tau phase and its
formula is changed into Cu,,,Mg,Si ,. according to
the experimental results of this work.

The third compound Tau3 phase,
(Cu,¢Siy,),(Mg, .Cu, ,), is an ordered laves_C15
structure phase, which is formed by the extension of
the binary Cu,Mg phase to the Cu-Mg-Si ternary
phase region, but the highest and lowest temperatures
for its presence as well as its phase relationship with
other phases are still unknown. According to the study
of Klee and Witte [19], the solubility of Si in Cu,Mg
can be up to 13.3 at.% along the section of 33.3 at.%
Mg. In the present work, the third ternary compound
Tau3 and the binary compound Cu,Mg were modeled
as one phase Laves: (Cu, Mg, Si),(Cu, Mg, Si), which

1.26

is consistent with the modeling of laves C15 phase in
other ternary systems such as Al-Cu-Mg and Cu-Mg-
Ni [43]. There are 9 ideal (or hypothetical)
compounds and 18 interaction parameters in this
model. The Gibbs energy of Laves phase per mole
formula is expressed as follows:

G = H™ = ¥, 3, G+ 7, 3" Gl +
+ 'y OG;,":Z;;S +'ey "Mg OGéﬂ;VAZ +
¥l ¥, Gl + Ve ¥ "Gl
+3'5 3" "Gsien +3'5 ¥ e 'Gsivig
Ve Vs OGAZ:g +2RT(y'c, Iny'c,+
+ Ve Iyt yigIny's)+

+ RT(y" o, Iny"c,+ "y, Iny", +

+

(6)

+ Iy )+ ¥, Y (0 L,
+ y "Mg LLC‘;‘?‘;:Mg + y”Si Lé'(:},?l&) +

+ Ve y 'Mg 0" Lgvj\jlgfu +y "Mg LLC?;V,ixlg:Mg +
+ ' Lf?‘::jlfigts‘i) +y 'Mg V'O Lﬁggﬂc‘x +
+y "Mg Liv‘lzgv,e;i:Mg " Ll;;;fgi:Si) "0y
'e LLCT& sty 'Mg Lizw’:eéu,sr +' Léfvcejsl)
+ y"Cu y"Mg (y 'Cu Lff‘;‘:)?u,Mg + y'Mg Lﬁ/g::e(,{u,Mg +
+ 0" L)+ V" V"5 (Ve Lengersi +
+ y'S,- LLaves )

] Laves
+y MgL Si:Mg,Si

'‘Mg:Mg ,Si
where Y'c,»V 'y @1d ¥'g are the mole fractions of Cu,
Mg and Si in the first sublattice, while »"c.» )"y, 4nd y"
are the mole fractions of Cu, Mg and Si in the second
sublattice, respectively.

4.4 Optimization procedure

The evaluation of the model parameters is attained
by recurrent runs of the PARROT module in the
Thermo-Calc program [44], which works by
minimizing the sum of squares of the differences
between experimental values and computed ones. The
step-by-step optimization procedure described by Du
et al. [45] in detail was utilized in the present
assessment. First, the thermodynamic parameters of
the liquid phase were obtained preliminarily using the
data of the thermodynamic properties of the liquid
phase. Next, the thermodynamic parameters of the
ternary compounds were optimized using the data of
the phase equilibria at 450, 500 and 700 °C. Then, the
ternary interactive parameters of the binary Cu-Si
compounds were introduced. Finally, with a
comprehensive consideration of the data of the liquid
projection, isothermal sections, vertical sections, and
the thermodynamic property data of the liquid phase,
the thermodynamic parameters of the liquid phase,
ternary phases and the binary Cu-Si compounds were
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optimized, to make sure that the thermodynamic
parameters obtained in this work can reproduce the
experimental data of the Cu-Mg-Si system.

5. Results and discussions
5.1 Experimental results

The XRD results of the alloys in this work are
listed in Table 2. The existence of the three ternary
compounds was confirmed and partial phase
equilibrium relationships of them were identified. The
experimental results show that Laves, Tau and
CuMgSi_Sigma are stable at both 500 and 700 °C. In
the investigated samples, the following three-phase
regions: Laves + Tau + CuMgSi_Sigma, Tau + Mg,Si
+ (Si), Tau + Laves + CuMg,, and Mg,Si + CuMg, +
(Mg), and the two-phase region: Laves + (Cu) were
identified at 500 °C; the two-phase regions: Laves +
(Cu), Laves + Tau, and CuMgSi_Sigma + Cu,Si were
identified at 700 °C.

Table 2. Cu-Mg-Si alloy compositions and phases
coexisting upon equilibration at 500 °C and 700 °C
according to the XRD results

Alloy (Composition (at. %) Ann.

No. | Ca | Mg | Si tz::g})). Coexisting phases
1 10 40 | 50 | 500 Mg,Si+(Si)+ Tau

2 67 20 | 13 | 500 Laves+(Cu)

3 50 37 | 13 | 500 | Tau+ Laves+CuMg,
4 | 15 | 72 | 13 | 500 | Mg,Si+CuMg,+(Mg)
5 5 | 82 | 13 | 500 | Mg,SitCuMg,+(Mg)
6 79 12 9 | 500 Laves+(Cu)

7 | 50 | 333 16.7] 500 czﬁ;s%jsvie;a

8§ | 457|333 | 21 | 500 Czﬁgsﬁ‘;e;a

9 75 20 5 1500 Laves+(Cu)

10 67 20 | 13 | 700 (Cu)+ Laves

11 79 12 9 | 700 (Cu)+ Laves

12 | 457 | 333 | 21 | 700 Laves+ Tau

13 | 552 ] 20.7 |24.1| 700 |CuMgSi_Sigma +Cu,Si

5.2 Thermodynamic calculation results

The assessed thermodynamic parameters for the
Cu-Mg-Si system are listed in Table 3.

Fig. 4 shows the calculated isothermal section at
450 °C with the comparison of the experimental data
from literature [20]. Fig. 4(a) is the isothermal section
in the whole composition range, and Fig. 4(b) the arca
in the Cu-rich corner. It can be seen that the calculated

Table 3. Thermodynamic models and parameters of the Cu-
Mg-Si ternary system (Parameters are valid in
temperature interval 298.15 < T < 2500 K)

Phase: L; Model: (Cu,Mg,Si),
”Géu,Mg’Si = Xey " Xyt Xi[(-27023.6+32.0757- T)x, +
+(-20909.7+29.7609- T)x,,, +(-287407-2.87573- T)x]
Phase: CuMgSi_Sigma; Model: Cu ;Mg Si,
OGg::A]/Z_S:‘;?Sigma _ 160Géi('*/11 _ 60(;]};:7/13 _ 70G§imm{1nd7/l4 -
=-506236+20.0884-T

Phase:Tau; Model: Cu,,,Mg,Si, ,¢

OGg:uMg:Si _ 2.740Gcf;‘(]7/11 —ZOG}{Z*M _ 1.260G§1immun4744 —
=-129354+8.43518- T

Phase: Laves; Model: (Cu, Mg, Si)z(Cu, Mg, Si)l

"Gl ~3°GL " =15000

Groe, —2°Gy =" = °G/-"" =104971-16.4645- T

OGé?giv _ Zﬂcganiand7A4 _ OGC/‘Z;AI — 90000

OGé;’@ =-54690.99+364.73085- T —

—69.276417-T-In(T)—5.19246-107* - T* +
+143502- T™' - 5.65953-10°- T*

Gy —3°Gy?-" =15000

OGSLX_?AZ _ 20G;il.iamond7A4 _ OG:ZJ3 — 90000

OGLL:v;’s _ ZOGC{(:"AI _ OGgamond7A4 — 90000

OG@Z‘:?; _ 20GAJZLA3 _ oGgimmonLM —=90000

UG;?;;& _30G31[[amamliA4 — 90000

"Gl o, =13011.35
"GLes | =6599.45
"Gl | =6599.45
°GLee L, =13011.35
°GLes | =15000

‘Gyes =15000

Geroe =—291567+110- T

Gl =—234365+16-T

Phase: Cu,,Si,; Model: (Cu, Mg), ... Sigsi056

G —0.789474 ° G- - 0.210526 G- =
=1240.9639-6.7191165- T

G —0.789474°G 7 - 0.210526 G- =
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results agree with the literature [20]. Fig. 5 and Fig. 6
show the calculated isothermal sections of Cu-Mg-Si
system at 500 and 700 °C, respectively. The
composition points of the alloys used in the present
experimental work are also shown for comparison.
Combined with Table 2, it can be seen that the
calculated results agree well with the experimental
results. Fig. 7 shows the calculated vertical section
along Cu.Si,-Mg compared with the literature data
[36]. The calculated results agree with most of the
literature data except for some discrepancies, i.e., the
calculated liquidus temperature of Mg,Si is higher
than the literature value, and the calculated
temperature of the four-phase equilibrium,
L+Tau=Mg,Si+CuMg, (U10), is higher than the
literature data [36]. Fig. 8 shows the calculated
mixing enthalpy of ternary liquid Cu-Mg-Si alloys
with x. /X, = 7/3 compared with the experimental
data from Ganesan et al. [2]. It can be seen that in the

Laves~ CuMg2
0 0.2 0.4 0.6 0.8 1.0
Cu Mole fraction Mg Mg
Cu0.6Si0.4
T=450 oC 0.40 o esingle phase region

o m 2 phase region
A 4 3 phaseregion

Mecthod: o ma from X-rays
® ® 4 from micrograph

(b)

0 b Laves
0 0.1 0.2 0.3 0.4

Cu Weight fraction Mg Cu0.6Mg0.4

Figure 4. Calculated isothermal section at 450 °C of the
Cu-Mg-Si system: (a) in full composition range,
and (b) in Cu corner compared with the
experimental data from [20]

This work:

O 2 phaseregion
a 3 phaseregion

T=500°C

(Cu
3 Lavesh
0.4

CuMg2
0 0.2 0.6

Mole fraction Mg

Figure 5. Calculated isothermal section at 500 °C of the
Cu-Mg-Si system with the composition points of
the alloys used in the present work

This work:

T=700°C O 2phaseregion

&
>

CulsSi4C3S‘

KRy

(Cu)
0 Lavesh (Mg]
0 0.2 0.4 0.6 0.8 1.0
Cu Mole fraction Mg Mg

Figure 6. Calculated isothermal section at 700 °C of the
Cu-Mg-Si system with the composition points of
the alloys used in the present work

Mg-rich side, the calculated results agree well with
the experimental data, but near the Cu-Si side there is
a discrepancy between them. This discrepancy is
apparently caused by the thermodynamic parameters
of the binary Cu-Si system, which is not consistent
with the experimental data from Ganesan et al. [2].
Fig. 9 shows the calculated activities of Mg in liquid
phase at 900 °C along the isopleth x /x; =7/3. The
calculated results agree well with the literature data
[2].

Fig. 10 shows the calculated vertical section of
W /W =20/80 in the Cu-Mg-Si system. The
calculated results are in good agreement with the
phase boundary compositions obtained from Arabaci
and Yusufoglu’s work [11].

Fig. 11(a) and (b) show the calculated liquidus
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projection of Cu-Mg-Si system using thermodynamic
parameters obtained in the present work. Compared
with the liquidus projection constructed from the
literature data (see Fig. 2(a) and (b)), the phase
relationships and the main geometric features of Fig.
11 and Fig. 2 are consistent with each other. Table 4
lists the temperatures of the invariant equilibria
calculated using the presently obtained
thermodynamic parameters compared with those from
literature. It can be seen from Table 4 that the ternary
compound Tau is formed from a three-phase peritectic
reaction L+Laves=Tau(pl,max), while the
CuMgSi_Sigma phase is formed from a three-phase

1000 . ! ! L
xcu/xsi=7/3
900 L
L+CuMgsi_gigma
800 - L
E') 5 L+Mg2Si
$ 700 e L
32 Z E
s S 3
é 600 é, cl -
o O K- AMMM A A
= s00{ 2 J& L
i fl CuMg2+Mg2Si+Tau
4004 2 |2 -
3 CuMg2+Mg2Si+ (Mg)
300 . : :
0 0.2 0.4 0.6 0.8 1.0
Cu0.7Si0.3 Mole fraction Mg Mg

Figure 7. Calculated Cu,Si.-Mg vertical section compared
with experimental data from [36]

0 1 1 |

e T=697°C 0
o T=827°C

Enthalpy of mixing (kJ/mol)

| |
0 0.2 0.4 0.6 0.8 1.0

Cu0.7Si0.3 Mole fraction Mg Mg
Figure 8. Calculated enthalpy of mixing for ternary liquid
Cu-Mg-Si alloys with xCu/xSi = 7/3 (the referring

state is liquid) compared with the experimental
data from [2]

eutectic reaction: L = Laves + CuMgSi Sigma
(e2,max). Both the phases Tau and CuMgSi Sigma
are incongruent melting compounds, so there are no
pseudo-binary vertical sections in this system. This
conclusion is consistent with the study of Aschan [20]
and Witte [13, 14]. Fig. 12 shows the Scheil reaction
scheme developed based on the present calculation.
Compared with the invariant reaction temperatures
from literature, some of the temperatures calculated in
this work have some differences (greater than 20 °C).
There are three main causes for this: 1. No ternary
interaction parameters were introduced for most of the
binary phases; 2. The optimization was conducted from
the overall point of view of the phase relationships and
some parts can not be well satisfied; 3. There exist
deviations between the experimental data from
literature and more work is needed for the verification.

0 | I I |
T=900°C xcu/xs=7/3 '
ats i
52
" [
1.5 ") -

-0.5+
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0 0‘.2 O!4 0{6 0.8 1.0
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Figure 9. Calculated natural logarithm of the magnesium
activity for liquid Cu-Mg-Si alloys along the
isopleth with xCu/xSi =7/3 at 900 °C, compared
with the experimental data from [2]
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Figure 10. Calculated wCu/wSi=20/80 isopleth compared
with the literature data (points denote the phase
boundary compositions obtained from [11])
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Table 4. Calculated invariant equilibria compared with the literature data

T ture/°C Temperature/°C Difference between the
Symbol Invariant Reaction emperature (calculated in this |calculation and the literature
(literature data) work) data
930 [20] 927(melting
—+ =
pl,max L+Laves=Tau point) [12] 930 0
e2,max L=Laves+CuMgSi Sigma 835.81
Ul (Cu)tbec A2=L+hcp A3 824 [20] 839.72 15.72
U2 L+Laves=Tau+CuMgSi Sigma 826 [20] 825.1 -0.9
Pl L+Cu,,Si,+ Cu,Si =Cu,Si, 763 [20] 804.9 419
U3 L+bce_A2=Cu,Si, thep_A3 800 [20] 796.9 -3.1
U4 L+bece_A2=Cu,Si  +Cu,,Si, 806 [20] 796.69 -9.31
U5 L+hep_A3=(Cu)+Cu,,Si,, 787.86
U6 L+Cu,,Si,=Cu,Si  +Cu,Si, 772 [20] 784.72 12.72
U7 L+Cu,Si,= Cu,Si +Cu,Si,, 745 [20] 775.28 30.28
El L=(Cu)+Cu,Si, +Laves 759.7
E2 L=CuMgSi_Sigma+Tau+(Si) 752.33
Us L+CuMgSi_Sigma=Laves+Cu,Si 723 [20] 732.44 9.44
E3 L=Laves+Cu,Si+Cu,Si,, 701 [20] 732.09 31.09
P L 739 [20] -25.54
E4 L=CuMgSi_Sigma+Cu,Si+(Si) 713.46
‘ 742 [23] -28.54
ES5 L=Tau+Mg,Si+(Si) 760 [14] 711.17 -48.83
U9 L+Laves=CuMg,+Tau 564.82
, 508 [12] 47.44
ul1o0 L+Tau=Mg,Si+CuMg, 555.44
524 [23] 31.44
, 479 [12] 6.34
E6 L=(Mg)+Mg,Si+CuMg, 485.34
491.5 [23] -6.16
Si 0.25 CuMgSi_Sigma ;
0.20 F
=
=l
=
g
015 -
‘uMg2 0.10
Cu © 02 04 0608 10 Mg 0 0.05 0.10 0.15

x(liquid,Mg)

x(liquid,Mg)

Figure 11. Calculated liquidus projection of the Cu-Mg-Si ternary system using the parameters of the present work: (a) in
the whole composition range, and (b) in the Cu-rich corner
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Through the comparisons of the calculated
isothermal sections, vertical sections, thermodynamic
property diagrams and liquidus projection with the

(Cu)+bee=hcp

823.89 p4

1
|839.72| (Cu)+bee=L+hcep IUll

835.81 | e2,max

L+hep+(Cu) L+hcptbee
]
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R —

[
[796.9 [ L+bee=CuseSin+hep | U3]
I
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[796.69]L+bee=CuseSiii+Cussiz [u4]

L+Cus6Sit+Cu3sSi7

bee+CuseSit+CussSiz

[
[787.86] L+hep=(Cu)+Cusesin [ Us]
I

hep+(Cu)+CuseSin LH(Cu)+CussSin

]
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I
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—
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Cu-Si Cu-Mg-Si Mg-Si
946.52] el
929.42 | pI,max L=Mg2Si+(Si)
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853.27] p2
L+(Cu)=bcc
841.93 p3

Figure 12. Scheil reaction scheme of Cu-Mg-Si system obtained from this work: (a) part 1

experimental ones (Figs. 4-11), one can see that the
thermodynamic parameters obtained in the present
work can reasonably describe the Cu-Mg-Si system.
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Cu-Mg-Si Cu-Mg | Mg-Si
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Figure 12. Scheil reaction scheme of Cu-Mg-Si system obtained from this work:

6. Conclusions

(b) part 2. Note: Sigma denotes CuMgSi_Sigma phase

results confirmed the existence of the three ternary
compounds CuMgSi_Sigma (Cu,MgSi;), Tau

13 Cu-Mg-Si alloys were prepared. Through the (Cu,Mg,Si) and Laves phase.
XRD analysis, the isothermal sections of Cu-Mg-Si A critical review was conducted to the literature
system at 500 and 700 °C were determined. The data of the Cu-Mg-Si system. On the basis of the
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phase diagram and thermodynamic data from
literature, combined with the experimental results of
the present work, a thermodynamic optimization was
conducted to the Cu-Mg-Si system. The
comprehensive comparisons with the experimental
data show that the thermodynamic parameters
obtained in this work can describe most of the
experimental data.

The liquidus projection of the Cu-Mg-Si system
was calculated and the phase relationships are
consistent with the ones from literature.
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