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Abstract

More than three decades have passed since the publication of Alan Prince’s book on multicomponent phase equilibria. The most
significant development in this time has been the use of a combined computational /experimental approach to calculate multicomponent
phase diagrams. This has led to important advances in the design and processing of structural and functional materials for practical
applications. In this paper, we present a few examples focusing on aluminum alloys from the classical Al–Cu binary to multicomponent
alloys with a view toward practical applications.  2001 Elsevier Science B.V. All rights reserved.
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1. Introduction small. This implies that interactions for quaternary and
higher order systems are anticipated to be even smaller and

Since the classical book by Alan Prince on Alloy Phase may be ignored. If quaternary and higher order phases do
Equilibria [6], advances in this field have been made not exist, this approach allows us to compute phase
primarily in the use of a combined computational /ex- diagrams of higher order systems based only on the
perimental approach to obtain multicomponent alloy phase descriptions of constituent binaries and ternaries. In ess-
diagrams. In this approach, thermodynamic descriptions of ence this approach becomes a powerful tool in obtaining
constituent binaries of a multicomponent system are phase diagrams of multicomponent systems for technologi-
developed first relying primarily on experimentally de- cal applications.
termined thermodynamic and phase equilibrium data. The It is well known that quaternary phases rarely exist in
term thermodynamic description of a system means that a practice with relatively few exceptions [3]. However, when
set of thermodynamic model parameters for all phases they do exist in systems of interest, the experimental data
involved is obtained such that not only the phase diagram must be used to develop descriptions of these quaternary
but also the single phase thermodynamic properties can be systems. But the effort involved usually turns out to be
calculated (e.g. Ref. [7]). The parameters should be much less challenging than that for binary and ternary
obtained from extensive and reliable experimental data. systems. Nevertheless, multicomponent phase diagrams
However, in many alloy systems extensive experimental obtained in this manner must be verified experimentally.
data are not available and judgement needs to be made in But the effort involved is greatly reduced when compared
constraining these parameters either by experience or semi- to purely relying on experimental investigations as has
empirical correlations (e.g. Refs. [8,11]) or both. On the been done in the past. The calculated phase diagrams serve
basis of the binary descriptions and ternary experimental as an intelligent guide to focus on a few alloys for
data, thermodynamic descriptions of ternaries can be experimental investigation. For example, Liang [23] had
readily developed in a manner similar to that for binaries recently carried out experiments to measure the solid /
using one of the geometrical models (e.g. Ref. [16]) to liquid phase boundaries of quaternary Al–Cu–Mg–Zn
extrapolate the Gibbs energies of binary to ternary solution alloys experimentally in the aluminum rich corner. It was
phases. Moreover, when reliable binary descriptions are found that the experimentally determined values are indeed
developed, ternary parameters introduced are normally in accord with those calculated, at least for this quaternary

system.
*Corresponding author. After the thermodynamic description for an alloy system
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is developed, thermodynamic calculation software is used to carry out the calculation were obtained from the ternary
to calculate the phase diagrams and thermodynamic prop- thermodynamic description by Chen et al. [22]. An exami-
erties. Although the basic principles for calculating phase nation of the calculated solidus curve of (Al) shown as a
diagrams have been known for more than a half-century, dashed line in Fig. 1 showed that the calculated solubility
only recent advances in computational methods and the of Cu along the isopleth of Al–Cu Mg was as much as0.5 0.5

availability of fast computers have made the calculations 0.5 mol.% lower than the experimental data [15]. Xie et al.
possible. The calculated phase diagrams provide a road attributed the discrepancies, between the calculated and
map for materials and processing development such as in experimentally determined concentration distributions in
metal casting and subsequently thermal mechanical treat- the dendrite arms, to the inaccurate solidus surface of (Al)
ments in order to produce materials with the appropriate calculated from the description of Chen et al. [22]. The
microstructures and mechanical properties. inadequacy of the ternary description was a result of using

In the present study, we will present several examples of the binary Al–Cu description from the literature [18,20].
the rapid advances being made in obtaining phase dia- Subsequently, Liang et al. [25] showed that this was
grams using the combined computational /experimental indeed the case and provided an improved description first
approach with a view toward utility either for research in for the Al–Cu binary and then that for the Al–Cu–Mg
an allied field or for practical applications in alloy and ternary. As shown in Fig. 2, the calculated solidus curve of
processing developments. We will focus primarily on (Al) in the Al–Cu binary using the description of Liang et
aluminum alloys, but the approach is equally valid for al. is in accord with the five sets of data [1,25,30–33],
other alloys. The examples presented begin with the except for the data of Matsuyama [1] which is in error
classical binary Al–Cu to multicomponent Al–Cu–Fe–Si– [12]. Yan et al. [26] recently studied the degree of
Mg–Mn–Zn alloys. We will present in Section 2.1, the microsegregation in an Al–4.5Cu alloy using directional
importance of reliable binary descriptions for obtaining solidification. Comparisons of the calculated concentration
descriptions of higher order systems; in Section 2.2, a profiles of Cu in the dendrite arms as fractions of solids
comparison of calculated phase diagrams of quaternary using the modified Scheil model [24] and the thermo-
Al–Cu–Mg–Si with experimental data; in Section 2.3, a dynamic descriptions of Saunders [18,20] and Liang et al.
calculated isopleth of Al–Mg for the quinary Al–Mg–Fe– [25], respectively, are given in Fig. 3 with the experimental
Mn–Si system as well as a comparison of the calculated data [26]. It is evident from this figure that calculated
solidification path of alloy 5182, Al–4.74%Mg–0.1%Si– results using the improved description is in better agree-
0.28%Fe–0.34%Mn, with experimental data; in Section ment with the experimental data. The discrepancies in the
2.4, a calculated isopleth of Al–Cu for the six-component solubility of Cu in (Al) are less than 0.25 mol.%. A similar
Al–Cu–Fe–Mg–Si–Zn system and the heat of evolution
during the course of solidification of alloy 7075, Al–
1.36%Cu–0.28%Fe–2.49%Mg–0.11%Si–5.72%Zn; and
lastly in Section 2.5, a calculated isopleth of Al–Cu for the
seven-component Al–Cu–Fe–Mg–Mn–Si–Zn system and
the phase fractions as a function of temperature for alloy
390, Al–15%Si–5.5%Cu–0.65%Mg–0.3%Fe–0.01%Mn–
0.065%Zn. In the present paper, all compositions are given
in wt.% unless noted otherwise. All calculations for phase
diagrams, paths of solidification, heats of evolution as well
as the phase fractions are carried out with PANDAT [28].

2. Examples

2.1. Importance of binary descriptions

Recently Xie et al. [24] studied the degrees of mi-
crosegregation in Al-rich Al–Cu–Mg alloys experimental-
ly using directional solidification and computationally
using a modified Scheil model which incorporates coarsen-
ing of the dendrites, back diffusion in the solid, and the
effect of undercooling. They found discrepancies existed

Fig. 1. Comparison of the experimental liquidus and solidus along the
between the model-calculated concentration distributions isopleth Al–Cu Mg with those calculated using the description of0.5 0.5
of Cu in the dendrite arms and the results obtained from Chen et al. [22] shown as dashed lines and those of Liang et al. [25]
directional solidification. The phase diagram data required shown as solid lines.
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Fig. 4. Comparison of the experimental concentration profiles of Cu and
Mg in a directionally solidified Al–3.9Cu–0.9Mg alloy at a cooling rate
of 0.78 K/s [24] with the model-calculated values using the phase
diagram data or K (the partition coefficients) obtained from the descrip-
tion of Chen et al. [22] (denoted as using original K) and those using the

Fig. 2. Comparison of the experimental solidus data for the (Al)1liquid partition coefficients obtained from the improved description of Liang et
equilibrium in binary Al–Cu with the calculated solidus. The dashed lines al. [25] (denoted as using new K).
are calculated using the description of Saunders [18,20] while the solid
lines using the improved description of Liang et al. [25].

validity of a kinetic model in studying microsegregation in
alloys.

comparison for the ternary Al–3.9Cu–0.9Mg alloy is
presented in Fig. 4 and the same conclusion can be 2.2. Quaternary Al–Cu–Mg–Si system
reached. These results demonstrate that (i) a good thermo-
dynamic description of a constituent binary is necessary to Since the basic elements in the 2000 series of aluminum
obtain a good description of a ternary system and (ii) alloys are Al, Cu, Mg, and Si, we present in this section
accurate phase diagram data are needed in order to test the one calculated isopleth and one isotherm of this quaternary

Fig. 3. Comparison of calculated Cu concentration profiles in the dendrite
arms using two sets of phase diagram data with experimental results for Fig. 5. Comparison of a calculated isopleth of Cu–Mg for Al–Cu–Mg–
an Al–4.5Cu alloy directionally solidified at a growth rate of 0.05 mm/s Si with fixed values of 60% Al and 8% Si with the experimental data of
and a temperature gradient of 50 K/cm. Petrov et al. [2].



154 X.-Y. Yan et al. / Journal of Alloys and Compounds 320 (2001) 151 –160

using a thermodynamic description developed by Yan [27].
Since a quaternary phase Al Cu Mg Si exists, it was5 2 8 6

necessary to also model the quaternary system in addition
to modeling the constituent ternaries and binaries. How-
ever, the effort involved in modeling this quaternary is
minimum. Fig. 5 shows a comparison between the calcu-
lated isopleth of Cu–Mg with fixed values of 60% Al and
8% Si and the data obtained experimentally [2]. Good
agreement is achieved. Table 1 shows a comparison of
several calculated invariant equilibrium temperatures with
experimental data. Good agreement is again attained. As
shown in Fig. 6, the calculated 5008C isotherm is also in
accord with experimental data [4].

2.3. Quinary Al–Mg–Fe–Mn–Si system

The alloy AA5182 is an aluminum alloy containing Mg,
Fe, Mn and Si as the alloying elements. It is a strain-
hardening alloy with Mg contents varying from 4 to 5%.
Fig. 7A shows a calculated isopleth of Al–Mg from pure
Al to 70 mol.% Mg with fixed values of 0.28% Fe, 0.34%

Fig. 6. Comparison of a calculated 5008C isotherm of Al–Cu–Mg–SiMn and 0.1% Si. This isopleth is calculated using PAN-
with a fixed value of Si-1.8% with experimental data obtained from Smith

DAT [28] without providing any initial values. It is only [4].
necessary to specify (i) the intended compositions of Fe,
Mn and Si fixed at 0.28%, 0.34% and 0.1% respectively,
(ii) the intended temperature range from 400 to 10008C, from 0 to 10 mol.%. As shown in Fig. 7B, the sequence of
and (iii) the intended compositional range of Mg, from 0 phases formed when this alloy solidifies under equilibrium
to 70 mol.%. The isopleth shown in Fig. 7A is then condition is: L→L1Al→L1Al1Al Fe →L1Al113 4

automatically calculated using a multicomponent Al Fe 1Mg Si → Al1Al Fe 1Mg Si → Al1Al Fe 113 4 2 13 4 2 13 4

aluminum database [29]. It is interesting to note that the Mg Si1Al Mn. Solidification begins at 6348C and ends at2 6

topology of the phase equilibria in the mid composition 5768C with a freezing range of 588C. The freezing range
range as shown in Fig. 7A is quite similar to that in binary under actual cooling conditions would be larger due to
Al–Mg as shown in Fig. 7C [19]. microsegregation. A comparison of the calculated tempera-

The composition of the alloy AA5182 investigated by tures for the various reactions under equilibrium and Scheil
Backerud et al. [17] is indicated as a dashed line in Fig. 7A conditions are summarized in Table 2 with the experimen-
and B. The latter figure is an enlarged portion of the tal data of Backerud et al. [17]. Reasonable agreement is
isopleth shown in Fig. 7A with the Mg content varying obtained between the calculated and experimental results.

Table 1
Comparison of calculated invariant equilibrium temperatures (8C) with experimental data in the Al–Cu–Mg–Si system

Equilibrium Experimental Calculation

L1Mg Si5(Al)1(Si)1Al Cu Mg Si 521 [2] 5242 5 2 8 6

529 [10]
L1Mg Si5(Al)1u-Al Cu1Al Cu Mg Si 510 [14] 5112 2 5 2 8 6

513 [21]
510 [2]
512 [5]

L5(Al)1u-Al Cu1(Si)1Al Cu Mg Si 505 [2] 5092 5 2 8 6

506.5 [14]
507 [5]
510 [21]

L5(Al)1u-Al Cu1Mg Si1S-CuMgAl 500 [2] 5022 2 2

507 [5]
500 [14]

L1S5(Al)1Mg Si1T-CuMg Al 464 [2] 4672 4 6

467 [10]
L5(Al)1b-Mg Al 1Mg Si 1T-CuMg Al 444 [2] 4485 8 2 4 6

444–448 [10]
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Fig. 7. (A) A calculated isopleth of Al–Mg with fixed values of 0.28% Fe, 0.34% Mn and 0.1% Si. (B) A calculated isopleth of Al–Mg with fixed values
of 0.28% Fe, 0.34% Mn and 0.1% Si in the Al-rich portion of the isopleth shown in (A). (C) A calculated binary Al–Mg phase diagram [19].

Table 2
Comparison of calculated solidification temperatures under global equilibrium and Scheil condition with experimental value of Ref. [17] for A5182 alloy

Experiments with cooling Equilibrium Scheil
rates between condition condition
0.3 and 118C/s [17]

First reaction T, 8C 632–623 634 634
Second reaction T, 8C 621–617 622 622
Third reaction T, 8C 586–571 578 556

aFourth reaction T, 8C 557–470 451
aEnd of solidification, 8C 470 576 451

Solidification range, 8C 162 58 183
a Estimated value from the Al–Fe–Si phase diagram.
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We will in a later section present a comparison of the 60 mol.% Cu with fixed values of 2.47% Mg, 0.11% Si,
calculated freezing temperature ranges under equilibrium 0.28% Fe, and 5.72% Zn using the same database as the
and Scheil conditions with experimentally determined AA5182 alloy [29]. In view of the complexity of the phase
values for this quinary alloy as well as for two higher order relationships, phase fields are not labeled in this figure but
aluminum alloys followed by a brief discussion. the information can be readily obtained from PANDAT

[28]. The Al-rich portion of the phase diagram given in
2.4. Six-component Al–Cu–Mg–Si–Fe–Zn system Fig. 8A is enlarged for clarity and shown in Fig. 8B from 0

to 5 mol.% Cu with the phase fields labeled. As shown in
Fig. 8A shows a calculated isopleth of Al–Cu for this Fig. 8B, it is difficult to resolve all the phase equilibrium

six-component Al–Cu–Mg–Si–Fe–Zn system from 0 to features at temperatures above and below 4808C. Accord-

Fig. 8. (A) A calculated isopleth of Al–Cu with fixed values of 0.28% Fe, 2.49% Mg, 0.11% Si and 5.72% Zn. (B) Al-rich portion of the isopleth given in
(A). (C) Enlargement of (B) in the temperature interval between 470 and 4908C.
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ingly, phase equilibria in that region are further enlarged
and shown in Fig. 8C. The enlarged diagrams in Fig. 8B
and C should facilitate readers. The composition of the
alloy 7075 is shown as a dashed line in Fig. 8B being
Al – 1.36%Cu – 0.28%Fe – 2.49%Mg – 0.11%Si – 5.72%Zn.
Calculation of the Al–Cu isopleth for this six-component
system is similar to that for the quinary system except it is
necessary to fix the composition of four components.

Fig. 9 shows a comparison of the calculated tempera-
tures as a function of the fraction of solids formed using
the Scheil model with experimental data obtained from
thermal analysis [13]. Good agreement is obtained between
the calculated results and experimental data for the six-
component alloy 7075. In addition, the heat evolution
during the course of solidification under the Scheil con-
dition is presented in Fig. 10 as a function of temperature
from 631 to 4738C, at which the alloy is completely
solidified. The amount of heat evolved as shown in this
figure is considerably more exothermic than the heat of
freezing of pure aluminum, 210.8 kJ /mol [9].

Fig. 10. Calculated heat of evolution of the alloy 7075 as a function
temperature as a result of phase transformation during the course of

2.5. Seven-component Al–Cu–Mg–Si–Fe–Mn–Zn solidification under the Scheil condition.
system

In a similar manner as for the quinary system in Section done for Fig. 8A, phase fields are not labeled in view of
2.3, an isopleth of Al–Cu for the seven-component Al– the complexity of the phase equilibria. Since commercial
Cu–Mg–Si–Fe–Mn–Zn system is calculated using PAN- aluminum alloys consist of primarily the (Al) solid solu-
DAT with the exception that we have to fix the com- tion phase with other phases present in minority quantities,
positions of five components. The calculated isopleth is an enlarged portion of the Al-rich phase equilibria in Fig.
shown in Fig. 11A as a function of the composition of Cu 11A is redrawn and shown in Fig. 11B, displaying only the
from 0 to 65 mol.% Cu, with fixed compositions of 0.3% phase equilibria from 0 to 20 mol.% Cu. The composition
Fe, 0.65% Mg, 0.01% Mn, 15% Si, and 0.065% Zn. As is of the alloy A390 being Al–15%Si–5.5%Cu–0.65%Mg–

0.3%Fe–0.01%Mn–0.065%Zn is shown in Fig. 11B as a
dashed line.

Let us first examine the phase fields in this diagram
focusing on the region marked ‘B’ prior to carrying out
solidification-type calculations for alloy 390. Immediately
to the left of ‘B’ there is a three-phase field of L1(Si)1b-
AlFeSi and to the bottom of ‘B’, a four-phase field of
L1(Si)1b-AlFeSi1u. This is consistent with the rule of
isopleth construction since the number of phases increases
by one when crossing from one phase field to a neigh-
boring one. In this case, the number of phases increases by
1 from 3 to 4. On the other hand, just above ‘B’ there is a
three-phase field of L1(Si)1d-AlFeSi and to the left of
‘B’ as noted above there is another three-phase field of
L1(Si)1b-AlFeSi. This is inconsistent with the rule of
isopleth construction; two three-phase fields cannot be
adjacent to each other. How can we reconcile this dis-
crepancy or apparent discrepancy as shown in this figure?
Is there an error made by PANDAT? Is the basic calcula-
tion engine of PANDAT unreliable? However, when we
zoom onto the region ‘B’, the apparent discrepancy
disappears! Graphical representation of the phase equilibriaFig. 9. Comparison of the calculated fractions of solid as a function of
in the space marked ‘B’ is enlarged and shown in Fig.temperature of the alloy 7075 with the experimental data from Backerud

et al. [17]. 11C. We note in this figure that indeed there is a four-phase
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Fig. 11. (A) A calculated isopleth of Al–Cu with fixed values of 0.3% Fe, 0.65% Mg, 0.01% Mn, 15% Si and 0.065% Zn. (B) Al-rich portion of the
isopleth given in (A). (C) Enlargement of the region marked ‘B’ in (B). (D) Enlargement of the region marked ‘A’ in (B).

equilibrium of L1(Si)1d-AlFeSi1b-AlFeSi between to calculate other forms of diagrams for practical utility.
these two three-phase fields. There is likewise a five-phase For example, we show in Fig. 12 such a diagram giving
field of L1(Si)1d-AlFeSi1b-AlFeSi1u, separating the the calculated phase fractions formed as a function of
two four-phase fields of L1(Si)1d-AlFeSi1u and L1 temperature for alloy 390 under equilibrium conditions. As
(Si)1b-AlFeSi1u. Please take note of the temperature and shown in this figure, the fraction of (Al)1(Si) is more than
composition coordinates in Fig. 11C; they increase from 94 vol.%, while that of Al Cu Mg Si is less than 1.55 2 8 6

537 to 5408C with a change of only 38C and from 15 vol.%. The fraction of Al FeSi(b-AlFeSi) is even less5

mol.% to 16 mol.% Cu with a change of only 1 mol.% Cu. being only 0.15 vol.%. The small amount of the b-AlFeSi
An enlarged region marked ‘A’ is also displayed in Fig. phase makes it difficult to detect experimentally in the cast
11D. These results demonstrate the versatility of the alloys unless extreme care is taken. This will be shown
software PANDAT in phase diagram calculations and later to be the case. In addition, the temperatures of
representations. solidification under the Scheil condition for the formation

Although the traditional liquidus projections have been of primary (Si) and subsequent phases are also given in
used effectively in analyzing the paths of solidification for Table 3 which compared favorably with the experimental
ternary and even for special cases of quaternary alloys, data [17].
their value is rather limited for higher order alloys even We will now discuss the freezing ranges and the
though software programs can be used to calculate this solidified microstructures of the three alloys AA5182,
type of diagram. However, software programs can be used 7075 and A390 given in Tables 4 and 5. It is evident from
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Table 4
Comparison of DT values (the freezing ranges) calculated under equilib-
rium and Scheil conditions with experimental data as well as the heats or
enthalpies of freezing of three aluminum alloys

5182 7075 390

DT 58 131 121Equi,8C

DT 183 169 200Scheil,8C

DT 162 161 141Exp’t,8C
Freezing a

DH , kJ 216.3 216.0 221.1Alloy
Freezing a

DH , kJ 210.8 210.8 210.8Al

a kJ /mol of atoms.

In addition, the experimental results also show the pres-
ence of fine eutectics and its amount is less than 5 vol.%.
Experimental identification of the phases in these eutectics
was not without ambiguity and the calculated result
containing the phases s-(Al,Cu,Zn) Mg and S-Al MgCu2 2

might still be correct. We believe solidification of this alloy
under controlled experimental conditions such as direction-
al solidification followed by microscopic identification will

Fig. 12. A calculated phase fraction for alloy A390 showing the fractions
resolve this minor discrepancy.of the phases present as a function of temperature under equilibrium

condition; the insert shows an enlarged view for the temperature interval
from 450 to 5508C.

3. Conclusion

the data in Table 4 that the measured freezing ranges for The results presented in the present paper demonstrate
AA5182, 7075 and A390 [17] fall in-between those that key experimentally determined phase equilibrium and
obtained under equilibrium and Scheil conditions as antici- thermodynamic data are still essential for obtaining phase
pated. Also given in this table are the heats of evolution for diagrams of multicomponent systems. However, significant
these alloys calculated under the Scheil condition. The advances have been made since the publication of Alan
enthalpy of solidification of pure Al, 210.8 kJ /mol [9] is Prince’s book in the use of a computational /experimental
given for comparison. approach to generate important phase diagrams of multi-

As listed in Table 5, the phases in these three solidified component systems not only for technological applications
alloys calculated under the Scheil condition are in reason- but also for fundamental investigation in related fields for
able accord with the experimental data. For AA5182, the materials research. Undoubtedly continual advancement
phases formed in the solidified alloys as calculated under will be made in decades ahead!
the Scheil condition and obtained experimentally are
identical. For alloy 390, the experimental result does not
show the presence of Al FeSi (b-AlFeSi) while the5

calculated result does. This apparent discrepancy can be Acknowledgements
reconciled when we realize that the fraction of this phase
in the solidified alloy is rather small being less than 0.15 We wish to thank the Wisconsin Distinguished Profes-
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Table 3
Comparison of calculated reaction temperatures in 8C for phases formed in alloy 390 with experimental data

Primary Si b-AlFeSi (Al) Al Cu Mg Si Al Cu5 2 8 6 2

Calculated 631 564 562 514 507
Suggested [17] 636 575 561 512 512
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Table 5
Metallurgical state of the alloys after solidification

5182 7075 390

Equilibrium solidified (Al)1Al Fe (Al)1Al Fe 1Mg Si Si1(Al)1Al FeSi(b-AlFeSi)113 4 13 4 2 5

microstructure 1Mg Si Al Cu Mg Si2 5 2 8 6

Scheil solidified (Al)1Al Fe 1Mg Si1Al Mn (Al)1Al Fe 1Mg Si 1 Si1(Al)1Al FeSi(b-AlFeSi)113 4 2 4 13 4 2 5

microstructure 1b-Al Mg s-(Al,Cu,Zn) Mg1S-Al MgCu Al Cu Mg Si 1u-CuAl8 5 2 2 5 2 8 6 2

Experimentally solidified (Al)1Al Fe 1Mg Si1Al Mn (Al)1Al Fe 1Mg Si Si1(Al)1Al Cu Mg Si13 4 2 4 13 4 2 5 2 8 6

microstructure 1b-Al Mg 1(fine eutectic) 1u-CuAl8 5 2
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