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A thermodynamic optimization for the Al-Mn system is
performed by considering reliable literature data and newly
measured phase equilibria on the Al-rich side. Using X-ray
diffraction, differential thermal analysis, and scanning elec-
tron microscopy with energy dispersive X-ray spectroscopy
methods, the melting behavior of A-Al;Mn was correctly
elucidated, and two invariant reactions associated with
A-ALMn (L + p-AlMn — A-AlLMn at 721 £2°C and
L + A-AlMn < AlgMn at 704 £2°C) are observed.. The
model Al;xMny(Al, Mn),o previously used for AlgMns was
modified to be Al;;Mns(Al, Mn)g based on crystal structure
data. In addition, the high-temperature form of Al;;Mn, is
included in the assessment. Employing fewer adjustable
parameters than previous assessments, the present descrip-
tion of the A1-Mn system yields a better overall agreement
with the experimental phase diagram and thermodynamic
data. The obtained thermodynamic description for the Al—-
Mn system is then combined with those in the Al-Mg and
Mg-Mn systems to form a basis for a ternary assessment.
The thermodynamic parameters fot ternary liquid and tern-
ary compound Mn,MgsAlg (1) are evaluated.on the basis
of critically assessed experimental data. The enthalpy of
formation for t resulting from CALPHAD (CALculation
of PHAse Diagrams) approach agrees reasonably with that
via first-principles methodology. Comparisons between
the calculated and measured phase equilibria in the Al-
Mg -Mn system show that the accurate experimental infor-
mation is satisfactorily accounted for by the present de-
scription. A reaction scheme for the whole ternary system
is presented for practical applications.

Keywords: Phase diagram Al-Mg-Mn; Thermodynamic
calculations; X-ray diffraction; Differential thermal analy-
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1. Introduction

The Al-Mn system is of special interest to the aluminum
industry since most commercial Al alloys contain small
amounts of Mn. For Mg alloys, addition of a small amount
of Mn yields an improvement of corrosion resistance and
enhancement of grain refinement. Consequently, the tern-
ary Al-Mg-Mn system is one of the most important sys-
tems for the development of both Al- and Mg-based alloys.
Information on phase equilibria and thermodynamic prop-
erties is essential to design solidification processes and sub-
sequent heat treatments in order to improve the properties
of these materials.

The thermodynamic parameters for the Al-Mg [1] and
Mg—Mn [2] systems are well established. The Al-Mn sys-
tem is a very complex one in which a large number of inter-
metallic phases have been found. Table 1 lists the crystallo-
graphic data for the solid phases reported so far [3-5]. The
metastable phases, icosahedral i-AlMn, decagonal T-AlMn,
n-AlMn, AljgMns, AlsgMny,, reported by Kreiner and
Franzen [5], are also listed in this table. Several assess-
ments [6-8] are available for the Al-Mn system. These
evaluations used the model Al;;Mng(Al Mn),g for AlgMns.
In accordance with crystaliography [4], the model should be
corrected to be Alj;Mns(Al Mn)g. The thermodynamic as-
sessment by Liu et al. [7] improved the modeling of Jansson
(6] by considering their own experimental phase equilibria
over the temperature range of 800 to 1200°C and the com-
position range of 50 to 80 at.% Mn. A combination of the
diffusion couple technique, optical metallography (OM),
X-ray diffraction (XRD), and differential scanning calori-
metry (DSC) was employed by them [7], providing accurate
phase equilibrium data for the ranges mentioned abm;.}
However, several aspects could be improved in the evalua=
tion by Liu et al. {7]. One is that the experimental liquidus
temperature in the composition range of 3 to 15 at.% Mn
[9-11] is higher by about 10 to 15°C than the computed
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Table 1. Crystallographic data for the solid phases in Al-Mg-Mn system.

Phase/Temperature Range (°C) Pearson Symbol/ Lattice Parameters (pm) Comments/References
Space Group/Prototype
(Al cF4 a=404.88 3]
<660.5 Fm3m
Cu
Mg) hP2 a=320.89 3]
<650 P6;3/mmc c=1521.01
Mg
(6Mn) cl2 a=308.1 (3]
12461138 Im3m
w
(yMn) cF4 a=386.2 [3]
11381087 Fm3m
Cu
(BMn) cP20 a=631.5 [3]
< 1087-707 P4,32
fMn
(aMn) cI58 a=2891.39 3]
<707 143m
aMn
B-AlMg cF1168 a=2816102824 3]
(AlsMgy) Fd3m
<451 AlsMg,
v-AlMg cIs8 a = 1054.38 [3)
(Al;2Mgy7) I143m
<464 oMn
g-AlMg hR159 a=1282.54 [3]
(Al3oMgaz3) R3h ¢=2174.78
410-250 Mnusig
AljsMn cl26 a=750.7 [3]
<512 Im3
A112W
AlgMn oC28 a=754.5(2) [3]
<703 Cmem b =649.0(3)
AlgMn ¢ = 868.1(2)
A-AlgMn hP586 a'=2838.2 [5]
<721 P6:/m ¢=12389
p-AlyMn hP574 a=1998(1) [5]
<922 P63/mmc ¢ =2467.3(3)
A14Mn
_HTAL Mny oP156 a= 14854 [5]
(Al3Mn) Pn2;a b=12422
1002905 Al;Mn ¢c=1254.0
LTAI {Mny aP15 . a=1509.5(4) (3]
<914 Pl b =887.9(8)
Al Mny c=505.1(4)
o = 89.35°
B=1004.47°
y = 105.08°
AlgMns hR26 a=1266.7(3) [4] at 38.5 at.% Mn
<1046 R3m ¢ =794.2(2)
AlgCrs a=1259.8(2) [4] at 46.5 at.% Mn
c=792.1(2)
v-AlMn ci2 a=306.3(3) [4]
1185-849 Im3m
w
g-AlMn hP2 a=269.8 3]
1281-823 P63/mmc c=437.0
Mg
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Table 1. (continued)

Phase/Temperature Range (°C) Pearson Symbol/ Lattice Parameters (pm) Comments/References
Space Group/Prototype
1-Al;gsMgs;Mn, cF184 a=14529 {31
Fd3m
A]]gMg_’;Crz
n-AlyMn oCl152 a=770 metastable [5]
Cmem b=1360
¢ =1240
i-AlMn Pm33 a=6505 metastable [5] formed from the meta-
icosahedral stable liquid by a first order transition
T-AlMn P10y/mmc a;=391.2 metastable [5] fromed in melt-spun
decagonal a, = 1240 ribbons
Al;oMn; hP26 a=754.3 metastable [3] formed from the liquid
P6;/mmc c=789.8 during cooling and probably also dur-
AlsCo, ing decomposiont of super-saturated
(Al
1-AlMn tP2 a=277 metastable [5] formed from the
P4/mmm ¢ =354 high-temperature phase £-AlMn
AuCu region during cooling at rates of about
10 K -'s~" or retained e-AlMn at low
temperature

one [7]. The second aspect concemns the decomposition of
Al Mny into p-AlMn and AlgMns at Jow temperature.
This decomposition has not been experimentally observed
and it is considered as a mathematical artifact, as pointed
out by Ohno and Schmid-Fetzer [8]. An additional uncer-
tainty with the modeling of Liu et al. [7] is due to the con-
tradictory report on the melting behavior of A-Al;Mn. Due
to this debate, this phase was not included in the modeling
due to Liu et al. [7]. Barly experimental work [9, 10, 13]
established that A-Al,Mn is formed by the incongruent
melting of AlgMn into liquid (L) + A-AlMn at 705°C <
T < 710°C upon heating AlgMn. Upon cooling, the forma-
tion of A-Al;Mn from L or from the L + p-Al4Mn phase
region was convincingly observed in the ‘annealing and
quench experiments [10, 13]. Subsequent investigation by
Murray (14], however, indicated that A-AlMn is not in
equilibrium with liquid Al-Mn alloys and it is formed via
the reaction AlgMn + p-Al.Mn « A-Al4Mn. This interpre-
tation was not challenged, although the thermal effect for
this solid state reaction was not corroborated by Robinsion
et al. [15]. Modifying the published thermodynamic param-
eter [7] for Al;;Mny, Ohno and Schmid-Fetzer [8] removed
the unusual decomposition feature for this phase, But, the
~other shortcomings mentioned above still remain. Thus,
further experiment is necessary to identify the melting nat-
ure of A-Al,Mn and the thermodynamic description for the
Al-Mn system needs to be refined in order to get a better
agreement with the experimental data.

The Al-Mg—-Mn ternary system is one of the important
ternary systems in Al- and Mg- based commercial alloys.
It is well known that an addition of a small amount of Mn
results in improvement of corrosion resistance [16] and grain
refinement has been observed [17]. The phase equilibra in
the Al—-Mg-Mn systern have been mainly measured close
to the Al-Mg side. These experimental data were reviewed
by Ran [18] and Ohno and Schmid-Fetzer [8]. Two thermo-
dynamic descriptions for the Al-Mg—Mn system are avail-
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able in the literature. One is valid only in the Al-rich part
[19], the other is concentrated on Mg-rich alloys [8].

The major purpose of the present work is to obtain an ac-
curate thermodynamic description of the Al-Mn system by
using reliable literature data, supplemented with key ex-
periments in the Al-rich side with a desire to identify the
melting nature of A-AlyMn. The description for this binary
system is then combined with the thermodynamic para-
meters in Al-Mg [1} and Mg~Mn [2] to synthesize a ther-
modynamic description of the ternary system. In ternary
modeling, our focus is placed on both the Al- and Mg-rich
sides.

2. Experimental data in the literature for the
Al-Mn and Al-Mg—Mn systems

2.1. The Al-Mn system

The phase equilibria and thermodynamic properties in the
Al-Mn system have been subjected to numerous investiga-
tions. The experimental data prior to 1987 were reviewed
by McAlister and Murray [20]. Subsequently, the Al-Mn
system was modeled by Jansson [6] and Liu et al. [7]. All
of the eéxperimental data reviewed by them, together with
those [21 —26] not covered by them and later published val-
ues [11, 12, 151, are considered in the present optimization.
All of these experimental data [9-15, 21 -40] are summar-
ized in Table 2. Also included in the table is the present ex-
periment.§As will be shown later these new measurements
clarify the melting behavior of A-Al4Mn undoubtedly and
yield a modified version of the phase equilibria in the
Al-rich comgr?_[l‘ o conserve space, only the experimental
data not included in the recent evaluation [7] are critically
evaluated.

Kuznetsov et al. [21] measured the solubility of Mn in
(Al) in a wide temperature range of 250 to 600 °C by means
of XRD, OM, electrical resistance measurement (ER), and
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Table 2. Summary of the experimental phase diagram and thermodynamic data in the Al—-Mn system.

Type of experimental data Experimental method* Reference Quotation®
Phase diagram in Al-rich side EL, OM, TA, XRD [9] -
Phase diagram from 10 to 45 at.% Mn DTA, OM, XRD [10] +
Phase diagram from 7.5 to 9 wt.% Mn DTA [11] +
Phase diagram from 3 to 6 wt.% Mn DTA [12] +
Phase diagram from 33 to 45 at.% Mn DM, OM, XRD [13] +
Phase diagram from 12 to 22.5 at.% Mn DTA, TEM, XRD (14} -
Phase diagram below 11 at.% Mn DTA [15] +
Phase diagram below 37 wt.% Mn OM, TA, XRD [28] -
Phase diagram from 47 to 60 at.% Mn XRD, OM [31] -
Phase diagram from 40 to 95 at.% Mn XRD, TA [32] -
Phase diagram from 29.5 to 100 at.% Mn XRD, TA, OM {33} +
Phase diagram from 29.5 to 97.5 at.% Mn OM, HM, TA [34] +
Phase diagram from 50 to 80 at.% Mn DSC, HM, OM, XRD [40] +
Phase diagram from 5 to 20 at.% Mn DTA, OM, XRD This work +
Solubility of Mn in (Al) ER, HM, OM, XRD [21) +
Solubility of Mn in (Al) EPMA [22] +
Solubility of Mn in (Al) XRD [25} +
Solubility of Mn in (Al) PFA [26] +
Solubility of Mn in (Al) EL, OM 27] -
Solubility of Mn in (Al) oM 29} -
Solubility of Mn in (Al) XRD [30] +
Solubility of Mn in (Al) ER, OM [36] +
Activities of Al and Mn from 1250 to 1550 K KMS [23] +
Activity of Mn in liquid at 1297°C emf [37] +
Activity of Mn at 902 °C (42 to 55 at.% Mn) KMS [39] -
Enthalpy of formation at 25°C DRC [24] +
Enthalpy of formation at 25°C Calorimetry [35] -
Enthalpy of mixing for liquid at 1626 K Calorimetry [38] +

# indicates whether the data are used or not used in the optimization: +, used; -, not used.

* DM = density measurement; DRC = direct reaction calorimetry; DSC = differential scanning calorimetry; DTA = differential thermal
analysis; EL = electrical conductivity; emf = electron motive force; EPMA = electron probe microanalysis; ER = electrical resistance:
HM = hardness measurement; KMS = Knudsen mass spectrometry; OM = optical microscopy; PFA = phenol filtrate analysis; TA = ther-
mal analysis; TEM = transmission electron microscopy, XRD = X-ray analysis.

hardness measurement (HM) techniques. The results from
different methods are consistent with each other, and thus
are included in the present optimization. The solubility of
Mn in (Al) was determined by Minamino et al. [22], who
performed the electron probe microanalysis (EPMA) mea-
surement of the alloys quenched after annealing at known
temperatures and pressures. Sigli [25] reported the solubi-
lity of Mn in (Al) from 550 to 650 °C. Based on the phenol
filtrate analysis method, Matuo et al. [26] determined the
solid solubility curve of Mn in (Al). The experimental data
reported by three groups of authors [22, 25, 26] are in good
agreement with those from Kuznetsov et al. [ZLMAS are-
sult, they are utilized in the present optimization. The use
of these accurate experimental data in thermodynamic opti-
mization is expected to yield a more accurate solubility for
Mn in (Al) than the previous assessment from Liu et al.
[7], who neglected these data.@ree groups of investigators
[11, 12, 15] measured the liquidus temperatures in the
Al-rich part using the Smith thermal analysis method [15],
which results in the sample being in a condition close to
equilibrium throughout thermal analysis and minimizes
non-equilibrium effects such as supercooling.y Conse-
quently, these reported liquidus temperatures are used in
the present optimization.

Using Knudsen cell mass spectrometry, Chastel et al.
[23] determined the activities of both Al and Mn in the tem-
perature range of 1250 to 1550 K. The enthalpies of forma-
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tion for two alloys (Al,Mn; and AIMn,) were measured by
Meschel and Kleppa [24] using direct synthesis calorime-
try. These experimental thermodynamic data are utilized
in the present modeling for the purpose of refining the ther-
modynamic parameters from Liu et al. {7], who did not lake
into account the two pieces of information.

2.2. The Al-Mg-Mn system

The Al-Mg-Mn system has mainly been investigated
close to the Al-Mg side. All of the literature data [41-48]
on Mg-rich phase equilibria were critically reviewed by
Ohno and Schmid-Fetzer [8], who found that the experi-
mental data from [41, 43, 48] are consistent with each other,
As a consequence, these experimental data are included in
the optimization of thermodynamic parameters.

Several groups of authors [49-60] contribuled Lo the
measurement of phase equilibria in the Al-rich corner. By
means of metallography and thermal analysis and in some
cases supplemented with annealing experiments and subse-
quent XRD, Leemann [49] established the phase relation-
ships in the composition ranges of 0-35.5 wt.% Mg and
0-12wt.% Mn. Based on XRD analysis of an alloy
(Al-16.28 wt.% Mg-4.26 wt.% Mn), Hofmann [50] found
a metastable eutectic of (Al), AlsMg, and AlgMn in the Al
corner. Using the ER method, Fahrenhorst and Hofmann
[51] determined the joint solubilities of Mg and Mn in (Al)

Int. J. Mat. Res. (formerly Z. Metallkd.) 98 (2007) 9
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at 500, 550, and 600 °C. Butchers et al. [52] investigated the
liquidus surface in Al-rich part with up to 5 wt.% Mg and
2 wt.% Mn on the basis of microstructure observation. Fol-
lowing the same method, Little et al. [53] determined the
joint solubility of Mg and Mn in (Al) at 500°C. Based on
the data of Leemann [49] and his own experimental data,
Mondolfo [54] constructed the equilibrium diagrams for
the Al corner. However, any detail on the experimental pro-
cedure was not mentioned by Mondolfo [54]. Butchers and
Hume-Rothery [55] determined the solidus isotherms and
the isothermal section at 630 °C by observation of incipient
melting and microstructure. The partial isothermal section
at 400°C within the composition ranges of 0 to 40 wt.%
Mg and 0 to 25 wt.% Mn was established by Wakeman
and Raynor [56] using optical microscopy. The 400, 450,
and 550°C isothermal sections in the Al-rich side were de-
termined by Ohnishi et al. [57, 58] employing XRD and
metallography. The ternary compound MnMg,Al,q (1) was
first found by Wakeman and Raynor [56] using metallo-
graphic observation and XRD. The crystal structure of t
was determined by Ohnishi et al. [57] and Fun et al. [59],
who refined its stoichiometry to be Mn,Mg;Al 5. Among
the experimental data reported so far for the Al-rich comner,
the data reported in [51, 55~58, 60] are consistent with
each other. Consequently, they are utilized in the present
thermodynamic optimization.

3. Experimental investigation in the Al-rich side
of the Al-Mn system

3.1. Experimental procedure

Since there is a dispute on the melting behavior of A-Al;Mn
among the literature data, accurate experiment is performed
in the present work to clarify this discrepancy. Another rea-
son to conduct new experiments is that even the recent
measurements [11, 12, 15} only provide limited experimen-
tal data on liquidus temperatures in the composition range
of 5 to 20 at.% Mn. The published liquidus temperatures in
this range are rather scattered.

The starting materials used for the present investigation
are 99.999 wt. % purity Al-rods and 99.95 wt.% purity Mn-
pieces (both from Alfa Aesar Johnson Matthey GmbH & Co
KG, Karlsruhe, Germany). Alloys with weights between 1
and 2 g were prepared by melting the Al-rods and Mn pieces
with an arc furnace in an ambient atmosphere of 99.998 %
purity Ar. The vacuum inside this arc furnace was pumped
below =5 Pa before the purge with Ar. In total 9 alloys were
prepared within the composition range of 5 to 20 at.% Mn.
All buttons were cut into several pieces. One piece was left
in the as-cast state and the other pieces were annealed at tem-
peratures ranging from 620°C (4 days) to 750°C (2 days).
For these heat treatments the specimens were placed in
Al,O; crucibles and sealed in evacuated quartz tubes. In or-
der to identify the effect of contamination with traces of Si,
which potentially could occur during the heat treatment,
two representative alloys (Al-13 at.% Mn and Al-16 at.%
Mn) were placed in Y,0; stabilized ZrO, crucibles and
sealed in Ta cylinders, which in turn were sealed in quartz.
All samples were quenched from the equilibration tempera-
ture by rapid submersion in cold water.

The phase identification was performed by means of
XRD (model G670, Huber Diffraktionstéchnik GmbH,
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Rimsting, Germany) using Cu-Ka, radiation with Si as an
internal standard. The phase compositions were measured
with scanning electron microscopy with energy dispersive
X-ray spectroscopy (SEM/EDX) (model DSM692, C. Zeiss
AG, Oberkochen, Germany). Conventional matrix correc-
tion, which treats the deviation from linearity by including
the effects of atomic number (Z), absorption (A) and fluor-
escence (F) (ZAF), was utilized to calculate the composi-
tions from the measured X-ray intensities.

Differential thermal analysis (DTA, DTA 701L, Bihr
Thermoanalyse GmbH, Germany) measurements of the al-
loys were carried out in Al,O5 crucibles under a flow of
pure Ar. Most measurements were conducted between
room temperature and 1200°C with a heating and cooling
rate of 5 K - min~!. In order to detect the effect of heating
rate on the kinetics of A-AlMn formation, DTA measure-
ments with heating rates of 2, 5, and 10K - min~! are per-
formed for the representative alloy Al-12.5 at.% Mn. The
temperature was measured with Pt—Pt/Rh thermocouples
and calibrated to the melting temperatures of Al
(660.3°C), Ag (961.8°C), Au (1064.2°C), Si (1413.9°C),
Ni (1455.2°C), and Co (1494.9°C). The accuracy of the
temperature measurement was estimated to be £2°C. The
invariant reaction temperatures were determined from the
onset of the thermal effects during the heating step, and
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Fig. 1. Al-rich part of the Al-Mn phase diagram. (a) Derived from
equilibration and quench experiments, (b) Derived from differential
thermal analysis.

859




Y. Du et al.: Reassessment of the Al-Mn system and a thermodynamic description of the Al-Mg-Mn system

the offset temperatures of the last thermal effect on heating
were taken for the liquidus.

3.2. Experimental results

Figure ta shows the phase relation in the Al-rich side of the
Al=Mn system derived from XRD analysis and microstruc-
ture observation of the equilibrated and quenched alloys.
The DTA measurement of the same alloys yields the phase
equilibrium as shown in Fig. 1b. As can be seen from
Fig. 1, the phase relations resulting from each set of data
contradict each other. XRD and microstructure observation
indicate the existence of a phase field L + A-Al,Mn, while
the DTA data suggest no existence of such a phase field.
Thus one of the experimental methods must yield mislead-
ing data.

To ascertain if the results based on XRD and microstruc-
ture observation are reliable, the following aspects were
carefully checked: (I) phase identification, (II) calibration
of annealing temperature, (1[I) metastable phenomenon of
A-AlMn, (IV) in-situ equilibrium resulting from' quench-
ing, and (V) contamination of the prepared alloys. It was
found that nothing was wrong with phase identification
and calibration of temperature and there was no contamina-
tion during the preparation of alloys. In addition, it was de-
monstrated that A-Al,Mn is a stable phase and the quenched
alloy represents the in-situ equilibria at high temperatures.
Thus, there is no reason to doubt the results based on XRD
and microstructure observation.

What could be possible reasons for the misleading results
in the DTA experiments? We focused on the kinetics of the
reaction AlgMn — L + A-AlyMn in detail. In order to inves-
tigate the kinetics associated with the formation of
A-MnAl,, time-dependent annealing and quench experi-
ments were performed for the alloy Al-12.5 at.% Mn an-
nealed at 712°C for 5, 50, 100, and 500 min, followed by
water-quenching. XRD analysis shows that no trace of
A-Al;Mn was formed within the first 50 min and even after
500 min the transformation was not complete. At a heating
rate of 5 K- min™", it takes only 12 min to heat the alloy
from 690°C, where AlgMn is still found even after pro-
longed annealing, to 750°C, where L + p-AlsMn is ob-
served to coexist. Reducing the heating rate t0.2 K - min~"
and assuming the unlikely case, that the phase field
L + A-AlsMn. ranges from 690°C to 750°C, the phase
A-AlsMn has only 30 min to form or will not be detected
by DTA. This evidence suggests that the formation of
X-AlsMn during incongruent melting of AlgMn is a slow
nucleation controlled process. This nucleation barrier is re-
sponsible for the erroneous conclusions from data obtained
by dynamic methods such as DTA. Care should be taken
to check the general consistency of the phase diagram data
obtained from different experimental methods. The present
work indicates that although DTA is an effective approach
to measure phase transition temperatures, it could yield
erroneous results due to slow kinetics (such as a nucleation
barrier) of reactions during measurement.

Alloys containing AlgMn + A-Al;Mn after equilibration
at 620 or 690°C show in the temperature interval between
690 °C and 750°C the occurrence of two invariant reactions
at 704 £ 2°C and at 721 * 2°C, according to DTA measure-
ment, Equilibrated alloys containing (Al) + AlgMn, how-
ever, give rise to the latter peak only. This is understandable
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since in the former case A-Al;Mn already exists and it could
act as the nucleation sites for the formation of subsequent
)\.‘AL;MH.

4. Thermodynamic modeling
4.1. CALPHAD approach

In the present modeling, the thermodynamic parameters in
the Al-Mg and Mg—Mn systems are taken from Liang
et al. [1] and Grobner et al. [2], respectively. Figures 2 and
3 show the calculated Al-Mg and Mg—Mn phase dia-
grams, respectively. The Al-Mn system is reassessed in
the present work by incorporating the literature data not
covered by Liu et al. [7] and the present experimental data.
The two phases A-Al;Mn and HT-Al; ;Mn, (high-tempera-
ture form of Al;;Mny), which are included in the phase dia-
gram assessed by McAlister and Murray [20] but neglected
in the modeling by Liu et al. [7], are considered in the pre-
sent optimization. Based on the crystal structure data,
A-AlsMn and HT-Al{;Mn, are described by the models
AlygiMn o7 [5] and (Al Mn);0Mn g [61, 62], respectively.
In addition, the previous model Al;;Mny(Al,Mn);q [6-8]
used for AlgMns is modified in order to reflect its crystalio-
graphy [4]. In accordance with the crystal structure data,
this phase should be modeled with Al;;Mns(Al,Mn)g Ac-
cording to the sublattice model {63, 64], the Gibbs energy
of AlgMns per mole of atom is given by the following ex-
pression: .

" 0,AlgMn
G s

AlgMns _ SER __ " "  AlgMns
G H™™ =y, Climnat Y G?\I:Mn:Mn

"w

9 " " "
+—-R- T(yA, : lny;\l + ¥Mn lnyMn)

26

nr Mt O 1 " "
YA Ima [LAI:Mn:Al,Mn + L ai:mn:al Mn (yAl - )’,\1.1)] (1)

where y,, and yy,, are the site fractions of Al and Mn in the
third sublattice (Al, Mn)y, respectively.

For the Al-Mg-Mn ternary system, the thermodynamic
parameters for liquid and © (Mn,Mg3Al,g) are adjusted with
the measured phase diagram data. The Gibbs energy of the
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Fig. 2. Calculated Al-Mg phase diagram {1}.
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ternary liquid is described by Redlich-Kister polynomial
[65]:

OG; = XAl OG‘AI + Xmg OGII\‘,{g “+ XMn ¢ OG}(A"
+R - T(xar - Inxa) + xmg * In Mg + Xntn - 1n0)

L L
+ a1 XMg L m T+ XA X0 - L

L L
+amg Mo Laggvo T GAime Mn (2)

in which R is the gas constant, and x;, Xarg. and Xy, are the
mole fractions of Al, Mg and Mn, respectively. The stand-
ard element reference (SER) state [66], i: e. the stable struc-
ture of the element at 25°C and 1 bar, is used as the Gibbs
energy reference state. The parameters denoted L{“J are the
interaction parameters from the binary systems. The excess
Gibbs energy ""G’;\LM&Mn is expressed as follows:

ex L —
GAI,Mg,Mn = XAl XMy " AMn

oL L 2L
(xar "Ly mgntn + Mg Laimg e T Mo Liiagmn) (3)

The Gibbs energy of temary compound t relative to the pure
elements is expressed by the following expression:

18 3 . 2 !
T 0,fcc Al 0.hep A3 O,cbec Al12
T T I TR
4
in which the coefficients A and B are assessed from(}he_%-
Jec

perimental phase diagram data. The parameters, GAIf ,
GOMP-A3 “and GoE M2, are the Gibbs energies of fec Al
Al hep_A3 Mg, and cbec_A12 M, respectively.

The transition between disordered bcc_A2 and ordered
bee_B2 is not included in the present modeling since no
evident experimental proof exists for such a transition, as

mentioned by Liu et al. [40].

4.2. First-principles calculation

Density functional theory (DFT) calculations within the
generalized gradient approximation (GGA) [67], as imple-
mented in the highly efficient Vieana ab initio simulation
package .(VASP) [68=71], were utilized to calculate the
enthalpy of formation for the Mn,MgsAl g (t) phase. The
Perdew - Burke —Emzerhof [72] GGA for the exchange-
correlation potential was used for all the calculations, and
the valence electrons were explicitly treated by projector
augmented plane-wave (PAW) potentials. The ions were
relaxed toward equilibrium until the Hellmann-Feynman
forces were less than 10 %eV - A~'. A plane-wave cutoff
energy of 400 eV and an energy convergence criterion of
10~% eV for electronic structure self-consistency were used
in the calculations. Brillouin zone integrations were per-
formed using the Monkhorst—Pack [73] k-point meshes
scheme, and the total energy differences were converged
to within 0.1 kJ - mol-atoms™'. Both the unit cell sizes
and the ionic coordinates were fully relaxed to find the
stable state. The equilibrium enthalpy of formation,
AH®(Mn;Mg; Al g), is given by the energy of MnoMg; Al
relative to the composition-weighted average of the ener-
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gies of the pure constituents in their equilibrium crystal
structufes:

AHE(I(MﬂzMg3Al]g) = E(anMg3A]]g)
—[xaE*(Mg) + xpE*(Mn) + xcE“(Al)] (5)

where E(Mn,Mg;Alg), E%4(Mg), E°9(Mn) and ESY(Al) are
the energies (per mole-atoms) of Mn;Mg,Aljg and compo-
nents, Al, Mg and Mn, respectively, and each is relaxed to
its equilibrium geometry at zero-pressure. x;(i = A, B, C)
is the atomic fraction of the component. And the reference
states are fcc-Al (nonmagnetic), hep-Mg (nonmagnetic),
and oMn (collinear antiferromagnetic), respectively. The
non-collinear antiferromagnetic oMn is not taken as the
reference state due to the extensive computation time. Ac-
cording to the work of Hobbs et al. [74], the energy differ-
ence between collinear antiferromagnetic aMn and non-
collinear antiferromagnetic oMn is negligibly small. Such
a small energy difference will yield a negligible difference
for the computed enthalpy of formation for the ternary
Mn,Mg;Al, g phase.

5. Results and discussion

The model parameters were evaluated using the computer-
operated optimization program PARROT [75], which
works by minimizing the square sum of the differences be-
tween measured and calculated values. The step-by-step
optimization procedure carefully described by Du et al.
[76] was utilized in the present assessment. The experimen-
tal data selected from the literature as well as the present ex-
perimental results are employed in the optimization. The
optimized thermodynamic parameters are listed in Table 3.
The first-principles calculated enthalpy of formation for t
is ~10.2 kJ - mol-atoms ™!, which agrees reasonably with
the value of =8.7kJ:mol-atoms™" resulting from the
CALPHAD approach. The data predicted from the first-
principles method can thus be taken as the good starting
value for CALPHAD-type assessment.

Table 4 compares the numbers of the presently intro-
duced parameters for individual phases with those of pre-
vious modeling [7]. In comparison with the previous mod-
eling [7], fewer adjustable parameters are utilized in the
present work. For example, 4 coefficients are used for de-
scribing the thermodynamic property of liquid instead of 5
[7]. In spite of this, a better agreement with the experimen-
tal data is obtained. In the present modeling, the liquid
phase is first deéscribed with a regular solution model and
then with a sub-regular solution model. The introduction
of each parameter is justified by the corresponding experi-
mental data. A similar procedure is used to model the other
phases.

The complete Al-Mn phase diagram calculated using
the present set of thermodynamic parameters is shown in
Fig. 4. There is an inverse miscibility gap in the liquid
phase with a minimum at 4227 K and x(Mn) = 0.29. The
occurrence of such an inverse miscibility gap is not against
the reliability of the thermodynamic parameters from the
present modeling. Since at such high temperature, gas is
stable instead of the liquid phase. Comparisons of the com-
puted Al-Mn phase diagram with the corresponding ex-
perimental data are shown in Figs. 5 to 8. The fit to the ex-
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Fig. 9. Calculated and measured enthaipy of formation at 25°C, com-
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Fig. 11. Calculated enthalpy of mixing for the liquid at 1626 K along
with the experimental data of Esin et al. [38].
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perimental data is excellent. In particular, the measured lig-
uidus temperatures in the composition range of 5 to 20 at.%
Mn are well reproduced in the present modeling. This is not
the case for previous calculations [6~8]. The presently ob-
served melting behavior of A-AlMn is also well described
by the modeling, as can be seen from Figs. 6 and 7.

In Fig. 9, the calculated enthalpies of formation at 25 °C
are compared with the experimental values [24, 35]. The
agreement with the experimental data of Meschel and Klep-
pa [24] is good within estimated experimental uncertainties.
The old experimental values from .Kubaschewski and
Meymer [35] are considered to be only approximate due to
the incompletion of the reactions, as mentioned by Ku-
baschewski and Meymer [35]. In the present modeling, the
recent experimental data for the enthalpies of formation
are utilized. Figure 10 shows a comparison of the computed
activities of Al and Mn in liguid at 1545 K with the experi-
mental data from Chastel et al. [23] and Batalin et al. [37}.
The calculation can satisfactorily account for the experi-
mental values. A further check on the reliability of the ther-
modynamic modeling in the Al-Mn binary system is pro-
vided by Fig. 11, where the calculated enthalpy of mixing
for liquid at 1626 K is compared with the experimental val-
ues from Esin et al. [38]. It is demonstrated that these ex-
perimental data [38] are well described by the thermody-
namic calculation.

In the following paragraphs, the computed Al-Mg~Mn
ternary phase diagrams are compared with the experimental
ones. For the Mg-rich side of the ternary system, only the
experimental data, which are evaluated to be reliable by
Ohno and Schmid-Fetzer [8], are used for such a compari-
son. In Fig. 12, the calculated isothermal sections of
Mg-rich corner at several temperatures ranging from 730
to 670°C are compared with the experimental values {43,
44, 47, 48]. The fit to the experimental data is excellent,
Figure 13 shows the calculated solubility of Mn in liquid
at a fixed Al composition, indicating also a good agreement
with the experimental one (43, 48). Figure 14 presents the
computed monovariant line (L + (BMn) — AlgMns) along
with the observed primary phases [47]. The primary phase
regions and one data point corresponding to the simulta-
neous solidification of both (BMn) and AlgMns are well
reproduced by the modeling. However, one experimental
datum on the primary AlgMn;s cannot be described by the
calculation. This datum is not consistent with the observed
primary (ffMn) region and double saturation of (BMn) and
AlgMns. The calculated typical isothermal section. at
710°C is presented in Fig. 15 together with the measured
tie lines between liquid and the precipitates [46, 47]. The
measured compositions of the precipitates systematically
indicate higher Al compared to the Al-Mn binary edge. It
was suggested [8] thal the accuracy of microprobe analysis
of small precipitates could be inferior to those of binary
Al-Mn data.

In Fig. 16, the computed isothermal sections at 4350 and
400°C in the Al-rich region are compared with the experi-
mental data [56-58]. These experimental data are reason-
ably described by the present modeling. As shown by the
dashed lines, the previous modeling [19] cannot describe
the established phase equilibria, AlgMn + 1+ (Al) and
AlgMn + 1 + A-Al,Mn. A comparison of the calculated
joint solubility of Mg and Mn in (Al) wilh the experimental
data [51] is made in Fig. 17. The small deviations between
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calculation and experiment are traced to the differences be-
tween the calculated and measured solubilities of Mn in
(Al) along the Al-Mn binary side.

The calculated liquidus projection in the whole composi-
tion is shown in Fig. 18. The observed primary phase re-
gions [46-48] in the Mg-rich corner are compared with
the calculated ones in Fig. 19a. It is demonstrated that the
calculation can describe the primary phase regions.
Figure 19b and ¢ shows the detail of the calculated liquidus
projection in Al-rich corner and the region close to the
Al—Mg binary side, respectively. Figure 20 presents the re-
action scheme for the whole Al-Mg-Mn system. Table 5
presents the invariant reactions according to the present
modeling. The invariant reaction L & (Al) + B-AlMg + 1
observed by Barlock and Mondolfo [60] is confirmed by
the present modeling. The computed reaction temperature
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T T T
760 A
o o [
5 740- .
= (BMn) AlsMns5
5 720- -
o
) =] o [¢]
£ 700- .
()]
}—
680~ -
=) [0 ]
660- -
] ] i I 1

0 2 4 6 8 10
Mg Weight percent Al

Fig. 14. Calculated monovariant line L +(BMn) - AlgMns along
with the experimental data [47] on primary phases. However, one ex-
perimental datum on the primary AlgMns can not be described by the
calculation. This datum is not consistent with the observed primary
(BMn) region and double saturation of (3Mn) and AlgMns.
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Fig. 15. Calculated isothermal section at 710°C along with the experi-
mental tie Lines [46, 47].
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is 451°C, which agrees well with the measured one 447 °C
[60]. Based on the early experimental data published in
1930s and 1940s, several four-phase equilibria were listed
by Ran [18]. According to the work of Wakeman and Ray-
nor [56] and Ohnishi et al. [57], all of the reactions recom-
mended by Ran [18] are uncertain and might be metastable.
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Fig. 16. Calculated isothermal sections together with the experimental
data [56-58]. (a) 450°C, (b) 400°C.
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Fig. 17. Calculated joint solubility of Mg and Mn in (Al), compared
with the experimental data [51].
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Fig. 18. Calculated liquidus projection for the whole Al-Mg-Mn
systern. The thick solid lines represent the monovariant lines, and the
thin lines are isotherms.

This is confirmed by the present modeling. According to
the present calculation, the ternary phase T is formed via
the peritectic reaction L + A-Aly Mn + (Al) « T at 529°C.
The computed primary crystallization field for 7 is extre-
mely small. This agrees with the experimental observation
[60]. Since experimental data for this ternary system are
limited, especially in the Mn-rich corner, further experi-
mental investigations are necessary to verify the calculated
phase diagrams. The presently computed diagrams could
be used for planning of new experiments.

6. Conclusions

e The phase equilibria in the Al-rich side of the Al-Mn
system below 20at.% Mn have been reinvestigated
using 9 alloys, which are analyzed with XRD, DTA,
optical microscopy and SEM/EDX techniques. It was
found that in the absence of nucleation sites for
A-Al;Mn the decomposition of AlgMn is retarded and
superheating of AlgMn occurs at slow heating rates
usually employed in DTA analysis. The DTA signals
thus obtained for Al-rich AlMn-alloys are misleading
to the interpretation yielding an invariant reaction
AlgMn — p-AlMn + liquid. However, the true equilib-
rium reaction is AlgMn — h-Al:Mn +liquid, as found
by-equilibration plus quenching experiments.

e An optimal thermodynamic data set for the Al-Mn sys-
tem was obtained by considering the present experimen-
tal results as well as critically evaluated literature data.
The comprehensive comparison shows that the calcu-
lated phase diagram and thermodynamic properties are
in very good agreement with the experimental informa-
tion. Detectable improvements have been made, com-
pared with the previous assessments.

e Phase equilibrium data of the Al-Mg-Mn system re-
ported in the literature have been briefly reviewed. On
the basis of reliable experimental data, a thermody-
namic description for the ternary system was developed.

~ Comprehensive comparisons show that the experimen-
tal data in both Al-rich and Mg-rich corners are well ac-
counted for by the present description. The presented
liquidus projection and reaction scheme establish the
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constitution of the Al-Mg—Mn system over wide tem-
perature and composition ranges, which is of interest
for engineering applications as well as basic materials
research.
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Table 5. Invariant equilibria in the Al~Mg-Mn system according to the present modeling (HT = HTAl; Mny, and LT = LTAl; Mny).

Reaction T [°C] Type Phase Composition (wt.%)
Al Mg Mn
L#2 + g = (3Mn) + L#l 1227 M; L#2 7 3 90
€ 8.6 2.6 88.8
dMn 7.4654 0.0559 92.4787
L#1 2 84 14
L#1 + (yMn) = (6Mn) + (BMn) 1081 U, Li#1 0.898 80.2304 9.8716
(yMn) 4.836 0.0206 95.1434
i (6Mn) 5.7055 0.0266 94.2679
! (fMn) 5.1884 0.023 94.7886
L#1 + (6Mn) = (BMn) + € 1075 U, L#1 1.1437 89.3629 9.4934
(5Mn) 6.7955 0.0288 93.1757
(PMn) 6.1578 0.0245 93.8178
€ 7.6675 2.1052 90.2273
L#2+e=1L#l+vy 1058 M, L#2 47,3343 12.9886 39.6771
] € 352784 2.21 62.5116
! L#1 47.7134 28.5337 23.7529
Y 38.2464 0.2465 61.5071
L#l+y=AlgMns+ ¢ 922 U, L#1 28.4054 67.2064 4,3882
Y 36.3275 0.147 63.5255
i AlgMns 36.2241 0 60.7759
¢ g 33.718 1.9702 643118
E‘ HT = LT, p, L#1 914.19 D, HT 57.494 0 42.506
o LT 57.4581 0 42.5419
i N 66.268 0 33.732
L#1 73.7947 1.4267 24.7786
L#1 + HT = AlgMns + LT 905 Uy L#1 66.7398 19.2531 14.007
HT 56.1943 0 43.8057
AlgMn;s 49,1832 0 50.8168
: LT 57.4581 0 42.5419
i v = (BMn) + AlgMns, € 848.5 D, Y 29.972 0.0157 70.0123
(PMn) 25.0634 - 0.0084 74.9281
il AlgMns 35.0187 0 64.9813
i € 28.4515 0.311 71.2375
| g = L#1 + (PMn) + AlgMns 826 E, € 28.0981 1.363 70.5389
L#l 9.7322 88.3888 1.879
(BMn) 24.669 0.0283 75.3027
AlgMn;s 34.6397 0 65.3603
L#1 + (aMn) = (fMn) + (Mg) 650.6 Us L#1 0.0011 98.0932 1.9057
(oMn) 0.0561 0.0005 99.9434
(BMn) 0.7988 0.0005 99.2007
Mg) 0.0004 97.8522 2.1475
L#1 + (fMn) = (Mg) + AlgMns 639 Us L#1 2.1655 ' 97.3637 0.4708
, (BMn) 21.1453 0.0036 78.8511
(Mg) 0.6631 98.8715 0.4653
. AlgMns 317617 0 68.2383
L#1 + AlgMn = (AD) + & 535 Uy L#1 77.6157 22.3481 0.0362
, AlgMn 74.6631 0 25.3369
(Al 91.9267 7.9263 0.147
A 67.9077 0 32,0923
) L#l+A+(AD) =1 529 Py L#1 76.7157 23.2549 0.0294
: A 67.9077 0 32.0923
! (AD 91.5038 8.3679 0.1283
i k4 72.6552 10.9078 16.437
E L#l+Ah=p+1 527 Uy L#1 75.2993 24.675 0.0257
i A 67.9077 0 32,0923
p 66.268 0 33.732
T 72.6552 10.9078 16.437
L#l + AlgMns = Mg) + LT 516 Ug L#1 23.4504 76.5199 0.0297
AlgMns 41.5421 0 58.4579
(Mg) 7.2495 92.7401 0.0104
LT 57.4581 0 42.5419
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Table 5. (continued)

Reaction TI[°C] Type Phase Composition (wt.%)
Al Mg Mn
L#1 + LT =u + (Mg) 482 Ujg L#1 27.8327 72.1558 0.0115
LT 57.4581 0 42.5419
n 66.268 0 33.732
(Mg) 9.2783 90.7183 0.0034
L#1, 1 = (Al) + B-AlMg 450.5 D L#1 66.1419 33.8568 0.0013
T 72.6552 10.9078 16.437
(Al) 84.8158 15.1747 0.0095
B-AlMg 63.5872 36.4128 0
L#l +1=pt + B-AlMg 4503 Uny L#l 60.845 39.1535 0.0015
T 72.6552 10.9078 16.437
i 66.268 0 33.732
B-AlMg 63.5872 36.4128 0
L#1 = B-AIMg + y-AlMg, t 449.5 D, L#1 60.1341 39.8645 0.0014
B-AlMg 63.5872 36.4128 0
v-AlMg 54,5507 45.4493 0
f 66.268 0 33.732
L#1 = (Mg) + y-AlMg, n 436.27 Ds L#1 31.0114 68.9878 0.0008
(Mg) 11.596 88.4038 0.0002
v-AlMg 39.94 60.06 0
o 80 0 20
Mg-Mn | Al-Mg Al-Mg-Mn Al-Mn
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Fig. 20. Reaction scheme for the Al-Mg—Mn
system according to the present work. HT =
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