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The binary Al-Mn system has been critically evaluated based upon available phase equilibrium
and thermodynamic data, and optimized model parameters have been obtained giving the Gibbs
energies of all phases as functions of temperature and composition. The liquid solution has been
modeled with the modified quasichemical model to account for short-range ordering. The results
have been combined with those of our previous optimizations of the AI-Mg and Mg-Mn systems
to evaluate and optimize the Mg-Al-Mn system. All available data for the ternary system are
reproduced with only one small ternary model parameter for the liquid phase.
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1. Introduction

Although magnesium-based materials have a long history
of important commercial applications, including automo-
tive, there remains much to be learned about the basic
properties of the metal and its alloys. With the recent
renewed interest in lightweight wrought materials, including
both sheet and tube applications, there has been an increased
focus on developing a better understanding of novel
magnesium alloys, including those that incorporate addi-
tions of Mn and Al. These alloy systems, along with other
potential candidates, are being actively pursued as possible
routes to develop magnesium materials with improved
ductility, or even practical room temperature formability.

The properties of cast or wrought material depend first
and foremost upon the phases and microstructural constit-
uents (eutectics, precipitates, solid solutions, etc.) which are
present. In an alloy with several alloying elements, the
phase relationships are very complex. In order to investigate
and understand these complex phase relationships effec-
tively, it is very useful to develop thermodynamic databases
containing model parameters giving the thermodynamic
properties of all phases as functions of temperature and
composition. Using Gibbs free energy minimization soft-
ware such as FactSage,'*! the automotive and aeronautical
industries and their suppliers will be able to access the
databases to calculate the amounts and compositions of all
phases at equilibrium at any temperature and composition in
multicomponent alloys, to follow the course of equilibrium
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or non-equilibrium cooling, to calculate corresponding heat
effects, etc.

Such thermodynamic databases are prepared by critical
evaluation, modeling, and optimization. In a thermodynamic
“optimization,” adjustable model parameters are calculated
using, simultaneously, all available thermodynamic and
phase-equilibrium data in order to obtain one set of model
equations as functions of temperature and composition.
Thermodynamic data, such as activities, can aid in the
evaluation of the phase diagrams, and information on phase
equilibria can be used to deduce thermodynamic properties.
Thus, it is frequently possible to resolve discrepancies in the
available data. From the model equations, all of the
thermodynamic properties and phase diagrams can be
back-calculated, and interpolations and extrapolations can
be made in a thermodynamically correct manner. The data
are thereby rendered self-consistent and consistent with
thermodynamic principles, and the available data are
distilled into a small set of model parameters, ideal for
computer storage.

As part of a broader research project to develop a
thermodynamic database for Mg-alloys containing up to 25
potential alloying elements, the present study reports on
evaluations and optimizations of the Al-Mn and Mg-Al-Mn
systems. Previous optimizations®™ were based upon a
Bragg-Williams (BW) random-mixing model for the liquid
phase. However, the liquid phase in the Al-Mn binary
system is expected to exhibit short-range ordering (SRO) as
evidenced by the relatively large negative enthal?_y of
mixing.[*! As has been shown by the present authors,” the
use of the BW model in liquids with a high degree of SRO
generally results in unsatisfactory results and in poor
predictions of ternary properties from binary model param-
eters. Hence the Al-Mn system was reoptimized with the
modified quasichemical model (MQM) for the liquid phase;
the present optimization reproduces all available data in the
ternary Mg-Al-Mn system with only one very small ternary
model parameter for the liquid solution. Care was taken to
ensure that all optimized properties, such as the entropies of
formation of intermetallic compounds, have physically
reasonable values.
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2. Modified Quasichemical Model

The MQM in the pair approximation™ was used to
model the liquid Al-Mn alloys. The liquid phases in the
Mg-Al and Mg-Mn sub-systems of the Mg-Al-Mn system were
also modeled previously with the MQM."'%! This model,
which takes SRO into account, has been used extensively
for molten salts,!"'""*) slags!'* and sulfides.!">"'") All details
of the model and notation have been described previously®!
and only a brief summary is given here.

In the MQM in the pair approximation, the following pair
exchange reaction between atoms 4 and B on neighboring
lattice sites is considered:

(A—A4)+ (B—B)=2(4—-B); Agus (Eq 1)
where (i —j) represents a first-nearest-neighbor pair. The
non-configurational Gibbs energy change for the formation
of two moles of (4 — B) pairs is Agyp.

Let ny and ng be the number of moles of 4 and B, n;; be
the number of moles of (i —j) pairs, and Z, and Zz be the
coordination numbers of 4 and B. The pair fractions, mole
fractions, and “coordination-equivalent” fractions are
defined respectively as:

.
Xj=——Y Eq 2
! naa + npg + nup (Ea2)
X =M (Eq 3)
i i a
ZAI’lA ZAXA
Y = = =1-Y, Eq 4
4 ZAI’IA + ZB}’IB ZAXA +ZBXB B ( 4 )
The following equations may be written:
Z4Xy =2n44 + nap (Eq 5)
ZpXp = 2npp + nap (Eq 6)
The Gibbs energy of the solution is given by:
n
G = (nags +nagy) — TAS™ + (") Agyy  (Eq7)

where g5 and g7 are the molar Gibbs energies of the pure
components, and AS®i¢ is the configurational entropy of
mixing given by randomly distributing the (4 — 4), (B — B) and
(4 — B) pairs in the one-dimensional Ising approximation:

ASconfis — _ R(ngInXy + nglnXp)

XAA) (XBB)
ng4 ln(— +n331n e
Y Yi

—R

Xap
1 Eq 8
+nyp H(ZYAYlg)] (Eq 8)
Agyp is expanded in terms of the pair fractions:
o i0 yri 0 yi
Agup = Agyp + Zg/?BXAA + Z 218Xhp (Eq 9)

i>1 i>1
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where AgSp, g’y and ggjjg are the parameters of the model
which can be functions of temperature.
The equilibrium pair distribution is calculated by setting

0G
<5’1AB> iy 0

This gives the “equilibrium constant” for the “quasichem-
ical reaction” of Eq 1:

XjB — dexp (_ AgAB)
Xu4aXpp RT
As Ag4p becomes progressively more negative, the reaction
(Eq 1) is shifted progressively to the right, and the
calculated enthalpy and configurational entropy of mixing
assume, respectively, the negative “V” and “m” shapes
characteristic of SRO.

The composition of maximum SRO is determined by the
ratio of the coordination numbers Zz/Z,, as given by the
following equations:™

(Eq 10)

(Eq 11)

11 2144 1 Hag )
= ) o (e Eq 12
Zy Zzj, <2nAA + nAB) Z4y (ZnAA + nyp (Eq 12)

1 1 2]’133 1 ny4p

ZB ZgB (2}’!33 + I’lAB> + ZgA (21’133 + I’ZAB) (Eq 13)
where Z4, and Z4, are the values of Z, respectively when
all the nearest neighbors of an 4 are A’s, and when all
nearest neighbors of an 4 are B’s, and where Z5, and Z3,
are defined similarly. (Note that Z4, and Z4, represent the
same quantity and can be used interchangeably.) In order to
set the composition of maximum SRO at Xy, = 0.5 in the
binary systems we set the le] /Z{j = 1 so that the composi-
tion of maximum SRO occurs at the equimolar composition.
Although the model is sensitive to the ratio of the
coordination numbers, it is less sensitive to their absolute
values. The use of the one-dimensional Ising model in Eq 8
introduces a mathematical approximation into the model
which we have found, by experience, can be partially
compensated by selecting values of Zp and Z, which are
smaller than the actual values. The values of the coordina-
tion numbers selected in the present study are listed in
Table 1. The liquid phase in the Al-Mg and the Mg-Mn
systems show maximum SRO near the equimolar compo-
sition™'%); hence Z4, = Z5 in all cases.

From the MQM model parameters for the binary liquid
phases, the thermodynamic properties of a ternary liquid
phase may be estimated as discussed previously.l'® If
ternary experimental data are available, additional ternary
model parameters may be added if required.

3. The Al-Mn System

All calculations and optimizations in the present study
were Performed with the FactSage thermochemical soft-
[1.2]
ware.
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Table 1 Model parameters of the AI-Mn and Mg-Al-Mn systems optimized in the present study

Liquid

i : . 7Al _ 7Mn — 7Al  _ 7Mn _
Co-ordination numbers: Zyix; = Zyimvin = ZaMn = Zaial = 0

Againn: (—16945 + 3.0127) + (5857 + 0.418T)Xapar + (—1674 + 2.761 T\ Xpsmmn Joules

Ko

ST Joules

Ternary interaction term for Agajnm: 0.8377

Solid solutions

Excess Gibbs energy terms, GE/X\inX a1, J/mol of atoms
CUB

CBCC

BCC

FCC

HCP

“AlgMns” {Al;;Mns(Al,LMn)o}, J/mol of atoms
G atmnal (a)

0GAI:Mn:Mn (a)

Excess Gibbs energy, G*/yapmn

(—121838 + 46.861T) + (—5021 + 10.627T) (Xpta — Xa1)

(—=79536 + 27.614T) + (—10042) (Xt — Xa1)

(—108700 + 32.5107) + (44769 — 19.246T) (Xpim — Xa1)

(—84517 + 29.9997) + (—19665 + 12.5527T) (Xpta — Xa1)

(—87027 + 17.154T) + (=5774 + 8.786T) (Xt — Xa1) + (83931 — 47.2797)
(Xntn — Xa)’

LO0GAL +20GM . + (—13634 + 1.579T)
2OGRL .+ 120GMn . + (—23566 + 2.5027)
(=31621 + 14.792T) + (—7870 + 10.024T) (¥sin — yar) (b)

Stoichiometric compounds

AHggs (©), sggs (d), Asg9s (©),

Compounds J/mol of atoms  J/[(mol of atoms)-K] J/[(mol of atoms)-K] Cp, J/[(mol of atoms)-K]

%Allen —8818 26.208 —2.394 0.923C,, (Al, FCC) + 0.077C,, (Mn, CBCC)
%AlsMn —15714 25.243 -3.617 0.857C,, (Al, FCC) + 0.143C,, (Mn, CBCC)
%X-AL‘Mn (modeled as Alyg1Mny¢7) —20450 24.325 —4.714 0.812C;, (Al, FCC) + 0.188C, (Mn, CBCC)
éu—Al‘tMn —20880 24.860 —4.224 0.800C,, (Al, FCC) + 0.200C,, (Mn, CBCC)
%Allle (e) —23913 25.400 —3.946 0.733C,, (Al, FCC) + 0.267C,, (Mn, CBCC)
%anMg3Alls (T) —9887 28.391 —0.820 0.783C,, (AL, FCC) + 0.111C, (Mn, CBCC)

(a) Gibbs energy of end-members!*>*!

(b) ya1 and ypp, are the site fractions of Al and Mn in the sublattcie (Al,Mn)y

(c) Enthalpy and entropy of formation from the elements at 298.15 K
(d) Absolute Third-Law entropy at 298.15 K

+0.106C, (Mg, HCP)

(e) The low- and high-temperature forms are assumed to have the same parameters. That is, the enthalpy and entropy of transformation are assumed to be zero

The optimized model parameters for the binary phases
are reported in Table 1. Gibbs energies of all stable and
metastable phases of the elements were taken from
Dinsdale.l'” Crystallographic data®*2*! for the phases are
listed in Table 2. The optimized phase diagram of this
system is shown in Fig. 1.

McAlister and Murray'®*! presented an extensive litera-
ture review of the system up to 1987. Jansson'®! performed
the first thermodynamic optimization of the system, treating
the liquid phase with a BW random-mixing model. Liu
et al."! re-optimized the system in the light of their new
data®* for the HCP phase. Du et al.”! optimized the Al-Mn
system as a first step in their assessment of the Mg-Al-Mn
system.

The solid solution phases CBCC, CUB, FCC, BCC, vy
(BCC) and & (HCP) (Fig. 1) were modeled by a single-
sublattice substitutional model. There are numerous data®>*!
for the solubility of Mn in FCC-Al obtained by various
techniques (electrical resistivity (ER), optical microscopy
(OM), lattice parameter (LP), hardness measurements (HD),

electron probe microanalysis (EPMA)). Figure 2 compares
the present optimization with these data.

The optimized phase diagram for Xy, <0.2 is comg)ared
with experimental data in Fig. 3. Schaefer et al.,”*>! by
X-ray diffraction (XRD) and metallography, identified
Alj,Mn as a stable phase. They reported the pertectoid
decomposition of Al;;Mn into Al and AlgMn between
504 and 521 °C. The present calculated temperature for this
reaction is 511 °C.

Dix et al.** and Phillips®® studied the system by
metallography and thermal analysis. They reported the
intermetallic compounds AlgMn and Al;Mn (p-AlyMn in
Fig. 1). Godecke and Koster®”! studied the system by
the same techniques. They confirmed the presence of
Al;;Mn, which was also noted by Philips.*®! They reported
high- and low-temperature allotropes of Al;;Mny, the
high-temperature form with a single-phase composition
range of approximately 4 at.%. As the exact nature of the
phase boundaries of the high-temperature form are
unknown, this compound is treated as two stoichiometric
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Table 2 Crystallographic data of all phases in the Mg-Al-Mn system considered in the present optimization

Phase

Prototype Pearson symbol Space group Comments
FCC Cu cF4 Fm3m Al, Mn are stable phases!**!
BCC W cl2 Im3m Mn is stable phase!®*!
CUB Mn cP20 P4,32 Mn is stable phase®*
CBCC Mn cl58 143m Mn is stable phasel®*!
HCP Mg hP2 P63/mmc Mg and & (HCP) phases are stable phases'®!
Al;,Mn Al,W c26 Im3 1221
AlgMn AlgMn 0C28 Cmcem 122]
A-AlMn hP586 P63/m eh
p-AlMn AlMn hP574 P6s/mme @n
Al Mny Al Mny aP15 P1 Low temperature form!??!
Al ;Mny AlzMn oP156 Pn2,a High temperature form!?!!
“AlgMns” AlgCrs hR26 R3m 1201
Al;oMg; Mn4Sio hR159 R3h 122]
B-AlMg Al;Mg, cF1168 Fd3m 1221
y-AlMg Mn (CBCC) cl58 143m 122]
Mn,Mg;Al;g Al;sMg;Cr, cF184 Fd3m 1221
1500 T 1100 T I Analvei
Lo ermal Analysis
Liquid 1289 1309 4 [34]
* [36] )
1200 + %0  =[39 . e
. {37% Liquid oa/ff,p,-/."’: :; nod
(5] ./1./
o ) °
< 900 tFCC QK 820 + /
123 \
E : | g Fcc
g 722 \ | \ s -
g /=T \ J :‘ cuB 708 g y/r( N " e
£ 600 \ | \ 8 E e80f
= 511 |AlsMng | \ / & Lescsccpes o0 o 0w woen
| |
300 | | ] 540 |
= o ‘Ez %v c l ‘ lil CBCC [ f‘ = c § §
2 2FLE t z = 3
I TdLE | % f Z = s
oL < NEN- B 400 | - < - - <| =
0.0 02 04 06 0.8 1.0 0.00 0.04 0.08 0.12 0.16 020
Mole fraction Mn Mole fraction Mn
Fig. 1 Optimized phase diagram of the Al-Mn system Fig. 3 Optimized phase diagram of the Al-Mn system for
Xpvin$0.2
phases Al;;Mny in the present calculations with a transition
700 — temperature of 916 °C.°"1 In the absence of any thermody-
Liquid e namic data, the Gibbs energy of the transformation was
- o e assumed to be zero. That is, the parameters for this
0T e C " %X"/ﬂ/ e compound listed in Table 1 apply to both the phases.
o P FCC + AlgMn Taylor® by XRD and thermal analysis, and Murray
L w0 0o ex e e [25] ER et al.?! by thermal analysis, reported the existence of a
£ « [26] OM second phase close to p-Al4Mn. Du et al.P! by XRD and
< . . .
g s [271LP differential thermal analysis (DTA) confirmed the presence
& .0 = [28] XRD,OM,ER ,HD | S
3 « [29] EPMA of two distinct phases: p-AlyMn at Xyp, = 0.2 and A-Al;Mn
/= > [30] OM at Xyn = 0.186. They modeled the phase A-AlsMn as
300 _/ FCC +Al;,Mn ~ [31]0M stoichiometric Aly;Mn;o; based on the crystallographic
| N {gg} )?g'bER data of Kreiner and Franzen.!*!]
i + [34] OM Koch et al.*Y studied the system by thermal analysis in
2 5 e oo Py 5008 the range 25-100 at.% Mn. Koster and Wachtel™*'! studied

Mole fraction Mn

Fig. 2 Optimized solubility of Mn in the FCC phase
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the system in the range 30-100 at.% Mn by thermal and
magnetic analysis, microhardness, and XRD. Later,
Godecke and Koster,””! by metallography and thermal

31



Section I: Basic and Applied Research

1500

= [45] Specific Heat

| Thermal Analysis o [45] XRD

1400

1300 b : gg] < [40] (Single Phase) XRD
* [37 ® [41] Magnetic Analysis

1200

1100

1000

P
900

Temperature (UC)

800

700 .

600

w -Al,Mn
Al ;Mn,
///
>
=
=

500

0.25 0.30 0.35 0.40 0.45 0.50
Mole fraction Mn

o
N
o

Fig. 4 Optimized phase diagram of the Al-Mn system for
0.2< X\ <0.5

analysis, reported three phases in the region from 30 to
50 at.% Mn: v, y1, and y2 (In Fig. 1, vy is denoted y (BCC),
while y1 and y2 are the AlgMns phase). Ellner,'**! using
high temperature XRD, showed that the y phase has a BCC
structure. As very little information is available about the y1
and y2 phases, they were modeled as a single phase
“AlgMns” (Fig. 1), as was also done in previous optimi-
zations.[**!. Following the suggestion, based on crystallo-
graphic data,'**! of Du et al.,"”) the AlsMns phase was
modeled by the compound energy formalism!***! as
Al;;Mns(Al,Mn)y (the first sublattice containing only Al,
the second only Mn and the third a random mixture of Al
and Mn).

The optimized phase diagram for the region from
0.2<X\n<0.5 is compared with experimental data in
Fig. 4. In the absence of any further experimental evidence,
the order-disorder transformation in the y (BCC) phase
suggested by Liu et al.”*! based upon ]?reliminary differential
scanning calorimetry (DSC) results'** was ignored. For
modeling purpose, ¥ (BCC) was formally treated as the
same phase as the terminal BCC solid solution of Al and
Mn, but for clarity of representation, this region has been
denoted as y (BCC) in the figures.

The optimized phase diagram in the region from
0.5<XMn<0.1 is compared with the experimental data in
Fig. 5. The phase equilibria for the € (HCP) phase were first
studied by XRD and specific heat measurements by
Kono.[** Koster and Wachtel'! studied the boundaries of
the phase by magnetic analysis, micro-hardness, XRD, and
thermal analysis, and denoted the phase as . Muller et al.!*®!
established phase equilibria for this phase by DTA. Liu
et al.** investigated the phase mainly by a diffusion couple
technique, and also by metallography, XRD, DSC and
transmission electron microscopy (TEM). They reported a
wider single-phase region than Koster and Wachtel,*!!
attributing the difference to the transformation of ¢ (HCP) at
compositions richer in Mn than 58 at.% into the CUB phase
during the quenching experiments.

Meschel and Kleppa,”! by direct synthesis calorimetry,
reported the enthalpy of formation at 25 °C for alloys at 60

1800

4 [46)(DTA) 140] [41]
iffusi * Thermal Arrest ® Magnetic Analysis
v [24](Diffusion Couple) o Homogenous(X-Ray) ~ © Thermal Analysis
= [45](Specific Heat) 2 phase (X-Ra o Microhardness
1520 | © [45]x-Ray phase (X-Ray) ¢ X-Ray
< [37] DTA * Microstructure
9 B e S
<2 1240} —
7 1MoL BCC
= i ~®
g == ¥C
g — — -_%\0:1'
5 960 1
K
esor \ CBCC
Al Mn+CUB \ f
400 o . . . |
050 0.60 070 0.80 0.90 1.00

Mole fraction Mn

Fig. 5 Optimized phase diagram of the Al-Mn system for
0.5<X\n<1.0

o

o [48] High Temperature Reaction Calorimetry
® [47] Direct Synthesis Calorimetry /

[4](Optimizaﬁion)

[3](Optimization)

20 F \ AN
Present Work

25 +

-30 F

Enthalpy of formation [kJ/ (mol of atoms)]

’[5](Optimization)

-35

0 0.20 0.40 0.60 0.80 1.00
Mole fraction Mn

Fig. 6 Optimized standard enthalpies of formation of solid
Al-Mn alloys

and 80 at.% Mn. Kubaschewski and Heymer,**! by high
temperature reaction calorimetery, reported enthalpies of
formation for four compositions: AlgMn, Al4Mn, Al;;Mny
and AIMn. The optimized standard enthalpy of formation of
the intermediate compounds is compared with the experi-
mental data and the previous optimizations in Fig. 6.

Partial enthalpies of mixing in the liquid phase at
1353 °C were measured by high-temperature vacuum
isothermal calorimetry by Esin et al.' who reported only
smoothed data. The present optimized enthalpy of mixing is
compared with these data and with previous optimizations
in Fig. 7.

Batalin et al.! performed electromotive force (EMF)
measurements in the liquid phase at 1297 °C, reporting
activities of Mn, while Kematick and Myers'>®! measured Al
and Mn activities at 902 °C by Knudsen cell/mass spec-
trometry in the range 42-62 at.% Mn. These data are
inconsistent with the other data for the system and were
ignored. Chastel et al.l>'! determined activities of Mn and Al
in the melt in the range from 0 to 50 at.% Mn at 1247 °C by
Knudsen cell/mass spectrometry. The optimized activities

49]
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Fig. 7 Optimized partial enthalpies of mixing in liquid Al-Mn
alloys at 1353 °C
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Fig. 8 Optimized activity of Al and Mn in liquid Al-Mn alloys
at 1247 °C

are compared with the experimental data and previous
optimizations in Fig. 8.

The optimized entropy of mixing in the liquid phase at
1400 °C is compared with the previous optimizations in
Fig. 9. The present positive entropy of mixing is physically
more probable than the negative values of the previous
optimizations. The optimized standard entropies of formation
of the solid alloys from the elements at 25 °C are compared
with previous optimizations in Fig. 10 (see also Table 1).
Generally, such entropies of formation are expected to be
small, as in the case in the present study. It is not possible to
obtain a closer fit to the liquid activity data in Fig. 8,
simultaneously with all the other data for the system, without
introducing a relatively large negative non-configurational
entropy term for the liquid phase as well as significantly
larger entropies of formation of the solid phases. Since such
large entropies are physically improbable, we believe it to be
more likely that the activity data are in error.
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Fig. 9 Optimized entropy of mixing in liquid Al-Mn alloys at
1400 °C
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Entropy of formation [ J/(mol of atoms)]
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0.00 0.20 0.40 0.60 0.80 1.00
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Fig. 10 Optimized standard entropies of formation at 25 °C of
solid Al-Mn alloys from the elements

4. The Mg-Al-Mn System

The previously oli)timized phase diagrams of the
Al-MgP! and Mg-Mn!"”! systems are shown in Fig. 11
and 12 respectively. The parameters optimized by Char-
trand™ for the phases in the AI-Mg system pertinent to the
present work are given in Table 3. Crystallographic data of
all the solid phases appearing in the Mg-Al-Mn system are
in Table 2. It may be noted that the calculated consolute
temperature of the miscibility gap in the Mg-Mn system,
Fig. 9, is about 1500-2000 °C lower than in the previous
optimizations'>>>*! of this binary system.

Our previous optimizations'™ ! of the Al-Mg and Mg-Mn
systems were combined with the present optimization of the
Al-Mn system in order to calculate the polythermal projection
of the liquidus of the Mg-Al-Mn system shown in Fig. 13.
The thermodynamic properties of the ternary liquid phase
were calculated by the MQM from the binary model
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parameters. The “asymmetric approximation”!®>* with Al
as “asymmetric component” was used, since the Mg-Mn
liquid exhibits positive deviations from ideality, whereas the
Al-Mg and Al-Mn liquids exhibit negative deviations. A
small ternary interaction parameter (Table 1) was included
for the liquid phase.

The HCP phase in the Al-Mg and Mg-Mn systems!*-'"!
and the FCC phase in the Al-Mg system were modeled with

single-sublattice substitutional models. For modeling
659 ‘
N Liquid 650
600 F N\
~ 450 461
&) T
) ‘ HCP
o 400 - FCC fl s f 437 ]
g =\ | \
2 -8 \ | \
g = | \
& Il \ .
Il \ -AIM
200 | B-AMg | \ ¥-AMg 1
/ I :‘ \
/ | \|
| \
| \|
0 . L’ ‘ iR .
0.0 02 0.4 06 0.8 1.0
Mole fraction Mg

Fig. 11 Previously optimized phase diagram of the Al-Mg
system[g]

2000 . — o5z
\\\
1600 - o ~ )
2 Liquids BCC
&) 1196
°; 1200 FHCP, 1134 ]
g
g 1081 o
g / FCC =)
Ol
=]
B 800 1/ 704
Z 650
400 8
|
Ol
0 . . . .
0.0 02 04 06 08 1.0

Mole fraction Mn

Fig. 12 Previously optimized phase diagram of the Mg-Mn
system“o]

purposes, the Mg-rich HCP phase in the Al-Mg and Mg-Mn
systems and the ¢ (HCP) phase in the Al-Mn system were
formally treated as the same phase. The thermodynamic
properties of the ternary HCP and FCC phases were
estimated from the binary model parameters. The “sym-
metric” (Kohler) approximation®* was used with no
ternary interaction parameters. The predicted stability of
the € (HCP) phase at 1200 °C is shown in Fig. 14.

v-AlMg has the same structure as the CBCC-Mn phase
(Table 2). A small solubility of Mn in this compound or
combined solubility of Al and Mg in CBCC-Mn might
therefore be expected. No data for these solubilities could be
found. Pending further experimental work, the binary phase
v-AlMg and CBCC-Mn were treated as separate phases.
Possible mutual solubilities between any other intermetallic
phases were assumed to be negligible in the absence of any
experimental evidence and since they all have different
structures and stoichiometries.

4.1 Mg-Rich Alloys

The solubilities of Mn in liquid Mg reported by Hanawalt
et al.>* are significantly lower than later findings®>”! and
have been rejected. Beerwald®®! and Nelson™”! used a
settlinff, technique to determine solubilities. Oberldnder
et al., 381 and later Simensen et al.l®®! from the same

1 =AlgMn
11 2= Al,Mn
3= p- AlLMn
4 = Al,;Mn,
5 = AlgMn;
6 = vy (BCC)
7 =HCP
8 =BCC
9 =2 Liquids
10 =FCC
11 =CUB

Al 0.8 0.6 0.4 0.2 Mn
Mole fraction

Fig. 13 Predicted polythermal projection of the liquidus in
the Mg-Al-Mn system. Calculated invariant temperatures are
shown (°C)

Table 3 Optimized parameters from Chartrand'® for phases in the Al-Mg system pertinent to the present work

Phases (model used)

Optimized parameters, J

Liquid (MQM)

Solid solutions
FCC (single-sublattice random mixing)
HCP (single-sublattice random mixing)

Againn = (—2762 + 1.527T) + (—418 + 0.6287) Xpj.a

Coordination numbers: Zy%1, = Zaly, = Zah, = Zysa = 6

Excess Gibbs energy terms, GE/XMgX ‘a1 (J/mol of atoms)

(4971 —3.5007) + (=900 — 0.4237) (Xpg — Xar)

(1950 — 1.9997) + (—1480 + 2.079T) (Xnmg — Xa1) + 3500(Xng — Xa)?
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Fig. 14 Calculated isothermal section of the Mg-Al-Mn phase
diagram at 1200 °C

laboratory, identified the composition of precipitated solids
around 700-750 °C by a centrifuging technique supple-
mented with XRD and metallography. They concluded that
at 700-750 °C, CUB and AlgMnjs are the equilibrium phases
at compositions 0 <wt.% Mn<3 and 0 <wt.% Al<15. The
present calculations agree well with these data. In another
work, Simensen et al.,[*” reported solubilities at 750, 710
and 670 °C by the same technique. Thorvaldsen and
Aliraveil®! measured the solubility of Mn in the liquid
phase by settling and decantation followed by emission
spectrometry and inductively coupled plasma (ICP)
measurements.

The data of Nelson,”’”! Beerwald,'*® Simensen et al.[®]
and Thorvaldsen and Aliravci®'! are compared with the
present calculatlons in Fig. 15. All data except those of
Simensen et al.’®’! are reasonably well reproduced below
780 °C. The solublllties reported by Simensen et al.[% are
lower than the present calculations and the disagreement
increases with increasing temperature. This same trend was
noted by Ohno and Schmid-Fetzer'®” in their assessment.
Thorvaldsen and Aliravcil® reported that the results of
Simensen et al.[®”! may have been influenced by iron
contamination. A calculated isopleth at 5.05 wt.% Al is
compared with the data of Thorvaldsen and Aliravci® in
Fig. 16.

Mirgalovskaya et al.,[! by microstructural and micro-
hardness tests, studied liquid-solid and solid-solid phase
equilibria in Mg-rich alloys. Their data are compared with
the present calculations in Fig. 17. Their results at 850 °C
are inconsistent with the measurements of other authors as
can be seen by comparing Fig. 17(b) and 15(c). Other
measurements of Mirgalovskaya et al. and Ageev
et al.l* in Mg-rich alloys at temperatures below 400 °C
were rejected because they report large solubilities of Mn
and Al in Mg which are inconsistent Wlth the other data.

The solidus measurements of Nelson”! are compared
with the calculations in Fig. 18. The disagreement is due to
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Fig. 15 Optimized liquidus surface in Mg-rich solutions at dif-
ferent temperatures 7: (a) 7 < 700 °C, (b) 700 < T'<750 °C,
and (¢) 7> 750 °C

the fact that these measurements are inconsistent with other
data in the binary Al-Mg system (wt.% Mn = 0 in Fig. 18)
which were used in the optimization of this binary system.

In the present work, for all practical purposes the
solubility data up to 760 °C can be reproduced without
any ternary interaction parameters. The small ternary term
shown in Table 1 is only required to refine the optimization
at the higher temperatures.

Journal of Phase Equilibria and Diffusion Vol. 30 No. 1 2009 35



Section I: Basic and Applied Research

800
o [61]
Wt. % Al = 5.05
750 + E
//
19 Liquid e —
~ /
3
g 700 >
5 _
]
&
650 - o AlMng+ Liquid
HCP+Liquid
600 . . . .
0.0 0.2 0.4 0.6 0.8 1.0

Weight percent Mn

Fig. 16 Calculated section of the Mg-Al-Mn phase diagram at
constant 5.05 wt.% Al

TT '
‘ [ ¢ 161
——— Liquid+CUB ! | 700 °C o [56]
, I “ [63]
| |
g | |
5 2 |
= ko i
(53
E I / Liquid+Al,,Mn,
2, i} [
%o i Liquid+Al;Mn; |
k)
2 |
|
>/A/~/A A 4
A
Liquid
0 ' L ' L
0 10 20 30 40 50
(a) Weight percent Al
6 — - . ‘
I |
éb,'f I 850 °C
-£ | P
st W———qumd+ € (HCP) 4[63]
s
s 4] f f
g | [l
S [ | -
33 \ : } AlgMn;+ Liquid Liquid + Al,;Mn,
= f |
.%” , ~ —~
B a A N
. A
1} ‘ ‘ .
Liquid
0 . . . .
0 10 20 30 40 50
(b) Weight percent Al
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4.2 Al-Rich Alloys

Leemann and Hanemann'®¥ studied Al-rich alloys by
metallography and thermal analysis. Wakeman and

750 : .
[57] Rupture Test and Microstructure

oWt % Al=0.38
DOWt. % Al =1.35
700 AWt % Al =245
VWt % Al=5.0
*Wt. % Al=75

650

Temperature (GC)

Ll e —

550 [ — ./.,.,.,.-..‘¢r,._,.,._ R - — i

500 be—"

Weight percent Mn

Fig. 18 Calculated solidus curves in the Mg-Al-Mn system

Raynor'®! doubted the attainment of equilibrium in

Leemann and Hanemann’s work!®) and carried out micro-
structural observations of alloys annealed at 400 °C. These
authors'® reported a ternary compound by XRD and
tentatively reported its composition to be MnMg,Al;.

Later, Fun et al.'”! determined the crystal structure of this
phase by XRD and reported its composmon to be
Mn,Mg;Alg. This phase is denoted as T in the present
work. Du et al.l*! reported the enthalpy of formation of T as
—10.2 kJ/(mol of atoms) by first principles calculations and
as —8.7 kJ/(mol of atoms) by a CALPHAD-type assess-
ment. The present optimization gives the enthalpy of
formation as —9.9 kJ/(rnol of atoms).

Barlock and Mondolfo!®® reported a eutectic invariant
reaction L = (Al) + B-AlMg + T at 447 °C. The present
computed temperature for this reaction is 451 °C. Accord-
ing to the present calculations, the T phase should melt
peritectically near 471 °C. The primary crystallization field
for this ternary phase is extremely small and is very close to
the Mg-Al binary edge of the composition triangle. It is not
visible on the scale of Fig. 13.

Ohnishi et al.l'”! studied Al-rich alloys at 400 and 450 °C
by metallography and XRD. Isothermal sections at 400 and
450 °C are compared with the experimental data in Fig. 19
and 20. Ohnishi et all® also reported two-phase
(FCC + AlgMn) regions (not shown here) at very low Mg
and Mn contents at 400 and 450 °C which are inconsistent
with the optimized Al-Mn binary phase diagram. In a
different work, Ohnishi et al.l’”! studied six Al-rich alloys,
showing the two-phase FCC + AlgMn region to be stable
for 1 <wt.% Mn<2 and 0 <wt.% Mg<4, in agreement with
the present calculations.

Butchers et al.,.”") from cooling curves, reported smoothed
liquidus curves between 630 and 650 °C. The data at 650 °C
are compared with the present calculations in Fig. 20.

Little et al.7?! by microstructure observations, and
Fahrenhorst and Hoffman**! by electrical resistance mea-
surements, reported solubilities of Mn and Mg at 500 °C in
the FCC phase. These data are compared with the present
calculations in Fig. 21.
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Fig. 20 Calculated liquidus surface in the Mg-Al-Mn system

5. Conclusions

Gibbs energy functions for all phases in the Al-Mn
system have been obtained. All available thermodynamic
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Fig. 21 Calculated solubility of Mn and Mg in FCC-Al

and phase equilibrium data have been critically evaluated in
order to obtain one set of optimized model parameters of the
Gibbs energies of all phases which can reproduce the
experimental data within experimental error limits. Tentative
calculated phase diagrams of the Mg-Al-Mn system have
been given. For all practical purposes, the available data
below 760 °C in the Mg-Al-Mn system can be reproduced
solely from the optimized binary model parameters. A small
ternary parameter has been included for the liquid phase to
refine the optimization at higher temperatures.

The use of the MQM for the liquid phase has permitted
SRO to be taken into account. Use of this model results in a
better fitting of the data for the liquid phase than is the case
when a Bragg-Williams random-mixing model is used, as
well as a better representations of the partial properties of
solutes in dilute solution in magnesium, the activities of
solutes in dilute solution being of much ?ractical impor-
tance. As shown by the present authors,!”) the use of the
MQM generally also results in better estimations of the
properties of ternary and higher-order liquid alloys. These
estimations of phase equilibria in magnesium alloys will aid
in the design of novel magnesium alloys.
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