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Abstract

In this study the partially divorced eutectic microstructure of «-Mg and B-Mg;;Al;, was investigated by electron backscatter diffraction,
transmission electron microscopy, and phase-field modeling in hypoeutectic Mg-Al alloys. The orientation relationships between the individual
eutectic « grains, eutectic 8 phase, and primary « grains were investigated. While the amount of eutectic morphology is primarily determined
by the Al content, the in-depth microstructure analyses and the phase-field simulation suggest non-interactive nucleation and growth of eutectic
o phase in the B phase grown on the interdendritic primary « dendrites. Also, phase-field simulations showed a preferred nucleation sequence
where the B phase nucleates first and subsequently triggers the nucleation of eutectic o phase at the moving 8 phase solidification front,

which supports the microstructural analysis results.
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1. Introduction

In the majority of cast Mg alloys containing more than 2
atomic% Al, eutectic microstructures composed of «-Mg and
B-Mg7Al}, are readily formed during solidification. Their
morphologies vary prominently from fully divorced eutectic
through several intermediate structures to eutectic lamellar de-
pending on the cooling rate and the content of the alloying
elements [1-5]. The importance of the 8 phase morphology
on the mechanical and electrochemical properties of Mg-Al
alloys has been discussed in several studies [6-8]. The control
of fraction, distribution and shape of the eutectic constituents
and their overall morphology are crucial in optimizing the me-
chanical properties and the corrosion resistance of the alloys
because the intermetallic 8 phase is brittle and electrochemi-
cally more noble than the « phase. In addition, the nucleation
and growth of the B phase in an interdendritic liquid between
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primary o phase dendrites occur at the last stage of solidi-
fication and is closely related to hot-tearing, which could be
prevented by providing an open feeding path in the liquid
channel. In view of its technical importance, it is necessary
to have an improved understanding of how the eutectic mi-
crostructure is formed.

In Mg-Al alloys, the eutectic fraction is primarily deter-
mined by the Al content. While the maximum solubility limit
of Al in the « phase is 11% [9] (hereafter, in atomic%) to
form an equilibrium single « phase during solidification, the
metastable eutectic microstructure can be formed in the non-
equilibrium solidification of alloys containing less than 11%
of Al. Liquid phase readily enriched with solute over the sol-
ubility limit during technical non-equilibrium alloy solidifica-
tion [10] which enters eutectic-forming region in phase di-
agram. The solidification sequence follows the formation of
the primary a phase (hereafter, o), and thereafter, the eutec-
tic B phase and « phase (hereafter, a.) in the interdendritic
channel of «j. In addition to the Al content, the cooling rate
and other alloying components such as Zn also affect the spe-
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cific morphology of the eutectic region. Dahle et al. [2] re-
ported a drastic change in the eutectic structure within a single
B grain along the growth direction in a directionally solidi-
fied Mg-9.1Al1-0.4Zn alloy. The rapid morphological transition
from fully divorced B through the partially divorced eutectic
structure with thick 8 halo to fibrous and lamellar eutectics
with thin 8 halo occurred within several tens of wm. The re-
sult emphasizes the importance of temperature control in ac-
complishing the desired microstructure and in understanding
the underlying mechanisms of divorced eutectics. To achieve
quantitative comparisons of different cooling conditions and
to obtain simulation results reflecting actual microstructure
evolution, this study conducted direct temperature measure-
ment of the melt during the solidification process.

This study compares partially divorced eutectic morpholo-
gies of equiaxed Mg-Al alloys containing 5-15% Al with dif-
ferent cooling rates. Thorough microstructural analyses were
conducted by optical microscopy to observe the overall cast-
ing microstructure and by transmission electron microscopy
(TEM) for a comprehensive investigation of the individual
phases and grains. The partially divorced eutectic microstruc-
ture developed during the interdendritic solidification of the
residual liquid pocket was simulated using the phase-field ap-
proach and compared with the experimental microstructure.

1.1. Experiments

Mg-Al alloys containing 5%, 10%, and 15% Al were pre-
pared with reagent grade metal granules and melted in an
induction furnace under protective CO, and SF¢ atmospheres
up to 973 K. Thereafter, the melt was poured into the pre-
heated (523 K) steel mold with Type-K thermocouples placed
inside the mold. The wedge-shaped mold was adopted to ob-
tain two different cooling rates from a single heat to reduce
the compositional variation as shown in Fig. 1. The analyzed
microstructure specimens were taken from the volume close
to the thermocouples, which assures quantitative assessment
of the cooling rate effect and provides reasonable input pa-
rameters for the phase-field simulations.

The casting microstructures were analyzed by polarized
light microscopy (PM), scanning electron microscopy (SEM),
electron backscatter diffraction (EBSD), and TEM in diverse
scales. The PM specimens were etched with 4.2 g of picric
acid, 10 mL of acetic acid, 700 mL of ethanol, and 10 mL
of distilled water mixture etchant. The SEM and EBSD spec-
imens were mounted, ground and polished to colloidal silica
suspensions finish. SEM and EBSD examinations were car-
ried out using JEOL JSM-7001F and JSM-7900F field emis-
sion SEM, both equipped with Oxford EBSD (NordlysNano
and Symmetry) and energy dispersive spectroscopy (EDS).
The EBSD maps and EDS data were analyzed using Oxford
Aztec 4.2 and TSL OIM 8.0 software to produce orientation
maps, pole figures, and elemental profiles. TEM specimen was
prepared using a focused ion beam (FIB, Carl Zeiss AURIGA
Dual-Beam) from the pre-analyzed EBSD specimen to obtain
the designated specimen orientation. Selected area diffraction

patterns (SADP) and EDS profiles were acquired in JEOL
JEM-2100F field emission TEM equipped with Oxford EDS.

2. Phase-field modeling

The multi-phase-field approach with a locally linearized
phase diagram scheme was applied to simulate the solidifi-
cation microstructure evolution during the eutectic condition
[11-14]. In this approach, each grain/phase is assigned a dis-
tinct phase-field parameter, ¢,(x,f) € [0, 1]. The evolution of
the phase-field parameter is described by the following equa-
tions:
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where M;; is the interface mobility between phase i and j, N
is the local number of the non-vanishing phase-field, n is the
interface thickness, and AGj; is the thermodynamic driving
force. The anisotropic interface energy, Y« — g, is used for
the interface between « and the liquid phases following the
approach from Boéttger et al. [15]. For the interface between
the B and liquid, as well as the B8 and «, isotropic inter-
face energy is used. The evolution of the composition, ¢, is
described by the following diffusion equation:

N N
=V $iDiVe)+ Y Jij 3)
i=1 ij=1
where D; is the diffusion coefficient of the solute and jj is
the anti-trapping current [14]. The phase-field equation given
above were discretized using the finite difference scheme. The
heat extracted upon cooling is balanced with the heat of phase
transformation as provided below:

pey =" WniLij+Q )
My I#£]

where p is density, cp is the heat capacity, n,,, is the discrete

volume element, % ; is the local transformation rate between

pair-wise phases i and j defined by ¢; = Z]};i Vi > Lij is the

latent heat released during the phase transformation, and Q is

the heat extraction rate.

The nucleation model was adopted from Greer et al. [16],
which determines the onset of the nucleation and growth of a
seed corresponding to the achieved undercooling. The seeds
of each phase were randomly distributed over the simulation
domain with their size following the normal distribution (only
the positive tail of the distribution is used),

N N() 1 d—/L 2
N(d)_a 2nexp(—z( - )) (5

where Ny is the nucleation seed density, d is the seed diam-
eter, u is the center of the distribution, and o is its standard
deviation. The numerical parameters used in the simulation
are listed in Table 1.
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Fig. 1. Experimental set-up.

Side view
Table. 1
List of simulation parameters.
Parameterx Symbol Value Unit
Liquidus slope Miig-o —6.90 K /%
Myig-g 3.50 K /%
Solidus slope My lig —27.58 K /%
mg-liq 9.00 K /%
Solvus slope me. g —22.40 K /%
mg.y —103.00 K /%
Intersection concentration Co-lig 0.00 %
Chg.iq 45.64 %
Ca-p 34.20 %
Intersection temperature Taig 923.15 K
Tgiiq 760.60 K
To-p 1301.84 K
Nucleation seed density No“ 5.0 x 101 m3
No# 15 x 1016 m3
Mean diameter of the seeds u —-15%x 1077 M
Standard deviation o 1.0 x 1077 M
Interface energy T 0.09 J/m?
Diffusion coefficient Dy lid 3.9 m2/s
Daj %, Day # 39 x 1073 m?s
Diffusion activation energy Qa1 "9, Qa1 ®, Qa1 # 1.55 x 10°  J/mol
Entropy of fusion AS® —1.0 x 10°  Jm?K
AS¢? —12 x 106 Jym3K

3. Results and discussion

In the as-cast microstructures of specimens with various
Al contents and cooling rates shown in Fig. 2, equiaxed grain
refinement is evident with an increase in the Al content and

cooling rate. The addition of Al promotes the formation of
the eutectic structure consisting of § and eutectic «, phases in
the interdendritic channel between primary «, dendrites. The
fractions of the eutectic region in Fig. 2(a) and 3 in fast cool-
ing condition are in reasonable agreement with the calculated
solid fractions of 7, 18, and 31 mol% for 5%, 10%, and 15%
Al specimens from the Scheil-Gulliver solidification model
using TCMG?2 [17] database in Thermo-Calc [18]. The actual
eutectic fraction also depends on the cooling rate [5] since the
phase transformation is controlled by the solute diffusion in
diffusion-controlled eutectic solidification scheme [10]. Pre-
vious works [12,13] by two of the current authors examined
the effect of the cooling rate on the eutectic volume frac-
tion using phase-field modeling. This study focuses on the
Al content which has a significant impact on the morphology
changes from the (partially) divorced eutectic to the coupled
eutectic microstructure as shown in Fig. 3. In the SEM mi-
crographs, the bright region indicates the § phase and the
dark phase indicates the « phase. The light hue around the g
phase inside the dark o« phase indicates the Al enrichment in
the interdendritic region which often transforms into contin-
uous and discontinuous precipitations.

As the Al content increases, the eutectic morphology
changes from a fully divorced (5% Al) structure to a partially
divorced (10-15% Al) structure [1-3]. Microsegregation of Al
in the liquid pocket isolated between the «, dendrites allows
the formation of the 8 phase even if the initial composition of
the alloy (5% Al) is far below the maximum solubility limit
of Al in the « phase, which is 11% at the eutectic temper-
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Fig. 2. (a) PM micrographs showing as-cast grain morphologies corresponding to different Al contents and cooling rates and (b) cooling curves of the
specimens directly measured in the melts. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

(a) 5%A - Fast

(b) 10%A\ - Fast

(c) 15%A - Fast

Fig. 3. SEM micrographs of the primary and eutectic microstructures of the fast-cooled specimens containing (a) 5% Al (b) 10% Al (c) 15% Al.

ature. As the eutectic fraction increases with the Al content,
its morphology undergoes a prominent transition from iso-
lated globular grains to interconnected networks. The convex
curvature of the B grains in Fig. 3(a) changes to the mixture
of convex and concave in (b) and finally to the fully concave
structure in (c), which suggests that the solidification of the
B grains with convex shape is completed before the «, den-

drite reaches them. It is also noticeable that the halo of g is
formed along the perimeter of the eutectic region.

The size of the § grain can be estimated from the compar-
ison between the orientation and the phase maps in the EBSD
analyses shown in Fig. 4. The isolated and partially connected
B grains in Fig. 4(a,b) grow up to approximately 20 wm as
single grains. Conversely, the eutectic network which spans
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Fig. 4. EBSD orientation maps (a-c) and phase maps (d-f, red: o phase, blue: B phase) of (a, d) 5% Al (b, e) 10% Al (c, f) 15% Al. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Large-area EBSD maps of 15% Al specimen (a) phase map (red: « phase, blue: 8 phase), (b) orientation map (c), and (001) and (110) pole figures
of B from (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

over several tens of pum consists of multiple § grains in
Fig. 4(c). Due to the effective resolution limit of the EBSD
analysis, the o, grains inside the § grains are not visible in
the low-magnification EBSD analysis. However, the large-area
EBSD maps of the 15% Al specimen and the corresponding
(001) and (110) pole figures of the 8 grains in Fig. 5 con-
firm that the orientation of the 8 grains does not significantly
differ. Such a similar but discrete distribution of the 8 orien-
tations could be due to the independent nucleation events in a
locally confined thermal condition. The g8 halo stretched over
multiple grains in the eutectic region can be explained by the
preferential growth of the § phase along the «;, perimeter
where the Al rejected from the growing o, front is piled-up.
The B phase grows by consuming Al in the liquid, and re-
duces the Al composition of the melt allowing the formation
of o, in a eutectic manner. The EDS composition profile of
a partially divorced grown § and o, of the 10% Al specimen
in Fig. 6 shows a smooth transition of the Al profile across
the ap/B boundary.

In technical Mg alloys, increasing the cooling rate, de-
creasing the Al content, and increasing the Zn content are
known to promote divorced eutectic morphology by reducing
the amount of eutectic region developed at the end of the so-
lidification sequence. Meanwhile only weak evidence of the
(partially) divorced eutectics was presented, which can distin-
guish between divorced eutectics and isolated coupled growth,
mainly due to the limitation of the technical resolution. In
addition to the regular eutectic morphology, the isolated sec-
ondary phase («. in this case) can be grown in a eutectic

2.5 um

Fig. 6. EDS composition profile of a g grain in 10% Al specimen.

manner with rod/irregular lamellar shapes [19-21]. In addition
to the detached growth, divorced eutectics rarely incorporate
the interactions between two eutectic phases such as solutal
exchange or orientation relationship (OR). A thorough litera-
ture review reveals the occurrence of highly non-spherical g
grain at the o grain boundary or in the bulk of the o with
six preferential ORs in the solid-solid phase transformation
[22-25] and one relationship in directional solidification [26].
While these crystallographic relationships are not reported in
the equiaxed solidification structure, they could indicate a pre-
ferred orientation of a nucleus at the interface to the opposite
phase. Table 2 shows the list of previously reported ORs be-
tween the o and § phases. To examine possible ORs between
the eutectic 8 and «, grains, seven reported ORs are checked
in a partially divorced eutectic region of the 10% Al speci-
men using EBSD. In Fig. 7(b-h), the red lines in each map
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Fig. 7. Seven reported ORs between the o and § phases (a) EBSD phase map of a partially divorced eutectic region in 10% Al specimen (b) Pitsch-Schrader
OR (c) Burgers OR (d) Crawley OR (e) Porter OR (f) Potter OR (g) Gjonnes-Ostmoe OR (h) Ryum OR.

Table. 2

List of ORs between the o and S phases.

OR Direction Plane Reference
Pitsch-Schrader ~ [100]g | [2110],  (011)g || (0001), [23]
Burgers (11115 | [2110l,  (O11)g || (0001)y [22-24]
Crawley [211]p | [2110l,  (111)g || (0001) [22]
Porter (25515 | [2110],  (511)g || (0001), [22]
Potter (11115 || [2110]e  (O11)g || (0001)q [23,25]
Gjonnes-Ostmoe ~ [211]g || [2110],  (011)g || (0001)4 [22]
Ryum [1111s | [1120l,  (10D)g | (1101)y  [26]

indicate the matching boundaries with OR and the gray lines
indicate the phase boundaries without OR. When these ORs
are checked in EBSD within five degrees of tolerance for both
planes and directions, the results reveal that no reported OR
occurs between the eutectic 8 and o, phases. Whereas the
and B phases show some matching ORs as indicated with the
white arrows in Fig. 7, which corresponds to the precipitation
in the solid state.

Further analyses were conducted for 40 «. grains on the
surface of the specimen in Fig. 7 and for three grains be-
neath the surface with respect to the adjacent o, and 8 grains.
The vertical sectioning using FIB confirms that the «. grains
are not part of the fibrous eutectic morphology as shown in
Fig. 8(a). The spatial arrangement of the grains and their
relative orientations were determined by the stepwise angle
records from the EBSD orientation maps, the FIB sectioning
in the designated cutting angle close to the [0001] zone-axis
of the o, grain in the target region, and the specimen tilting
in the TEM analysis. The SADP micrographs of the o grains
buried under the surface in Fig. 8(a) show that grain 1 and
2 are close to the [0001] zone-axis but rotated in the plane
by 2.18° with respect to each other. Conversely, the c-axis of
the grain 3 is slightly misaligned with respect to the beam
incident direction and that of grain 1 and 2. The zone axis
patterns inside the o, grains in Fig. 8(a) also indicate that
these grains are of a different orientation. Fig. 8(d) shows the
SADP micrographs of the o and 8 grains adjacent to the a.
in Fig. 8(a).

When the orientation of the o, grains on the surface is
compared to the adjacent o grain marked as point 9 in
Fig. 8(b), each o, grain shows a high misorientation angle

with a maximum of 65° as presented in the (0001) pole fig-
ure in Fig. 8(f). In Fig. 8(e), relative orientations of the o,
grains determined in the TEM and EBSD analyses are rep-
resented with hexagonal unit cells. Such a weak relationship
between the o, grains suggests non-interactive nucleation and
growth of the 8 and o, grains, which are the crucial factors
in divorced eutectic morphology. While each of the «, grains
has different orientations, some neighboring grains exhibit as-
sociated arrangements within a few degrees which might be
a result of the similar thermal conditions analogous to the
grains in Fig. 5(c).

The absence of the solutal exchange in the divorced eutec-
tic determines the characteristic morphology of the o, grains
in its chemistry and shape. Fig. 9 compares the Al distribu-
tion between the a. and o grains, which display a flat Al
concentration profile within the o, grain that is lower than the
eutectic composition (Fig. 9(a)). Conversely, Fig. 9(b) shows
that Al is enriched in the last solidified region owing to the
solutal rejection from the growing o, front. During eutectic
solidification the nucleation of the o, phase can be promoted
if sufficient Al is consumed by the growing B phase and the
Al concentration in the liquid drops below the eutectic com-
position. When the o phase grow cooperatively with the g
phase, gradual concentration changes in the adjacent o, and
B grains are observed with the highest Al concentration at
the o8 boundary as shown in Figs. 6 and Fig. 9(b). How-
ever, sharp concentration changes on the o¢/f interface and
the flat distribution of Al in Fig. 9(a) indicate that the o
and B are grown without a solutal exchange in the divorced
eutectic scheme.

To understand the competition between cooperative growth
and the nucleation-dominated formation of the divorced eu-
tectic structure, phase-field simulations were performed. The
detailed simulation scheme was provided in previous works
[12,13]. This study concentrates on simulating the remain-
ing liquid pockets in the o) interdendritic region near eutec-
tic temperature. The simulation started from a residual lig-
uid pocket with the eutectic composition surrounded by the
ap phase. The system was cooled starting from the eutectic
temperature with the experimentally determined cooling rate
of 25 K/s for the 10% Al-Fast specimen in Fig. 2(b). The
ap was still growing as the system was cooling. Following
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Fig. 8. The orientation analysis of the ae grains (points 1 to 8) with respect to the ap grain (point 9): (a) TEM micrograph taken from beneath the surface
and the schematic illustration of the FIB sampling and (b) EBSD orientation map. The dot-dashed red line indicates the FIB sectioning plane and R indicates
a reference point for the FIB sampling (c) SADP of for three we grains with a-tilt: —1.8° and B -tit: —2.8°, (d) SADP of the wp and B grains around the we,
(e) relative orientations represented in the unit cell of the o phase, and (f) (0001) pole figure for ae grains from (b). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Al and Mg distribution along the white dashed line measured using
EDS (a) ae and B grains having flat concentration profiles, and (b) a}, and B
grains showing smooth Al enrichment toward the dendrite growing direction.
(For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

the experimental observations, the nucleation density of the
B phase was set to be 10 times lower than the nucleation
density of the «. phase. and all nuclei were assigned ran-
dom and uncorrelated orientation. Both the «. and B phases
were allowed to nucleate at the same time in the entire vol-
ume of the liquid pocket if the thermodynamic driving force
is sufficient to overcome their nucleation barriers set by the
corresponding critical nuclei diameter. Once the undercooling
is sufficient, the nucleation of the B phase occurs first, and
a small number of grains begins to grow in the residual lig-
uid as shown in Fig. 10. A strong tendency for the 8 phase

to grow on the perimeter of the op/liquid interface can be
observed in Fig. 10(b), which is due to the strong segrega-
tion of Al rejected by the growing . Since the solubility
of Al in the « phase is lower than in the liquid, enriched Al
concentration in front of the «, dendrite results in the pref-
erential growth of the B phase along the «p/liquid interface.
During the growth of the 8 phase along the o, boundary, the
cooling stops, and the temperature even increases toward the
eutectic temperature due to the significant latent heat release.
At the same time, the nucleation of the «. phase is also acti-
vated, but actual nucleation does not occur due to insufficient
thermodynamic driving force. Before the onset of «, phase
nucleation, the 8 phase fully covers the a/liquid interface as
shown in Fig. 10(c) in a manner analogous to the experimen-
tal microstructure in Fig. 8(b). Thus, the simulation supports
the cooperative growth of the «, and 8 phases involving so-
lutal exchange as the first stage of the eutectic solidification
process. Subsequently, when the surface of o phase is fully
covered by the B phase, further growth of «, phase is re-
stricted, and the remaining Al in the melt is consumed to
form the B phase, reducing the Al concentration in the lig-
uid. This brings the system into the state where the o, phase
nucleation that completes the eutectic solidification process of
the remaining liquid pockets presented in Fig. 10(d-f).
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Fig. 10. Nucleation and growth of the 8 phase in the liquid pocket near the
eutectic temperature followed by the nucleation and growth of the «. phase
in the residual liquid. (a-c) The B phase nucleates randomly in the liquid but
preferentially grows along the perimeter of the ap/liquid interface and covers
it entirely. (d-f) Nucleation and growth of the «. phase leading to complete
solidification. The remaining liquid phase was colored opaque yellow. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

4. Conclusion

The solidification morphology of the Mg-Al alloys exhibit-
ing a (partially) divorced eutectic structure was investigated
with respect to the alloy composition and the cooling rate.
The results show that during the interdendritic solidification,
eutectic B phase formed a closed shell around the «;, dendrite
by following the Al enrichment along the «/liquid interface.
In contrast to the prominent solutal exchange between «;, and
B phases, the divorced eutectic structure followed the forma-
tion of a phase after rapid coverage of the a/liquid interface
by the B phase and consequent inhibition of further growth
of the o, dendrites. The weak OR and the sharp solute con-
centration change between the 8 and o, grains in the eutectic
region suggest non-interactive nucleation and growth of a par-
tially divorced eutectic structure in the Mg-10%Al alloy. The
experimental findings were supported by the phase-field simu-
lations which are in good agreement. The phase-field simula-
tion successfully depicts the formation of the 8 phase halo on
the a, interdendritic perimeter and partially divorced eutectic
microstructure consistent with the experimental observations.
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