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Abstract

Manganese is widely added to Mg-Al-based alloydoton Al-(Mn,Fe) intermetallics that
combat impurity Fe. Here EBSD, deep etching andteBography are combined to study
the nucleation and growth crystallography of Al-Ma-particles in Mg-9AI-0.7Zn-0.15Mn-
0.002Fe (Wt%) solidified at 1K*. It is shown that AMns nucleates on B2-Al(Mn,Fe)
particles and an incomplete peritectic transforaratesults in a Fe-richer B2-Al(Mn,Fe) core
enveloped by a low-Fe ns shell. A reproducible orientation relationship RDis
measured, and the close lattice match and OR aceistied in terms of the group-subgroup
relationship between these phases. It is found it rhombohedral AVins particles are
twinned, consisting of four orientations related ¥90° rotations around three common
(1102), which is discussed in terms of the pseudo-cubi@O= axes of the AMns
rhombohedral gamma brass. gflhs grew as equiaxed particles that are explained by
polyhedron models based on {100}, {110} and {112kéts of the pseudo-cubicgMns cell.
The results indicate that, at low Fe:Mn ratio, miogpurity Fe is dissolved in B2 particles

that are encapsulated by low-FgMhswhich may be important for corrosion resistance.
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1. Introduction

Manganese is added to most Mg-Al-based alloy®tobat impurity iron. For AZ91 (Mg-
9AI-0.7Zn in wt%), sufficient Mn is usually addeal ¢nsure that the Fe:Mn ratio is less than

0.032 which substantially improves the corrosiagistance [1, 2].

Both Mn and Fe are almost insoluble aiMg, do not form intermetallic compounds
(IMCs) with Mg, and instead react with Al solutefosm Al,(Mn,Fe), IMCs [3]. A series of
Mn-containing IMCs can form at different stagesAaf91 melt handling, solidification and
heat treatment, where Al(Mn,Fe),sVIn,Fe), and AL:Mn4 have been identified in previous

work [4-12].

At typical Mn and Fe levels, AMn,Fe), IMCs begin to form above the-Mg liquidus
temperature and can be removed to some extentawtaional sedimentation which gives
some control of the Fe content of melts. Howevég(Mn,Fe), particle settling also creates
sludge in die casting pots [13] and can blockrslte the launders of direct chill (DC) casting
units. For a given IMC density, the size and shapéhe primary IMCs determines their
settling behaviour as well as their packing anangding behaviour. Therefore, it is important
to understand and be able to control the size @agesof primary IMCs in Mg-Al-based

alloys.

Aly(Mn,Fe), IMCs also form during solidification both befou#1g nucleation as primary
phases and, later, betweeiMg dendrite arms and between dendritic grainsighér order
reactions. After solidification, this results in,Min,Fe), particles distributed both inside

Mg grains and at-Mg grain boundaries [9, 14-16].

A large body of work has explored the role of(Mn,Fe), IMCs in two areas: (i) the grain
refinement ofa-Mg [5, 15, 17, 18] and (ii) the corrosion performca of Mg-Al-based

alloys[1, 2, 19-22]. However, much less work hasd&d the nucleation and growth of



Aly(Mn,Fe), IMCs during solidification and the factors affeitheir size and morphology.
For example, while there have been advances innberstanding AMns formation [5, 16,
23, 24] and the morphologies that can developtf#re remain many outstanding questions
such as where AlMns particles nucleate, how they grow, and what rdie 1MC

crystallography plays in heterogeneous nucleatmahfaceted growth mechanisms.

In recent years, there have been major developmamtphase equilibria and phase
diagrams associated with Al-Mn-Fe intermetallic§,[26] and their incorporation into Mg-
Al-(Zn)-containing systems [3, 27]. However, mu@sd research has explored the kinetics
and microstructure evolution of Al-Mn-Fe intermdita in Mg alloys. This paper combines
recent Mg-Al-Zn-Mn-Fe phase diagrams with analyti8&M studies of A(Mn,Fe), IMC
microstructures in AZ91 with three main aims: @ identify the natural heterogeneous
nucleant for AdMns crystals in AZ91; (ii) to understand the growthystallography of
faceted AlMns primary particles; and (iii) to identify the locati of impurity Fe in the
microstructure to gain a deeper understanding @f Mn additions ameliorate against the

negative effects of Fe.



2. Methods

90g of AZ91D with composition given in Table 1 (tlat#1) was melted in boron nitride
(BN) coated mild steel cylindrical cups using a taie of 1.5 vol.% Sgand CQ as a cover
gas. A K-type thermocouple (calibrated against @9®% Al) was placed in the centre of the
melt and the alloy was held at 700°C (~100°C sugmjhfor 20 min before being removed
from the furnace and solidified naturally in aihé cooling rate in the liquid prior tw-Mg

nucleation was ~1°C?s

Samples for microstructural analysis were cut ifleces of 10mm10Omnxlmm.
Metallographic polishing was carried out down t®3um colloidal silica by standard
preparation methods. For EBSD characterisation,fitted step of preparation was Ar-ion
milling for 40 minutes using a Gatan PECSII instamt The 4 kV-accelerated beam hit the
sample rotating at 2 rpm, at a grazing incidenggeaof 4°. To reveal the 3-dimensional (3D)
morphology of the Al-Mn-Fe intermetallic&i-Mg was selectively dissolved from some

samples using a solution of 4% nitric acid in etllan

A Zeiss AURIGA field emission gun SEM (FEG-SEM) guped with a focused ion beam
(FIB), an Oxford Instruments INCA x-sight energypiersive X-ray (EDX) detector and a
BRUKER e-FlashHR EBSD detector was used. EDS measnt was performed at 10kV
with 5mm working distance. EBSD measurement watpeed at 20kV with 14.5-15.0mm
working distance and 70° tilted stage. BRUKER ESIPRI1 software was used to acquire
and index EBSD patterns. For this instrument, thglea between the FIB and the SEM
column was 54°. FIB serial sectioning was perfornoed deep etched AVins particles
without stage tilt, at 30 kV with working distanoé 5mm. The slice distance was 90nm and

the milling current was 600pA.



To determine the 3D growth crystallography of intetallics, EBSD and FIB tomography
were combined. Polished particles after EBSD memsents were serially-sliced using a FIB
(FEI Helios NanoLab 600 dual beam system) and ishage&E mode. Serial-sectioning was
performed at 30kV, at 52° tilt angle. The slicetaiwe was 100nm and the milling current
was 2.8nA. EBSD datasets were analysed using MATILAB2 (Mathworks, USA) with the
MTEX 4.4 toolbox [28]. For FIB tomography, 2D sl&cewvere aligned, cropped, and
processed by an anisotropic diffusion filter in fged [29] (US NIH, USA). 3D
reconstruction and crystallographic analysis wasfopmed using Avizo (Visualization
Science Group, France) and MATLAB 812 Having measured the growth facets, the 3D

growth habit of intermetallic particles was plotiesing KrystalShaper 1.4 (JCrystalSoft).



3. Resultsand Discussion
3.1 Solidified microstructure of AZ91 and primary AlgMns intermetallics

Fig. 1(a) shows the typical solidified microstrugtuof AZ91 cooled at ~1 °C's
containing an-Mg matrix, Mg7Al 12, and Al-Mn-Fe intermetallics. The 3D morphologds
the Al-Mn-Fe intermetallics, revealed by deep-atghiare shown in Fig. 1(b) and (c). Two
main morphologies were found: equiaxed-polyhedFad.(1(c)) and elongated rods/plates
(Fig. 1(b)). Recent in-situ observations of AZ91lidibication by synchrotron radiography
[30] at similar cooling rate confirmed that therpary AlgMns crystals that grow prior ta-
Mg nucleation have equiaxed polygonal morphologihis can be further confirmed by
noting in Fig. 1(a) that Al-Mn-Fe particles withuegxed morphology settled to the bottom of
the sample during solidification, indicating thaey are primary particles that formed before
o-Mg nucleation. The elongated gMns in Fig. 1(b) formed in higher order reactions
(eutectic etc.), and further examples with a comfdgeeted morphology ranging from rod, to
sheet, and folded plate-like are given in referef8H. As shown in Fig. 1(b), eutectic
AlgMns were often attached to primaryshns particles, indicating that eutecticgMns grew
from primary AkMns particles. For batch #1 of AZ91D (Table 1) sdieti at 1KS?, the
mean size (Feret diameter of particles in deepeetdamples) of primary fVns particles
was 10+ 2 um, as shown in the size distribution histogram fi@@rparticles in Fig. 1(d).

Fig. 1(e) shows the solidification path of AZ91adhted for the composition Mg-8.97Al-
0.74Zn-0.15Mn-0.02Fe for both equilibrium and Schsalidification, using PANDAT]
with the PanMg2016 database [32].

Fig. 1(e) predicts that several Mn-containing intetallics form at different stages of
solidification, although the total Al-Mn-Fe intertadlic fraction is low (~0.6 vol%). B2-

Al(Mn,Fe), AlgMns and AhiMn, are predicted for equilibrium solidification, ari8R-



Al(Mn,Fe), AlsMns, Al;3Mn, and ALMn are predicted for Scheil solidification up to.8%
solid. Note that impurity Fe dissolves into B2-Ali\fe) and AJ(Mn,Fe) by substituting
onto Mn lattice sites [25, 26].

Under both equilibrium and Scheil conditions, BZMh,Fe) is predicted to be the first
solid phase to form, with a liquidus temperatur@bi°C.

L - B2-Al(Mn,Fe)
It is followed by a peritectic transformation;

L+ B2-Al(Mn,Fe) - D8;0-AlgMns

B2-Al(Mn,Fe) and D8yAlgMnsare predicted to form prior t@Mg (602C), and further
AlgMns  Al;3Mng, and Mg-Ali; (and AkLMn for sufficiently limited back diffusion) are
predicted to form in polyphase reactions witiVig later during solidification. These Al-Mn
phases have been experimentally reported in prewauk [5, 6, 8, 9, 12, 23, 27, 33-37]. In
this work, the primary particles were B2-Al(Mn,Fefnd D§s-AlsMns as discussed in the
next section, and the main eutectic intermetabioserved were AMns (e.g. Fig. 1(b)) and
Mgi7Al12. Only traces of AhMngand ALMn were measured in the eutectic.

Fig. 1(f) is a plot of the Mg-Fe isopleth at 8.9/ArF4Zn-0.1Mn from the PanMg2016
database in PANDA [32]. It predicts that, when the Fe content in AZ8 more than
[(Bppm (0.0006wt.%), B2-Al(Mn, Fe) is the first sofitiase to form on cooling. Fig. 1(f) also
predicts that, for the Fe level in the AZ91 usél80ppm, 0.002wt.% Fe in batch #1), the
liquid was already saturated in Fe at the peakingetemperature (700 °C).

Cooling curve analysis was performed to comparé thé predictions in Fig. 1(e) and (f).
From the cooling curve and first derivative curve kig. 1(h), the onset ofi-Mg and
Mgi7Al 12 nucleation can be clearly identified but the fotiora of Al-Mn-(Fe) intermetallics

cannot be reliably detected. This is due to thellshatent heat release from Al-Mn-(Fe)



intermetallics as the phase fractions are very Is(@ath is less than 0.2 mass % [32]). To
compare the development of solid fraction on caphlmith the calculations in Fig. 1(e),
Newtonian cooling curve analysis was performedhendooling curve data in Fig. 1(h) using
the approach widely adopted in past work [38-4@] tre data for the specific heat capacity
and latent heat ai-Mg and Mg-Al 1, from Ref.[40]. The result is shown in Fig. 1(gheve

it can be seen that the experimental solidificatjpath is intermediate between the
equilibrium and Scheil predictions. Note that thgerimental solidification path is not
significantly affected by ignoring the Al-Mn-(Fe)termetallics since they contribute so little
to the latent heat flux. The cooling curve anayssult in Fig.1 (g)-(h) is consistent with
past work [40-44] and highlights the need for dethimicrostructural studies to investigate

Al-Mn-Fe intermetallic formation in AZ91.

3.2 Two-phase B2-Al(M n,Fe)/D8,o-AlgM ns particles

It was found that many primary Al-Mn-Fe particleser& two phase particles with a core-
shell structure. Fig. 2 shows typical images. Bi@-b) were imaged in BSE mode and show
the core-shell structures on polished surfaces. Kig) shows EDS analysis on a primary
particle. It can be seen from both the EDS lingasaad EDS mapping that the core has
substantially higher Fe content and is depletedliand Mn, compared to the shell region.
EDS mapping also shows that Fe exists in the steglon, although the content is

substantially lower than the core.

Since the core phase can be missed using randoond&BS-sectioned surfaces, FIB serial
sectioning was performed on deep-etched sampldsigin2(d-e), thex-Mg phase has been

selectively etched away and the 3D morphology oiViikFe particles was imaged in SE



mode. Video 1 in the Supplementary Information shdhe process of serially sectioning
through an intermetallic particle using a 90 nnteslspacing to search for a core particle.
With this approach, a core particle such as thesdag. 2(d-e) was confirmed in 18 out of 22
particles and the remaining 4 were inconclusiventthis in can be concluded that most, and
maybe all, primary Al-Mn-Fe particles had a coreg near their centre. The morphology
of the core phase varied from dendrites (e.g. Figo cubes and was often associated with a

pore near the centre (e.g. Fig. 2b, d-e).

A combination of EDS and EBSD was used for phasetification of these two-phase
particles. Fig. 3 shows a typical example where BR&tterns were taken from the locations
marked with white crosses in the phase map. WghBDS data in Table 2 and indexing of
these EBSD patterns via the Hough transform, the phase was indexed as cubic B2-
Al(Mn,Fe) (red region in the EBSD phase map of R{.and the shell was indexed as
rhombohedral D&-AlsMns (blue in the phase map). For this particle, ED&tpanalysis
(Table 2) gave an Fe content of 13.6 at.% in the ead 1.4 at.% in the shell regions. These
primary IMC phases are consistent with the preoindtiin Fig. 1(e).

The relationship between these IMCs can be undmisiath reference to the centre of the
binary Al-Mn phase diagram in Fig. 4(a) based ofsR&, 26, 45, 46], which contains four
intermetallic phases with crystallography summatige Table 3 from Refs [46-49]. A2-
AIMn and B2-AlMn are disordered and ordered BCQictures respectively (Fig. 4(b))[26].
D8,-AlgMns is a body-centred cubic gamma brass with thgZ@gstructure, and Dg-
AlgMns is a rhombohedral gamma brass that is closelyealto the D8 structure (Fig.
4(c))[46]. There are some fundamental similaribesveen these crystal structures as can be
seen from the similarities in the B2 and;pBBSD patterns in Fig. 3(b). One important
factor is that there are maximal group/subgrouptiehs between the four space groups in

Table 3:Im3m/ Pm3m — 143m — R3m; andIm3m/ Pm3m — R3m — R3m [47] where



arrows point to subgroups. These crystallograpinclarities are important in understanding
the nucleation and growth of B2-Al(Mn,Fe) andp8IsMns core/shell particles and are
discussed in more detail next.

For the rhombohedral crystal structure, there ave standard settings: a primitive
rhombohedral lattice, R3mR, with a=b=c awe=y; and a hexagonal lattice, R3mH, with
a=b£c, a=p=90° andy=120° [50]. For D&r-AlsMns, there is a third non-standard setting
which can be useful in crystallographic studies, [8&] in which the hexagonal cell is
transformed to a body-centred rhombohedral (BCR)wai¢gh 52 atoms. The three different
settings of the D®-AlgMns structure are shown in Fig. 4(d) viewed along [JO the
hexagonal setting, and [111] in the primitive rhahédral and body centred rhombohedral
settings. Note that the rhombohedral axes are ipgimut of the page. Fig. 4(e) shows the
same Dgy-AlgMns structure as Fig. 4(d) rotated to show the 3Dctiine where the atoms
have been removed for clarity. It can be seenttietross-diagonal (i.e. [111]) of the BCR
cell equals 26« hexagonal cells whereas the primitive rhomboheck#lhas [111] equal to
Cuex- This gives the BCR cell twice the volume of grenitive rhrombohedral cell. Note that
the three unit cells are three different ways ofctbing the same crystal structure. The
lattice transformation from/to the BCR cell is givéy Eq.1, where primes refer to the
hexagonal cell;

a 2/3 1/3 =2/3\ /a’
(b> = (—1/3 —2/3 —2/3) <b’> (Eq. 1)
c -1/3  1/3 -2/3/\¢

When considered with a BCR cell, B&IsMns has aranglea = =y = 89.09°, which is
very close to cubic (Fig. 4(e) and Table 3). TheRB&&ll is slightly rhombohedrally distorted
from its supergroup cubigy brass cell (D8 space groug43m) [48, 52] and can be
considered to be a pseudo-cubic. Fig. 4(c) compheefigh temperature cubic Pp§amma

brass and the low temperature rhombohedrab B8mma brass in the BCR setting, where

10



both are viewed along the (001) plane normal. Whiemwed in this way, the similarities
between the D8and D§, structures are clear. For clarity, in the remaindf this paper,
D8:0-AlgMns will be represented using both the hexagonal an® BEttings in parallel and
referred to simply as AMns. For example, in Fig. 3(b) and (c),sMnsis indexed in both the
hexagonal and BCR settings.

Fig. 5 shows stereographic projections to reveal symmetry relationships among the
cubic (A2, B2 or D8) and D8, rhombohedray brass structures (Fig. 5(a) versus Fig. 5(b-c)),
as well as the lattice transformation from the lgexel setting to BCR setting in fMns
(mappings from Fig. 5(b) to Fig. 5(c)). In the aubrystals (IBm-A2, PnBm-B2 and #3m-
D8,) of Fig. 5(a), poles of crystal planes are plotigidh solid circle symbols. Each
symmetrically equivalent pole is displayed with #zne colour and symbol. When the body-
centred cubic crystal is rhombohedrally distortedat lower symmetry trigonal structure,
symmetry-equivalent poles are divided into smail@ups. For instance, for the {112} poles
of cubic (labelled in blue) there are 24 symmetuealent, which become three
inequivalent groups in the lower symmetry trigoecell, consisting of 6, 6 and 12 symmetry-
equivalent poles. As the orientation of the threllscare plotted using the same convention,
these stereographic projections directly show tiemndex relationships between the three
lattices: cubic -~ rhombohedral in hexagonal setting rhombohedral in body-centred
rhombohedral setting. For example, theMyis planes in the EBSD patterns of Fig. 3 can be

reindexed in the hexagonal or BCR settings by repdff Fig. 5.
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3.3 Orientation relationship between B2 and AlgMns

In the EBSD patterns of Fig. 3(b) it is clear thHiadre are multiple near-parallel planes and
zone axes between the B2 core angMiis shell. The OR can be written as either Eq. 2a or

Eq. 2b where the misorientation from this OR is’4&@sed on the measured Euler angles:

{111} g2-cubic || {000L}aigmns-HEX & {110)82-cubic|| {1120)AigMns-HEX Eq. 2a

{111} g2-cubic || {111}aMmns-Bcr & (110 B2-cubic || {110)AigMns-BCR Eq. 2b

It can also be seen in Fig. 3(b) that the indexihthe cubic B2 core and thegMns shell
in the BCR setting are the same (accounting formsgtrically equivalent planes). Thus, the
OR between B2 and DQ@is also given by the stereographic projectionkig 5 and the OR
can be equally written in terms of any of the pafsims between the cubic and
rhombohedral lattices in Fig. 5. Note that theseestgraphic projections are each centred on
the three-fold rotation axis that is common toddlthe space groups associated with the A2,

B2, D& and D§, phases.

To explore the origins of the B2-RB8OR, we note from Table 3 that the B2 unit cell
dimensions are almost 3x3x3 times the BCR cell Ilgh#as (with <2% misfit). Fig. 3(d) are
projection views along the common <11z and <111zcr/ [0001}ex three-fold rotation

axis showing 3x3x3 B2 unit cells and ongMhs BCR unit cell.

The planar lattice match for (11dgc// (111kcr is shown in Fig. 3(d). Note that the
(111)%cr is a slightly corrugated plane and all atomselasthe plane have been included. It
can be seen that the atomic matching is very gawdnfost atoms. The mean planar
disregistry is ~2.5% using Bramfitt’'s method [58]similarly good planar match also exists
on the {100},ic//{100}scr planes which is ultimately due to the group-subgreelations

combined with the similar cell dimensions (Table 3)

12



Comparing the two phase particles (Fig. 2 and Bigvith the predicted solidification path
in Fig. 1(e), it can be inferred that the core-sk&Llicture is the result of a L+ B2-Al(Mn,Fe)
- AlgMns peritectic reaction whereby B2-Al(Mn,Fe) formedsfifrom the liquid and then
AlgMns enveloped the B2-Al(Mn,Fe). The remaining B2 case consistent with an
incomplete peritectic reaction due to limited déifon through the solid AMns shell. The
close lattice match in Fig. 3(d) is likely to causgMns to require only a small nucleation

undercooling to nucleate on B2.

3.4 Growth crystallography of AlgMns

It was found that most primary Mns particles were polycrystals. Fig. 6(a) shows a
typical EBSD orientation analysis of a B2-Al(Mn,Fa)d AkMns core-shell particle. Raw
EBSD data has been post-processed using Matlab thethMTEX toolbox. Grains were
reconstructed with XOas the threshold misorientation angle, and a dmragtspline filter
with 5 iterations was used. From the IPF-Y maps itlear that the B2-Al(Mn,Fe) core is a
single crystal (coloured in light grey), whilstgMns is a polycrystal and has four dominant
orientations. To confirm the presence of fougMs orientations, a quantitative pattern
matching approach based on simulations using tinardical theory of electron diffraction
using BRUKER DynamicS[54] was applied, as showifri§l 1. The simulated patterns were
pre-aligned to the experimental patterns indexadgua standard Hough-transform based
indexing of the Kikuchi diffraction patterns. Sufjgently the orientation was refined by
best-fit pattern matching based on the normalizessscorrelation coefficient r (Ok| <1,

where r =1 means the greatest similarity) [55].F8). 1 confirms the presence of four

13



orientations of AMns using the pattern matching method, showing thatdhe orientations

are not an artefact of pseudosymmetry [56].

There are various choices of colour key to showentations in rhombohedral crystals
[57]. In Supplementary Figs. 2-8 we show the oaé@ohs in multiple AIMns particles using
three different colour keys with respect to threedations (IPF-X, Y and Z) to ensure that all
inequivalent directions are distinguished. In Sapntary Figs. 2-8 it can be seen that, in
all AlgMns particles, there are only four orientations, andl ale related by ~90
misorientations. Since there are only up to foainmorientations in each Nns particle,
we use a simple Red-Green-Blue-Yellow (RGBY) colscineme. As shown in Fig. 6(d) and
Table 4, all orientations cluster around four peimt Euler angle space with less than’1.5
deviation in each Euler angle which correspondsooverall misorientation. Thus, an R, G,

B, Y colour was assigned to each cluster.

In the pole figures of Fig. 6 the following featsrean be seen: (i) The B2-Al(Mn,Fe) core
has all three of its {100} poles coinciding withetf2201},zx / {100} 5cx poles of AjMns,
and all four AtMns grains have all thref2201},zx / {100}5.r poles overlapped (i.e. all
four RGBY overlap at each of the thig201} ,zx / {100}z spots); (i) The {110} planes
of B2-Al(Mn,Fe) align with the{1120},zx / {110}3cr poles of AtMns, and each AMns
orientation shares §1120}yex / {110}3cr plane with each of the other threegMhs
orientations (i.e. there are two RGBY colours athg@201} ey / {100} 5z Spot); And (iii)
the{0001},5x / {111}z plane of each AMns crystal aligns with each one of the four {111}
equivalents in B2-Al(Mn,Fe). The mean misorientatlmetween these near-parallelisms was

calculated from the measured Euler angles to e85

Based on poles figures such as those in Fig. @g0metrical models were created to

represent the orientation relationship between BRAA, Fe) and the four AMns

14



orientations as shown in Fig. 6(c). Each grainrdaagon is plotted using its mean Euler
angles from EBSD measurements. For the B2-Al(Mnghgjle crystal core, the eight {111}
planes have been constructed to form an octahedi@ four AkMns grains are plotted as
hexagonal unit cells. These eight (four pairs oéxdgonal prisms have been translated
(retaining the orientations) onto the surfaceshefdctahedron which causes the {00@k}of

the four AkMns orientations to align with the eight {111} of B®{Mn,Fe). The adjacent
AlgMns orientations share a comm¢nl20)yex direction @ axis) which results in edge-
sharing hexagons. Note that this geometrical masleto scale where the octahedron
represents ¥7x7 unit cells of B2-Al(Mn,Fe) and the hexagonal prsseach represent one
hexagonal unit cell of AMns. This geometrical representation of the OR isherrillustrated

in Video 2.

In the BCR setting, the equivalent geometrical nhadea simple stacking of eight
rhombohedrons that are each nearly a cube sindg gd@are common planes and <0@&gz
are common axes for the fourgMns orientations (Fig. 6(b-c)). With the BCR geomettic

model, it is clear that each gMins orientation is almost 90° rotated from its neighbo

From the pole figures in Fig. 6(b), the OR betw&nand AMns in Eq. 2a and Eq. 2b
can be clearly seen. The geometrical models in &ig) also show that there are four
variants of this OR, since there is one {00@3}and four {111} in each hemisphere, and

that each AIMn;s orientation has one variant of the OR with theAB@vIn,Fe) core phase.

Fig. 7 explores the internal interfaces withirgMhs particles. Fig. 7(a) are three typical
AlgMns particle cross-sections, Fig. 7(b) and (c) are EB&Pntation maps of these particles
in the IPF-Y and RGBY colour scheme, respectivélye pole figures in Fig. 7(d) show that

the AlsMns orientation relationships are the same as ingzig.
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In Fig. 7 (b) and (c), it can be seen that the fouentations have simple near-linear
AlgMns internal interfaces in cross-sections. Geometnoadiels plotted using the measured
Euler angles are shown for the four orientationeash A§}Mns particle in Fig. 7(e) for the
hexagonal setting and in Fig. 7(f) for the BCR isgtt By digitally sectioning through the
BCR geometrical models (video 3), the internal rfstees were commonly found to be
consistent with {100} planes of the BCR cell. Foample, Fig. 7(g) shows images of the
digitally sectioned BCR geometrical models whem digital sectioning has been stopped at
a depth that best matches the measured interfac&sgi 7(c). It can be seen that the
measured interfaces (Fig. 7(c)) and the digitadlgtioned BCR geometrical model based on
{100} interfaces (Fig. 7(g)) are in good agreement.

The AlgMns results in Fig. 7 are a form of cyclic twinning. &gffically, the
{2201} Hex/{100}gcr interfaces between #Wns grains in Fig. 7 and the
{0001} ¢/ {111} gcr and(1102),,x/(100)5cr pole figures in Fig. 6(b) and Fig. 7(c) are
consistent with fourfold cyclic twinning, where teemposition/habit planes af2201}1ex

/{100}gcr, and the AdMns unit cells are rotated(B0° around three common

(1102)4gx /<0013cr twinning axes. Fig. 8 illustrates the four-fold cliy twinning of

AlgMns. Itcan be understood as twinning operations of fold#®0° rotations around three
common(1102)5x/<0013cr axes or mirrored b§2201}ex /{100}scr planes. These twin
elements are also pseudosymmetry elements (cubic)thie lattice of the individual

(rhombohedral). The twin obliquity 5= 0.9.

3.5 Growth facets of AlgMnsg
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To determine the 3D growth habit ofgMns particles, EBSD and FIB serial sectioning were
combined. The procedures are summarised in FigdSaastep-by-step guide is given in Sl-
Figs. 9-13. First, the orientation of aghns particle was measured on a 2D (x-y) sectioned
surface by EBSD (Fig. 9(a)). At this step thegMis was indexed as the BR&ubic
supergroup to remove the complexity ofipBhombohedral twinning (this was possible due
to the similarities between the P&1d D§, structures shown in Fig. 4(c)). Thus, a single
pseudo-cubic orientation was considered for thet fitep of facet indexing. The gMns
particle was then serially-sectioned using a FIB saswn in Fig. 9(b), and the 3D
morphology was reconstructed from >100 FIB x-z ediowith 100 nm slice thickness
occupying a volume of13 x 12 x 11um as shown in Fig. 9(c) and Videos 4 and 5. With
knowledge of the crystal coordinate system (a,be@ative to the FIB coordinate system
(x,y,z), directions and plane normals from the tlyand particle could be plotted in pole
figures using a single Cartesian coordinate systBondo this for facet plane normals, we
manually picked points on each facet surface amddahe best fit plane equation to each
facet. Then the plane-normal direction was caledldbr each facet, as illustrated in Fig.
9(d). Considering AMns in its pseudo-cubic form, indexing of facets wasfgrmed by
super-imposing facet plane normals (calculated fittv® reconstructed 3D volume) and
crystal plane normals (measured from EBSD) witlotedigures (Fig. 9(e)). As displayed in
Fig. 9 (e), all facets could be indexed to one ¥9{}, {110} and {112} (in pseudo-cubic).
This indexing procedure was performed in multipd¢adets and 25 facets were investigated
in total. The mean misalignment of indexing as {1d@10} and {112} in pseudo-cubic was
5.1+ 2.(°. The < 7° uncertainty due to misalignment was ser@ugh to uniquely identify

facets if we consider only low index planes.

The 3D growth morphology of polyhedral ¢gMns particles was plotted using

combinations of {100}, {110} and {112} facets andpaeudo-cubic cell. To recreate particles
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observed in SEM, planes were plotted at set distafrom the centre and the inner envelope
was taken to give the crystal form, as shown in E@ Since the particles are not regular
polyhedra, the distances to the centre were mantialed to match SEM images of each
deep etched AMns particle. It can be seen that, overall, the matiteral recreation of
polyhedral A§Mns particles matches closely to the SEM observatidine main feature in
Fig. 10 is that the wide range of complex polyhedoams of primary AtMns can be
understood as simple combinations of {100}, {110}da{112} facets using a pseudo-cubic

cell.

In Fig.9 and Fig.10, AMns is approximated as pseudo-cubic which ignoregpthsence
of four twinned orientations in each particle. .Fld is a deeper analysis of the facets where
direct EBSD measurements on the facets show thate thvere commonly multiple
orientations on a single Mnsfacet. This can be understood from Fig. 6(b) where
AlgMns share each {10@kr spot and two AMns share each {11@kr spot. Thus,
theoretically, there can be up to fouhhs orientations on a single {108¢r facet and up to
two AlgMns orientations on a {11Qkr facet. In Fig. 11, examples of two orientations on
{110}gcr and {100kcr facets are shown. The left-hand sides show SE emagthout tilt
which correspond to the orientation of the geomatmimodels; whereas the other SE image,
the orientation map, and band contrast map arat élle tilt angles annotated on the figures.
The tilted EBSD orientation maps have been undetorto the 0 tilt condition and
superimposed on the relevant facet in the 0° #ti®ages. It can be seen that the twin
boundaries on the 0° tilt SE images are generatlgsistent with the {10Q}r twin
boundaries in a section of each BCR geometrical ehotihat is to say, the multiple
orientations on a single facet are due to {H2Q@}twin boundaries intersecting the facet

surfaces with the same twinning operation as in &igrig. 11(c) also shows a {11g2k facet

18



with a single A{Mns orientation which is consistent with most {132k spots being not

shared for the twinned Mns OR.

It was also common for facets to have near-linedgés and grooves in SE imaging that
corresponded to twin boundaries in EBSD mapping.eéxample, in Fig 11 (a), the ledges in
the 70° tilted SE image match to part of the bouedabetween the green/red orientations in

the EBSD orientation map.

This paper has focussed in detail on one batchZ#1A(batch #1 in Table 1) solidified
under one cooling condition. To test for the gafigr of the findings, we also investigated
AlgMns particles in an ingot of AZ91D with higher Mn aRé content (batch #2 in Table 1),
and AZ91E with lower Fe content (batch #3 in Table Typical results are shown in SI-Fig.
7 and Sl Fig. 8 from each batch. It can be seenAh#ins has grown in a similar 4-fold
cyclic twinned manner with clear {106} twin planes. Additionally, some Mns particles
contained a B2-Al(Mn,Fe) core phase in the centrthe cross-section. Thus, it seems that
the nucleation and growth mechanisms deduced hereganeral features of #ins

solidification in AZ91 Mg alloys.
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4. Conclusions

EBSD, FIB and selective etching techniques haven lmmenbined with thermodynamic
calculations and polyhedral models to extract mesights into the nucleation and 3D growth

crystallography of AMns in AZ91D/E. The following conclusions can be draw

1) Many AlgMns particles contained a B2-Al(Mn,Fe) particle neheit centre due to
AlgMns nucleation on B2 followed by an incomplete petitetransformation.

2) Most Fe was in the B2 core phase (~13at% Fe) wiveth encapsulated by a lower-Fe
AlgMns shell (~1at% Fe). This prevented the Fe-rich pHesm contacting theMg
matrix and may be important in corrosion resistance

3) It has been found that most rhombohedraMXis particles are polycrystals consisting
of four twinned orientations, each related by ~90fations around three common
(1102) ypx({100) gcr)axes with{2201},zx({1003}5.z) twin habit planes. This growth
form is a consequence of the small rhrombohedrabrdisn of the A§Mns gamma
brass.

4) The four twinned orientations are the four variamitshe orientation relationship with
the central cubic B2 patrticle:

{111} || {0001} and(110}) ||{1120)

5) When AkMns grew as polyhedral particles, the growth facetsevilee{2201}, {1011},
{1120}, {1102}, {1231} and{1100} in the hexagonal setting, which correspond to
{100}, {110} and {112} when considering AMns as a pseudo-cubic cell. Many of the
polyhedral forms were recreated by polyhedron n®desing the {100}, {110} and
{112} facets of the pseudo-cubic gMns cell.

6) It was common for the twin planes to intersectfdwet surfaces in a manner consistent
with the measured twinning habit planes, leadinggdo four orientations on a single

facet whose interfaces were often associated \mthlgse-entrant angles or steps.
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7) Examination of AlMns particles in different AZ91D and AZ91E ingots raled that
the AlsMns particles in these cases also had four twinneshtations, and sometimes
contained a central B2-Al(Mn,Fe) core phase in ¢hess-section, showing that the
findings and measurements made here are generalily for different batches of

commercial purity AZ91D/E.

Acknowledgements

Financial support from EPSRC (UK) under [grant nemBP/N007638/1 (the Future LIME
Hub) and EP/M002241/1] is gratefully acknowledgElde authors acknowledge use of
characterisation facilities within the Harvey Flaviigectron Microscopy Suite, Department
of Materials, Imperial College London. We also th&r Liuging Peng for cooling curve

analysis and Mr. Cui Yi for discussions on twinning

References

[1] G.L. Song, A. Atrens, Corrosion mechanisms efgmesium alloys, Adv. Eng. Mater. 1(1) (1999)
11-33.

[2] M. Liu, P.J. Uggowitzer, A.V. Nagasekhar, P.hBwtz, M. Easton, G.-L. Song, A. Atrens,
Calculated phase diagrams and the corrosion ofateMg—Al alloys, Corros. Sci. 51(3) (2009) 602-
619.

[3] Y. Du, J. Wang, J. Zhao, J.C. Schuster, F. ¥éejtR. Schmid-Fetzer, M. Ohno, H. Xu, Z.-k. Liu,
S. Shang, Reassessment of the Al-Mn system anérendldlynamic description of the Al-Mg-Mn
system, Int. J. Mater. Res. 98(9) (2007) 855-871.

[4] B. Oberlander, C. Simensen, J. Svalestuen,arvaldsen, Phase diagram of liquid magnesium-
aluminium-manganese alloys, Magnesium Technolo886.1pp. 133-137.

[5] Y. Wang, M. Xia, Z. Fan, X. Zhou, G.E. Thompsdrhe effect of AJMns intermetallic particles
on grain size of as-cast Mg—Al-Zn AZ91D alloy, imetallics 18(8) (2010) 1683-1689.

[6] C.J. Simensen, B.C. Oberlander, J. Svalestdeithorvaldsen, Determination of the equilibrium
phases in molten Mg-4 wt.% Al-Mn alloys, Z. Metallk79(8) (1988) 537-540.

[7] C.J. Simensen, B.C. Oberlander, J. SvalestAeiihorvaldsen, The effect of iron on Mg-4 wt.%
Al-Mn Alloys, Z. Metallkd. 80 (1989) 101-103.

[8] C.J. Simensen, B.C. Oberlander, J. Svalestder,horvaldsen, Phase diagram for magnesium-
aluminium-manganese above 650 °C, Z. Metallkd.1B88) 696-699.

[9] S. Lun Sin, D. Dubé, R. Tremblay, Characteimatof Al-Mn particles in AZ91D investment
castings, Mater. Charact. 58(10) (2007) 989-996.

[10] F. Pan, Z. Feng, X. Zhang, A. Tang, The typed distribution characterization of Al-Mn phases
in the AZ61 magnesium alloy, Procedia Engineering2012) 833-839.

[11] A. Kaya, P. Uzan, D. Eliezer, E. Aghion, Elert microscopical investigation of as cast AZ91D
alloy, Mater. Sci. Technol. 16(9) (2000) 1001-1006.

21



[12] Y. Tamura, J. Yagi, T. Haitani, T. Motegi, Mono, H. Tamehiro, H. Saito, Observation of
manganese-bearing particles in molten AZ91 magnesiloy by rapid solidification, Mater. Trans.,
JIM 44(4) (2003) 552-557.

[13] C. Corby, N. Ricketts, M. Qian, R. Bailey, kstigation of intermetallics in magnesium die-
casting sludge, Magnesium Technology, 2004, pal8.4-

[14] L.Y. Wei, H. Westengen, T.K. Aune, D. Albrigh€haracterisation of manganesmtaining
intermetallic particles and corrosion behaviour die cast MgAl-based alloys, Magnesium
Technology, 2000, pp. 153-160.

[15] T. Laser, M.R. Nirnberg, A. Janz, C. Hartig, letzig, R. Schmid-Fetzer, R. Bormann, The
influence of manganese on the microstructure ancharécal properties of AZ31 gravity die cast
alloys, Acta Mater. 54(11) (2006) 3033-3041.

[16] V.Y. Gertsman, J. Li, S. Xu, J.P. Thomson,3&hoo, Microstructure and second-phase particles
in low- and high-pressure die-cast magnesium ai§50, Metall. Mater. Trans. A 36(8) (2005)
1989-1997.

[17] D. Qiu, M.X. Zhang, J.A. Taylor, H.M. Fu, P.Melly, A novel approach to the mechanism for
the grain refining effect of melt superheating oM\ alloys, Acta Mater. 55(6) (2007) 1863-1871.
[18] G.W. Qin, Y. Ren, W. Huang, S. Li, W. Pei, @raefining mechanism of Al-containing Mg
alloys with the addition of Mn—Al alloys, J. Alloy@ompd. 507(2) (2010) 410-413.

[19] K. Gusieva, C.H.J. Davies, J.R. Scully, N.[is, Corrosion of magnesium alloys: the role of
alloying, Int. Mater. Rev. 60(3) (2015) 169-194.

[20] C. Blawert, E. Morales, W. Dietzel, K.U. KameC. Scharf, A. Ditze, Influence of the copper
content on microstructure and corrosion resistafdeZ91 based secondary magnesium Alloys, SAE
International, 2006.

[21] R. Arrabal, E. Matykina, F. Viejo, P. Skeldd®,E. Thompson, Corrosion resistance of WE43
and AZ91D magnesium alloys with phosphate PEO igstiCorros. Sci. 50(6) (2008) 1744-1752.
[22] S. Pawar, X. Zhou, G. Thompson, G. ScamansFah, The role of intermetallics on the
corrosion initiation of twin roll cast AZ31 Mg aloJ. Electrochem. Soc. 162(9) (2015) C442-C448.
[23] G. Han, X. Liu, Phase control and formationcmenism of Al-Mn(—Fe) intermetallic particles in
Mg-Al-based alloys with Feghddition or melt superheating, Acta Mater. 1141@064-66.

[24] S. Pawar, X. Zhou, T. Hashimoto, G.E. ThompsBn Scamans, Z. Fan, Investigation of the
microstructure and the influence of iron on tharfation of AkMns particles in twin roll cast AZ31
magnesium alloy, J. Alloys Compd. 628 (2015) 198:19

[25] B.B. Lindahl, B.P. Burton, M. Selleby, Ordegim ternary BCC alloys applied to the Al-Fe—Mn
system, Calphad 51 (2015) 211-219.

[26] B.B. Lindahl, M. Selleby, The Al-Fe-Mn systemevisited-An updated thermodynamic
description using the most recent binaries, Calptga(?013) 86-93.

[27] M. Ohno, D. Mirkovic, R. Schmid-Fetzer, Phaspiilibria and solidification of Mg-rich Mg—Al—
Zn alloys, Mater. Sci. Eng., A 421(1-2) (2006) 328¢.

[28] F. Bachmann, R. Hielscher, H. Schaeben, Texamalysis with MTEX—free and open source
software toolbox, Solid State Phenomena, Trans Pedt, 2010, pp. 63-68.

[29] J. Schindelin, I. Arganda-Carreras, E. FrisgeKaynig, M. Longair, T. Pietzsch, S. Preibisch, C
Rueden, S. Saalfeld, B. Schmid, Fiji: an open-seynlatform for biological-image analysis, Nature
Methods 9(7) (2012) 676-682.

[30] G. Zeng, K. Nogita, S. Belyakov, J.W. XianDS.McDonald, K.V. Yang, H. Yasuda, C.M.
Gourlay, Real-Time Observation of AZ91 Solidifiaati by Synchrotron Radiography, Magnesium
Technology 2017, pp. 597-603.

[31] G. Zeng, J.W. Xian, C.M. Gourlay, Growth of s&Ins Intermetallic in AZ91, Magnesium
Technology, 2017, pp. 85-92.

[32] PANDAT PanMag2016 Database 2016.

[33] M. Ohno, D. Mirkovic, R. Schmidfetzer, Liquidwand solidus temperatures of Mg-rich Mg—Al—
Mn—Zn alloys, Acta Mater. 54(15) (2006) 3883-3891.

[34] C.J. Simensen, N. Hansen, The effect of gdiliegpon alloys of Mg-2. 2 wt.% Al-Mn, Z.
Metallkd. 79 (1988) 541-543.

[35] C.P. Corby, M. Qian, N. Ricketts, J.A. Taylémiermetallic morphology development in AM60
alloy, Magnesium Technology, 2005, pp. 451-456.

22



[36] P. Bakke, D.O. Karlsen, Inclusion assessmenhagnesium and magnesium base alloys, SAE
Technical Paper, 1997.

[37] C.P. Liu, F.S. Pan, W.Q. Wang, Phase Analg$i&l-Mn Compounds in the AZ Magnesium
Alloys, Mater. Sci. Forum, Trans Tech Publ, 2007, $305-398.

[38] J. Tamminen, Thermal analysis for investigatiof solidification mechanisms in metals and
alloys, University of Stockholm Sweden, 1988.

[39] A. Dahle, L. Arnberg, Development of strengthsolidifying aluminium alloys, Acta Mater.
45(2) (1997) 547-559.

[40] Y. Riddle, M. Makhlouf, Characterizing soligiition by non-equilibrium thermal analysis,
Magnesium Technology, 2003, pp. 101-106.

[41] C.M. Gourlay, B. Meylan, A.K. Dahle, Shear rhacisms at 0-50% solid during equiaxed
dendritic solidification of an AZ91 magnesium all@cta Mater. 56(14) (2008) 3403-3413.

[42] X. Liu, Y. Osawa, S. Takamori, T. Mukai, Grarefinement of AZ91 alloy by introducing
ultrasonic vibration during solidification, Materett. 62(17-18) (2008) 2872-2875.

[43] H. Men, Z. Fan, Effects of solute content gaig refinement in an isothermal melt, Acta Mater.
59(7) (2011) 2704-2712.

[44] B. Pourbahari, M. Emamy, H. Mirzadeh, Synetigieffect of Al and Gd on enhancement of
mechanical properties of magnesium alloys, Progieshlatural Science: Materials International
27(2) (2017) 228-235.

[45] X.J. Liu, I. Ohnuma, R. Kainuma, K. Ishida, éfimodynamic assessment of the Aluminum-
Manganese (Al-Mn) binary phase diagram, J. PhasdiEcR0(1) (1999) 45-56.

[46] M. Ellner, The structure of the high-temperatuphase MnAl(h) and the displacive
transformation from MnAl(h) into Mn5AI8, Metall. @&ns. A 21 (1990) 1669-1672.

[47] S. Balanetskyy, D. Pavlyuchkov, T. Velikano®, Grushko, The Al-rich region of the Al-Fe—
Mn alloy system, J. Alloys Compd. 619 (2015) 21D-22

[48] S. Balanetskyy, G. Meisterernst, M. Heggen,Rduerbacher, Reinvestigation of the Al-Mn—Pd
alloy system in the vicinity of the T- and R-phadesermetallics 16(1) (2008) 71-87.

[49] B. Grushko, G.R. Stafford, A CsCl-type phase dlectrodeposited AIMn alloys, Scripta
Metallurgica et Materiala 31 (1994) 1711-1716.

[50] T. Hahn, International Tables for Crystalloging Volume A: Space Group Symmetry, Springer,
New York, 2005.

[51] A. Kelly, K.M. Knowles, Crystallography andystal defects, John Wiley & Sons2012.

[52] J.K. Brandon, W.B. Pearson, P.W. Riley, C.&hiR. Stokhuyzen-Brasses with R cells, Acta
Crystallogr. Sect. B: Struct. Sci. 33(4) (1977) 8a895.

[53] B.L. Bramfitt, The effect of carbide and niteé additions on the heterogeneous nucleation
behavior of liquid iron, Metallurgical Transactioh&’) (1970) 1987-1995.

[54] A. Winkelmann, Principles of depth-resolvedkichi pattern simulation for electron backscatter
diffraction, J Microsc 239(1) (2010) 32-45.

[55] A. Winkelmann, G. Nolze, Point-group sensitiogentation mapping of non-centrosymmetric
crystals, Appl. Phys. Lett. 106(7) (2015) 072101.

[56] G. Nolze, A. Winkelmann, A.P. Boyle, Pattermatching approach to pseudosymmetry problems
in electron backscatter diffraction, Ultramicrosgd®0 (2016) 146-154.

[57] G. Nolze, R. Hielscher, Orientations - perfgcolored, J. Appl. Crystallogr. 49(5) (2016) 1786
1802.

23



Figure Captions

Fig. 1 (a) Typical microstructure of AZ91D solidifi at 1K-g (b) primary AsMns and
eutectic AjMns, (c) equiaxed faceted primarygMns, (d) histogram of mean Feret diameter
of 59 primary A§Mns particles, (e) calculated Scheil and equilibriubhdsfication paths of
AZ91D (batch #1), and (f) Mg-8.97Al-0.74Zn-0.15M#ie isopleth, (g) Newtonian cooling
curve analysis of AZ91D (batch #1), comparing vtk predictions in (e), and (h) cooling
curve and its first derivative curve. (e)-(f) cdbted using PANDAT with PanMg2016.

Fig. 2 Core/shell structure found in Al-Mn-(Fe) peles by (a-b) BSE imaging, (c) EDS

analysis, and (d-e) serial sectioning of deep-etgeeticles using FIB.

Fig. 3 Phase identification and orientation relagioip of core/shell particle. (a-b) EDS and
EBSD indexing of two-phase particle. Fe-richer cezl in EBSD phase map) is cubic B2-
Al(Mn,Fe) and the shell (blue in phase map) is rbhohedral D8yr-AlgMns. (c) unit cell
orientations plotted from Euler angles: 12&lsMns is plotted as both a hexagonal cell and
Body Centred Rhombohedral (BCR) cell. (d) projectav along the (111) plane normal in
B2-AIMn and D§y-AlsMns (BCR setting), and planar atomic lattice match.

Fig.4 (a) Intermetallics in the centre of the Al-Mrinary phase diagram based on refs
[3,26,39,40], (b) atomic models of A2-AlIMn and B2Mn; (c) projection views of Df-
AlgMns and D§q-AlgMns (BCR setting) along the {100} plane normal; (d) eTlhree
different settings of rhombohedral R&AIsMns viewed along the ¢ axis in the hexagonal
setting, and [111] in the primitive rhombohedradaBCR settings; and (e) 3D unit cell
wireframes showing the relationships between threetlsettings of rhombohedral {38
AlgMns. Further details are given in Table 3.

Fig.5 Stereographic projections of plane normatations in (a) cubic (A2 or B2 or D82), (b)
rhombohedral D& in hexagonal setting, and (c) 31 the BCR setting.

Fig.6 Growth crystallography of B2-AIMn and gMins. Reproducible OR between B2-AlMn

and four orientations of AMns represented by (a) orientation maps in both IPEnd

RGBY colour scheme and, (b) pole figures, (c) getoiced models, and (d) orientations of all
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points plotted (D&-AlgMns in hexagonal setting) in Euler angle space. aGRB, Y colour

was assigned to each cluster. Further detail Table 4.

Fig.7 Three typical examples of cyclic growth twima of AlsMns particles (a) SEM images,
(b) IPF-Y map, (c) orientation map in RGBY cologhseme, (d) corresponding pole figures,
(e-f) geometrical models in (e) hexagonal setting &) BCR setting; (g) identification of

internal {100}BCR twin composition planes by diditectioning of the models in (f).

Fig.8. Four-fold cyclic twinning of AMns by rotating 90° around [D2]4ex/[100]zcr

Fig.9 Indexing of growth facets of Ans by combined FIB serial sectioning and EBSD.

Fig.10 SE-SEM images of six flns faceted particles and models based on {100}, {110}

{112} facets using a pseudo-cubic cell.

Fig.11 Multiple orientations on {10@}r and {110}kcr AlgMns facets. {100kcrtwin planes

intersect the facet surfaces.

Multimedia

Video 1 Serial-sectioning of a deep-etched Al-Mn4&gticle using FIB to reveal a core
particle inside an AMns shell.

Video 2 Geometrical model to represent the OR betwB2-AlMn and D8&yAlgMns (in
hexagonal setting). The OR between the foghk orientations is also shown.

Video 3 Digital sectioning through the polyhedradael of D§o-AlgMns (BCR setting).

Video 4 FIB serial sectioning video of the,Mn, particle as displayed in Fig.9

Video 5 3D reconstruction of AVins from 2D slices processed from FIB serial-sectignin
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Table 1 Alloy composition as determined by ICP-AES

Batch Alloy Composition (wt.%)

No. Mg Al Zn Mn Fe Cu Si Ni
1 AZ91D Bal. 8.97 0.74 0.15 0.002 0.002 0.01 0.003
2 AZ91D Bal. 9.30 0.63 0.32 0.003 0.021 0.05 0.001
3 AZ91E Bal. 8.95 0.72 0.19 <0.001 0.001 0.04 <0.00

Table 2 EDS analysis of the two phases in the gaiith Fig.3 (at.%).

Al Mn Fe Mg Si

D8,o-AlgMns 64+1 31+1 1401 2%1 08x01

B2-Al(Mn,Fe) 57+1 271 14+1 21 \




Table 3 Crystal structures and settings of phasefiawn in Fig.4.

Other Strukturbericht Pearson Space _ Lattice parameters
Crystal system desi : Setting Ref.
Names esignation  sympol Group ad b@A c@A o, B,y
Hexagonal 12.667 12.667 7.942 0= p=90,
y=12C°
& Primitive
D8,5-AlgMns Rhombohedral D8y hR26 R3m 7778 7.778 7.778 «a=p=y=109.04 [40]
AlgMns(LT) Rhombohedral
Body Centred o
Rhombohedral 9.029 9.029 9.029 o=p=vy=89.09
Y1 ) _
D8,-AlgMns Cubic D& cl52 [143m \ 8.890 8.890 8.890 a=p=v=90° [42]
Al gMn5(HT)
A2-AlMn y Cubic A2 cl2 Im3m \ 3.063 3.063 3.063 a=p=v=90° [40]

B2-AlMn % Cubic B2 cP2  Pnm3m \ 3.083 3.083 3.083 o= p=y= 90 [43]




Table 4: Summary of Euler angles for alklhs EBSD points in Fig. 6 (indexed in the hexagonaiisg). All
points cluster around four orientations with <ld®viation in each Euler angle. Each cluster iggassl a
different RGBY colour.

Number Colour in

@ () ol (%) of points RGBY
Orientation 1 76.9£0.4 85.6t0.6 318.G:t0.4 2846 R
Orientation 2 188.#1.4 73.9t0.6 229.6:0.7 3049 G
Orientation 3 318.#0.7 52.3t0.2 80.8:0.4 1335 B
Orientation 4 112.3:1.3 19.5t0.3 231.81.3 613 Y




Figures

Al-Mn-Fe IMC particles.
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Fig. 1 (a) Typical microstructure of AZ91D solidifi at 1K-3 (b) primary AtMns and eutectic
AlgMns, (c) equiaxed faceted primary gMns, (d) histogram of mean feret diameter of 59 primar
AlgMn; particles, (e) calculated Scheil and equilibriustidsfication paths of AZ91D (batch #1), and
(f) Mg-8.97Al-0.74Zn-0.15Mn-xFe isopleth, (g) Newian cooling curve analysis oAZ91D
(batch #1)comparing with the predictions in (e), and (h) aoglcurve and its first derivative
curve.(e)-(f) calculated using PANDAT with PanMg2016.
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Fig. 2 Core/shell structure found in Al-Mn-(Fe) fieles by (a-b) BSE imaging, (c) EDS analysis, and
(d-e) serial sectioning of deep-etched particlesgusIB.
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Fig. 3 Phase identification and orientation relagiuip of core/shell particle. (a-b) EDS and EBSD
indexing of two-phase particle. Fe-richer core (ieEBSD phase map) is cubic B2-Al(Mn,Fe) and
the shell (blue in phase map) is rhombohedraloB&Mns. (c) unit cell orientations plotted from
Euler angles: D8-AlgMns is plotted as both a hexagonal cell and Body CdnRbombohedral
(BCR) cell. (d) projected view along the (111) mamormal in B2-AIMn and D&-AlgMns (BCR
setting), and planar atomic lattice match.
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Fig.4 (a) Intermetallics in the centre of the Al-Ndmary phase diagram based on refs [3,26,39,40],
(b) atomic models of A2-AIMn and B2-AlMn; (c) praon views of D8AlgMns and D8q-AlgMns
(BCR setting) along the {100} plane normal; (d) Tiheee different settings of rhombohedral,p8
AlgMns viewed along the ¢ axis in the hexagonal settimgl, [L11] in the primitive rhombohedral and
BCR settings; and (e) 3D unit cell wireframes shagtine relationships between the three settings of

rhombohedral AMns. Further details are given in Table 3.
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Fig.5 Stereographic projections of plane normakdtions in (a) cubic (A2 or B2 or B8 (b)
rhombohedral D in hexagonal setting, and (c) @& the BCR setting.
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Fig.6 Growth crystallography of B2-AIMn and gMns Reproducible OR between B2-AlMn and four
orientations of AIMnsrepresented by (a) orientation maps in both IPFRd BRGBY colour scheme
and, (b) pole figures, (c) geometrical models, &tdorientations of all point§D8;0-AlgMns in
hexagonal settinglotted in Euler angle space. an R, G, B, Y cpleas assigned to each cluster.
Further detail is in Table 4.
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Fig.7 Three typical examples of cyclic growth twimmm of AlgMnsparticles (a) SEM images, (b) IPF-
Y map, (c) orientation map in RGBY colour schent,qorresponding pole figures, (e-f) geometrical
models in (e) hexagonal setting and (f) BCR settifgg identification of internal {10Q3k twin
composition planeby digital sectioning of the models in (f).
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Fig.9 Indexing of growth facets of Mlins by combined FIB serial sectioning and EBSD.
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Fig.10 SE-SEM images of six MlIns faceted particles and models based on {100}, {1XQ}12}

facets using a pseudo-cubic cell.
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Fig.11 Multiple orientations on {10@}r and {110}cr AlsMnsfacets. {100}cr twin planes intersect

the facet surfaces.
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