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Abstract

The crystallography and kinetics of Al11iMns formation on AlsMns have been studied in
magnesium alloys AZ80 / AZ91 and AZ31. During solidification, Al11Mna formation was
promoted by low cooling rates where triclinic AlizaMns nucleated on rhombohedral AlsMns
particles with one of multiple related orientation relationships (ORs) and their variants.
Al11Mn4 grew as (010) plates that were commonly twinned and the interrelationships among
Al11Mn4 twins, AlsMns twins and AlsMns-Al11Mns ORs are discussed. During solid state heat
treatment at 410 °C, AlsMns particles transformed into Al11Mn4 by a core-shell reaction with
cracking in the Al11Mn4 shell. The solid-state reaction kinetics were consistent with interface
reaction controlled growth. The results show that heat treatment can be used to tailor the
Al-Mn compound in contact with the matrix (Mg) phase which may enable some control of

corrosion performance.
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1. Introduction

AZ-series alloys are among the most widely used structural magnesium alloys. Compositions
close to Mg-9Al-0.7Zn-0.2Mn (wt%) lie within the composition ranges of various high purity
ASTM alloy specifications including the wrought alloy AZ80A [1], the sand casting alloy AZ91E
[2], and the high pressure die casting (HPDC) alloy AZ91D [3], and are also within the
composition range of AZ91 powders for additive manufacturing [4]. Compositions close to
Mg-3AI-1Zn-0.5Mn (wt%) are used as the wrought alloy AZ31B. After casting, AZ80/AZ91 and
AZ31 usually contain equiaxed dendritic a-Mg grains [5], a network of Mgi7Al12 [6-9] that
forms by a non-equilibrium eutectic reaction, and a small volume fraction of Al-Mn
intermetallic compounds (IMCs), with AlsMns being the majority Al-Mn IMC. These
manganese aluminides occupy only ~0.25 % of the volume and are relatively small (typically
100nm - 1um in HPDC [8,10,11] and 4-15 um at sand casting cooling rates [9]), yet they play

an important role in corrosion performance [12—-15].

A body of past research has investigated the dissolution of non-equilibrium eutectic Mgi7Al12
during solution heat treatment [16-20], and its effect on corrosion [21-23], as well as the
crystallography and kinetics of Mgi7Al12 precipitation [24-27]. However, little work has
examined how heat treatment alters the Al-Mn IMCs present in AZ91 / AZ80 [28]. It is
common in past papers to state that AlsMns is stable (does not transform) during solution
heat treatment of AZ80/AZ91, e.g.[17,29,30]. Yet, calculations in commercial
thermodynamics packages Thermo-Calc [31] and Pandat [32] suggest there is a driving force
for significant changes in the Al-Mn IMCs if an alloy that solidified under Scheil conditions is

equilibrated at a typical solutionising temperature (400-420 °C).
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For example, results from the Thermo-Calc TCMG4.0 database are shown in Fig. 1 using the
Mg-Al-Mn ternary system as an approximation for AZ91/AZ80. In the ternary liquidus
projection in Fig. 1 (a), the liquid composition path is shown for an alloy with bulk composition
Mg-8.95Al1-0.19Mn (wt%), coloured by the reaction taking place assuming the Scheil model.
Solidification begins with L = AlsMns (red) followed by L = a-Mg + AlsMns (green), L =2 a-
Mg + Al1aMna (purple) and then L =2 a-Mg + AlaMn (yellow) noting that, since the Scheil model
assumes no diffusion in the solid phases, the liquid composition jumps over two quasi-
peritectic points, indicated by black dots. Finally, the liquid composition reaches a ternary
eutectic point and solidification is completed by the reaction L 2 a-Mg + Mgi7Al12 + AlsMn
(orange circle). Fig. 1(b) shows the development of solid phases for Scheil solidification using
the same colour scheme as Fig. 1(a). Black dots indicate where a phase stops forming. Note
that the different solid phases have very different mass percentages and have been plotted
on a logarithmic scale (similar to previous work [33,34]). From Fig. 1(a) and (b), Al11Mna is
expected to initiate by a quasi-peritectic reaction on the pre-existing AlsMns and, later on
cooling, AlaMn on the Al11Mn4. The final amounts of each phase after Scheil solidification are
indicated with vertical black arrows where it can be seen that the mass percentages of Al-Mn
intermetallics are 0.23% AlsMns, 0.008% Al11Mns and 0.004% AlsMn, according to these
calculations. That is to say, ~95% of the total mass fraction of Al-Mn IMCs after Scheil
solidification of Mg-8.95Al-0.19Mn is AlsMns[35-37]. At the same time, the Scheil model does

not consider nucleation or the faceted growth kinetics of these complex IMCs.

Performing similar calculations including additional elements (e.g. 0.7wt% Zn and 0.001wt%

Fe) altered the detail but did not affect the key points described above regarding the Al-Mn
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compounds. Similarly, the same key conclusions could be drawn when repeating the
calculations in Pandat [32]. The solidification of AZ31 differs in the development of the a-Mg
and Mgy7Al12 phases, but the calculated formation of the Al-Mn compounds is similar to

AZ80/AZ91.

The calculated isopleth in Fig. 1(c) places the composition Mg-9AI-0.19Mn in the a-Mg +
AlzMn two phase region at 400-420°C, whereas experiments on the 400°C Mg-Al-Mn
isothermal section have indicated that this composition is in the a-Mg + Al11Mn4 two phase
region [38] as did the CALPHAD model in [39]. From this, the majority AlsMns phase formed
during solidification would be expected to transform into Ali11Mnas during solution heat
treatment. While many papers mention Al11iMna in AM and AZ-series Mg alloys, e.g. [40-43],
little is known on Al11Mna formation in these alloys during solidification and heat treatment.
The transformation to Al11Mn4 during solutionising is potentially interesting from a corrosion
perspective since studies have shown that Al-Mn IMCs with higher Al:Mn ratios act as less

efficient micro-cathodes in the a-Mg matrix, decreasing the corrosion rate [44,45].

Based on the considerations above, a study was performed to understand the formation of
Al11Mn4 during the solidification of Mg-3AIl-1Zn-0.5Mn and Mg-9Al-0.7Zn-0.2Mn and the
solution heat treatment of Mg-9Al-0.7Zn-0.2Mn, building from our previous work on AlsMns
solidification [9]. The study was conducted with three main aims: (i) To determine the
nucleation and faceted growth crystallography of Al11Mn4 during solidification; (ii) To quantify
the solid state transformation kinetics of Al-Mn particles during solution heat treatment at
410 °C; and (iii) To explore the potential of using a solution heat treatment to control the Al-

Mn IMCs in AZ91 / AZ80.
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2. Methods

Commercial ingots were used with compositions (i) Mg-8.95Al-0.72Zn-0.19Mn-<0.001Fe
(wt%) that conforms with ASTM specifications for high purity AZ91D, AZ91E, and AZ80A, and

(ii)) Mg-3.1Al-1.1Zn-0.5Mn-0.003Fe (wt%) that conforms with AZ31B.

For solidification experiments, cylinders with = 9 mm and height 15 mm were machined
from the ingots and placed inside an Al,O3 flat-bottomed cylindrical crucible with inner
diameter similar to the sample. This was then encapsulated in a quartz tube backfilled with
Ar and placed in a furnace at 700 °C. After 120 minutes, the samples were solidified at one
of two cooling rates. (i) In the first method, the 700 °C quartz tube was removed from the
furnace to the vertical cylindrical hole within a tool steel mould at room temperature; this
gave a cooling rate of ~1 K-s. (ii) For slower cooling, the furnace was turned off and lid
removed, resulting in a cooling rate of ~0.1 K-s%. In this case, some samples were switched
to the faster cooling method from 430 °C to minimise transformations during slow solid-state

cooling (after solidification).

For solution heat treatment experiments, specimens were cut from similar locations of the
original ingot into ~20mmx20mmx20mm cubes. Specimens were held in a forced-air
convection oven at 410+4°C for different times (0, 0.5, 1, 2, 3, 5, 6, 21 and 90 days) and then
were cooled in water. For heat treatments longer than 6 days, samples were sealed in quartz
tubes backfilled with argon. Samples were coated by boron nitride for other shorter time

heat treatments.

For microstructural analysis, cross-sections were ground and polished down to a 0.05 um
colloidal silica finish. For EBSD characterisation, an additional step of preparation was Ar-ion

milling for 40 min using a Gatan PECSII instrument. The sample rotation rate was 2 rpm, and
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a 4 kV accelerated beam and a grazing incidence angle of 4° were used. For the investigation
of the three-dimensional morphology and crystallography of intermetallic phases, some
samples were etched in a solution of 10% HNOs in ethanol for 5-10 min to selectively remove

the a-Mg matrix.

A Zeiss AURIGA field emission gun scanning electron microscope (FEG-SEM) with an Oxford
Instruments INCA x-sight energy dispersive X-ray spectroscopy (EDX) detector and a BRUKER
e-FlashHR electron backscatter diffraction (EBSD) detector was used to study both polished
and deep etched samples. For EBSD characterization, an accelerating voltage of 20 kV,
working distance of 15 mm, aperture size of 120 mm , and beam current 80 YA were used.
Bruker ESPRIT 2.1 software was used to index the obtained EBSD patterns. EBSD datasets
were analysed using MATLAB™ 9.2 (Mathworks, USA) based on the MTEX 5.1 toolbox.
Throughout this paper, all unit cell wireframes in Figures were plotted from Euler angles

measured by EBSD.

Geometric models of the crystal morphology and terminating facets observed in SEM imaging
after deep etching were recreated in Matlab by one of two methods. In method one, the
EBSD-measured orientation of a particle was used to define the orientation of the coordinate
system and facets were then generated by plotting the chosen plane families for the point
group symmetry, and tuning the distance from the centroid to each facet to best match the
deep-etched SEM images. In method two, the EBSD step was skipped and the orientation
was determined from the edge vectors between facets in SEM imaging, assuming that the

facet families were the same as for particles studied in method 1.
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3. Results and Discussion

3.1. Al-Mn IMCs after solidification and after solution heat treatment

Throughout this work, both after solidification of AZ31 and AZ80/AZ91 and after solution heat
treatment of AZ80/AZ91, only two Al-Mn IMCs were detected: AlsMns and Al11Mna. These
IMCs could be readily distinguished from each other and from other reported Al-Mn
compounds by combining EBSD with EDS measurements. An example from a solution heat
treated AZ80/AZ91 sample held at 410°C for 3 days is given in Fig. 2. EDS mapping in Fig. 2(a)
shows a core-shell particle where the shell has higher Al content and lower Mn content than
the core, which is quantified from EDS point analysis in Table 1. The two phases also have
distinctly different greyscales in backscattered electron images (Fig. 2 (b)). EBSD mapping of
the same core-shell particle is shown in Fig. 2(c). The phase map shows an Al11Mns shell

around an AlgsMns core consistent with the EDS analysis in Fig. 2 (a) and Table 1.

Table 2 summarises the crystallographic details of AlsMns and Al11Mna used for EBSD indexing
and lattice matching analyses, along with references to the original crystallographic studies.
Since Al11Mng is triclinic, there are various choices for the unit cell; here, we use the unit cell
of Kontio et al.[46]. As shown in Table 2, AlsMns is a rhombohedral gamma brass with
strukturbericht designation D819 and can be described using three unit cells: the hexagonal
setting with space group R3mH; the primitive rhombohedral setting R3mR; and a body
centred rhombohedral (BCR) unit cell that is not a Bravais lattice but is useful since it has a~
89.1° and is a small distortion from the well-known body centred cubic gamma brass with the
CusZng prototype (strukturbericht designation D8;) [47-50]. Further details on the three ways

of describing the AlsMns crystal and the interrelationships between the three unit cells are
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given in ref [9]. In this paper, we index AlsMns using the BCR unit cell to highlight the pseudo-

cubic symmetry.

3.2. AlsMns growth crystallography during solidification

During solidification, AlsMns grew as equiaxed polyhedral particles and as rods. All equiaxed
AlgMns particles examined were cyclic twinned, similar to the study of Zeng et al. [9], whereas

rod-like AlsMns were single crystals along most of their length.

Even though Fig. 2 has been solution heat treated, the AlsMns core is a typical example of a
cyclic twinned equiaxed AlsMns particle that formed during solidification. Fig. 2(d) is an IPF-Y
map of the AlsMns core. Note that different IPF colour keys are chosen throughout this paper
to better distinguish crystal orientations. The cyclic twinning can be seen in the pole figures
in Fig. 2(d): (i) the {111}scr pole figure confirms the presence of four orientations labelled 1-
4; (ii) the {100}scr pole figure contains all four orientations (colours) overlapping at each spot,
indicating ~90° rotations around the three <100> axes; and (iii) the {110}scr and {110}scr pole
figures each contain six spots with two orientations (colours) overlapping at each spot. A
geometric model of the cyclic twin is shown in Fig. 2(f) by plotting the orientations as unit cell
wire frames and assigning a different colour to each orientation following the IPF-Y colour
key. Fig. 2(f) appears as eight cubes but the unit cells are rhombohedrons with angle a~ 89.1°
and, when plotted like this, the unit cells share common {100}scr planes. In Fig. 2(f), the upper
image is the orientation of the cyclic twin plotted from the measured Euler angles with
reference to a sectioning plane (i.e. the EBSD mapping surface), and the middle image is a
normal view to the digital section into the cyclic twin. Comparing this digital section with the

EBSD map in Fig. 2(d), it can be seen that the interfaces are consistent with {100}scr. This can
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be further seen in Fig. 2(d) where white arrows have been added to indicate the internal
interface normal vectors projected in this cross-section, and these have been superimposed

on the {100}scr pole figure in Fig. 2(e).

After solidification at the higher cooling rate, Al-Mn particles were AlsMns with traces of
Al11Mn4 on their surface. SE-images of equiaxed polyhedral AlsMns particles are shown in Fig.
3 (a)-(c) after solidification at ~1 K-s'* followed by deep etching. Since these cyclic-twinned
particles have an overall pseudo-cubic symmetry, their equiaxed morphology and terminating
facets can be understood from geometric models using plane families with cubic symmetry.
It was measured in ref. [9] that cyclic-twinned AlsMns particles commonly have {100}, {110},
and {112} facets, and the geometric models in Fig. 3 were generated within Matlab from the

same cubic plane families, coloured orange, grey and blue respectively.

Fig. 3(g-h) shows AlsMns pole figures from EBSD on a small region consisting of just one
orientation in the cyclic-twinned particle in Fig. 3 (i). Comparing the pole figures from one
orientation in Fig. 3(g), with pole figures from mapping a whole cyclic twinned particle
containing four orientations in Fig. 2 highlights the fact that {110}scr and {110}scr are two
distinct families in AlsMns and that these are combined into one pseudo-cubic family in cyclic
twinned particles. For the geometric models, the pseudo-cubic symmetry can be obtained by
merging the {110}scr and {110}scr as has been done in Fig. 3(h), and also merging the {112}scs,

{112}acr, {112}8cr.
3.3. Al11Mn4 nucleation and growth on AlsMns during solidification

Inspecting the SEM images in Fig. 3, it can be seen that many of the AlsMns particles contain
traces of Al11Mna on their surfaces after solidification (Fig. 3 (b),(c), (e), (f)). In Fig. 3, Al11Mn4

is growing either as numerous islands (Fig. 3 (b) and (e)) or as long ‘ropes’ that are the

9
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beginning of plate growth (Fig. 3 (c) and (f)). It was possible to find regions with no Al11Mng,
such as the images in Fig. 3 (a) and (d), but careful searching in the SEM usually revealed some

trace of Al11Mn4 on AlgMns particles.

Fig. 3(i) and (k) show that Al11Mn4 regions on AlsMns tend to be elongated along one or two
preferred directions on each {110} and {110} facet of AlsMns (grey facets). In Fig. 3 (i) and (k),
these directions are marked by vectors that are coloured the same when they are near parallel
in the SE-image. It is reasonable to treat them as 3D vectors in SE-images since the Al11Mn4
islands and ‘ropes’ can be approximated as 1-D lines on a flat surface. The coloured 3D vectors
are then superimposed in the BCR unit cell of AlsMns measured by EBSD, which shows that all

Al11Mn4 ropes/islands are consistent with being aligned with <111>pseudo-cubic Of AlsMns.

From Fig. 3, it can be concluded that Al11Mns nucleate as numerous islands on both the
{110}scr and {110}acr facets (grey facets) of cyclic-twinned AlsMns particles and, in the initial
stages, grow along the <111>pseudo-cubic Of AlsMns on those facets. Comparing with the Scheil
solidification path in Fig. 1, the presence of Ali1Mns on the surface of AlsMns after
solidification is consistent with the partial quasi-peritectic reaction, L + AlsMns=> o-Mg +

AI11Mn4.

More Al11Mn4 formed on AlsMns during solidification at the slower cooling rate in this work,
even in samples that were switched to the faster cooling method from 430 °C to minimise
solid-state transformations after solidification. At the same time, it was found that for the
same cooling conditions and within the same sample, the amount of Al;1Mns growing on
AlgMns particles was highly variable, with some AlgsMns particles having only traces of Al11Mna
(e.g. Fig. 3) and others being fully covered by Al11Mns. By examining AlsMns particles with

increasing amounts of surrounding Al11Mna, information could be obtained on how Al11Mn4

10
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grew around AlsMns. Fig. 4 is an example where the Al;1Mns developed into numerous
faceted plates surrounding an AlgMns particle. In order to determine the crystallographic
facets of the plates, EBSD mapping was performed directly on top of the Al11Mns4 plates at
appropriate tilt angles (ranging from 45-75°) where satisfactory Kikuchi patterns could be
collected. Fig. 4 (a,e) shows the raw EBSD measurements on exposed Al11Mnas crystals after
removing a-Mg using selective etching. The IPF-Y colour scheme is used in Fig. 4 (a,e). Since
the Euler angles from EBSD are calculated from the 0° tilt stage, images of the same area
taken at the normal view (stage at 0°) are shown in Fig. 4 (b,f). The rectangles in Fig. 4 (b,f)
are coloured based on the EBSD measurements and positioned carefully with reference to
the raw maps. In Fig. 4 (b,f), arrows have been superimposed normal to each Al11Mna plate
for which EBSD data was gathered. This could be done with reasonable accuracy because
these plates are nearly vertical as can be seen in the whole crystals in Fig. 4 (c,g). In Fig. 4 (d,h),
the arrows are superimposed on the {010}ai11mn4 pole figures. Since Al11Mng is triclinic, P1,
there is one member of the {010} family in the northern hemisphere, and each spot in the
pole figure represents one orientation. The {010} plane is plotted for eleven plates but only
six arrows are superimposed since some plates have the same/similar plate normal directions.
For all six arrows, the eleven plate normals are consistent with the {010}ai11mna plane normal,
showing that the Al11Mn4 plates are bounded by {010}ai11mna facets. This is consistent with

{010} or {040} being the closest packed plane in triclinic Al11Mn4 [46].

3.4. Orientation relationships and twins

Al11Mng4 plates usually had reproducible orientation relationships (ORs) with the underlying
AlsMns. As an example, Fig. 5(a) contains the cross-section of a single crystal AlsMns rod

partially covered by Al11Mn4 plates. A 3D example of a similar hexagonal AlsMns rod can be
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found in SI-Fig. 4, where the long AlsMns side facets were measured as {110}scr. Fig. 5 (b)
shows the EBSD IPF-Z map of both the single crystal AlsMns rod and multiple Al11iMn4 parallel
plate orientations. Fig. 5 (c) confirms that the main growth facets of {010}Al11Mna are not
parallel to any {110}scr or {110}scr planes of the AlsMns rod, which is important for the ORs
discussed later. Fig.5 (d) shows pole figures of parallel planes and directions between AlsMns
and four different Al11Mns orientations, where circles are marked in fixed positions to

demonstrate the parallelisms between pairs.

The pole figure in Fig. 5 (c) shows that the Al11Mn4 plates all share a near parallel {010} and,
in Fig. 5 (d), it can be seen that the {110}sck and (111)scr of AlsMns are near parallel with
different pairs of Al11Mn4 planes and directions in the four distinct Al11Mn4 orientations. Of
these, the {011} azimna and (011) anivna Were often more parallel with their AlsMns
counterparts, and this is defined here as OR-Al. The other Al11Mn4 orientations in Fig. 5 are

defined as ORs-A2...4 as annotated on Fig. 5(d).

To ensure that EBSD patterns were correctly indexed and that ORs were correctly identified,
the EBSD patterns were further analysed by carrying out cross-correlation between
experimental patterns and dynamical simulated patterns within Bruker DynamicS. Fig. 5(e)
shows selected experimental EBSD patterns and the best-fitting simulated patterns. The CCC
values are cross-correlation coefficients of the best-fitting pattern. For example, for the
AlgMns pattern (top), the CCCis 0.61 as compared to CCC values of 0.47, 0.54 and 0.50 for
the next-best patterns (not shown) that are similar due to the cubic pseudo-symmetry but
are distinguishable. Similarly, the CCC values of correct AliaMna orientations were in the
range of 0.46-0.58 compared with a CCC < 0.2 for the next-best Al11Mns orientation solutions.

More examples of Kikuchi patterns and distinguishing between orientations and phases by

12
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dynamical simulations can be found in SI-Fig. 1-2. Given acceptable Kikuchi patterns (e.g. the
ones in Fig. 5(e)), it was found that the low crystal symmetry (triclinic) of Al11Mn4 ensures that

EBSD is well suited to measure the Al11Mn4 orientations correctly.

Selected parallel bands and zone axes in the Kikuchi patterns are also marked on in the final
column of Fig. 5(e). Those relevant to AlsMns-Al11Mns ORs are highlighted in yellow, whereas
the near-parallel {010}a11mna band/planes are highlighted in pink for the four Al11Mng

orientations.

Fig. 6(a) summarises orientation relationship OR-A1l between Al11Mns and AlsMns, showing
stereographic projections of AlsMns in both the BCR and R-3mH settings and that of Al11Mna
with the OR-A1 orientation. Note that since the EBSD approach used here does not handle
the polar point groups properly, the families of AlsMns planes and directions are coloured in
a R-3mH setting instead of its actual polar R3mH space group for simplicity and practicality.
Note that selected relatively-close packed Al11Mn4 planes are shown in Fig. 6(a-b) to highlight
that these are near-parallel to the closest packed planes in AlsMns. All 11 closest-packed
Al11Mn4 planes with similar structure factors are listed in Sl-Table 1, including a low-index
{010}Al11Mn4 plane which is parallel in the four Al11Mna orientations. Orientation relationship
OR-A1 can be written as ( 110 )aswns.scr||( 011 )aizimna (or identically
(110 )aigmns_scr| [( 011 )aizamna) with the common directions being [ 111 Jaismns e | |
[011]ain1mna. Because of the non-rotational symmetry of P-1 Al11Mny, all the variants for this
OR-A1 are simply due to the rotational symmetry operations for AlsMns, which has 6
rotational symmetry elements for the R-3mH setting. Therefore, there are 6 variants for OR-
Al between parent AlsMns and child AliiMns, {110}aismns scr| [{ 011 Janimna with

(111)aigmns_scr | | (011 )ai1mng, listed in Table 3. The planar lattice match of OR-A1 is shown

13
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in Fig. 6(c), where the origins at the centre are chosen to be the Al5 site of AlsMns (R3mH
setting) and Al1 site of Al11Mna, with a mismatch value of ~1% using the Bramfitt method [51]

after projecting atoms into the plane.

In Table 3 and related AlsMns stereographic projections, the conversion between BCR and
R3mH settings of AlsMns planes and directions were calculated using the following two

matrix operations based on [52].

-1 0 1,2
[h'k'l]HEX = [hik'l]BCR * [1 -1 1/2] Eq. 1
0 1 1/2

-2/3 —-1/3 2/3

[w,v,wlyex = [u,v,wlpcr * [1/3 -1/3 2/3] Eq. 2
1/3 2/3 2/3

The OR-As were the most frequent OR measured around AlsMns particles with a probability
greater than 60% (14/22 AlsMns particles found with OR-As). Another set of ORs (OR-Bs) was
also identified, which were less commonly measured (4/22 AlsMns particles, <~20%). An
example of EBSD measurement for OR-Bs can be found in SI-Fig. 6. Fig. 7(a) shows the
stereographic projections for OR-B1, where (010)Al11Mny is parallel with (101)AlsMns while
[102]ain1mna ser is parallel with [111]asmnsecr. Here it is convenient to define OR-Bs using the
growth facets of {010}ai11mna and {101 }Jasmns scr, although they are not necessarily the
interfaces between Al11iMns and AlsMns. Fig. 7(b) shows four Al11Mng orientations, in a similar
manner to those in Fig. 6(b) and (d). OR-B1 can be written as {-101}aismns_scr| | {0-10}ai11mna
with <1-11>a8mns scr || <-10-2>ain1mna, With six variants as summarized in Table 3. For the
lattice match in Fig. 7(c), OR-B1 also has a good local Bramfitt disregistry value of ~2% on the
edges of the black rectangle (a size equivalent to a (-101)aismna-scr plane). However, the overall

atom-on-atom matching is slightly worse compared to that of OR-A1, which may make OR-B1
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less favored than OR-Al. We note that there may be additional preferred ORs between
AlgMns and Al11Mna involving {100} or {112} BCR AlgMns facets in our EBSD datasets but these

were not considered sufficiently reproducible for us to study in detail here.

As well as being related to AlsMns by simple ORs (e.g. Al and B1), the surrounding Al11Mng
plates were often related to each other by twinning operations, as is the case for the four
Al11Mn4 orientations in Fig. 5(b), Fig. 6(a,b) and Fig. 7(a,b). The mutual twinning relationships
in Al11Mns are shown graphically in Fig. 6(d) and are consistent with the four Al11Mn4
stereographic projections in Fig. 6(a,b). Fig. 6(d) shows that, for the #1 and #2 Al11Mn4
orientations (OR-A1 and A2), the red a-axis [100]ai11mna in #1 is parallel with [-100]ai11mna in #2
while the {010}Al11Mn4 normals are facing the same direction. This is defined as twinning
type |, where #1 and #2 (also #3 and #4) are related by a 180° rotation along the {010}ai11mna
twin plane normal, forming {010} reflection twins. There is additionally a twinning type Il
between #2 and #3 involving a 180° rotation around a (101) axis, leaving [-100]ai11vna parallel
with [001]ai1imna and the {010}ai11mna plane normals facing each other. The two types of
Al11Mn4 twinning both share contact planes of {010}ai11mna, Which are the Al11Mns facets and
the interfaces between neighbouring Al11Mns plates in Fig. 4 and Fig. 5. Such Al11Mns
twinning relationships are also found in OR-Bs as can be seen by comparing Fig. 7(a) and (b).
Note that two Al11Mn4 variants (vl and v2) of OR-B1 are also mutual twins with the Al11Mn4
type-l twinning (see stereograms for OR-B1 and OR-B2*). The OR-B2* is thus not a new OR-

B because it is just a variant of OR-B1(v2), so as OR-B3* being a variant of OR-B4* or vice versa.

While most Al11Mns grew on the surface of AlgMns particles during solidification, some
Al11Mn4 grew as long plates that were often twinned with the same type Il twinning as in Fig.

6(d). An example is shown in Fig. 8. The IPF-Z map in Fig. 8 (b) shows this plate contains two

15



Xian et al. Materialia (2021), https://doi.org/10.1016/j.mtla.2021.101192

orientations (colours), and the two triclinic Al11Mnas wireframe unit cells have been plotted
from the measured orientations in Fig. 8(a). Note that the 180° rotation around <101>aj11mn4
makes the two Al11Mn4 twins coincide in the {010}a11mna plane but with swapped a and c axes,
which is due to the small difference (<1%) between the lattice parameters a and c of Al11Mng

(Table 2).

The ORs between Al11Mn4 and AlsMns and the multiple twinned Al11Mn4 orientations
surrounding AlsMns particles could have formed by two mechanisms: (A) Al11Mna
orientations could have formed by nucleation on AlsMns with multiple ORs or variants,
followed by Al11Mn4 plate growth until plates impinged on their neighbours to give a twin
OR; and (B) the twinned Al11Mn4 orientations may have formed by growth twinning.
Mechanism A seems to occur because multiple discrete islands of Al11Mna could be
observed on the different AlsMns facets in the early stages of Al11iMn4 formation (Fig. 3).
Mechanism B is also likely, especially since the main growth facet of each Ali11Mng4 plate,
{010}, (Fig. 4) is the interface plane (Fig. 5) in the two twin types for AliiMna. It may be that
the AlsMns-Al11Mn4 OR with the best lattice match (e.g. OR-Al in Fig. 5 and 6(a-c)) was the
nucleation OR, and the worse matching AlsMns-Al11Mns ORs (e.g. ORs A3 and A4 in Fig. 5
and 6(a-c)) formed when subsequent Al11Mn4 growth twins grew over the AlsMns crystal.

However, further work is required to confirm this.

3.5. Solid state transformation from AlgsMns to Al11Mngat 410°C

Fig. 9 shows representative 2D cross-sections of the core-shell particles at a series of ageing
times at 410°C. These are backscattered electron micrographs where the a-Mg appears

black and AlsMns is brighter than Al11iMna due to the higher Mn content. As time
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progressed, a shell of Ali:aMna developed around the AlgsMns core and the shell then grew to
consume the core, transforming all AlsMns into Al11Mns.The morphology formed during
heat treatment is not the same as the that formed during solidification. Al11Mna4 that grew
into liquid often had a simple plate morphology (e.g. Fig. 4 and Fig. 5), whereas Al11Mna
formed during heat treatment had a more globular shape and numerous cracks mostly filled

with a-Mg (Fig. 9).

The volume expansion leading to this cracking can be understood with the following
calculations. At 410 °C, we start with a three-phase mixture of (Mg)+ Mgi7Al12+ AlsMns and
two distinct phase transformations occur: (1) the Mgi7Al1; dissolves into the (Mg), and (2)
the AlsMns transforms into Al11Mna. Since the Mn content in both (Mg) and Mgi7Al1; is
essentially zero [31,32], transformation (1) can be reasonably neglected noting that the
initial (Mg)+Mg17Al12 mixture composition will be equal to the single phase (Mg)
composition after Mgi7Al12 dissolution. For transformation (2), the phase fractions and
phase compositions can be found by a molar balance between the (Mg) matrix and the
relevant IMC using the lever rule in Eq. 3. Note that, before Mgi7Al1, dissolves, Eq. 3 can be
modified so that f(y4) is replaced with fygy + fugi7a112, and Xug) is replaced with the

mixture composition )?(Mg)+Mgl7A112:

fangy = zrme Eq. 3

Xmg)y—Ximc

Where f is the mole fraction of phase, and X indicates composition in mole fraction. Eq. 3 is
one equation with two unknowns, fiyg) and X(yg). However, in Mg-9AI-xMn alloys, the
composition of Mn in the (Mg) phase at 410°C is on the order 10 mol fraction [31,32] and
can be approximated as zero, allowing fy4) to be solved in Eq. 3. This value of f(4) can then

be used to calculate the compositions of Al and Mg in X(4). The results of this approach are
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given in Table 5 where AlsMns and AliiMns have been approximated as stoichiometric
compounds. The resulting values in Table 5 are only subtly different to calculations in
Thermo-Calc and Pandat that do not make these simplifying assumptions [31,32]. Table 5
also shows conversions into mass fractions and volume fractions of phases. Theoretical
densities from the crystal structures [46,48] were used for the IMCs. The densities of a-Mg
were taken from JMatPro [53] for the two a-Mg compositions in Table 5.

It can be seen in Table 4 that both the Al content in a.-Mg and the phase fraction of a-Mg
decrease as Al solute in a-Mg reacts with 4 moles of AlsMns to produce 5 moles of Al11Mna.
This transformation leads to an increase in IMC volume of (Vai11mna — Vaismns)/ Vaismns ~ 47%,
which is mostly caused by the increased Al content in the IMC since the interatomic

distances in Al11Mng4 are similar to those in AlsMns as shown in Fig. 6(c).

Fig. 9 (a) and (b) are schematics of the core-shell transformation of an AlsMns particle into
Al11Mns where L>R due to volume expansion in the shell. To study the kinetics of this solid-
state transformation at 410 °C, the 2D area fractions of Al11Mn4 phase were measured from
at least 100 particles (e.g. Fig. 9) at each heat treatment time. Fig. 10(c) shows the
equivalent circular diameter (ECD) measurements of the total size of AlsMns core and
Al11Mn4 shell after 6 days heat treatment. Fig. 10 (d) sees an increasing trend for the total
ECDs (open symbols) after different aging times and relatively constant converted sizes of
prior AlsMns particle sizes (solid symbols). The mean of the measured 2D area fractions of
Al11Mng, 4,4, at each time was converted to the volume fraction of original AlsMns
transformed, a, accounting for the volumetric expansion and assuming the geometry of

spherical core-shell particles using Eqg. 4. This conversion is shown graphically in Fig. 10 (e)
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and is derived in Sl-section 5. z is the ratio of the volume of Al11Mn4 to that of AlsMns

(~1.47).

Eq. 4

The fraction transformed data are plotted versus time in Fig. 10 (f) and have been fit using
the Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation with a JMAK exponent of n~1.5. A
key feature is that the kinetics are relatively slow, taking approximately one week to
transform most AlgsMns into Al11Mngs at 410 °C for the initial particle size of ~8 + 2 um (Fig.

10(d)).

Solid state transformations of core-shell particles involve (i) the nucleation of the shell
phase; (ii) the propagation of interfaces as the shell phase grows at the expense of the core
phase; and (iii) diffusion through the growing shell to bring species (e.g. Al and Mn) to the
interfaces where they react. Typically, one of these phenomena is rate controlling and
analytical models have been developed for each phenomenon. Three models are given in
Eq. 5-7 that each assumes spherical core-shell particles transforming from the surface
inwards, where a is the volume fraction transformed, t is the time, k is a constant, and z is
the ratio of the volume of product to the volume of reactant (1.47 for 4 moles of AlsMns
transforming into 5 moles of Al11Mna). Eq. 5 is for phase boundary reaction control [54-56],
Eq. 6 is for shell-diffusion control [57] and Eq. 7 is for shell-diffusion control accounting for

volume changes [58,59].
1
1-(1—a)s =kt Eq. 5

2
1—§a—(1—a)§=kt Eq.6
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2/z-1)-(1-a)y—[1+(@z-Dali/(z—1) =kt Eq.7

The fraction transformed data from Fig. 10 (f) are compared with these models in Fig. 10 (g)
by plotting the fraction transformed against reduced time, t/to.s, where tgs is the time when
half the original AlsMns volume has transformed. Our data are consistent with phase
boundary reaction control. It was also found that, if the volume expansion is ignored and
even if both the volume expansion and the 2D = 3D conversion in Fig. 10 (e) are ignored,
the fraction transformed versus reduced time plot in Fig. 10 (g) is only slightly changed and
remains consistent with phase boundary-controlled growth. Based on the degree of
cracking in the Al11Mng4 shell (Fig. 9), strain associated with the volume expansion is likely
contributing to limiting the motion of Al11Mna/AlsMns interfaces, in addition to the change
of complex crystal structure as the interface advances with a relatively good lattice match at
interfaces (Fig. 6). Since Al from the a-Mg matrix takes part in the transformation of AlsMns
into Al11Mng, it is expected that the local Al content in the a-Mg will also affect the

transformation.

In most particles, the transformation occurred with a ‘shrinking core’ geometry similar to Fig.
9. However, occasionally, the core-shell reaction occurred with Al11iMns growing
preferentially along AlsMns twin boundaries, dividing the cyclic twinned AlsMns into discrete
single crystal regions separated by Al11iMna. An example of this is given in Fig. 11. Note that
the EBSD IPF map of the four AlgMns twins in Fig. 11(b), the calculated cross-section in Fig.
11(c), and the AlsMns pole figures in Fig. 11(d) show the same cyclic twin characteristics as

those in Fig. 2.

A typical industrial solution heat treatment time for AZ80/AZ91 is 20 hours at which point
most Mgi7Al12 has dissolved [17] but only ~10 vol% of AlsMns had transformed in Fig. 10. At

20



Xian et al. Materialia (2021), https://doi.org/10.1016/j.mtla.2021.101192

this stage of the core-shell reaction, Al1:1Mnas formed a contiguous shell that encapsulates
AlsMns and removes all interfaces between AlsMns and (Mg) (Fig. 9). Since Al-Mn IMCs with
higher Al:Mn ratios are reported to act as less efficient micro-cathodes in the a-Mg matrix
and, thus, decrease the corrosion rate [44,45], an Al11Mn4 shell may be beneficial to corrosion
performance. At the same time, as shown in Fig. 9, longer times caused more cracking of the
Al11Mn4 shell which greatly increased the interfacial area between (Mg) and Al11Mna. In
future, it will be interesting to study the relative importance of the changing Al-Mn particles

versus the changing Mgi7Al1; phase on corrosion performance after solutionising.

4. Conclusions

The crystallography and kinetics of Al11Mns formation on AlsMns has been studied during the
solidification of Mg-3Al-1Zn-0.5Mn and Mg-9Al-0.7Zn-0.2Mn and the solution heat treatment

of Mg-9AI-0.7Zn-0.2Mn (wt%).

During solidification, AlsMns grew as either cyclic twinned equiaxed particles similar to Zeng
et al. [9] or as hexagonal rods. Al11Mns only formed as small traces unless very low cooling
rates were applied (here ~0.1 K/s). Al11Mng nucleated mostly on the {110}scr and {110}scr
facets of AlsMns and initially grew along (111)scr of AlsMns. During solidification, Al;1Mng4

developed into plates with (010) facets.

Al11Mn4 had multiple related orientation relationships (ORs) with AlsMns, that could be split

into two sets of ORs related with OR-A1 and OR-B1:
(110) 58 ms 11 (011) gr11mna and [111]5580ms 1 [011] 4111mna OR-Al

(TOl)ﬁlCSRMnS ” (OTO)AllanA» and [111]51655Mn5 " [ioz]Allanzl- OR-B1
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Neighbouring Al11Mns plates were often twinned. The twin relationships could form by
growth twinning and/or multiple Al11Mn4 nucleation events on AlsMns with different related

orientation relationships and variants. The two Al11Mn4 twinning relationships are:

Type |: 180° rotation around the {010} plane normal, forming {010} reflection twins

Type Il: 180° rotation around <101> with {010} contact plane. This involves the

swapping of the a and c axes, which differ in length by <1%.

These features of Al11Mn4 formation on AlgsMns were similar in AZ80/AZ91 and AZ31.

During solution heat treatment at 410 °C, AlsMns equiaxed particles transformed into Al11Mn4
by a core-shell reaction with cracking in the Al11Mn4 shell due to the volume expansion when
4 moles of AlsMns react with Al solute from the (Mg) phase to produce 5 moles of Al11Mna.
Analysis of the reaction kinetics showed the data are consistent with a phase boundary-

controlled reaction.

The results provide insights into Al11Mnas in AZ31 and AZ91/AZ80 used in industry. (i) In the
as-cast condition, the lack of Al11Mng4 is due to the relatively high cooling rates applied during
casting processes such as HPDC and direct chill casting. (ii) In solution heat treated alloys, Al-
Mn particles generally contain only a shell of Al11Mn4 around AlsMns particles because the
solid-state reaction kinetics at 410 °C are relatively slow compared with the time of a typical
solution heat treatment (~20 hours). However, this time is sufficient for a contiguous Al11Mn4
shell to form, shielding the (Mg) matrix from the AlsMns phase which may be important for

corrosion performance.
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Fig. 2. Typical Al;;Mn,-AlgMn two-phase particle after 3 days at 410 °C. (a) EDS map showing the
shell is richer in Al than the core. (b) BSE image of the particle. (c) EBSD phase map (d) IPF-Y map of
the AlgMn; core showing cyclic twinning. Arrows mark twin interface-normals in the cross section.
(e) AlgMn¢ pole figures containing four unique {111}, poles, sharing common {110} or {1-10}gx
planes. Arrows in (d) and (e) show the twin interfaces are {100}y;. (f) 3D geometric model of cyclic
twinned BCR unit cells and a sectioning plane based on the EBSD measurements (upper) and
calculated digital cross-section (lower).

\,




Xian et al. Materialia (2021), https://doi.org/10.1016/j.mtla.2021.101192

pm 2um
{100)cubic == {11 O}eubicmm {1 12}c

L
|

(@11 10858, /(0T1 135, {1T0KE,, /221105, (h) {110}cubic

o
S

al

|

1.
=
1

6 5
(F{] OO}cubic L “ 1 0}cubic {11 2}cubic
AlsMns

<©

Fig. 3. Al;;Mn, on polyhedral Al;Mn; after solidification at faster cooling rate. Geometric growth
models of Al;Mn; are based on {100}, {110}, {112} facets with pseudo-cubic symmetry. (a,d) No
trace of Al;;Mn, found, (b,e) Al;;Mn, islands on AlgMng, (c,f) Al;;Mn, ropes covering Al;Mns. (g)
AlgMn; pole figures from one orientation of the cyclic-twinned BCR-AlgMng particle in (i). (h)
Pseudo-cubic {110}, pole figure after merging {110}z and {1-10},¢5 in (g). (i,k) SE images of two
AlgMn particles with lines of Al,;Mn, marked by coloured vectors. (j,I) BCR-AlgMn; unit cells
superimposed by the coloured vectors showing the lines of Al,;;Mn, are parallel with the <111>_,,..
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Fig. 4. Two examples of Al,;Mn, plates surrounding Al;Mn. after solidification at slower cooling
rate. (a,e) Raw EBSD measurements (IPF-Y) at a tilt angle of 65°. (b,f) Normal view of the same area
(0° tilt). Arrows mark Al;;Mn, plate normals. (c,g) Al;Mn; particles fully covered by Al,;Mn,. (d,h)
The marked arrows (Al;;Mn, plate normals in (b,f)) superimposed on the {010},;;una POlES.
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of OR-A1 between the (110)guns and (011)511uns Planes, with
[111]qgmins ser @nd [011],51uns directions pointing up. (d) Two types of
Al;,Mn, twinning operations: i) rotating 180° in {010} 1,4 ii) rotating
180° along (101) ;4. Note that the four Al;;Mn, orientations share
common {010} planes and parallel <100> or <001> directions, same as the
Al;;Mn, stereograms in (a-b).



Xian et al. Materialia (2021), https://doi.org/10.1016/j.mtla.2021.101192

(a) AlaMns BCR AlsMns Hex Alnf\im/_\'\
(no (101) (0111) (1120) (211) (010)
X
n o 1] [0001] o o [i011] i
(101) i (nm (1101){%3(2110) - 0
(o11) uu[ (011) (1011) [“g” (1011) (231) (103 (231)

®
(om (1210) [100]

X
[o111]
(110) (1120) (0111)

X
(i1

(libl) (010) @)

AlnMna twmnlng OR-B1 variant or additional OR-Bs OR-B1

/mn (010;\\

(an) [mz (211)

(ol @)
OR-B2* (OR-B1 v2)
(c) OR-B1 lattice match

AlsMns AlnMna
o ) Mn atom
o o Alatom
Ny oz
N(101) N(0T0) centred orlglns.

Al2 site and Mn1 site

Fig. 7. Orientation relationships OR-Bs between Al;;Mn, and Al;Mn., and
their correlation with self-twinned Al;;Mn, orientations. (a) Stereographic
projections centred on [111]ygmns scr//[102]411mna Parallel planes

(101) ygnns//(010) gi110na fOr OR-B1. e=planes, x =directions. (b) Three
Al,;Mn, stereographic projections share more possible ORs (B2*,B3*,B4*)
with the AlgMng nuclei, which are also twinned from the Al,;;Mn,
orientation in OR-B1. (c) Planar atomic lattice matching of OR-B1
between the (101)guns @and (010)511vna Planes, with [111]guns scg and
[102]511mna directions pointing up. )



@) BSE image Xian et al. Mafgrialia (210}fitps://doi.org/10.1016/j.mtla.2021.101192

dh
N

<10

o
Vv
>
=
S

daR
NI

o]
1800 L‘{z\ll\.‘l}i”‘

[

AN
o
o

(b) Phase IPF-Z 1> AtuMns

AliMna

Rk
N

<101 > AlnMna

mm MgiAl:
mm AlnMna
Mg

(100)

TN
N

Fig. 8. Twinned Al ;Mn, plates after solidification. (a) BSE
image and unit cells of the Al,;Mn, twinned OR. (b) Phase
map and EBSD IPFZ map of two Al;;Mn, twins. (c) Pole figures
showing common planes {010} and directions (101) s 1una-
<100> and <001> are swapped by the twinning operation type
Il.



Xian et al. Materialia (2021), https://doi.org/10.1016/j.mtla.2021.101192

2 days

AlsMns core

Figure 9: Typical BSE images of cross-sections
through AlgMng-Al,;Mn, core-shell particles at
six times during solid-state transformation at
410 °C. a-Mg appears black.
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Fig. 10. (a-b) Schematic showing a prior Al;Mn; particle in (a) and partly transformed particle with
a Al;;Mn, shell in (b). (c) The ECD distribution of Al;Mng+Al;;Mn, particles after 6 days ageing,
and its normal (solid line) and lognormal (dashed line) distribution fit curves. (d) The mean ECDs
of AlgMn¢+Al;;Mn, (2L) particles and converted sizes (2R) of prior Al;Mn; after different aging
times. (e) Relationships between calculated 3D transformed fraction vs. mean of measured 2D
Al,;Mn, fraction, with and without a volume change. (f) Experimental data (i.e. calculated a with
expansion considered) vs. time, fitted by JIMAK equation. (g) Comparison between the
experimental data and the kinetic models in Eq. 5-7 plotted against reduced time, t, = time for
50% transformation.
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Fig. 11. Faster transformation along Al;Mn, twin interfaces. (a) BSE image of AlgMn. transforming
into Al;;Mn, after 3 days at 410°C and the black region within the core-shell particle in (a) is a-Mg.

(b) EBSD phase map and IPFY map of AlgMng.. (c) Calculated cross-section assuming a cyclic twin
with {100} twin planes. (d) Pole figures of four twinned Al;Mn; orientations.
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Table 1. Summary of EDS analysis of the two Al-Mn IMCs.

Al Mn Mg

[at%] [at %] [at%]
AlgMns 55 45 -
Al11Mng 68 31 1

Table 2 Crystal structures of AlsMns and Al11Mna. [46,48]

Space  Unit cell setting Lattice parameters [A, °] Ref
group
a B c o B Y
hexagonal 12.667 12.667 7.942 90 90 120
AlsMns R3m primitive rhombohedral 7.778 7.778 7.778 109.04 109.04  109.04 [48]
body centred rhombohedral 9.029 9.029 9.029 89.09 89.09 89.09
Al11Mng P-1 — 5.095 8.879 5.051 89.35 100.47 105.08 [46]

Table 3. A summary of variants of OR-A1 and OR-B1.

Parallel planes Parallel directions
Aif\;s Hex-AlgMns Al;zMng Aiﬁés Hex-AlgMns Al1zMng
OR-Al vl (110) (0111) (011) [111] [1101] [011]
v2 (110) (0111) (011) [111] [1101] [011]
v3 (101) (1101) (011) [111] [1011] [011]
va (101) (1101) (011) [117] [1011] [011]
v5 (011) (1011) (011) [111] [0111] [011]
v6 (011) (1017) (017) [111] [0111] [011]
OR-B1 v1 (101) (1120) (010) [111] [1101] [102]
v2 (101) (1120) (010) [111) [170T] [102]
v3 (017) (1210) (010) [111) [1011] (102
va (017) (1210) (010) [111) [101T] (102
V5 (110) (2110) (010) [117) [0111] (102
v6 (110) (2110) (010) [111) [0111] [102)

Table 4: Compositions and fractions of phases before and after solid state transformation at 410 °C using Eq. 3, assuming

zero solubility of Mn in a-Mg, a bulk alloy composition of Mg-8.95A1-0.19Mn (mass%), and stoichiometric IMCs. * =

calculated for 1 mol of alloy.

phase composition [mol fraction] fraction fraction density fraction  volume*

Mg Al Mn [by mol] [by mass] [g/cm3] [by vol] [em3]
before AlgMns 0 0.6154 0.3846 0.0022 0.0034 4.43 0.0014 0.0188
o-Mg 0.9198 0.0802 0 0.9978 0.9966 1.80 0.9986 13.6200
after Al11Mng 0 0.7333 0.2667 0.0032 0.0045 3.96 0.0020 0.0277
o-Mg 0.9207 0.0793 0 0.9968 0.9955 1.80 0.9980 13.6103
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Sl-section 1. Extended Methods

For cross-sectional EBSD, conventional metallography preparation techniques are used, noting that
ethanol is used instead of water throughout grinding and polishing for better surface finish of Mg
alloy.

For EBSD on 3D particles, samples are polished followed by chemical etching. In order to correctly
link the coordinates of SEM imaging and EBSD measurements (normally taken at ~70° tilt), we used
two similar mapping methods:

Method 1 was used for Fig. 4, unlike the cross-sectional EBSD analysis, we need to (a) first target on
tilted 3D crystals that can generate good Kikuchi patterns, and carry out EBSD calibrations as normal;
(b) then after EBSD mapping, tilt 3D crystals (SEM stage) back to 0° for an undistorted SEM imaging.
Then the SEM imaging and 3D crystals are correctly linked together, i.e. the orientations measured is
with reference to the 0°-tilt 3D crystal.

Method 2 was used for SI-Fig. 4, (a) first, one can tilt the SEM stage (i.e. 3D crystals) at any angle
between ~50° and 70° to obtain good Kikuchi patterns, and take a SEM image at the same tilt angle.
(b) Secondly, to set up the EBSD mapping, one needs to tell EBSD software (calibration) that the
sample stage was at 0° tilt. This is counter-intuitive, but it is geometrically and mathematically valid
for the EBSD software to give you the correct orientation with reference to the SEM image taken at
the tilt angle. The orientations measured here are with reference to tilted 3D crystal (i.e. the fixed
beam view).

SI-Fig.1 and 2 show examples of using dynamical simulated EBSD patterns within Bruker DynamicS to
deduce the best fitting orientation and phase.

IPEX Experiment DynamicS simulated patterns
- pattern

=

\ "/

0.42 053 046 038

SI-Fig. 1 Two AlgMns orientations (twinned from each other) are checked by dynamical simulations, for the top AlsMns the
first simulated pattern (CCC = 0.73 in red box) is the best solution; for the bottom AlsMns the second simulated pattern has
the highest CCC=0.53 (in red box) among all four possible orientations in cyclically twinned AlsMns. This confirms the EBSD
is accurate to distinguish R3mH AlsMns orientations.
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AliMnas experimental pattern AliMna dynamical simulation

-

@S ) 7

CCC=0.69

SI-Fig. 2 Cross correlation coefficient (CCC) between a Al11Mn4 experimental pattern and its dynamical simulation pattern
can be as good as 0.69, confirming Al1:Mny is the correct phase and suitable for EBSD.
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Sl-section 2. Low magnification microstructures from AZ31 and AZ91 at each cooling rate

(@) AZ31 AZ91

Ingot

Fast cooling

Slow cooling

(b)

SI-Fig. 3 (a) BSE images of overall microstructures for different cooling conditions in AZ31 and AZ91. (b) Deep-etched slow-
cooled AZ91 sample showing both AlsMns polyhedral particles and rods.
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Sl-section 3. Growth crystallography of AlsMns rod and phase identification

© {170},
/21101

i
S

<111
/<000

N

BCR
>A|aMns
Hex
1> AMns

N

(
&{112}8cR K

SI-Fig. 4 (a) AlsMns rod crystal partially covered by parallel plates of Al;:Mny, (b) AlsMns geometrical facet model, (c) selected
AlgMns pole figures in the BCR and hexagonal settings, showing the major growth facets {1-10}gcr and growth direction
<111>pcg of the single crystal AlsMns rod.

Sl-section 4. Orientation relationships

SI-Table. 1 The Al;:Mny4 planes involved in OR-As and OR-Bs are the first 11 planes in the reflector list generated in Bruker
Esprit 2.1, with 6 Al;1Mny planes in either OR-As or OR-Bs see SI-Fig. 3 and with {010}4/11mn4 coOmmon to both ORs. The
reflector list is ranked by band intensity and structure factor.

No HEL dHKL | |F|HKL IREL Mult
1 040 2.142 11.7 29.3 100.0 2 —
2 -2-11 2.141 11.0 23.8 94.0 2 f—
3 2-11 2.089 10.5 227 89.8 2 T
4 0D-22 2.183 10.5 22.7 89.6 2 f—
5 -122 2.179 10.3 22.3 88.0 2 e
b 2-30 2.143 10.0 21.7 85.7 2 T
7 210 2.182 9.3 20.1 79.4 2 e
B D22 2.113 9.2 19.9 78.5 2 f—
9 -231 2.073 9.0 19.5 7.2 2 —
10 1-12 2.070 8.7 18.9 74.6 2 f—
11 -1-22 2.012 7.7 16.7 66.1 2 T
12 -421 1.270 7.3 16.3 64.2 2 —
13 -104 1.259 7.4 16.0 63.4 2 e
14 -212 1.948 7.0 15.1 59.8 2 e
15 -313 1.299 6.9 14.9 59.0 2 e
16 -2-51 1.251 6.8 14.7 58.1 2 f—
17 -162 1.280 b.7 14.4 57.0 2 —
18 131 1.943 6.3 13.7 54.3 2 f—
19 130 2.7 6.2 13.3 52.7 2 e
Total reflector number: 138 (276) Special reflectors

Lower limits s

Page 5 of 10
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SI-Fig. 5 EBSD measurement of OR-A1 between the AlsMns and Al;;Mny in slow-cooled AZ31. (a) SE image of etched AlgMns
with surrounding Al;1Mng and Mg17Al15, and IPF-Y map of AlsMns and all Al;iMny particles, showing the majority blue
Al11Mny orientation sharing OR-A1 with AlsMns. (b) Pole figures of typical parallelisms involved in OR-A1. All four Al;:Mny
orientations of OR-As can be found in this sample.

101158, {11085, <IT>EG,
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SI-Fig. 6 EBSD measurement of two variants of OR-B1 between the single crystal AlsMns rod and Al;1Mng4 shell in AZ91. (a)
IPF-Z map of AlsMns and all Al;;Mny particles, with the insert showing only the two Ali;;Mny orientations sharing OR-B1 to
AlsMns. (b) Pole figures of typical parallelisms involved in OR-B1, one can refer to Fig. 7 in the main manuscript for reasons
behind the choices of planes shown here. Note that Al;:Mn4 {010} growth facets are nearly parallel to the cross section (see
the {010}a111mn4 pole figure), which is likely to be the interface on its parallel {11-20}a1smns the hexagonal facets as being
defined in OR-B1. In other examples, all four Al;1Mng4 orientations of OR-Bs are also found together.
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Sl-section 5. Core-shell transformation : relationship between A, and a

(a) (b) n(L2-r?)

O

normal view to cross section plane

dy

SI-Fig. 7 Schematics showing the geometrical relationship between mean of 2D shell fraction vs. 3D volume fraction.

r radius of core
L radius of core-shell particle
A, mean of 2D shell fractions

3
. . . T
Vy volume fraction of the core in core-shell particles, (Z)

SI-Fig. 7(a) is a schematic of a 3D core-shell particle, with a core radius of r and a total radius
of L. In SI-Fig. 7(b), a sectioning red plane of infinitessimal thickness, dy, (and y distance
from sphere centre) can intersect the whole particle generating 1) a core-shell cross section
when y < r; or 2) a shell-only cross section wheny > r.

From the experimental 2D images, one can obtain the mean of 2D shell fractions from ~100
particles as A,, which can be derived as follows:

When y < r, the shell area fraction shown in SI-Fig. 7(b) is:

m(L? —1?)
i Eq. 1
n(L? —y?)
By integrating this value from 0 to r, one can get the total of 2D shell fractions as:
frn(Lz—rz)d Ea2
o m(L? —y?) Y e
Then the mean of 2D shell fractions with a core becomes fory <r:
o =) n(L? - r2)
o (12 — y2) ) Eq. 3
r

When y > r, the mean of 2D shell fractions without a core is 1.

For isotropic uniform randomness [1], the probability of sectioning through the coreis r/L,
and that through the shell-only is (L — r) /L. Therefore, the effective mean of all 2D shell
fractions (with and without a core) becomes:
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ru(L? —1r?)
y fOn(Lz—yz)dy_l_L—T { Eq. 4
= — xk *
AT r L
To assist the understanding of this integral method, one can also assume that there are

1000 uniformly parallel slices in total that section the whole particle.

1) Fory <, thereare % * 1000 slices, making a numerical subtotal of 2D shell
frn:(Lz—rz) dy
07(L2—
fractions with a core as: %* 1000 = 2nltioy) - .
2) Fory =>r,thereare L%T * 1000 slices, making a numerical subtotal of 2D shell

fractions without a core as: % * 1000 * 1.

Thus, the numerical mean of total 2D shell fractions is:

T o 7(L2 — y2) )
I* 1000 * . L " 1000 % 1 Eq. 5
1000

Note that the total number of slices 1000 can be cancelled out easily in Eg. 5, making it in
the same form as Eq. 4.

The integral for A, i.e. the mean of 2D shell fractions in Eq. 4, is briefly shown below, noting
that r and L are independent of y, and are constants for a fixed core-shell particle.

ru(L2-12)
—_— T fo m(L2 _yz)dy L-r

AA = z*—+T*1

r

-— _ 4 _ [r 1 ,rm(*-r?)
AA =1 {L L70 (L2—y?2) dy}

- L2—r? 1
AA =1 _{g_ LT fng_yz dy}

=5l (55— 1) dv, whi

Thus, we continue,
—_ L2=12 1 1 1
A= 1= -5 L (S v

Ay = 1- (L= x =L — ) + In(L + )}

L 212

A= 1-f-Sn () Eq. 6

Note that in Eq. 6, parts in curly brackets are the mean of 2D core fractions.

Eq. 6 can be rearranged as:
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S

- —(+ +-

AA:1—{5— L ln( L)} Eq.7
L 2 I

The volume fraction of the core is

V, = (5)3 Eq. 8

L

1

T 2 . . .
So = V7, and substituting into Eq. 7,

o 1 B 2 1
A, =1- {VVE - In <1+VVi)} Eq. 9
1-Vy3

Now we need to consider the volume expansion during the AlsMns—>Al11Mna4 phase
transformation, and the following symbols are defined:

R radius of initial AlsMns particle. Once some Al11Mng is present, this is the radius
after correcting for the expansion of transformation.

z the ratio of the volume of product to the volume of reactant (1.47 for 4 moles of
AlgMns transforming into 5 moles of Al11Mna4)

a the 3D volume fraction transformed as a fraction of the original AlsMns.

The volume of the original AlsMns particle: %T[R3

. 4
The volume of the AlsMns core is: §7TT'3
. 4 3 4_ 3
The volume of the Al11Mng4 shell is: gnL —3mr
. . 14
The volumetric expansion: z = —4uiMnt _ _ q 47
Vtransformed

The volume of the transformed AlsMns is: (gnﬁ — %nr3) * %

The volume of the original AlsMns particle = The volume of the transformed AlsMns + The
volume of the AlsMns core.

4 3 (4 3 4 3) 1 4 3
- = (= —_— * = -
37TR 37TL 371'7 Z+37T7

R3=(L3—r3)*l+r3

Z

R3=§*L3+r3(1—§)

R=3\/§*L3+r3(1—§) Eq. 10

Then using:
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Vfraction _ i _ r _ 1 — 1
remaining ~— g3~ 13 3( _l) EE 1, L 1
Z*L +re(1 Z ;*r_3+(1_;) z*VV+(1 z)

fraction 1 1
Vtransformed =a=1 1

Rearranging Eq. 12,

1 1 1 1= 1-a+za
zxVy 1-a  z o z(1-a)
1-a
V., =
|4 1-a+za

Substituting Eq. 13to Eq. 9,

l _ 1-a 1-a
E =1- ( 1-a )3 _ 1 (17a+za) In 1+(17a+za)

1—-a+za
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