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Abstract: Manganese-bearing intermetallic compounds (IMCs) are important for ensuring adequate
corrosion performance of magnesium-aluminium alloys and can be deleterious to mechanical per-
formance if they are large and/or form clusters. Here, we explore the formation of Al-Mn IMCs in
Mg-9Al-0.7Zn-0.2Mn produced by two industrial casting processes, high-pressure die casting
(HPDC) and direct chill (DC) casting. As AlsMns starts forming above the a-Mg liquidus tempera-
ture in this alloy, we consider its formation during melt handling as well as during casting and heat
treatment. In HPDC, we focus on sludge formation in the holding pot, partial solidification of IMCs
in the shot chamber, and Al-Mn IMC solidification in the die cavity. In DC casting, we focus on
interactions between Al-Mn IMCs and oxide films in the launder system, Al-Mn IMC solidification
in the billet, and the partial transformation of AlsMns into AliiMn4 during solution heat treatment.
The results show that minimising pre-solidification in the shot sleeve of HPDC and controlling
pouring and filtration in DC casting are important for ensuring small Al-Mn intermetallic particles
in these casting processes.

Keywords: Mg-Al-Zn alloys; solidification; intermetallics; HPDC; DC casting; microstructure; elec-
tron backscatter diffraction (EBSD)

1. Introduction

AZ series alloys are the most widely used Mg alloys in the automotive industry for
lightweight requirements, while providing adequate strength at an acceptable cost [1-4].
The Al and Zn contents normally range from ~3 to 9 wt.% Al and ~0 to 2 wt.% Zn for
different levels of strength and processability. For high strength AZ alloys, the mostly
commonly used composition is approximately Mg-9AI1-0.7Zn-0.2Mn (wt.%), with low lev-
els of transition metal impurities. The standard name of this alloy depends on the pro-
cessing route: AZ91D when used for high pressure die casting (HPDC) [5], AZ91E when
used for sand casting and investment casting [6,7], and AZ80A when used for forgings
[8]. As shown in Figure 1, the limits of the AZ91 and AZ80 composition ranges overlap
over much of their range.

Mg-9Al-0.7Zn-0.2Mn produced by these different processing routes are used in dif-
ferent applications. HPDC AZ91D is used for thin-walled one-piece automotive parts
such as the transmission case, 4-wheel drive transfer case, valve cover, oil pan, steering
box, and clutch pedal [2]. AZ80A produced by direct chill (DC) casting and forging is used
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for wrought wheels in motor racing and high performance cars [9], as well as in structural
helicopter components [10].
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Figure 1. (a) Composition range of Al and Zn in selected high-purity AZ-series alloys—AZ31B,
AZ61A, AZ80A, and AZ91D from ASTM standards [5,8,11]. Black circle and square mark the com-
position of (b) the HPDC AZ91D and (c) the DC-cast AZ80A used in this study, respectively.

AZ alloys also contain a small but important manganese addition. If manganese is
not added, the impurity iron reacts with aluminium solute in the liquid to form Al-Fe
intermetallic compounds (IMCs), which act as damaging micro-cathodes in the anodic a-
Mg, resulting in unacceptable corrosion rates [12-16]. The addition of ~0.15-0.50 wt.% Mn
ties up low levels of impurity Fe in Al-Mn IMCs with Fe partially occupying Mn lattice
sites. These Al-Mn IMCs are closely correlated to the micro-galvanic corrosion in the a-
Mg matrix [13,17-19], and usually act as less-damaging micro-cathodes in a-Mg [12,13].

Al-Mn IMCs formed during casting normally have a minor effect on the mechanical
properties in the as-cast condition (e.g., [20]) as their volume fraction is small (~0.25 wt.%),
and they are evenly distribution in the microstructure. However, past work [21] has
shown that AlsMns particles can cluster on entrained oxide and form large defects that can
significantly reduce the yield strength and embrittle the alloy.

In recent years, there have been extensive studies [22-34] that have advanced the
understanding of the fundamentals of Al-Mn IMC behaviour in magnesium alloys based
on controlled laboratory experiments. However, it is unclear how these findings relate to
Al-Mn IMC formation in industrial casting processes. The aim of this study is to link from
experiments on the fundamentals of Al-Mn IMCs formation during solidification and so-
lution heat treatment to Al-Mn IMCs in castings produced by high-pressure die casting
(HPDC) and direct chill (DC) casting. The paper is split into three parts. We first overview
key results from laboratory studies on Al-Mn IMC formation during solidification and
solution heat treatment of Mg-9A1-0.7Zn-0.2Mn. We then explore how this compares with
Al-Mn IMCs in HPDC AZ91D in the as-cast condition, as HPDC parts are often not heat-
treated. Finally, we explore DC cast AZ80A in the solutionised condition as this is the
usual starting material for forging.

The mechanical behaviour of the HPDC and DC cast samples was not studied here.
Past work has shown that, in the as-cast condition, HPDC parts usually have higher yield
stress and lower elongation than equivalent DC cast parts [2] owing to HPDCs' finer mi-
crostructural length scale, but higher amount of casting defects. The yield strength of DC
cast ingot can be substantially improved by forging with or without a subsequent precip-
itation heat treatment [35]. The role of AlsMns particles on deformation and fracture in
AZ91/AZ80 is discussed in [31,33].

2. Materials and Methods

Al-Mn IMCs were studied in three types of casting: (i) samples from an AZ91 labor-
atory study, (ii) an HPDC AZ91D casting (Figure 1b) and sludge from an HPDC holding
pot, and (iii) a DC-cast billet of AZ80A (Figure 1c).
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The laboratory solidification study started with a batch of high purity AZ91 ingot
with the composition in Table 1. AZ91 cylinders of ~2 g were cut from the ingot. Flat-
bottomed cylindrical AL2Os crucibles with dimensions of inner diameter 9 mm and height
30 mm were adopted to avoid the effect of Fe from conventional steel crucibles. The AZ91
cylinders in the Al2Os crucibles were melted and held at 700 °C for 120 min, within sealed
quartz tubes backfilled with Ar. After the desired holding time, the samples were solidi-
fied in one of two ways. In method 1, the hot quartz tube was placed in the vertical cylin-
drical hole of a steel mould at room temperature. The cooling rate was measured as ~1
K/s. In method 2, the furnace was turned off and the lid was removed, leading to a slow
cooling rate of ~0.1 K/s. In method 2, the cooling rate was abruptly increased at 430 °C by
removing the quartz tube to the hole in a steel mould at room temperature to minimise
any solid-state transformations after solidification.

To study the solid-state transformation of Al-Mn IMCs during solution heat treat-
ment, specimens were cut from similar locations of the AZ91 ingot into ~20 mm x 20 mm
x 20 mm cubes. These 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 cooled in water. For heat
treatments longer than 6 days, samples were sealed in quartz tubes backfilled with Ar.
Samples for other shorter heat treatments were coated by boron nitride and directly
placed in the oven.

Table 1. Chemical composition of the AZ91 and AZ80 used in this study, measured by X-ray fluo-
rescence (XRF) spectrometry.

Alloy Composition (wt.%)

Mg Al Zn Mn Cu Si Ni Fe
AZ91 Bal. 8.95 0.72 0.19 0.001 0.039  <0.001  <0.001
AZ80 Bal. 8.75 0.42 0.21 <0.001 0.01 <0.001  0.004

To study HPDC samples of AZ91D, ingots were used from the same batch of AZ91
as in the laboratory solidification study with the composition in Table 1. The alloy was
heated in a mild steel crucible to 675 °C (~75 °C superheat). HPDC was performed using
a Frech DAK 450-54 cold chamber HPDC machine with a die preheated to 150 °C and
further heated by at least six pre-shots. The shot chamber fill fraction was ~0.5 and the set
parameters were slow shot phase 0.3 m s, fast shot phase 4 m s, and intensification
pressure 36 MPa. The die produced the tensile bars casting in Figure 1b. Additionally, a
sample of sludge was shovelled from the bottom of an industrial HPDC holding pot of
AZ91 to produce a sample to study the settled IMCs.

To study a DC cast billet of AZ80A, a 20 mm thick slice from a 210 mm diameter DC
cast forging billet was provided by Magnesium Elektron. This billet has been solutionised
after casting and had the composition in Table 1. Note that both alloys studied here have
compositions that simultaneously conform with the requirements of AZ91D and AZ80A,
as shown in Figure 1a.

The microstructure of Al-Mn IMC particles was examined by analytical scanning
electron microscopy (SEM). Cross sections were prepared via grinding with ethanol with
#2000 and #4000 grit SiC paper for ~1 and 5 min, respectively, followed by polishing with
20% OPS in ethanol for 12 min, and cleaned in ultrasonic bath in ethanol. SEM investiga-
tion was performed using a Zeiss Sigma-300. To reveal the 3D morphology of IMC parti-
cles, the samples were etched in 10% nitric acid in ethanol for 5-10 min to selectively dis-
solve the a-Mg. HPDC samples were etched in a solution of 200 mL of ethylene glycol, 68
mL of distilled water, 4 mL nitric acid, and 80 mL acetic acid. Secondary electron (SE) and
backscattered electron (BSE) images were taken with an accelerating voltage of 10 kV and
a working distance of 10 mm. Energy-dispersive X-ray spectroscopy (EDS) was performed
using an accelerating voltage of 10 kV, a 60 um aperture, and a working distance of 5 mm
with an OXFORD X-Max detector. Electron backscattered diffraction (EBSD) was carried
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out using 20 kV accelerating voltage and 15 mm working distance, with a 120 um aper-
ture, the sample tilted at 70°, and a Bruker e-FlashHR EBSD detector. For indexing of
EBSD patterns, the phases that were considered in the Bruker Quantax Esprit 2.1 and
Bruker DynamicS software are listed in Table 2 along with their crystallographic details
and references to the original crystallographic studies.

To further understand Al-Mn IMCs in HPDC samples, focused ion beam (FIB) to-
mography was conducted. A Zeiss AURIGA FEG-SEM equipped with a gallium FIB was
used at 30 kV and 52-degree tilt angle. Serial-sectioning FIB milling was conducted with
a slice distance of 90 nm and current of 200 pA. Secondary electron images were then
aligned, cropped, and processed by an anisotropic diffusion filter in Image] (US NIH,
USA). 3D reconstruction and crystallographic analysis was performed using Avizo 9.2
(Visualization Science Group, France) and MATLAB 9.2™,

The results presented here come from analysis of more than 100 particles from 50
samples in laboratory cast AZ91 samples, various locations in two HPDC bars, and vari-
ous locations from two DC cast billets.

Table 2. Crystal structures and lattice parameters used for analysing and indexing EBSD patterns.
The structures from [36-40] were assumed in this work.

Space Pearson Lattice Parameters
Phase  Symbol Gfoup Symbol alAl BIAl cAl al’l Bl _yI7l o
Mg o P63/mmc hP2 3209 3209 5211 90.0 90.0 120.0 [36]
AlsMns Y2 R3mH hR26 12.67412.674 7946 90.0 90.0 120.0 [37]
AluiMns v P1 aP15 5.095 8.879 5.051 89.4 100.0 105.0 [38]
AlossMnin1 T  P4/mmm tP2 2770 2.770 3.540 90.0 90.0 90.0 [39]
MgzAlr B I43m cI58  10.544 10.544 10.544 90.0 90.0 90.0 [40]

3. Results and Discussion
3.1. Laboratory Study on Al-Mn IMCs in Solidification and Solution Heat Treatment
3.1.1. Thermodynamic Calculations

Figure 2 overviews the development of Al-Mn IMCs during the solidification of Al-
8.95A1-0.19Mn (wt.%) for equilibrium solidification and for the Scheil model, calculated
in Thermo-Calc software with the TCMG4.0 database. Zn was omitted from the calcula-
tion to better visualise the liquidus projection and because the solubility of Zn in the Al-
Mn IMCs is very low. Al-Mn IMCs form throughout the solidification sequence. The first
IMC, AlsMns, is stable above the a-Mg liquidus temperature as a primary solidification
phase. Below the a-Mg liquidus, AlsMns and then AliiMns are calculated to form with a-
Mg for equilibrium solidification. With the Scheil model, an additional IMC, AlsMn, is
calculated to form with a-Mg before solidification ends with a eutectic reaction involving
Mgi7Ali2. Although they form in all stages of the solidification sequence, the Al-Mn IMCs
make up only ~0.25 mass% of the alloy after Scheil solidification, of which ~95% is AlsMns.
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Figure 2. (a) Mg-rich corner of the Mg-Al-Mn liquidus projection calculated in Thermo-Calc soft-
ware with the TCMG4.0 database. Coloured lines show the change in liquid composition during
solidification of Mg-8.95A1-0.19Mn (wt.%). (b) Development of solid phases during solidification
assuming equilibrium and the Scheil model. Colour indicates the solidification reactions in (a) and
(b). *” indicates the reaction L + AlsMns 2 a-Mg + AluMns during equilibrium solidification.

3.1.2. Growth of AlsMns during Solidification

Past work has confirmed that the majority Al-Mn phase after casting of AZ91 is
AlsMns [23,24,26] and that it usually has the morphology of equiaxed particles or, more
rarely, rods [23,24,31]. Zeng et al. identified that the equiaxed particles are cyclic twins
[24]. Figure 3 shows a typical AlsMns equiaxed particle in Mg-9Al-0.7Zn-0.2Mn. From the
BSE image and the EBSD phase map in Figure 3a, it can be seen that AlsMns grew as an
equiaxed multifaceted polyhedral particle. According to the IPF-X orientation map, there
were four orientations (colours) present in this single-phase particle with three clear linear
interfaces.

The experimental Kikuchi patterns of the four orientations are attached beneath in
Figure 3b with the wire frame unit cells of rhombohedral AlsMns plotted from the EBSD-
measured Euler angels. These Kikuchi patterns look similar in most of the main bands,
but differences can be observed in some weaker bands, confirming that there were four
distinct orientations in AlsMns and the EBSD technique can readily distinguish them.

Similar to our previous work [24], those rhombohedral AlsMns in Figure 3 were cyclic
twinned related by ~90° rotation around three common (1120)zyx axes with {2201},
twin planes. This cyclic twin can be understood better when considering AlsMns in the
body centred rhombohedral (BCR) setting of AlsMns with lattice parameters a=b =c =
9.029 A, o = =7y =89.1° [41], which is pseudo-cubic with <1° rhombohedral distortion. In
the BCR setting, the cyclic twin planes are {100}z-; and the four orientations rotate ~90°
around the (100)zcz axes. This cyclic twin orientation relationship (OR) can be identified
in the pole figures in Figure 3c, where all four orientations overlap at each spot in the
{100}5cz in the pole figure. The plane normal of the {100} is also perpendicular to the
linear interface in the IPF-X orientation map, indicating that the twin planes are {100} p¢x.
The cyclic twin OR can be visualized in the wire frames attached to the pole figures. Fur-
ther information on cyclic twinning in AlsMns is given in [24].

3.1.3. AluMns Nucleation and Growth on AlsMns during Solidification

The thermodynamic calculations in Figure 2 indicate that AliiMn4 and AlsMn should
form during solidification. It was found that AliiMn4 formed on AlsMns when the cooling
rate was ~0.1 K/s and was usually absent or only present as traces when the cooling rate
was 1 K/s or higher. For example, the sample in Figure 3 was cooled at ~1 K/s and has no
AluMns on its surface. AlsMn was not detected in this work.
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Figure 4 overviews the key features of AliiMn4 formation on AlsMns during solidifi-
cation at the slow cooling rate of ~0.1 K/s. Figure 4a shows the common result that the
amount of AliiMn4 on AlsMns varies from particle to particle. The three right-most parti-
cles are fully surrounded by AluMnu plates, but the left-most particle has no discernable
AliiMnas on its surface. The development of AliiMns plates can be understood by examin-
ing deep-etched particles with different degrees of AluMns growth. Figure 4b,c show
AluMn4 growth on the surface of rods of AlsMns. In (b), a thin layer of AliiMns is present
on part of the AlsMns surface showing the early stages of growth, whereas in (c), well-
developed parallel AliiMns plates are growing around the AlsMns rod. Figure 4d—f show
similar results for AliiMns growth on AlsMns equiaxed particles, where an increasing
amount of AlitMnus is present from (d) to (f) and the thin lines along the surface of particles
in (d) and (e) develop into plates such as those in (f).

(a) BSE image EBSD phase map IPF-X AlgMng

Rhombohedral

[001] X
o-Mg b (_l

[120] y

%
g "‘;.ﬁ:" e

Rhombohedral-Al;Mn;

w3

ral-AlgMng
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Figure 3. Typical cyclic twinned AlsMns particle. This example is from the HPDC AZ91D. Similar
particles formed in laboratory cast samples. (a) BSE image, EBSD phase map, and IPF-X orientation
map. (b,c) Experimental Kikuchi patterns from the four orientations; selected pole figures showing
the cyclic twin OR of AlsMns and the {100}z interface; unit cell wireframes of four orientations
in the AlsMns cyclic twin from the measured Euler angles.
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The AliiMns surrounding AlsMns was usually polycrystalline with multiple repro-
ducible orientation relationships (ORs) to the AlsMns particle. Figure 4g-h gives an exam-
ple of a commonly found OR in EBSD studies that can be written {1120}4gpns |l
{110} 4111mna and (1101) ggpms I| (102) 4111 pn4- Note that this OR is one of a family of ORs
that formed between AluMns and AlsMns. Further details are given in [29], which also
discusses how these ORs relate to the similarities between these triclinic and rhombohe-
dral crystals. The formation of AliiMns on the surface of AlsMns during solidification is
consistent with the Scheil solidification reaction sequence in Figure 2b, where the quasi-
peritectic reaction L + AlsMns 2 AluMns + a-Mg starts at the interface between liquid and
AlsMns, and then further AliiMn4 forms during cooling by L 2 AluMn4 + a-Mg.

{1101)

NN,

Figure 4. (a) 2D section showing AliiMn4 formed on AlsMns crystals during solidification with a
cooling rate of ~0.1K/s. (b,c) AluMns growth on AlsMns rods. (d—f) Different stages of AluMna
growth on cyclic twinned AlsMns particles (from traces to fully-covered). N.B. AlsMns growth ledges
are also visible. (g) EBSD phase map of an AlsMns particle with AluMnua. (h) Pole figures of selected
planes and directions showing the OR between AlsMns (A) and AliiMns (B).
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3.1.4. Transformation of AlsMns into AluMn4 during Solution Heat Treatment

For the study of Al-Mn phase transformations during solution heat treatment at 410
°C, starting samples were cut from the as-received AZ91 ingot, which contained AlsMns
and almost no AluMnu in the as-cast condition. Figure 5a shows typical cross sections of
equiaxed Al-Mn particles after different times at 410 °C. The initial AlsMns particles first
developed a shell of AluMns. The transformation then proceeded by the growth of the
AliiMnas shell into the AlsMns core until all AlsMns had transformed in AliiMna. It can be
seen in Figure 5a that this transformation resulted in significant cracking of the AliiMnas
phase similar to the findings in recent studies [29,32].

To measure the kinetics of the transformation, the area fractions of AliiMns and
AlsMns were measured in at least 100 particles for each heat treatment time and converted
into a volume fraction transformed using the method in [29]. The transformation kinetics
were then analysed using the Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation in
Equation (1), where a is the volume fraction of original AlsMns transformed, and k and n
are fitting constants.

a=1—e k" (1)

The analysis is plotted in Figure 5b. The data can be well-described by the JMAK
equation with an exponent of ~1.5. This is discussed in terms of the solid-state reaction
kinetics in core-shell transformations in [29]. A key feature in Figure 5 is that the transfor-
mation of AlsMns into AliiMn4 at 410 °C took approximately one week to complete, which
is slow relative to the time to dissolve the Mgi7Alz into a-Mg (approximately one day in
these samples).

5 day

(b) 0.5 1 2 3 56 days
[

2 day I L

1 4
= 0
S
|
— 1
= |
= JMAK fit:
= 2
g a=1—exp(—kt")
-3 - k=11e % n=146
1 In(in(+)) = nin(t) + In(k)
-4 L e Y
10 11 12 13 14
In(t), s

Figure 5. (a) Typical microstructures of solid-state transformation from AlsMns to AliuMns up to 90
days. (b) Transformation kinetics fitted with JMAK fit. Note that all scale bars in (a) represent 2 pm.

3.2. Al-Mn IMCs in HPDC AZ91
3.2.1. Sludge in Crucible

Direct observation in synchrotron radiography has confirmed that IMC particles can
settle to the bottom of crucibles and form a sludge layer during either heating or solidifi-
cation of AZ91 [28]. Figure 6 shows the SEM examination of a sludge sample from the
bottom of an industrial HPDC holding pot of AZ91. It can be seen in Figure 6a that the
settled IMC particles were agglomerated and formed clusters. In Figure 6b, the EBSD in-
spection identified that those IMC particles were AlsMns occasionally with small AliiMns
plates on the surface. According to the IPF-Y orientation map, the two isolated AlsMns
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(a) BSE image

particles (top left and middle) contain single or two orientations, whereas the agglomer-
ated particle (bottom right) contains multiple orientations. The middle AlsMns particle in
the IPF-Y map followed the same twin OR as in Figure 3, although only two orientations
were present. In the agglomerated particle, each two orientations (yellow and pink, green
and orange, and red and blue) had the twin OR, i.e., three twinned AlsMns were agglom-
erated. Multiple inspections found that 1-2 orientations were commonly observed in the
settled AlsMns, and all had the twinned OR even though the number of twinned orienta-
tions per particle was less than four (as was typical of AlsMns that was not in a sludge
layer such as in Figure 3).

(b) BSE image IPF-Y AlgMn,

EBSD phase map [001] X

[210]

a-Mg
AlgMns
A|11Mn4

Figure 6. (a) Settled AlsMns particles in the AZ91 sludge at the bottom of crucible. (b) EBSD phase
map and IPF-Y orientation map of settled AlsMns particles.

3.2.2. Microstructure Overview

Figure 7 displays the general microstructure of the HPDC AZ91 from the mould in
Figure 1b. Figure 7b,c are low magnification optical micrographs of the as-polished and
deep-etched cross section. The dark bands in Figure 7b are porosity defect bands [42-48],
and the fine dark networks in Figure 7c,d are regions containing a higher fraction of eu-
tectic Mgi7Alz (positive macrosegregation). The fine eutectic structure can be seen more
clearly in the higher magnification SEM images in Figure 7f,g. The a-Mg grains had a
complex variety of sizes and morphologies (Figure 7d,e). For example, the EBSD IPF-Y
orientation map in Figure 7e contains grains varying in size by more than an order of
magnitude.

This has previously been attributed to solidification occurring throughout the differ-
ent stages of HPDC when the cooling and flow conditions vary significantly, as well as to
flow transporting a-Mg grains through the different HPDC stages [47,49-52]. The large a-
Mg dendrites up to ~150 um in the micrograph and the EBSD IPF-Y orientation map in
Figure 7d,e are externally solidified a-Mg crystals (ESCs) that formed in the shot chamber
at a low cooling rate before injection in HPDC [49,53-55], where the local temperature
dropped below ~600 °C (Figure 2). In Figure 7(f,g), it can be seen that AlsMns particles in
the microstructure also had a wide range of sizes, with the example labelled in (f) being
an order of magnitude larger than that labelled in (g). The larger AlsMns particles in these
HPDC samples were in the range of 2-5 um in diameter and have even been reported to
be 20 um long in other HPDC samples [56]. This size range is comparable with AlsMns
solidified at a low cooling rate [24], so these larger AlsMns are externally solidified crystals
(ESCs) that nucleated and grew in the shot chamber analogous to a-Mg ESCs. This inter-
pretation is also consistent with AlsMns being stable at temperatures above the a-Mg liqui-
dus (Figure 2). In contrast, the nanoscale AlsMns were in-cavity solidified particles owing
to the high cooling rate in the die cavity during HPDC.
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3.2.3. AI-Mn IMC Formation in HPDC AZ91D

Figure 8a—f shows the microstructure of the in-cavity and externally solidified IMCs
in the HPDC AZ91. In the cross-section BSE images, the in-cavity solidified AlsMns parti-
cles were distributed near the eutectic Mgi7Ali2 network. They were 200-300 nm particles
in size, such as that in Figure 8d. The externally solidified AlsMns particles were equiaxed
multifaceted polyhedrons around 2-5 um and evenly distributed in the a-Mg matrix. In
some externally solidified AlsMns, the rod-like AlsMns grew from the equiaxed polyhe-
drons, as illustrated in Figure 8c—f. Figure 8g shows FIB tomography reconstructed images
of AlsMns particles in a volume of ~12 x 12 x 12 um? at two locations: the defect band and
the center of the cross section. Each colour in the reconstructed images represents a unique
particle. Figure 8h shows the size distribution of these Al-Mn particles in terms of the
number of particles in each size bin and the volume occupied by particles in each size bin,
for all studied locations combined. The great majority of particles in the plots are less than
1 um in diameter, so these are the size distribution of the in-cavity solidified IMCs and
there were no ESCs in the volumes sampled. Note that the particle number histogram
appears to be truncated on the small diameter side, indicating that there are likely to also
be a significant number of IMCs smaller than 200 nm that were not detected by this tech-
nique.

Deep etched

In-cavity solidified AlsMng

Externally solidified Al;Mng 3 Eutectic Mg,7Al;»

Figure 7. (a) HPDC AZ91 bar from Figure 1b. (b,c) Optical micrographs of the as-polished and
deep-etched HPDC AZ91 showing the defects and the fine eutectic structure. (d,e) Externally so-
lidified large a-Mg grain in (c) optical micrograph and (e) EBSD IPF-Y orientation map. (f,g) SE
images of the eutectic Mgi7Ali2 and AlsMns particles.
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(h)

Number of Particles

The externally solidified AlsMns in Figure 8b had the same cyclic twin OR as in Figure
3 and indeed the particle shown in Figure 3 came from the HPDC AZ91 casting. They all
agree with previous research in various Mg-Al-based alloys that AlsMns equiaxed parti-
cles are cyclic twins [24,28,29]. The in-cavity solidified AlsMns particles in Figure 8a were
examined by EBSD; however, they were too small to give a clear diffraction pattern in
those nanoscale particles. Based on the SEM image (Figure 7f) and the FIB tomography
(Figure 8h), it can be seen that the in-cavity solidified AlsMns ~200-400 nm were the dom-
inant Al-Mn IMC in the HPDC AZ91, whereas considerably fewer large externally solidi-
fied IMCs (Figure 8b,c) were present. Both of them were evenly distributed in the a-Mg
matrix shown in the reconstructed images in Figure 8g.

In-cavity solidified AlgMns

B Externally solidified AlgMns

Externally solidified eutectic AlgMng

Band Centre
.y 9 : .
. o.y . e‘_ . S
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e . : N
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Figure 8. (a—c) Typical microstructure of the AI-Mn IMCs in HPDC-AZ91. (d—f) Deep-etched image
showing the 3D morphology of the Al-Mn IMCs. (g ,h) FIB tomography for AlsMns particle size at
band and center location in the HPDC sample. (g) FIB tomography rendered images of AlsMns par-
ticles in a volume of ~12 x 12 x 12 pm? at the defect band and the center of the cross section. Each
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(a) BSE image

(c) EBSD
phase map

a-Mg

Il -Alg 5oMn; 44 [100]

T-Alg ggMny 44

particle has a unique colour. (h) Number of AlsMns particles and volume occupation against AlsMns
particle size in all studied volumes.

AliiMn4 was not detected in the HPDC AZ91, probably because the temperature was
never low enough in the shot chamber for their formation (AliiMn4 only becomes stable
once ~ 75% of the sample is a-Mg is present according to the calculations in Figure 2), and
the cooling rate was too high in the die cavity, which suppressed the formation of AliiMna.
This is consistent with AliiMn4 only forming at a low cooling rate (e.g., 0.1 K/s) in the
laboratory study in Figure 4.

In addition to AlsMns, the metastable phase t-AlossMni.11 was occasionally found in
the HPDC AZ91, as shown in Figure 9a. t-AlossMni.n formed as a plate. EDS mapping in
Figure 9b confirmed only Al and Mn in this phase. From the EBSD phase map and the
IPE-X orientation map (Figure 9c), it can be seen that this single-phase plate contains a
single orientation. The wire frame unit cell of T-AlossMni.11 was plotted on the BSE image
using the EBSD-measured Euler angles. To test this phase further, the experimental Kiku-
chi pattern and a dynamical simulated pattern were compared, as shown in Figure 9d.
Band by band inspection and the high cross-correlation coefficient (ccc) confirm a good
agreement with the crystal structure. Lattice planes and directions were indexed on the
Kikuchi pattern by OIM software and the selected ones are labelled.

(b) EDS mapping
Mg =

CCC:0.73

Figure 9. (a) BSE image of the meta-stable phase t-AlossMnu.11 in the HPDC AZ91. (b) EDS mapping,
(c) EBSD phase map and IPF-X orientation map of the phase. (d) Experimental Kikuchi pattern and
dynamical simulation with cross-correlation coefficient (ccc) and indexed crystal planes and direc-
tions.

Past work [25-27] has reported metastable t-AlossMni11 in Mg-Al alloys with lower
Al content (often in AZ31 [25,27]) and it was never found in our laboratory cast AZ91
cooled at 0.1 K/s or 1 K/s. It seems that the high in-cavity cooling rate of HPDC plays an
important role in enabling the formation of the metastable t-AlossMn111 in AZ91. At the
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same time, we note that almost all Al-Mn particles in the HPDC bars were AlsMns, and
that t-AlossMni.11 was very rare and was only found because it drew our attention with its
different shape.

3.3. AI-Mn IMCs in DC-cast AZ80A
3.3.1. Microstructure of Defect and Defect-Free Region

Past work has shown that large entrained oxide films with numerous intermetallic
particles attached can form as a severe defect in DC cast billets of AZ80 [21] if pouring and
filtration are not well controlled. Figure 10a—d shows such defects in the AZ80A billet
studied here in low magnification optical microscope images (a,b) and higher magnifica-
tion BSE images (c,d). The defects involve a combination of entrained oxide, clusters of
AlsMns particles and cracks, and are normally located near the center of the AZ80 billet.
In Figure 10a, the cracks initiate from the oxide films as is typical of oxide bifilms [57-61]
where one side of the film remains unbonded due to the entrainment process and opens
when the liquid pressure decreases due to solidification shrinkage [62]. Figure 10a also
shows that large AlsMns particles are clustered near the entrained oxide. In Figure 10b,
note that the IMC particles in the clusters were considerably larger than the typical IMC
particles in other parts of the billet. From Figure 10c,d, it can be seen that almost all AlsMns
particles are touching the entrained oxide and are around 2-60 pum in size.

The mechanisms by which numerous AlsMns particles become attached to the en-
trained oxide have recently been explored in a synchrotron X-ray radiography study that
directly observed settling AlsMns particles interacting with entrained oxides [28]. It was
clearly observed that the entrained oxide can act as a filter and trap the AlsMns particles
as they settle. There were also possible sightings of entrained oxide acting as a nucleation
site for some AlsMns particles. The formation of defects in the DC-cast AZ80 in Figure
10a-d is likely to have been by similar mechanisms. The oxide films were likely produced
during melt pouring/handling and entrained into the melt. The relatively large size of
AlsMns in Figure 10b,c indicates that the AlsMns started forming in the launder system
where the temperature dropped below ~640 °C (Figure 2), and were subsequently trapped
by the entrained oxide in settling or flow and transported into the DC mould, leading to
clusters of large IMCs such as in Figure 10a. In contrast, the AlsMns particles that nucle-
ated and grew independently in the DC casting mould had a faster cooling rate, giving
smaller size IMCs similar to Figure 10c or Figure 10d.

Tensile testing of the AZ80 samples containing such defects gave a fracture surface
along the entrained oxide shown in Figure 10e with a large number of clustered AlsMns
particles also visible on the fracture surface. Such combined oxide and AlsMns cluster de-
fects are identifiable by ultrasonic inspection and so can be sectioned from billets prior to
forging. However, this cracking can be avoided by preventing oxide entrainment during
DC casting. This requires improved pouring and/or better filters to capture entrained ox-
ides in the launder system.

Figure 10f overviews the microstructure of a normal region of the AZ80 billet shown
in Figure 1c. Compared with Figure 10a—e, it can be seen that the Al-Mn IMCs were evenly
distributed in the a-Mg matrix when entrained oxide was absent. Note that eutectic
Mgi7Ali2 was absent at the grain boundaries as the AZ80 has been solution heat-treated.

3.3.2. Microstructure of Al-Mn IMCs in Heat-Treated DC-Cast AZ80A

Figure 11 shows the typical microstructure of the Al-Mn IMCs in DC-cast AZ80 (Fig-
ure 10f) in the solution heat-treated condition. Note that this section refers to normal DC
cast billet that does not contain large, entrained oxide and clustered IMCs. Three mor-
phologies of IMC were present: equiaxed polyhedral particles, hexagonal rods, and plates,
shown in Figure 11a—c, respectively. In these IMC particles, two shades of grey can be
clearly seen in the BSE images that were consistent with AlsMns surrounded by AliiMnas
based on EBSD. Figure 11d—f reveals the 3D shape of the IMCs after a-Mg was selectively
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dissolved away. The appearance of AliiMnu is similar to that formed by solid-state trans-
formation in the laboratory study in Figure 5a, indicating that the AliiMns in DC cast AZ80
mostly formed during solutionizing. Figure 11g—i are high magnification images showing
the details of the transformation phase, which consists of numerous AlnMnus plates with
nanoscale width covering the surface of AlsMns. Figure 11j exhibits an EBSD phase map
and EDS mapping of the cross section of an IMC particle confirming that AlsMns phase
was partially transformed to AluMna.

7

4 In-billet solidified AlgMns ‘

AlsMn; particles et
L]

Figure 10. (a,b) Optical micrographs of a large entrained oxide with clustered Al-Mn IMCs at the
center of the DC-cast AZ80 billet. (c,d) BSE images of the defect showing AlsMns particles clustered
on the entrained oxide films. (e) Tensile fracture surface of the defected DC-cast AZ80 sample. (f)
BSE image of the defect-free DC-cast AZ80.
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From Figure 11j, it is clear that the solid-state transformation is at a relatively early
stage after solution heat treatment. This is consistent with the kinetics of the AlsMns trans-
formation into AliiMns in the laboratory study in Figure 5b, where a solutionizing time of
12 or 24 h gives a calculated fraction transformed of only 0.06-0.16. Thus, solutionizing
after DC casting produces a microstructure of a-Mg and core—shell particles of AlsMns
surrounded by a layer of AliiMna.

BSE image EBSD phase map EDS mapping
Mg .

— 0 a-M EEAM, B -
10 um g £ s 0 20 40 60 80 100 120 1400 20 40 60 80 0 5 10 15 20
I AlyyMny

Figure 11. (a—c) Typical microstructure of the Al-Mn IMCs in the heat-treated DC-cast AZ80. (d—f)
Deep-etched images showing the 3D morphology of the IMCs. (g-i) Focused images of the solid-
state transformed AluMns on the surface of the IMCs. (j) Typical polyhedral AlsMns particle with
AliiMnu shell formed during solution treatment, EBSD phase map, and EDS mapping.
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4. Conclusions

The microstructure of Al-Mn IMCs has been overviewed in laboratory cast AZ91
with a cooling rate of ~0.1 and 1 K/s. AlsMns formed as cyclic twinned equiaxed polyhe-
dral particles with multiple facets or, more rarely, as rods and plates. AliiMn4 nucleated
and grew on the AlsMns surface as plates late during solidification. AliiMnswas promoted
by slow cooling rates with significantly more AliiMns forming at 0.1 K/s that 1 K/s. During
solution heat treatment, AlsMns transformed into AliiMns by the growth of a AlitMnashell
into the AlsMns core until all AlsMns had transformed.

The HPDC AZ91 sludge from the bottom of the holding pot comprised of settled and
agglomerated AlsMns particles. These were either single crystal or twinned in the same
manner as cyclic twins. The AlsMns in HPDC AZ91D had similar features as in the slow
cooled laboratory AZ91 sample, but the particles had a much wider size range owing to
the different cooling rates in the shot chamber and die cavity. The in-cavity solidified
AlsMns were ~200-400 nm, whereas the externally solidified AlsMns were ~2-5 um. The
in-cavity solidified AlsMns particles were the majority of Al-Mn IMC in the HPDC AZ91D.
The high cooling rate in HPDC suppressed the formation AliiMns, but enabled the for-
mation of a small amount of metastable t-AlossMnu.11.

The section of DC-cast AZ80A billet has been identified to contain a large entrained
oxide by prior ultrasonic inspection. It was found that this entrained oxide had large clus-
ters of IMC particles attached. Comparing with recent X-ray imaging experiments, it is
likely that the formation mechanism of these clusters is related to the transport in the
launder system, where AlsMns particles are carried in the flow and become trapped by the
entrained oxide. It is also possible that some AlsMns particles nucleated on the oxide. Im-
proved pouring and filtration are required to prevent these entrained oxide and large par-
ticles from entering the DC-casting.

In the DC-cast AZ80A, regions of microstructure free from large entrained oxides
contained smaller Al-Mn particles that were more evenly distributed. These had a similar
size to the laboratory AZ91 samples. Owing to the solution heat treatment, AlsMns had
partially transformed into AliiMns to produce core-shell particles. The AliiMnas shell con-
sisted of plates with nanoscale width covering the surface of AlsMns. This partial trans-
formation was at a relatively early stage of transformation, which is consistent with the
slow kinetics measured in the laboratory study, where it took approximately one week for
the reaction to complete.
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