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Abstract
The equiaxed solidification of AZ91 has been studied by time-resolved synchrotron
radiography of 150 µm thick samples. Primary Al8Mn5 and a-Mg dendrite growth has been
observed and analysed during solidification at a cooling rate of 5 K/min. Morphological,
compositional and kinetic information of AZ91 solidification has been extracted from
quantitative image analysis on synchrotron radiographs combined with thermodynamic
calculations. a-Mg dendrites appeared to grow largely independently of the surrounding
Al8Mn5 particles. Solute partitioning mainly occurred during the dendrite coarsening stage
and Zn/Al solute build-up was studied in a region that remains a liquid channel until a late
stage of AZ91 solidification.
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Introduction

AZ series (Mg–Al–Zn–Mn) alloys, especially AZ91, are
often used in the automotive industry due to their low den-
sity, high specific strength at room temperature, castability,
machinability etc. [1]. Mn additions to Mg–Al–Zn alloys
result in the formation of Al–Mn–Fe-based intermetallics
from the melt [2] which significantly improves the corrosion
resistance [3]. On the other hand, the small amount of Mn

significantly alters the solidification path of Mg–Al–Zn
alloys [4]. AZ91 alloys exhibit non-equilibrium solidifica-
tion at cooling rates as low as 1 K/min [5] which means that
Mg17Al12 forms under all industrial cooling conditions and
the Al–Mn intermetallics that form can vary with cooling
rate. Previous studies have been performed to understand
growth morphologies and orientations of a-Mg and also
intermetallics in AZ91 [6–11]. In this work, we aim to build
further understanding of the development of microstructure
in AZ91 using in situ synchrotron radiography during
equiaxed solidification.

Conventionally we characterise fully solidified
microstructures after the specimen has cooled to room
temperature, or observe the quenched or decanted
microstructure by interrupting solidification at a certain
temperature in the mushy zone. It is difficult to fully
understand solidification behaviour of multicomponent
alloys by these methods in the cases where many phases are
involved. For instance, Al and Mn alloying and Fe pick-up
in AZ series alloys result in the formation of various types of
intermetallics [12–15], that form throughout the different
stages of solidification. Under certain circumstances one
phase, such as Al8Mn5, is involved in multiple reactions
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over a wide temperature range [5, 16, 17]. These are difficult
to be fully resolved by post solidification microstructure
characterisation. Therefore, it is highly desirable to directly
observe nucleation, growth and the interaction of different
phases to more fully understand the whole solidification
process. Meanwhile, the CALPHAD approach [18] has been
used as a powerful tool for phase diagram and thermody-
namic calculation of multicomponent systems such as the
Mg–Al–Zn and Mg–Al–Zn–Mn systems [19]. Thermody-
namic calculation provides valuable information about the
solidification path under both equilibrium and Scheil con-
ditions. These include the reaction temperature range, phase
formation/reactions, composition variation etc., which are
difficult to be comprehensively understood from only
microstructure characterisation.

Over the last decades, the development of X-ray imaging
techniques using high brightness synchrotron radiation has
enabled the real-time observation of solidification behaviour
in metallic systems [20, 21]. This has advanced the under-
standing of complex crystal growth processes and the
evolving solidification microstructure, providing substantial
morphological, solutal and kinetic information [22]. Due to
the difference of X-ray attenuation of the alloy components
and also with the help of phase contrast by coherent X-rays,
solid/liquid interfaces during solidification can be observed
with sufficient spatial-temporal resolution [23]. It has been
successfully used for observing solidification phenomena in
various alloys such as Al–Cu [20, 24], Al–Ge [25], Sn–Bi
[26], Sn–Cu [27, 28], Fe–C [23, 29] etc. For in situ obser-
vation of solidification in magnesium alloys, there are addi-
tional challenges due to oxidation and reactivity of the
magnesium melt at high temperature compared to the afore-
mentioned systems, and various groups have recently adap-
ted synchrotron imaging to Mg alloys [30, 31]. Now, in situ
radiography is a powerful and unique tool for understanding
the solidification path and kinetics of multicomponent mag-
nesium alloys, particularly when used in parallel with ther-
modynamic calculations and thermal analysis.

This paper is a preliminary study of the solidification of
AZ91 by synchrotron X-ray radiography combined with
thermodynamic calculations. We focus on Al8Mn5 and aMg
microstructure evolution and solute partitioning during
dendrite growth and coarsening.

Procedures

AZ91 alloy was cast, sliced and polished to 0.15 mm
thickness for synchrotron radiography experiments. The
composition of the specimens was verified by means of

inductively coupled plasma mass spectrometry, as shown in
Table 1 (all composition are in wt%). This composition
(Mg–8.21Al–0.71Zn–0.14Mn) was also used as an input to
calculate the solidification path of AZ91 under both equi-
librium and Scheil conditions, using the Mg database
PanMg8 in PanDat® (Computherm, Madison, WI. USA)
software.

Synchrotron radiography experiments were performed on
beamline BL20B2 at SPring-8 in Hyogo, Japan. A tempera-
ture/atmosphere controlled furnace enabled real-time syn-
chrotron radiography experiments (Fig. 1a) and details are
described elsewhere [29]. Experiments were performed
under 10−1 torr vacuum in the furnace chamber, and the
specimen was confined between two MgO plates, preventing
oxidation and reaction of the molten magnesium alloy. The
configuration of the solidification cell within the furnace is
shown in Fig. 1b. Radiography experiments were performed
with a monochromatic X-ray with 13 keV photon energy.
Specimens with dimensions of 7 mm � 7 mm � 0.15 mm
were placed in the solidification cell. The specimen was
melted and subsequently cooled at a constant rate of
5 K/min. During cooling, transmitted X-ray images were
recorded at the rate of 1 fps, with a field of view (FoV) of
2048 � 2048 pixels, corresponding to 5.53 mm � 5.53 mm.
The imposed thermal gradient caused by the temperature
control unit (graphite heater located above the field of view),
led to a temperature difference of 2–3 K across the

Table 1 Alloy composition
measured by ICP-AES (wt%)

Mg Al Zn Mn Cu Si Ni Fe Ca Be Cr Zr

Bal. 8.210 0.710 0.140 0.003 0.020 0.004 <0.001 0.001 <0.001 <0.001 <0.002

Fig. 1 Experimental setup for the real-time observation of Mg alloy
solidification a setup at BL20B2 beamline at SPring-8. b Solidification
cell configuration used for the AZ91 alloy
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FoV (with the top of the sample being hotter than the
bottom).

Image processing and analysis were performed using
Matlab® and ImageJ. A flat field correction was applied
using dark and flat field images which were recorded sepa-
rately during the experiments. Frame averaging every 10
frames was applied on the dataset for a better signal to noise
(S/N) ratio. Enhanced contrast and time averaged image
sequences were used for quantification of microstructure
evolution with time during solidification of AZ91. Global
thresholding of solid/liquid phases was performed using the
Otsu method [32].

Results and Discussion

The predicted solidification path calculated for both equi-
librium and Scheil conditions in PanDat® is shown in
Fig. 2a, b is a magnified version of the earliest stages of
solidification. It can be seen that Al8Mn5 is the predicted
primary phase which forms first from the liquid for both the
equilibrium and Scheil approximations. After growth of
primary Al8Mn5, a-Mg grows with Al8Mn5 in the form of
L ! Al8Mn5 + a-Mg. On further cooling, a-Mg continues
to grow with other AlxMny intermetallics. For Scheil con-
ditions (i.e. no solid diffusion), solidification ends with a
ternary eutectic reaction involving Mg17Al12. No Mg17Al12
forms in equilibrium solidification. Figure 3 shows radio-
graphs of the evolving microstructure of AZ91 solidifying in

the early stages of solidification at a cooling rate of 5 K/min.
The images display the intensity of each pixel using a full
range colour map. At the beginning, the FoV of the speci-
men is mostly liquid with a small fraction of unmelted
Al8Mn5 particles (dark phases in the image sequence). a-Mg
dendrites, which appear as the phase with higher intensity,
gradually grew across the FoV. In the reaction of L !
Al8Mn5 + a-Mg, a-Mg dendrites grew largely indepen-
dently in the form of equiaxed dendrites, with limited
interaction with the Al8Mn5 in the 2D projected radiographs.

Figure 4 shows microstructure evolution during AZ91
solidification spanning 1108 s. Note that the magnification is
lower in Fig. 4 than in Fig. 3. As the temperature decreased
and the solid fraction increased, the contrast between the
liquid and surrounding dendrites gradually increased due to
solute rejection at dendrite growth fronts and the resulting
change in X-ray attenuation (i.e. reduction in X-ray inten-
sity) as described in the following analysis.

Solute partitioning to the liquid phase during solidifica-
tion can be analysed by combining thermodynamic and
attenuation calculations. Figure 5a is a plot of the concen-
tration of Mg, Al, Zn and Mn in the liquid as a function of
solid fraction assuming Scheil solidification of Mg–8.21Al–
0.71Zn–0.14Mn in PanDat. Note that data are plotted only
up to *85% solid so as to exclude the liquid composition
once the Mg17Al12 phase forms. The accumulation of Al and
Zn solute in the liquid due to partitioning is clear. The mass
attenuation coefficient l

q of the liquid can be calculated from

a mass additivity on the liquid composition (Eq. 1). Note

Fig. 2 Solidification path of
AZ91 calculated from Pandat®

with the PanMg8 database a full
solidification range b initial
reactions in the early stages of
AZ91 solidification

Fig. 3 Al8Mn5 formation from
the liquid prior to a-Mg dendrite
nucleation at 5 K/min
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that the contribution to attenuation from the minority ele-
ments Cu, Ni, Si etc. in AZ91 are negligible, so the mass
attenuation coefficient of the liquid can be expressed as
Eq. 2.

l
q
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The linear attenuation coefficient lL, then depends on the
density of the liquid q.

lL ¼ q
l
q

� �
L

ð3Þ

Figure 5b, c show the variation of mass attenuation
coefficient of the liquid and also the partial mass attenuation
coefficient of each element in the liquid with increasing solid
fraction/decreasing temperature in the mushy zone. They
show that both Al and Zn are influential at providing

Fig. 4 Radiographs of microstructure evolution in AZ91 solidifying at a cooling rate of 5 K/min

Fig. 5 a Variation in liquid composition during Scheil solidification, calculated from PanDat® with PanMg8. Mg content is 100–
(Al + Zn + Mn). b–c Mass attenuation coefficient (at 13 keV) of the liquid and the contributions of Mg, Al, Zn and Mn: (b) as a function of mass
fraction of solid, (c) as a function of temperature
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absorption contrast in the X-ray images; for Al because it is
so concentrated in the liquid, while for Zn because it
is highly attenuating compared to Mg and Al at 13 keV and
is rejected into the liquid until late during solidification. It
can also be seen in Fig. 5b that, by *70% solid, Zn solute
contributes more to attenuation that Al solute even though
there is *3.3 times more Al in the liquid (Fig. 5a).

The intensity change in the liquid region is indicative of
the changing liquid composition (as predicted in Fig. 5) and

density. This can be monitored by determining the ratio of
liquid intensity to the initial liquid intensity. The first step
was adaptive thresholding of image sequences to generate a
binary mask of the solid pixels. Therefore, only liquid pixels
were included in this analysis. The second step was to
convert the X-ray images to constitutional information. The
transmitted intensity IT is given by the Beer-Lambert law;

IT ¼ I0e
� lcelldcellð Þe� lL:dð Þ ð4Þ

Fig. 6 Quantification of solute
partitioning in the remaining
liquid between a-Mg dendrite
arms. Data is averaged along Z
and plotted versus X and time
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Where I0 is the incident beam intensity, lcell and lL are
the linear attenuation coefficients of the cell and liquid
respectively and dcell and d are the thickness of the solidi-
fication cell and the AZ91 specimen respectively. Taking the
ratio of the transmitted intensity through the liquid at a
moment during solidification to the transmitted intensity
through the liquid at the liquidus temperature, I initialT ,

IT
IinitialT

¼ I0e� lcelldð Þþ lL:dð Þf g

I0e
� lcelldð Þþ linitialL :dð Þf g ¼ e linitialL :d�lL:df g ð5Þ

ln
IT

IinitialT

� �
¼ linitialL � lL

� �
d ð6Þ

where the linear attenuation coefficient of the liquid linitialL

was obtained from the bulk alloy composition (Mg–8.21Al–
0.71Zn–0.14Mn) and the density of liquid AZ91 at the liq-
uidus temperature. Therefore, the mass attenuation coeffi-
cient of the local liquid during solidification can be written
as follows;

lL CL; Tð Þ ¼ 17:77� 1
d
ln

IT
IinitialT

� �
ð7Þ

To apply the procedure described above, as shown in
Fig. 6a, a six-fold a-Mg dendrite was chosen from the image
sequence and an inter-dendritic area (the rectangle area in
Fig. 6a) between two dendrite arms was studied. Liquid
pixels were assigned into bins of constant distance from the
a-Mg dendrite arm (binned along the Z direction marked in
Fig. 6a). Then the mean intensity of liquid pixels in each bin
was found and is plotted in Fig. 6b as function of frame
number (time). In Fig. 6c the liquid intensity has been
divided by the initial liquid intensity and plotted as a func-
tion of position and time. Using Eqs. 5 and 6, LnðIT=IInitialT Þ
as a function of position and time are plotted in Fig. 6d.
Subsequently lL can be obtained as shown in Fig. 6e. These
calculations in Figs. 5 and 6 show how solute builds up
between the dendrite arms during dendrite coarsening stage.
For this multicomponent alloy, the different solutes cannot
be separated by this type of analysis but the combined effects
of Zn and Al are in reasonable agreement with a solidifi-
cation path intermediate between the Scheil and equilibrium
models.

Conclusions

Microstructure evolution during AZ91 solidification was
studied by real-time synchrotron radiography. Quantitative
image analysis of the radiograph sequences was combined
with thermodynamic calculations to study the formation of
Al8Mn5, a-Mg equiaxed dendrite development and solute
partitioning at solid-liquid interfaces.

The absorption contrast between the liquid and a-Mg is
explored by combining thermodynamic calculations of the
liquid composition in PanDat with the attenuation coeffi-
cients of the solutes. This showed that Zn is an important
solute for absorption contrast and significantly improves the
imaging of AZ91 solidification. Solute partitioning mainly
occurred during the dendrite coarsening stage and Zn/Al
solute build-up was studied in a region that remains a liquid
channel until a late stage of AZ91 solidification.

A suitable method to investigate the interactions between
primary Al8Mn5 particles and a-Mg dendrites was estab-
lished. a-Mg dendrites appeared to grow largely indepen-
dently of the surrounding Al8Mn5 particles.
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