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a b s t r a c t

The major second phase (�-Mg12Al17) that is present in the most commonly used cast magnesium alloy,
AZ91, has a strong effect on various properties of the alloy. Thus how casting conditions affect the amount
of this phase formed needs to be studied. In the present study, casting of AZ91 was conducted allowing
vailable online 22 April 2010

eywords:
ivorced eutectic
iscontinuously precipitation
BSD and image analysis

various cooling conditions by employing a chill. Total fraction of �-phase (fˇ), the fraction of the eutectic
� phase (fˇ-eut) formed during eutectic solidification, and the fraction of discontinuous � precipitates (fˇ-d)
formed during subsequent solid state cooling were quantitatively measured, respectively. It was found
that fˇ was not significantly affected by the variation of cooling history in different locations of the casting.
However, fˇ-eut and fˇ-d are strongly location-dependent, decreasing and increasing, respectively, towards
the chill end of the casting. Explanation on this is given taking into accounts the effects of casting/thermal

n an
conditions on solidificatio

. Introduction

The usage of cast magnesium alloys continues to increase
ue to the demand for weight reduction and fuel efficiency in
he automotive and aerospace industries. Mg–Al alloys are pro-
essed using various casting techniques with AZ91 being the most
ommonly used magnesium alloy for casting. Like many cast
lloy systems, Mg–Al alloys solidify into a basic microstructure
omprising primary �(Mg) dendrites and eutectic. The eutectic,
(Mg) + �(Mg12Al17), in Mg–Al alloys is however a divorced one.
igh cooling rates during high pressure die casting (HPDC) resulted

n a fully divorced eutectic where the eutectic (� and �) phases
olidify completely separately [1]. In contrast, a partially divorced
utectic morphology is characterized by “islands” of � phase inside
utectic � (�-eut) particle [2]. Also, the morphology of eutectic in
g–Al cast alloys is significantly affected by the Al content in the

lloys [3].
Intermetallic � phase is brittle and the mechanical properties of

g–Al castings are adversely affected by its presence although this
s unavoidable [4–8]. The elongation at fracture (ef) and ultimate

ensile strength (UTS) are significantly affected by the amount and
istribution of the � phase. A low fraction and a fine distribution of
he � phase help to withstand a large deformation before fracture.
esults reported by Cao and Wessén [9] indicated that ef and UTS
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d subsequent discontinuous precipitation.
© 2010 Elsevier B.V. All rights reserved.

values both decreased with an increasing amount of � phase for a
series of Mg–Al cast alloys containing various Al contents. It has also
been reported that ef and UTS values increased once the � phase
in AZ91 cast alloy dissolved through solid solution treatment [4].
The fraction of � phase (fˇ) is thus a determining factor for the
mechanical properties of AZ91 cast alloy.

The effects of solidification rate on microstructural features such
as grain size and dendrite arm space and on mechanical properties
of AZ91 alloy have been studied [10]. However, quantitative infor-
mation of � phase is still lacking. Furthermore, the amount and
distribution of � phase strongly influence the corrosion resistance
of AZ91 alloy [11–13], which is itself also an important considera-
tion for selecting the alloy. � phase may serve as a galvanic cathode
and accelerates the corrosion process of � phase matrix if fˇ is small;
but for a high fˇ � phase may act as an anodic barrier to inhibit the
overall corrosion of the alloy [14]. Thus, quantitative information
on � phase is valuable.

During the casting of AZ91 alloy, there is a further phase trans-
formation process after solidification—discontinuous precipitation
forming lamellas of � phase (�-d). This discontinuous precipitation
normally initiates at the dendrite/eutectic boundaries, and the pre-
cipitates grow towards the interior of � phase grains. �-d lamellas
are fine and expected to have a less detrimental effect on mechan-

ical properties of the castings. There has been no specific research
conducted regarding the effect of the amount of �-d on corrosion.
Thermal conditions affecting discontinuous precipitation in AZ91
alloy after the alloy being solution treated have recently been inves-
tigated [15]. But it must be noted that the fraction of �-d in cast

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:tzhu004@aucklanduni.ac.nz
dx.doi.org/10.1016/j.jallcom.2010.04.090
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Fig. 1. Sand mould, mould cavity and the chill used in the present experiment.

Table 1
The nominated chemical composition of AZ91D cast alloy.
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AZ91 cast alloy, which influences significantly its mechanical properties and cor-
rosion resistance. To gain this knowledge, image processing method employing
“ImageJ” software was used to quantify �-eut. Lamellas of �-d were erased manu-
ally from metallographs before the quantitative analysis using “ImageJ”. The gray
digital micrograph with a sufficient contrast between �-eut phase and the matrix was
Element Al Zn Mn

wt.% 8.5–9.5 0.45–0.96 0.17–0.40

tate has not been determined; and how this fraction is affected by
asting conditions has not been studied.

In the present study, AZ91 alloy was cast with various cooling
onditions depending on location of the casting. This was achieved
y using a sand mould with a chill, which has been used a number of
imes to study the effect of cooling condition on cast microstructure
10,16,17]. Quantitative analysis on � phase was then conducted
sing electron backscatter diffraction (EBSD) and image analysis
n optical micrographs. The measured values were compared with
he predicted values at solidification temperature, and the effect of
ooling conditions during casting on the amount of � (both �-eut

nd �-d) phase is discussed.

. Experimental procedures

A cast plate was made with a sand mould, as schematically shown in Fig. 1.
he mould was embedded with iron chills at one end of the cast cavity. Commer-
ial ingots of AZ91D, with nominal composition listed in Table 1, were melted and
oured into the mould. After casting, the cast plate was sampled in the riser end,
iddle and chill end locations (as indicated in Fig. 1). Sampling was conducted by

ectioning perpendicularly to the solidification direction, and the samples have a
imension of 150 mm × 40 mm × 7 mm.

For a multi phase microstructure, EBSD mapping can be used to accurately
etermine the fraction of the phases. This is achieved by counting the scanning
oints on the representative area of the specimen. Fig. 2 shows the morphology
f discontinuous � lamellas in the vicinity of �-eut particle. The � lamellas with
hickness of ∼1 �m can be counted during EBSD mapping with a high resolution,
0–150 nm [18]. Therefore, EBSD mapping provides a total fˇ which is equal to

ˇ-eut + fˇ-d .
Specimens for EBSD mapping were polished to 1 �m stage following a standard

rocedure. During the next step the mechanically polished specimen was electrolyt-
cly polished in a quiescent bath for ∼30 s under a voltage of 1.5 V and current of
–10 mA. The electrolyte comprises of three parts of 85% phosphoric acid and five

arts of ethanol. The specimen was removed from the electrolyte while the current
as still on, and rinsed immediately by rapidly running alcohol to minimize the

tching effect by the acid.
EBSD mapping was conducted on selected areas of a freshly polished sample at

scanning step of 0.3 �m and a speed of 6 points/s. In order to achieve reliable fˇ
alues, a relatively large mapping area of ∼300 �m × 300 �m was selected for riser
Fe Cu Ni Mg

.05 <0.004 <0.025 <0.001 balance

end cast sample with a coarse grain structure and a half of that mapping area was
used for the chill end sample with a finer micostructure. A slight oxidation on the
sample surface is inevitable even on the freshly polished sample. However, the oxi-
dation generally took place on � phase, and � phase is relatively inert and remains
unaffected. Thus, the measured fˇ values are reliable. The values of confidence index
(CI) of EBSD mapping were checked. The values of CI are mostly over 0.2, and min-
imum is about 0.1. These CI values also suggest the reliable detection of phases in
the samples by EBSD method.

Using EBSD analysis, the value of total fˇ (=fˇ-eut + fˇ-d) was obtained. As was
already explained, it is important to gain quantitative information on �-eut phase in
Fig. 2. Laminar � phase particles present in the sample taken in the riser end location
of the casting.



T. Zhu et al. / Journal of Alloys and Compounds 501 (2010) 291–296 293

d, (b)

c
t

“
�
T
t
e
t

3

t
i
w
l
h
i
d
�
s
d
L
l

i
w
b
p
A
a
a

Fig. 3. Micrographs taken in (a) riser en

onverted into a binary image by applying a threshold. Then, fˇ-eut was measured on
he binary digital image.

Samples for “ImageJ” analysis were polished to 1 �m stage, and etched using
phospho-picral” (0.7 ml H3PO4, 4–6 g picric acid, and 100 ml ethanol) etchant. The
phase matrix is darkened after etching, leaving the high Al content � phase white.

hree digital micrographs were taken for each sample; and each micrograph con-
ained at least 20 grains ensuring reliable measurement of fˇ-eut . To minimise random
rror, identical conditions were used consistently during sample preparation, cap-
uring and processing of digital microimages.

. Results and discussion

Fig. 3 shows the cast microstructures of samples sectioned at the
hree specific locations (as indicated in Fig. 1). The �-eut particles
n the riser end sample exhibited a partially divorced morphology

ith � phase islands inside. �-eut particles appeared in the mid-
ocation and chill end samples are more divorced. The particles are
ighly irregular in the interdendritic regions and more spherical

n secondary dendrite arm spaces. Towards the chill end, the den-
rites are smaller and interdendritic areas are larger, and hence the
-eut particles became more discrete and most �-eut particles (with
maller size) were trapped within the dendrite arms in a single
endrite. These features are in agreement with literature [2,19,20].
amellas of �-d are a clear feature of � phase and present in all three
ocations of the casting.

During tensile testing, the initial microcracks were observed
nside the � phase particles, as shown in Fig. 4a, when the sample

as tested to a very low strain level (less than 2%). This indicates the

rittle nature of the intermetallic � phase. Fig. 4b shows an exam-
le of the intergranular fracture in a mid-location tensile sample.
large amount of brittle � phase particles along the grain bound-

ries favor the coalescence and the propagation of microcracks. The
lloy could not withstand a significant amount of elongation, and
mid-location and (c) chill end samples.

fractured at a low strain level. Hence, the AZ91 cast alloy generally
exhibits poor ductility. This is in agreement with the results from
Cao and Wessén [9].

EBSD quantitative analyses were conducted on the riser end and
the chill end samples, representing the two extreme cases of cool-
ing condition. Fig. 5 shows an EBSD orientation map (Fig. 5a), and
the phase image (Fig. 5b) on a selected scanning area of a riser end
sample. Quantitative results are summarized in Table 2. Two fac-
tors may affect the accuracy slightly. Firstly, there was no diffraction
solution at certain points due to the shadow effect at �/� interfaces.
The percentage of good diffraction points (showing clear diffrac-
tion patterns) for the chill end sample was slightly lower than that
for the riser end sample, as shown in Table 2. This was due to the
small size of �-eut particles and thus the resultant larger area of �/�
interfaces. In general, however, the percentage (97–98%) of good
diffraction points can be regarded high. The second factor relates to
the minor inclusions (Mg2Si, Al8Mn5, etc.). However, their amounts
are very low and not expected to affect the EBSD analytical outcome
significantly.

The average fˇ values, being 11.2% and 12.3%, for the riser end
and chill end samples, respectively, agree well with the results
reported recently by Yakubtsov et al. [4] on an AZ80 cast alloy
to be 10.2% for non-grain refined and 11.8% for grain refined cast
samples. Their measurements were based on quantitative metal-
lography using SEM images. Our values and those from Yakubtsov
et al. [4] both show a slight higher fˇ with a finer microstructure. A
slightly overall higher fˇ in our case is due to ∼1% higher Al content

in AZ91 cast alloy than that in AZ80 alloy used by Yakubtsov et al.
[4].

The measured values of fˇ-eut using ‘ImageJ’ are presented in
Fig. 6. The measurements were conducted on all micrographs with
the same magnification. Therefore, the measured fˇ-eut in the riser
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Fig. 4. Optical micrographs showing (a) the initial microcracks occurred inside the
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the composition of � phase obtained from the Mg–Al binary phase
diagram, and taking densities of � phase 1.8 g/cm3 and � phase
2.1 g/cm3.

Table 2
The average fractions of � phase in two cast samples measured by EBSD mapping.

Riser end Chill end
phase particles at a very low strain level (<2%) (horizontal tensile load direction),
nd (b) intergranular fracture of a mid-location tensile sample fractured at a strain
f 2.6% (25 mm gauge length).

nd sample shows a larger standard error due to the less even
istribution of �-eut particles in this larger grained sample. Two

mportant features which the “ImageJ” measurements, together
ith EBSD measurements, have shown are clear. The first is that

ˇ-eut (7.8, 5.7 and 4.7 vol.% in riser end, mid and chill end locations,
espectively) decreases towards the chill end. The second is that

ˇ-eut is significantly lower than fˇ (11–12 vol.%). These two features
lso mean that a significant amount of lamellar �-d phase formed
uring cooling after solidification; and a higher amount of this �-d
hase formed towards the chill end. Explanation on these features
f �-eut and �-d, based on solidification theory and Mg–Al phase
elation, together with the casting condition, is given below.

In order to understand the different values of fˇ, feut-ˇ and fˇ-d
s described above, it is helpful to first briefly consider the system
hermodynamically in equilibrium (not realistic), before a detailed
onsideration is given to the non-equilibrium solidification process
realistic). If the cooling during casting was infinitely slow, equilib-
ium fraction of � phase (fequ-ˇ) can be predicted using the known
hase diagram. For this, it is important to consider two fractions,
hich can be approximated according to the Mg–Al binary phase
iagram. The first is fequ-ˇ = 0 at TE, meaning that there is no � phase

hen temperature decreases to TE (complete solidification). The

econd is fequ-ˇ = 17 vol.% at room temperature. The values of fequ-ˇ

s a function of temperature is given in Fig. 7, which are calculated
ased on the equilibrium maximum soluble content of Al in Mg and
Fig. 5. EBSD (a) orientation map, and (b) phase image taken on a selected scanning
area of a riser end sample.
Fraction of �-Mg, % 82.5 80
Fraction of Mg oxide, % 4.0 4.8
% of good points 97.7 97.1
Fraction of � phase, % 11.2 12.3
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Fig. 8. Schematics of the casting plate and chill and of the corresponding temper-
ature profiles at various times: t0 means the time immediately after pouring, t1

represents an early stage and ts any stage of solidification and finally te means the
ig. 6. f�-eut (with standard errors) measured using “Image J” on the three location
pecific samples.

Under non-equilibrium cooling, as is the case of most if not all
asting processes, fˇ � 0 at TE. The value of fˇ (in vol.%) can be
pproximately estimated using the well known Scheil equation [21]
f solidification:

E =
(

CE

C0

)1/(k−1)

(1)

here fE is the weight fraction of eutectic, CE is the eutectic com-
osition (=33.3 wt.% Al), C0 is the alloy composition (=9 wt.% Al), k

s the partition ratio (≈0.378), the lever rule:

ˇ-wt% = CE − C˛

Cˇ − C˛
· fE (2)

here fˇ-wt.% is the weight fraction of � phase, C˛ and Cˇ are com-
ositions of � phase (=12.6 wt.% Al) and � phase (=41.5 wt.% Al),
espectively, and also:

ˇ = �˛fˇ-wt%

�ˇ − fˇ-wt%(�ˇ − �˛)
(3)
here fˇ is the volume fraction of � phase, �˛ is the density of �
hase (≈1.8 g/cm2) and �ˇ is the density of � phase (≈2.1 g/cm2).
he value of fˇ is thus estimated, using equations (1) to (3), to be
8.6 vol.% immediately after solidification at TE (at∼426 ◦C for AZ91

ig. 7. Approximate equilibrium fˇ and diffusion coefficient of Al in �(Mg) as a
unction of temperature.
time of complete solidification. TL and TE represent the liquidus and eutectic tem-
peratures, respectively, and XTE(t)–XTL(t) represents the size of the mushy zone at
t.

cast alloy [22,23] which is lower than the binary equilibrium TE at
437 ◦C).

The use of Scheil equation overestimates fˇ-eut as it does not take
into account the back diffusion and the solute build-up in front of
the solid–liquid interface during solidification. Thus the predicted
value is slightly higher than the measured values in the riser end
sample shown in Fig. 6. The degree of back diffusion is however
lower and fˇ-eut due to the non-equilibrium solidification is likely
to be higher for a higher cooling rate. Thus the significantly lower
measured fˇ-eut values when compared to the predicted values
towards the chill end (Fig. 6) is unlikely to be due to the assump-
tions used in Scheil equation. Rather, fˇ-eut in the chill end sample
should be expected to be at least equal to, if not higher than, that
in the riser end sample immediately after solidification. If the cast-
ing was maintained at close to TE, the ∼8 vol.% � phase dissolved,
moving towards the equilibrium state. The complete dissolution
takes a number of hours and is the reason why 16–24 h treatment
at 413–418 ◦C to dissolve �-phase is recommended [24]. For the
casting in the present case, as it was likely to only stay at tempera-
tures of above 400 ◦C for seconds/minutes, fˇ-eut may not reduce to
a very low value.

Various locations of the casting are now considered. For a dis-
cussion purpose, temperature profiles of the casting and the chill
at various times may be suggested, as illustrated schematically in
Fig. 8. The features regarding the cooling condition during solidi-
fication along the casting are based on measured values obtained
from experiments using the same alloy and a similar mould from
Cáceres et al. [10]. Their data show that at ∼20 mm from the chill
end solidification time was 20 s and the time was over 200 s in loca-
tions near the riser end. The same mould was also used for Al–Si–Mg
cast alloy [17]. The measured values of the mean cooling rates from

the liquidus to the eutectic temperature varied from a maximum
of 6 ◦C/s some 15 mm from the chill end to 0.2 ◦C/s at the riser end
of the plate. Fig. 8 reflects this that in the initial stages (t0, t1) of
solidification (solidification near the chill), temperature gradient is
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igh, chill temperature is low, and thus solidification time should
e short. In a later stage (ts), chill temperature has increased and
eat conducted away slowly, and thus temperature gradient is low
nd solidification time becomes long.

Heat is primarily extracted to the chill during the initial solid-
fication. This can be indicated by considering that the thermal
iffusivity of the chill material is about 17 times higher than sand.
s time increases the temperature of the chill increases. An approx-

mation, by assuming that the chill extracted all the super heat
nd latent heat, indicates that the average chill temperature can
ncrease to ∼180 ◦C. The heating of the chill results in the dimin-
shing chilling effect. This means that the cooling rate and thus the
olidification rate decreases as solidification proceeds from the chill
nd to the riser end, as shown by the measured data from Cáceres
t al. [10] and reflected also in Fig. 8.

Further to the heating of chill, due to the existence of an air gap
nd thus a temperature difference at the casting–chill interface, the
ate of heat transfer to the chill should reduce significantly after
he initial solidification. On the other hand, heat from the rest of
he casting keeps flowing through the chill end of the casting to the
hill. Thus, it should be reasonable to assume that the chill end of
he casting remains at a high temperature for a longer period.

During the initial period of solidification where the chill end of
he casting has solidified but remains at high temperatures, some
issolution of �-eut is expected. This may explain the measured

ˇ-eut is low and significantly lower than the value predicted using
he Scheil equation in the chill end location. On the other hand, in
he riser end location once the solidification is completed temper-
ture can reduce more rapidly as no further additional heat flows
nto the location. Thus the solidified riser end of the casting does
ot remain at a high temperature after solidification for dissolution
f �-eut. This explains that at riser end location, the measured fˇ-eut
f 7.8 vol.% is higher and closer to the estimated value of 8.6 vol.%
sing Scheil equation.

As has been indicated, the chill could reach the temperature of
80 ◦C and thus it is reasonable to assume that after complete solidi-
cation of the entire casting, the casting can be expected to remain
t 200–250 ◦C for an extended period of time. When the casting
emains at 200–250 ◦C, as shown in Fig. 7, if fˇ is not yet 11–12 vol.%

ˇ-d needs to increase through precipitation from �-Mg phase with
upersaturated Al. A measured value of 11–12 vol.% in our case and
0–11 vol.% in Yakubtsov et al.’s case [4] suggests that at that tem-
erature range short range diffusion required for the discontinuous
recipitation is sufficient. Although fˇ should continue to increase
uring subsequent cooling, the increasing difficulty due to the dra-
atic reduction in diffusion rate as temperature decreases, as is
lso plotted in Fig. 7, may prevent a significant further precipita-
ion of � phase. To illustrate, given a same concentration gradient
nd for a same amount of diffusion flux, the time it takes at 200 ◦C
s ∼50 times longer than that at 250 ◦C. Thus, the further increase
n fˇ becomes increasingly difficult as temperature decreases.

[
[

mpounds 501 (2010) 291–296

4. Conclusions

The cooling rate during casting affects fˇ-eut and fˇ-d signifi-
cantly. In the location subjected initially to chilling, a significant
amount of �-eut phase dissolved and a high amount of �-d precipi-
tates formed due to the longest period at high temperature after
solidification. The amount of �-eut phase dissolution was lower
towards riser end location, likely the result of remaining at the
very high temperature only for a short period of time after solidifi-
cation in that location. The total amount of � phase, which was
11–12 vol.% and was the sum of the two (amounts of �-eut and
�-d), was however not affected by location significantly. This can be
explained by the chilling effect of the heated chill diminished after
the complete solidification of the casting. Thus the whole casting
remained at elevated temperatures for a sufficiently long period of
time allowing fˇ-d thus fˇ to increase toward the equilibrium value.
This increase of fˇ must have later practically stopped when diffu-
sion became the severe limiting factor as temperature continued
to decrease.
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