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a b s t r a c t

The aging microstructure of high-vacuum die-cast Mg–9Al–1Zn magnesium alloy was investigated. The
microstructure after aging at the surface of the cast specimens was different than the center, which
could be attributed to the differences in as-cast microstructure and Al content in these two regions.
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Both regions showed discontinuous precipitation characteristics; these precipitations started from the
�-particles, which initially precipitated at the grain boundaries and then grew to the inner grains. The
Al content greatly influenced the growth rate and overall percentage of the discontinuous precipitated
structures.

© 2010 Published by Elsevier B.V.
icrostructure
recipitation

. Introduction

Magnesium and its alloys are the lightest metallic structural
aterials with superior mechanical properties, and their attrac-

iveness for a variety of industrial applications in the automobile,
eronautic and aerospace industries is well known [1,2]. The
g–9Al–1Zn (AZ91D) magnesium alloy is one of the most pop-

lar die-casting magnesium alloys due to its superior mechanical
roperties (strength and ductility) and castability [3]. Previous heat
reatment studies on the alloy have shown that the precipitation

ode of aging induces both discontinuous precipitation (DP) and
ontinuous precipitation [4–9]. Bradai et al. [10,11] found a new
ode of the discontinuous dissolution reaction in magnesium alloy

uring a special cyclic heat treatment, and they presented the rela-
ionship between the grain boundary (GB) and the DPs. The kinetics
f the aging procedure was also studied by Duly and Cerri [12,13].
owever, there have been few examinations of the aging treat-
ent of high-vacuum die-cast (HVDC) magnesium alloys. In this

aper, HVDC specimens of AZ91D alloy were used to investigate
he microstructure changes after aging.

. Experimental method
The HVDC specimens of AZ91D (Mg–8.91 wt.%Al–0.73 wt.%Zn–0.22 wt.%Mn)
lloy were sectioned from shock tower castings with dimensions of
00 mm × 30 mm × 3 mm (length, width and height). The vacuum level of the
asting process was approximately 5 KPa to decrease the porosities in the final
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cast parts. The specimens were divided into three groups: as-cast, solution treated
(T4 treatment, solution treated at 686 K for 16 h, then quenched at 338 K in hot
water), and aged (aged at 441 K for 2, 4, 8 and 16 h separately after T4 treatment),
according to the ASTM B61-03 standard. The specimens were buried in magnesia
powders to avoid oxidation of the specimens during the heat treatment processes.
The specimens for XRD, SEM and TEM examinations were cut from the center
of the specimens. XRD analysis was conducted on specimens grounded with SiC
abrasive papers of up to 2000 grit, using a D/max-2550 X-ray automatic powder
diffractometer, operated at 200 mA and 45 kV, using Cu Ka radiation. The XRD scans
were acquired from 20◦ to 90◦ with a step size of 0.02◦ and a dwell time of 6◦/min.
The specimens for microstructure observation were examined using SEM with EDS.
After the XRD analysis, the specimens were then polished with oil-based diamond
compounds 1 �m in size and subsequently etched at room temperature using a
nitric glycol etching agent (1 ml nitric acid, 75 ml ethylene glycol, and 24 ml distilled
water) to reveal the �-phase distribution and to detect the macro-segregation at
the surface and the center of the specimens. ICP (inductively coupled plasma) was
used to analyze and achieve average Al element content on large scale (skin and
center regions). The specimens for ICP testing were picked out by milling. These
specimens included skin and center regions in as-cast, solution and aging statues.
The preparation procedure for the TEM specimens contained the following steps:
first, slices of 0.2 mm thickness were cut from the center of the specimens. Next,
the slices were mechanically polished and cut into disks with a diameter of 3 mm,
and dimpled to about 20 �m in the center. Finally, the specimens underwent ion
milling using a Gatan precision ion polishing system 691 under conditions of 5.0 kV
and incident angle of 8◦ . All the TEM specimens were examined by a JEOL 2010
TEM.

3. Results and discussion
3.1. The microstructure of the as-cast, solution treated and aged
states

The microstructure of the as-cast, solution treated and aged
specimens were analyzed by the XRD (Fig. 1). It was found that

dx.doi.org/10.1016/j.jallcom.2010.10.075
http://www.sciencedirect.com/science/journal/09258388
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Table 1
The Al content in different areas (wt.%).

F
T

Fig. 1. XRD results of the as-cast, solution treated and aged specimens.

ost of the �-Mg17Al12 phase dissolved in the �-matrix during the
olution treatment and then reemerged during the aging process.
he microstructure characteristics of the specimens of as-cast and
6 (aging for 16 h after T4 treatment) status are shown in Fig. 2.
ig. 2a and b shows that the microstructures exhibited obvious dif-
erences between the surface and the center regions, respectively,
hich were separated by the segregation bands [14] that can be

een clearly in Fig. 5f. The coarse �-dendrite was observed in the
enter region (Fig. 2a). However, a fully divorced eutectic (DE) pat-
ern was observed in the surface region, where the �-phases are

ore homogenous than in the center region (Fig. 2b). Fig. 2c and d
hows the microstructure of the specimens containing the DP areas
nd �-matrix after T6 treatment. It is evident that the surface region
ontains more DP areas than the center region. In addition, the DPs
enerally grew from the original location at the grain boundary and
he typical characteristics can be observed in Fig. 2c. Fig. 2e shows

magnified image of the microstructure of the T6 specimens of the
Ps in the circled area in Fig. 2d and the magnified image of the

nhomogeneous microstructure of the �-matrix in the rectangular
rea of Fig. 2d is shown in Fig. 2f. The white spots in Fig. 2e are
he �-phases which were unable to dissolve completely during the

ig. 2. SEM images of microstructure features: center (a) and surface (b) regions of as-cas
6 heat treatment; at a higher magnification of round shape (e) and rectangle shape (f) re
Surface Center Cross section

As-cast 9.5 8.3 8.9
Solution-4 h 9.6 8.4 9.1
Solution-32 h 9.6 8.3 8.8

T4 treatment. According to the ICP analysis shown in Table 1, the
average composition of Al at the center and surface areas is dif-
ferent, and it was also found that the concentration of Al was not
significantly affected by the heat treatment process.

The microstructure and Al content differences in the surface and
center regions could be explained by the “Swqueira theory”, which
states that the dendrites forming in die castings must be formed
in the shot sleeve [15]. Because of the different solidification and
filling conditions between the surface and the center regions, the
difference in Al concentration in the two regions was caused by
bands of segregation and bands of porosities [14]. These bands
of segregation or porosities have been well analyzed by Dahle’s
group [14]. These bands can also act as barrier of preventing Al
element diffusion in the followed solution treatment process. The
lower Al concentration in the coarse dendrites (5 wt.% Al) could
decrease the Al content in the center area, resulting in a higher Al
concentration in the remaining Mg melt. Due to the rapid solidifica-
tion of the remaining Mg melt against the die wall, a homogenous
microstructure (i.e. the uniform �-phase distribution) with a higher
Al content was formed. The �-phase dissolved and diffusion of Al
could proceed in the subsequent solution treatment, leading to only
�-matrix after solution treatment. In the current study, a 15 min
solution treatment led to a uniform �-matrix, and the Al content
became homogenous in each region (the surface and the center)
with longer solution treatment. Because of the existence of the seg-
regation band, the Al element could hardly diffuse between the two
regions and the difference in Al concentration between the regions
will remain the same after the T4 treatment as in the as-cast state.
3.2. The precipitation mode

During the aging process, more time is needed for the diffusion
of the Al element to precipitate the �-phase at a lower aging tem-

t status of high vacuum die-cast specimens; center (c) and surface (d) regions after
gions from Fig. 2d.
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erature. In this research, the un-dissolved �-phase during the T4
rocess did not affect the subsequent aging mode or the DP ini-
iation location (i.e. these particles could not act as the nuclei or
ubstrates of the DPs). These coarse �-particles were unsuitable to
ct as nuclei because their size was usually larger than the width of
he lamellar precipitated �-lath. In fact, the nuclei of the DPs were
ormed along the GBs at the early stage of aging. This is because
f the difference in diffusibility between GBs and the inner grains
nd the much lower diffusion resistance force along the GBs [16],
s well as the higher Al concentration at the grain boundary due to
nsufficient diffusion. The precipitated lamellate grew on the pre-
recipitated �-particles on the GBs to the inner grains, which was
iffusion controlled [17]. Fig. 3 clearly shows the �-phase particles
rst emerging at the initial GBs before the formation of DPs. The DPs
hen grew from these precipitated particles, which have a parabolic

orphology. This process was observed as the supersaturated �-
g solution precipitated a new phase (�-Mg17Al12) with (� + �) as

he equilibrium state. The lath parabolic morphology (DPs) consists
f alternative layers of � and � phases.

In addition, the lath shape DPs and the �-matrix show a habit
elationship. Fig. 4 shows a typical TEM microstructure of the spec-
mens after T6 heat treatment with the DP area and the �-matrix.
he selected area diffraction (SAD) patterns taken from the inter-
ace of the DP and the matrix showed that the �-matrix and the

precipitation have a habit relationship with {1 0−1 1}�||{1 1 0}�
nd 〈−1 2 −1 0〉�||〈1 −1 1〉�. This could be explained by the similar
attice structure of the two phases and by the fact that the lattice
istance of the �-Mg17Al12 plane {1 1 0}� is about three times wider
han the �-matrix plane {1 0 −1 1}�.

.3. The influences of Al content and as-cast microstructure on
he precipitation process

The evolution of the DPs at different aging times is shown in

ig. 5. It can be observed that the DP regions appeared and grew in
oth the surface and the center regions along the GBs with increas-

ng aging time. The growth rate of the DPs was faster in the surface
egion than in the center, evidenced by the larger amount of DP
reas in the surface region after the same aging time. The DPs for-

Fig. 3. (a) Morphology of the discontinuous precipitation along the grain boundary;
(b) distribution of the �-phase along the grain boundary.

ig. 4. TEM images of the discontinuous precipitation of the aging specimen (the SAD pattern was taken from the interface of the discontinuous precipitation and matrix).
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ig. 5. The discontinuous precipitations’ evolution at the center region with the ag
nd 4 h (e); (f) cross section of the specimen with the aging time of 4 h.

ation and growth on the GBs in the surface area could be clearly
bserved after 2 h aging time (Fig. 5d), while there were no DPs in
he center area after the same period of aging time (Fig. 5a). After 4 h
ging time, approximately 80% of the microstructure in the surface
egion was changed to DPs (Fig. 5e), while there were much fewer
Ps in the center region (Fig. 5b) even after 8 h aging time (Fig. 5c).
he difference in the amount of the DPs after the same period of
ging time may have been caused by the as-cast microstructure
ifferences. As mentioned before, the surface region has a more
niform microstructure and higher Al content. In contrast, the as-
ast microstructure of the center region has a DE microstructure
nd coarse dendrites with lower Al concentration (compared with
he skin region, the quantity of DE in the center region was much
ower). This means that the Al element would be higher in the DE
egion, which is always located among the coarse dendrites (usu-
lly the GBs), and thus this area is more liable to precipitate the
-phase during the aging process. The percentage of DPs in the sur-

ace region increased with aging time. After 4 h of aging time, most
f this area was covered with DPs. Therefore, the growth velocity
etween the two regions was mainly influenced by the Al content.
higher Al element in the T4 microstructure would facilitate the

iffusion controlled �-phase formation and growth process.

. Conclusions

The effects of different aging time on the precipitation behav-
or of the HVDC AZ91D alloy specimens in the surface and center
egions were studied using microscopy analysis. Both the surface

nd center regions of the HVDC specimens of AZ91D alloy had the
ame precipitation mode during aging and the precipitation mode
as DP. The �-phase particles first precipitated at the grain bound-

ries, and these particles acted as nuclei from which the growth
f the DPs started. During the aging treatment, the surface region

[
[

[
[

e of 2 h (a), 4 h (b) and 8 h (c); at the surface region with the aging time of 2 h (d)

formed the DPs to a greater extent than the center region. This could
be attributed to the higher Al concentration in the surface region,
which reduced the diffusing time of the Al element and the forma-
tion time of the �-phase during aging, thereby greatly accelerating
the growth velocity of the �-phase lath and the formation of the
DPs.
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