Crystallography of Directionally

Solidified Magnesium Alloy AZ91

KETIL PETTERSEN and NILS RYUM

The crystallographic direction of growth in directionally solidified magnesium alloy AZ91 has
been studied by TEM and EBSP techniques in SEM. The main direction of growth is found to
be {(1120). The dendrites have sixfold symmetry around the main direction, with secondary arms
lying along the traces of the (0001), (1101), and (1101)-planes, respectively. The secondary
arms lying in the basal plane are crystallographically of the same type as the main direction:

(1210) and (2110).

I. INTRODUCTION

THE crystallographic directions of dendritic solidifica-
tion have been studied and reported for a number of met-
als. Extensive information is given in References 1 through
5. It is generally believed that the preferred direction of
growth is the same for metals of the same lattice system.
For fcc metals, these are the (100)-directions.® For hep-
metals, it is always stated that (1010} are the directions
of dendrite growth,['"* even though this has been estab-
lished firmly only for high purity Zn.®! For nonmetallic
materials with hcp-symmetry, Kurz and Fisher™ re-
ported a {(1010)-direction for H,O and (0001)-direction
for Co,,Sm,. This shows that the preferred directions of
growth are not the same for different hcp-materials. The
general principle for all kinds of materials is that the di-
rection of dendritic growth is the axis of a pyramid whose
sides are the closest packed planes with which a pyramid
can be formed.!"¥ This is based on the fact that the di-
rection perpendicular to the closest packed planes is the
slowest growing direction (Bravai’s rule). However, the
most closely packed planes in hcp-materials depend on
the ¢/a ratio, and, because the ¢/a ratio may differ to
a great extent among the hcp-materials, the dendritic di-
rection also may differ among the hcp-materials.

In the present investigation, the crystallography of
dendritic solidification of the magnesium alloy AZ91 has
been examined. This is done by directional solidification
of the alloy and by subsequent study of the resulting
microstructure.

II. EXPERIMENTAL PROCEDURE
A. Alloy

In the present study, an industrial magnesium alloy
was examined. The composition of the alloy was 9.1 wt
pct Al, 0.81 wt pct Zn, 0.27 wt pct Mn, 0.01 wt pct Si,
other impurities <0.01 wt pct, and balance Mg. By ther-
mal analyses, the liquidus temperature was found to be
599 °C and the eutectic temperature 428 °C. Thus, the
solidification range was 171 K.
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B. Solidification

The solidification was performed in a 110 X 110 X
200 mm® mold with insulated sides and top and a re-
movable steel bottom plate. The principles of this method
are described in Reference 5. The liquid metal was held
in a crucible at 700 °C, and poured manually into the
mold under the protection of SF,. After pouring, the in-
sulating top plate was put on, and the protection with
SF; continued through a tube in the top plate. The steel
bottom plate was cooled by direct water spraying, but,
after about 30 seconds, the bottom plate was withdrawn
and direct water cooling of the casting occurred. Ther-
mocouples were positioned at 29, 55, 70, and 97 mm
above the bottom to record the temperature during the
solidification process. The temperatures were recorded
at a rate of 3 s~' by means of a computer. Temperature-
time graphs from the investigated casting are shown in
Figure 1.

From the exact thermocouple positions and the infor-
mation from Figure 1, the thermal conditions of the cast-
ing were found. The macroscopic temperature gradient,
G = AT/AX, was found as the difference between the
thermocouple readings at a specified point of time. For
the investigated casting, G varied from 3 to 1.5 K/mm
at the liquidus temperature, the gradient was steepest at
the bottom of the casting, and decreased upward. The
rate of solidification is related to the velocities of the
liquidus and solidus isotherms. The liquidus isotherm
propagated at a velocity of 0.7 to 0.4 mm/second, fast-
est at the bottom of the casting. The eutectic isotherm
velocity was quite constant in the measured zone at about
0.16 mm/second. The local solidification time was cal-
cutated for each thermocouple position. Results from
several other similar castings with somewhat different
thermocouple positions also are included in this calcu-
lation. Here, At is the time between the liquidus and eu-
tectic temperatures. A linear relationship between Ar and
the position in the casting (X) was found:

Ar = (3.93X — 82)sec, X in mm

The specimens for the metallographic investigations were
taken from a position about 90 mm from the bottom chill
face and had a local solidification time of about 270 sec-
onds (4.5 minutes).

This casting technique resulted in a columnar zone of
about 120 mm from the bottom and upward. The top
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Fig. 1— Temperature-time recordings for the investigated casting.
Thermocouple positions are, from left to right, 29 mm, 55 mm,
70 mm, and 97 mm above the bottom of the casting.

region of the casting had a coarse-grained equiaxed
structure.

C. Metallography

The material for the metallographic investigation was
taken from the upper part of the columnar zone. The
specimens were wet ground and mechanically polished,
and finally etched in a solution of 1 ml HNO;, 20 ml
acetic acid, 60 ml ethylenglycol, and 20 ml H,O for 20
seconds. The microstructure was studied in the light mi-
croscope and in SEM. Some of the pictures from this
investigation are shown in Figure 2.

D. TEM Investigation

To investigate the crystallographic direction of solid-
ification, a first attempt was made by standard thin foil
technique in TEM. Foils were prepared normal to the
growth direction. Because of the coarse secondary par-
ticles, it was difficult to prepare thin foils in the as-cast
condition. This problem was overcome by a homoge-
nization heat treatment at 410 °C for 48 hours. Light
microscopy inspection revealed that most of the particles
(all of the coarse particles) were dissolved, while no
changes had occurred to the columnar structure. Thin
foils now could be produced without problems by the
standard double jet technique in a solution of 5 pct HNO;,
in ethanol at 0 °C and 5 V. Great care was taken during
the cutting of the foils to keep the foils in the plane nor-
mal to the growth direction of solidification. This tech-
nique gives information about the main direction of
dendritic growth, but it was not possible to find the di-
rections of the dendrite arms. An indexed TEM diffrac-
tion pattern is shown in Figure 3.

E. EBSP Investigation (Electron Back
Scattered Patterns)

The EBSP technique is described thoroughly by
Dingley.U”! With this technique one obtains, in SEM, a
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diffraction pattern from a small volume of material
(<1 un’). Thus, particles do not present a problem when
recording the diffraction patterns. In practice, one first
photographs the specimen in the SEI-mode when mounted
horizontally in SEM. One then has to tilt the specimen
75 deg to obtain the EBSP pattern. If one keeps track
of the position during tilting, it is possible to index the
crystallographic directions of the solidification structure
in the specimen. To obtain good results, the specimens
cannot be mechanically deformed. Thus, the mechani-
cally polished specimens have to be etched rather heavily.
A solution of 10 ml HNO;, 30 ml acetic acid, 40 ml
H,0, and 120 ml ethanol was used, and the etching time
was 45 seconds.

III. RESULTS AND DISCUSSION

Figure 2 shows some light microscope and SEM mi-
crographs from the typical directionally solidified struc-
ture. Figure 2(a) is taken parallel to the solidification
direction and shows a longitudinal section through the
columnar dendrites. Figures 2(b) and (c) are from the
transverse section and show the shape of the dendrites
in a direction normal to their growth direction. The char-
acteristic features of this structure are small dendrite trunks
with sixfold symmetry and a long-range arrangement of
the trunks along one of these sixfold directions. By suc-
cessively grinding and polishing, while keeping track of
the positions, it was revealed that the shape was the same
downward through the casting, parallel to the growth di-
rection. The width and length of the arms varied to some
extent, but the shape of the dendrites is invariant along
the growth direction. On the basis of these observations,
it has not been possible to find the exact direction of the
individual secondary dendrite arms. This will be studied
in a further investigation, but here the effort is concen-
trated on studying the primary direction.

The TEM-diffraction pattern in Figure 3 was obtained
with the electron beam parallel to the growth direction.
As can be seen, the foil normal is close to the (1120)-
direction. Several foils were examined with the same
result. The columnar dendrites in the investigated speci-
mens were clearly visible from macroetching. This made
it relatively simple to control the direction when the
specimens were prepared further, and no great deviation
from the correct angle could result from the preparation.
The total uncertainty in orientation of the foil, from
preparation and mounting the foils into the TEM, is about
5 deg. The foils were mounted in a double-tilt stage. The
tilt-angle from direct mounting of the foil to the nearest
(1120)-zone always was less than 5 deg. This demon-
strates quite clearly that (1120) is the dendrite stem di-
rection in this alloy. This is different from previous results
on high purity zinc.[¥ The difference in direction be-
tween what is found in this work, compared to the work
of Weinberg and Chalmers on zinc, is an angle of 30
deg, which is far beyond experimental errors.

In an attempt to determine the directions of the den-
drite arms, specimens were investigated by the EBSP
technique. Figure 4 shows some results from this work.
These pictures show that the dendrite trunks are lying on
line along the basal plane, with arms in the same plane.
The other dendrite arms lie in the (1011)-planes. The
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Fig. 2— (a) SEM micrograph of a longitudinal section through the casting. The columnar dendrites are lying in the plane of the section, and the
individual secondary dendrite arms have grown together to form continuous bands; () and (c) are light microscope micrographs from a transverse
section. Notice the long-range arrangement along one of the arm directions. This is clearly seen in (b), where some of these alignments are
pointed out.
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Fig. 3 —TEM-diffraction pattern from a foil taken from the trans-
verse section, with the electron beam along the growth direction. The
indexing of the pattern shows a (1120)-zone.

direction of the trunk of the dendrites, i.e., the direction
of the dendritic growth, is verified to be the (1120)-
direction.

In the SEM, it was possible to tilt the specimens so
that the dendrites could be observed also on the side of
the specimen which was parallel to the solidification di-
rection. It was always found that the longitudinal direc-
tion of the dendrites was parallel to the solidification
direction. This clearly shows that the investigated alloy
AZ91 solidifies in the (1120)-direction.

The (1120)-directions are lying in the basal plane, and
the angle between the equivalent directions is 60 deg.
Since two of the secondary dendrite arms are lying
along the trace of the basal plane, it is reasonable to
assume that these secondary arm directions also are
(1120)-directions.

This also gives an explanation of how the dendrites
come to grow on one line along the trace of the basal
plane. Dendrites of the (1120)-orientation will grow faster
than dendrites of other orientations; secondary dendrite
arms will grow and also develop tertiary arms. These
tertiary arms have the same direction as the original pri-
mary dendrite and will continue to grow into a new pri-
mary dendrite stalk, aligned with the original stalk in

»-

Fig. 4— SEM micrograph from a transverse section, with an indexed
EBSP below: The plane normal is {1120}, and the arm directions are
lying along the traces of the (0001) and (1011)-planes, respectively.
The long-range arrangement of the structure is seen to lie along the
basal plane.
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the basal plane. By continuing this process, a structure
like the one shown in Figures 2(b) and (c) will be the
result. Similar effects also have been observed in other
metal alloys.®1 As pointed out by Bower, Brody, and
Flemings,™ there is only one primary dendrite stalk in
each grain, and the observed structure is a result of higher
order arms branching from one primary stalk. When this
branching preferably goes in one direction, the observed
dendrite stalks will be lined up along this direction. Fig-
ure 5 illustrates this for the arm directions lying in the
basal plane.

This process of branching with a resulting alignment
of the dendrites is possible also in the directions along
the (10T1)-planes. However, this is not observed in this
investigation, where all the long-range alignment is lying
in the basal plane. The conclusion to be drawn from this
is that the directions in the basal plane are more pref-
erable growth directions than the directions in the (1011)-
plane.

However, this will not influence the structure of the
individual dendrites in a dramatic way. There, one finds
a primary stalk and secondary arms. These secondary
arms seem to grow together to form planes in the struc-
ture. This is illustrated in Figure 6, where the planes of
the dendrite arms are drawn, and the directions of the
individual secondary arms in the basal plane are indi-
cated. These secondary arm directions are not observed
for the arms in the (1101)-type planes.

001
<1120> } >
<1100>

TERTIARY

/ ‘ ARM
s

SECONDARY ARM

e PRIMARY ARM
(DENDRITE TRUNK)

BASAL PLANE (0001)

Fig. 5— The mechanism of branching of the dendrites to establish
the long-range arrangement of the structure along the basal plane.
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Fig. 6— Essential feature of a columnar dendrite in the magnesium
alloy AZ91. The secondary arm ditections in the basal plane are in-
dicated in the figure. This is not done for the other secondary direc-
tions, because they have not yet been determined.

Weinberg and Chalmers,™ in their study on zinc, ar-
gue that, since planes of the form (1120) are the second
most densely packed planes, the metal will form hexa-
gons with these planes as limiting sides during solidifi-
cation. This follows from Bravai’s rule that the direction
perpendicular to the most closely packed planes is the
most slowly growing direction during crystal growth.
Further growth will continue in the directions of the cor-
ners of this hexagon; thus, the dendrites will grow in the
(1010)-directions. When grown from the vapor, pure
magnesium forms crystals with weli-developed faces,
primarily of the (0001), (1010), and (1011) type.'” Using
the same arguments as Weinberg and Chalmers'® on the
present alloy, we conclude that the (1120)-directions are
the expected dendrite directions, as also found
experimentally.

IV. CONCLUSIONS

It can be concluded that the main direction of growth
during directional solidification of the industrial mag-
nesium alloy AZ91 is (1120). There are six secondary
arms around the primary dendrite stalk, two lying in the
basal plane, and four in planes of the (1011)-type. The
arms in the basal plane are of the same crystallographic
direction as the primary direction, and 60 deg from the
primary direction. The precise crystallographic direction
of the other arms is not yet clearly established.
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