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Abstract

Semi-solid process is useful for magnesium alloys because
processing temperatures lower than conventional casting
processes result in decreased combustibility. Additionally it can
decrease casting defects by the increased viscosity and decreased
solidification shrinkage. In this study, casting defects of semi-
solid injected AZ91D specimens were observed by X-ray CT
tomography and tensile test was carried out. Thus, relations
between casting defects and fracture starting point were
investigated. As a result, the specimens were not always fractured
at the site of the largest defect; meanwhile the defects situated
near the surface or perpendicularly elongated to the tension axis
exerted a potent influence on fracture.

Introduction

In recent years, global warming and global climate change have
recently become an international concern. Hence the development
of environmental protection programs and green technology is
becoming considerably important. To solve these issues, the
reduction of carbon dioxide emissions and improvement of fuel
efficiency are urgent issues for the transportation machine. In
particular, the reduction of vehicle weight is highly effective
means of improving fuel efficiency and it has a positive impact
for reduction of CO, emissions from transport. The expanded use
of light metals such as aluminum and magnesium is considered
one of the most effective methods for reducing vehicle weight.
Magnesium in particular is considered to be a promising
lightweight structural material because it has excellent specific
strength, and has the lowest density among applicable metallic
materials.

The die-casting process is among the most commonly used
methods for forming magnesium alloy products with complex
configurations. However, products molded by die-casting exhibit
low engineering performance due to the existence of inherent
defect such as porosity, hot cracks and oxide inclusions.
Additionally, die-casting of magnesium alloys requires the use of
cover gas because magnesium alloys are easy combustible in the
liquid state.

The semi-solid forming process is a near net shape variant of
die casting, which is carried out at the solid-liquid co-existence
phase, which was first developed in the early 1970s [1,2].
Recently, this process has been applied to fabricate high-quality
aluminum alloy [3- 5] or magnesium alloy products [6-8]. The
semi-solid forming process uses semi-solid slurry that has a
higher viscosity and smaller liquid fraction than liquid metal,
hence this process is expected to reduce casting defects in the
final components. Additionally this process is considered useful
for magnesium alloys because processing temperatures lower than
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conventional casting processes result in decreased combustibility
of the magnesium alloy.

We have developed a new type of semi-solid injection process
that allows magnesium alloys form in high material yield [9-12].
In this process, magnesium billets are heated to the semi-solid
temperature range in an injection cylinder. Thus, the semi-solid
magnesium alloy is not exposed to air, so this process requires no
cover gas. Also particular billet is used in the semi-solid injection
process in general because the billet cannot have fluidity even if
the commercial billet is heated to the semi-solid temperature. On
the other hand, the fluidity of the semi-solid slurry can be
improved by applying shear stress [13]. In our new process, shear
stress is applied to the slurry before injecting into the mold.
Therefore commercial magnesium billets can be used.

On the other hand, the semi-solid products differ in character
from conventional castings. For example, the distribution of the
primary Mg particles was not uniform in the thickness direction
[11], and mechanical strength was affected by not only casting
defects but also fraction solid [12]. In this study, plate specimens
were made by using a testing machine implementing the proposed
semi-solid injection method, after which tension test was carried
out. The effects of distribution of casting defects on the fracture
behavior were investigated.

Experimental procedure

The semi-solid samples were prepared by using the vertical
injection system shown in Fig. 1. The injection cylinder is able to
heat the magnesium alloy billets to the semi-solid temperature, as
well as to maintain this temperature. The injection cylinder in the
apparatus was constantly filled with billet to a height of 320 mm
under the nozzle, and the billet in the uppermost part of the
cylinder was heated to a given semi-solid temperature. The semi-
solid billet can then be injected into a permanent mold by a piston.
The injection cylinder has an inner diameter of 25 mm, an outer
diameter of 60 mm and a length of 54 mm; the nozzle is 3 mm in
diameter. The injection cylinder is equipped with six heaters on
the surface of the outer wall;, these heaters can control the
temperature of the billet precisely. The six heaters are controlled
independently on the basis of measurements from six
thermocouples (H1 to H6), each of which is inserted at the
location of a heater. The temperature of the billet in the uppermost
part of the injection cylinder (from the nozzle to a height of 130
mm) was controlled within +1 °C by setting the temperature of H1
(from the nozzle to a height of 21 mm) and H2 (from the nozzle to
a height of 151 mm). The temperature of the billet in the
uppermost part of the injection cylinder (from the nozzle to 130
mm height) was set to the temperature in the semi-solid range,
namely, 591 °C or 586 °C. The fraction solid f; was 0.3 or 0.4,
respectively, at each of these temperatures. On the other hand, the
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Fig. 1 Schematic representation of semi-solid forming
apparatus

20

Fig. 2 Schematic image of tensile test piece

temperature of the billet closer to the bottom was decreased by
controlling the temperature of heaters H3 to H6, and billet at the
bottom was in a solid state. There is not much risk of combustion
in a system with such design since billet in the semi-solid state is
not exposed to air. Therefore, this experiment was carried out in
air, without the use of a cover gas or inert gas.

The permanent mold in the experiment was a plate cavity of
20 mm in width, 100 mm in length and 5 mm in thickness. The
slurry was injected horizontally since the mold was mounted
vertically, and the mold clamping force was set to 274.4 kN. The
amount of injected slurry per cycle was about 30 g, which was
equivalent to the amount of material from the nozzle to a height of
53 mm. The injection speed V, which was calculated from the
average piston speed, was set to 400 mm/s. The flow speed of the
slurry at the nozzle was 27.8 m/s at each of these injection speeds.

The microstructures of these specimens were observed by
optical microscopy. The samples were molded in epoxy resin and
polished by grinding with SiC paper, followed by polishing with
diamond paste, then, the specimens were etched in a solution of
75 ml ethylene glycol, 1 ml nitric acid and 24 ml distilled water.
The plate specimens were mechanically processed into tensile test
pieces shown as Fig. 2. Each tensile test piece was 100 mm in
length, 20 mm in width 25 mm in gage length, 5 mm in thickness
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and 8 mm in shoulder radius. In addition, the surface of the test
piece was as cast. Tensile tests were carried out at the room
temperature by applying tension at a speed of 1.0 mm/s to 4
samples per set of casting conditions.

Also, distribution of casting defects in the specimens were
analyzed on an X-ray computerized tomography (CT) scanner
before and after tensile test. The rendered images were created
from cross-sectional images obtained with 3D rendering software
(VGStudio Max 2.0, Volume Graphics Inc.). In addition, the
resolution of X-ray CT was 46 pm, allowing for detection of
casting defects greater than 8 voxels.

Results and discussion

Microstructure of specimen and distribution of 0-Mg particles

Fig. 3 shows a typical microstructure at the plane perpendicular
to the slurry flow direction. The observation point was 50 mm
from the gate. These micrographs show that the specimen has a
homogeneous microstructure with a uniform dispersion of
primary o-Mg in the matrix (eutectic a-Mg and B-Mg,;Al},).
When the slurry was injected, the solid phase consisted of the a-
Mg particles with the matrix as the liquid phase. The distribution
of the solid particles in the thickness direction was nonuniform.
The solid particles have a tendency to concentrate in the center of
the plate for all conditions. Additionally, the density of the solid
particles at the surface was low, and, especially at a fraction solid
of 0.3, the surface was nearly devoid of solid particles.

Fig. 3 Optical micrographs of the center of the specimen in the
plane perpendicular to the flow direction.

Fig. 4 Schematic diagram of the method for detection of the
fracture surface.
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Fig. 5 Results of fracture surface detection and relation
between distribution of casting defects and fracture
surface.
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Fig. 6 Schematic view of the parameters for calculating
indexes.

Fracture surface detection by X-ray CT

Detection of the fracture surface was carried out in the
following way. First, the samples were scanned by X-ray CT
before and after tensile test, as shown in Fig. 4. A 3D image of the
sample before the tensile test was rendered by X-ray CT data, and
casting defects in the sample were detected by contrast difference
in the rendering image. Next, a rendering image of the sample
after the tensile test was made from X-ray CT data. After that, this
image was superimposed on the rendering image before the
tensile test, thus the fracture surface was appeared. Additionally,
casting defects involved in the fracture could be detected.

Fig. 5 shows results of fracture surface detection and relation
between distribution of casting defects and fracture surface.
Weiler et al. [14] showed the areal fraction of defects appeared to
be the major factor in the fracture of the tensile test at magnesium
high pressure die-cast samples. In this study, some samples
fractured at the largest point of the areal fraction of defects (e.g.,
sample (a)-2). On the other hand, many samples were not always
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Fig. 7 Comparison of the sample (a)-2 with the maximum point
of calculated indexes PZ, PZ/d, and PZ/(d - I).

=
e B Fracture location

PZ
® PZd
B PZ{d A

15

{a)-1

al2 a}2 (a)4 (o)1 (b}2 (b}-3 (b}4

Fig. 8 Relation between the fracture location of samples and
the maximum point of calculated indexes PZ PZ/d, and
PZ[(d- F). The fracture surface location was measured
as a distance from the bottom of the gage.

fractured at the largest point of cross sectional areal fraction of
defects.

Relation between fracture surface and casting defects

From preceding section, the cross sectional area PZ distance
from the surface d and shape of casting defects are thought to
have effects on fracture. There, we calculated two indexes to
clarify the factor of fracture of semi-solid materials. Schematic
view of the parameters for calculating indexes was shown in Fig.
6. First one was PZ/d, where PZis cross sectional area of casting
defects projected on the plane perpendicular to the tensile axis,
and d is distance from surface. This index includes the effect of
distance from the surface, then this index becomes greater if the
defect is located near the surface. Second one was PZ/(d: F),
where Fis described as follows.

£ =S5zf ({%} = 53;’( @)

where, SZ1s the length of the tensile axis direction of a defect, PX
and PY are projected areas of perpendicular to the tensile axis.
Then, if Fx = Fy, F= Fy elseif Fx < Fy, F = F, If a defect has
oblate shape and expands to perpendicular to the tensile axis, this
parameter becomes small. Thus, the index PZ/(d- F) includes the
effect of both the location and size effect of casting defect. Fig.7
shows the comparison of sample (a)-2 with the maximum point of
calculated indexes PZ, PZ/d, and PZ/(d + F). By this comparison,
it is made clear that this sample was fractured at the largest
PZ/(d - F).



Fig. 8 shows comparison between the fracture location of
samples and the maximum point of calculated indexes. The
vertical axis in Fig. 8 shows the location of the fracture which was
measured as a percentage of the entire gage length from the
bottom of the gage. Only sample (a)-4 fractured at the largest PZ
On the other hand, the samples fractured at the largest PZ/ d were
6 of 8. This result means that the fracture of semi-solid metal is
affected by not only cross sectional area of casting defects but
also site of casting defect. That is the casting defect located near
surface has the large impact on fracture. Furthermore, all samples
but (b)-3 were fractured at the largest PZ/(d" F). Therefore, the
casting defects with flat perpendicular to the tensile axis shape are
thought to have larger impact on fracture.

These different results from die-casting [15] are thought to be
after effects of not uniform structure. Such as the primary a-Mg
particles have a tendency to concentrate in the center of the plate
and the density of the primary o-Mg particles at the surface was
low. In the semi-solid magnesium AZ91D, a hardness of the
matrix (eutectic a-Mg and p-Mg;Al;,) is greater than primary o-
Mg particles. The defect near the surface is thought to be located
at the high strength matrix. Thus the lack of matrix which can
shoulder high stress is thought to be reason that the casting defect
located near surface has the large impact on fracture. Then the
casting defects with the shape like flat perpendicular to the tensile
axis have the large impact on fracture. This is considered the
effect of stress concentration on the sharp edge of defects
perpendicular to the tensile axis.

Conclusions

To investigate the effect of the distribution of casting defects on
the fracture, X-ray CT scanning and tensile test of the AZ91D
magnesium specimens made by the semi-solid injection testing
machine were performed. The fracture surface was appeared by
the X-ray CT image then the casting defects involved in the
fracture could be detected. In this study, the samples were not
always fractured at the site of the largest cross sectional areal
fraction of casting defects.

Therefore, the two indexes were calculated. One was PZ/d
which includes the effect of location, another was PZ/(d- F)
which also includes the effect of shape of casting defects. By
comparison between the fracture location of samples and
calculated indexes, the fracture of semi-solid metal product is
appeared to be aftected by not only cross sectional area of casting
defects but also site and shape of casting defect. That is the
casting defect located near surface has the large impact on fracture.
Furthermore the casting defects with the shape like flat
perpendicular to the tensile axis are thought to more largely aftect
fracture.
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