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Abstract

Visualization and representation of three-dimensional (3D) pore morphologies in the high-pressure die-cast Mg alloys are of significant interest
for understanding and modeling processing—microstructure—properties relationships. In this contribution, an efficient and unbiased montage serial
sectioning technique is applied for reconstruction of large volume (~1.24 x 10° wm?) high-resolution (~1 wm) 3D microstructure of a high-pressure
die-cast AM50 Mg alloy containing gas (air) and shrinkage pores. The reconstruction of 3D microstructure from montage serial sections enables
visualization and characterization of detailed 3D morphologies and spatial correlations of gas (air) and shrinkage pores. The reconstructed 3D
microstructure is implemented in a 3D finite elements (FE) computational framework to illustrate how realistic complex microstructural feature
morphologies can be incorporated in the simulations of micromechanical response of these high-pressure die-cast cast microstructures.
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1. Introduction

During the recent years, cast magnesium alloys have received
considerable attention from the automotive industry for the com-
ponents such as instrument panels, steering wheels, seat frames,
doorframes and power train components [1,2] due to potential of
fuel efficiencies and lower emission levels. High-pressure die-
casting is the preferred manufacturing process for the Mg alloy
components used for automotive as well as for numerous other
applications. The high-pressure die-casting process often leads
to formation of significant amounts of gas (mostly trapped air)
and shrinkage microporosity in the Mg alloy castings [3—10],
which adversely affect the fracture related mechanical proper-
ties (such as ductility, toughness and fatigue resistance) of the
cast Mg alloys [6,11-14]. Consequently, reconstruction of 3D
micropore distributions and their incorporation in the property
models is of considerable practical relevance. Depending on the
material chemistry, processing and microstructural length scales
of interest, a 3D microstructure can be rendered using numerous
techniques including X-ray computed tomography, magnetic
resonance imaging (MRI) and serial sectioning. This contribu-
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tion concerns visualization of 3D morphologies and connectivity
of two types of pores, namely gas (air) and shrinkage pores,
present in the cast microstructure of a high-pressure die-cast
Mg alloy. The serial sectioning technique is particularly suit-
able for this class of microstructures because the gas (air) and
shrinkage pore dimensions are at different length scales: the
thickness of shrinkage pores (which have crack like morpholo-
gies) is on the order of few micrometers, whereas the gas (air)
pores have sizes on the order 50 wm and gas (air) and shrinkage
pores are often interconnected. Further, spacing between gas
pores is on the order of few hundred micrometers. Therefore,
a large volume of 3D microstructure needs to be reconstructed
and visualized at sufficiently high resolution (~1 pwm). Further,
to study the effects of such porosity distributions on the mechani-
cal response of cast microstructure, it is of interest to incorporate
such microstructural segment in finite elements (FE) based com-
putational framework.

Classical serial sectioning technique, which enables recon-
struction of a small volume segment of 3D microstructure, was
developed in the 1970s [15]. The classical serial sectioning
technique has been used in numerous investigations to study
3D microstructures of opaque materials [16-20]. An efficient
montage based serial sectioning technique is also available
[21-27] that permits generation of significantly large volume
(~few mm?>) of 3D microstructure at a high resolution (~1 um).
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Table 1
Nominal chemical composition of AM50 alloy

Element Al Mn Zn Si

Cu Ni Fe Balance

Composition (wt.%) 4.5-5.5 0.25 minimum 0.22 maximum

0.1 maximum

0.0l maximum  0.002 maximum 0.005 maximum Mg

For approximately the same metallographic effort, the mon-
tage based serial sectioning yields microstructural volume con-
taining large number of pores/grains, which can provide suffi-
ciently large statistical sample for study of topological aspects of
microstructure such as feature connectivity. Recently, the mon-
tage serial sectioning has been implemented in a completely
automated serial sectioning set-up that utilizes a robotic arm to
move the specimen back and forth between the metallographic
equipment (polishing, etching, etc.) and optical microscope to
generate the montage serial sections in a completely automated
manner [27]. In this contribution, the montage serial section-
ing technique is applied for reconstruction and visualization of
porosity distributions in the high-pressure die-cast Mg alloy. The
3D morphologies and connectivity of gas (air) and shrinkage
pores is studied. The utility of the reconstructed 3D microstruc-
ture for computational modeling is illustrated by incorporating
the 3D digital images of the pores in the finite elements frame-
work for computation of local stress and strain distributions.

2. Experimental
2.1. Materials and processes

The experiments were performed on high-pressure die-cast
AMS50 Mg alloy having the nominal composition given in
Table 1. The square plates of 146 mm x 146 mm x 14.3 mm
dimensions were high-pressure die-cast in a cold chamber
machine at Gibbs Die Casting Co. The die was heated through
passage of steam. The high-pressure die-casting was carried out
at the gate velocity of 55m/s and the melt temperature equal
to 705 °C. Intensification pressure was not applied during the
die-casting process.

2.2. Metallography

The metallographic specimens were mounted in standard
metallographic mounts, and then they were ground using
320-1000-grit abrasive SiC papers. Immediately after the last
grinding step, the specimens were washed with water, rinsed
with methanol and dried. The fine polishing was conducted using
6 and 1 pm oil based diamond compounds. The final steps in pol-
ishing involved the use of 0.3 pum alumina and 0.05 pwm colloidal
silica. Glycerol and oil base lubricants were used during these
polishing steps to avoid the formation of a surface film.

2.3. Montage serial sectioning

To generate a large volume of 3D microstructure at high reso-
lution, one may first reconstruct a small microstructural volume
such as the one in Fig. 1a, and then reconstruct many contiguous
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Fig. 1. (a) Small microstructural volume element constructed from a stack con-
sisting of one field of view in each serial section and (b) large volume of
microstructure obtained from contiguous small volumes such as those in (a)
or by using montage serial sectioning.

small volumes surrounding it, perfectly match their boundaries
and paste them together to generate a large microstructural vol-
ume, as shown in Fig. 1b. A technique equivalent to such a
reconstruction has been developed [21,25,26], and in this contri-
bution, it is applied for reconstruction of 3D micropore distribu-
tions. First a “montage” of 225 (or more if necessary) contiguous
microstructural fields observed at a high magnification (200x
for the present microstructure) is created by using the large area
high-resolution montage procedure developed by Louis and co-
workers [22,28,29]. To create a montage, a field of view (FOV)
is arbitrarily chosen in the region of interest in a metallographic
plane and the image of this field of view is stored in the memory
of image analysis computer as an image file. The right border
(of about 60 pixel width) of this image is recalled on the left
edge of a blank image. This semi-blank image is then displayed
along with the live image. This results in a superimposed image
on the left border of the screen (of the previous right border and
live image) with rest of the screen having the live image. The
automated microscope stage is then programmed to move so
that the right border of the live image moves to the left border
and gives a reasonable match with the superimposed image. The
physical movement of the automatic stage has a large least count
and thus cannot achieve perfect match with the previous image.
Therefore, image cross-correlation function based technique has
been used for automatic pixel-by-pixel matching of the overlap-
ping borders of the two images, which results in a match of the
first and the second image with an accuracy of 1 pixel (in the
present case, the pixel resolution was 0.5 wm and microscope
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Fig. 2. (a) Montage of 225 fields of view covering an area of 12.4 mm? created by matching contiguous microstructural fields grabbed at a resolution of 0.5 wm. The
montage is digitally compressed for presentation. Each field of view of the montage has been grabbed at the resolution of the image shown in (b).

resolution was 1 wm). The second image is then stored in the
computer memory as another image file. All successive contigu-
ous images are grabbed by using the same procedure and finally
a seamless montage of large number contiguous microstructural
fields is created. Fig. 2a shows such a montage of 225 fields
of view, which has been compressed for display. Each region
of this montage has a high resolution of the image shown in
Fig. 2b. Therefore, montage is a microstructural image of a large
area (~12.4 mm?) having a high resolution. In the present work,
image analysis was performed on KS-400 image analysis system
from Kontron Inc. However, several other commercial image
analysis systems also have the required capabilities. The com-
puter codes for creating the montage were written in a language
similar to C** in a platform provided by the image analysis
software (KS-400).

Once the montage of the first serial section is created and
stored in the computer memory, small thickness of the specimen
isremoved (about 1 wm) by polishing and then a second montage
is created at the region exactly below that in the first metallo-
graphic plane. In the present study, this polish-montage—polish
procedure was repeated to obtain stack of 100 montage serial
sections. Microhardness indents were used to locate the exact
region of interest in successive serial sections and to measure the
distance between consecutive serial sections [21,23]. An impor-
tant practical problem in the reconstruction of 3D microstructure
from serial sections is that the successive serial sections may
not be precisely aligned; they may have some transnational and
rotational displacement with respect to each other. In the present
study, in spite of adjusting the microscope stage, the montages
of the consecutive serial sections were often displaced by about
410 pixels and £5°, and therefore, it was essential to precisely
align successive serial sections. Alignment can be achieved by
locating two common points (in the present case, microhardness
indents were used for this purpose) in the two consecutive serial
sections and translating one image until the first common point
is aligned in the two images. Then, the image is rotated about
this point until the second common point is also aligned. In the
present case, this was accomplished by using 3D image analysis
software Voxblast 3.10 in which the images of the montage were

digitally translated and rotated until they were exactly aligned
to the respective previous sections.

2.4. Reconstruction and visualization of three-dimensional
microstructure

The stack of aligned serial sections essentially constitutes a
volume image data set similar to those encountered in X-ray
computed tomography and magnetic resonance imaging. The
steps are involved in the 3D visualization of such data sets are
as follows:

e Data generation (in the present case, serial sections);

e Pre-processing such as image alignment, grid regularization,
image enhancement and interpolation;

e Rendering of 3D images.

The 3D microstructure visualization can be achieved either
by surface rendering or by volume rendering. Surface render-
ing involves rendering of the iso-surface of the region of interest
(ROI) from the volume data, whereas the volume rendering is the
rendering of all volume data by specifying opacity and color of
each voxel (3D pixel). The surface rendering leads to reduction in
the size of the data set because only the surface data are retained.
The surface rendering requires fitting of a surface in the volume
data. Numerous algorithms are available for surface rendering,
including contour connecting algorithm [30] and marching cube
algorithm [31]. In the present work, marching cube algorithm has
been used for surface rendering of 3D microstructure. In the pro-
cess of volume rendering, all voxels are visualized by specifying
a mapping between rendered image intensity and voxel inten-
sity. In the present work, ray-casting algorithm [32] has been
used to for volume rendering of the microstructural images. The
3D image rendering was done by using image analysis software
Voxblast 3.10.

3. Results and discussion

In the present work, the 3D microstructure visualization has
been done using 100 montage serial sections; each montage
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(b)

Fig. 3. (a) Stack of 20 montage serial sections for the cast microstructure. Each
serial section montage contains 169 contiguous microstructural fields and (b)
the magnified view of the small-bordered region of the stack of 20 montage
serial sections for the cast microstructure. This is the resolution of the individual
microstructural fields.

serial section containing 225 contiguous microstructural fields
grabbed at 200 x. Therefore, the resulting 3D data sets are use-
ful for characterization and visualization of both short range and
long-range spatial dispersion of the micropores.

Fig. 3a shows a stack of aligned 20 montage serial sections for
the cast microstructure, where each serial section is a digitally
compressed montage of 169 contiguous microstructural fields.!
Observe that gas pores (equiaxed) and shrinkage pores are inter-
connected. Focus on the bordered region in Fig. 3a. Fig. 3b is
the magnified view of that bordered region, where each section
is exactly the stack of serial sections generated by the classical
serial sectioning technique [15-20]. This is the magnification at
which all microstructural fields have been grabbed. In Fig. 3b,
observe the changes in the sizes of the micropores at the edges
of these serial sections as well as appearance and disappear-
ance of the smaller pores in the successive serial sections. Fig. 4
shows few segments of volume-rendered 3D microstructure. The

! Note that the initial grabbed montages contained 225 contiguous fields, but
the borders containing the microhardness indent images were not used for 3D
microstructure rendering.

Fig. 4. Small segments of volume-rendered reconstructed 3D microstructure.

volume-rendered visualization is useful for implementation of
the 3D microstructural images in the finite elements based com-
putations of the micromechanical response [33]. Fig. 5 shows
few segments of surface-rendered 3D microstructure depicting
gas and shrinkage pores, whereas Fig. 6 depicts another type
of surface rendering of 3D microstructure, where the matrix
is effectively removed from the microstructure leaving behind
only the pores. Note that the four 3D microstructures displayed
in Fig. 5 are only about 8% of the actual 3D microstructural vol-
umes contained in the 100 montage serial sections. These figures
clearly show the complexity of the porosity shape and random
spatial arrangement of the gas (air) and shrinkage porosity. In
this cast microstructure, most of gas (air) and shrinkage pores
are connected, except a few that is in very small size ranges. The
high-resolution of montage serial sections and large volume per-
mits extraction of individual pores from the 3D microstructure
for a more detailed study. Fig. 7a and b display typical individ-
ual gas (air) and shrinkage pore morphologies extracted from
the 3D microstructure. Fig. 8 displays one of connected poros-

200 pm

Fig. 5. Small segments of surface-rendered reconstructed 3D microstructure,
where the porosity is removed leaving behind just the matrix.
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Fig. 6. Small segments of inverted-contrast surface-rendered reconstructed 3D
microstructure depicting porosity.

ity. The quantitative measurements reveal that gas (air) porosity
in Fig. 7a is on the 90 pm long, average 1066 wm? in the cross-
sectional area and 95940 um? in volume. Such information on
the porosity is extremely useful for understanding the effects of
process parameters on the many attributes of porosity and for
modeling virtual microstructures and it can be obtained only
from large volume high-resolution 3D microstructure generated
by a stack of montage serial sections: classical serial section-
ing is not useful for this purpose. The complexity of the pore
morphologies, spatial connectivity and their spatial arrange-
ment reveal that 2D microstructural observation and/or some
quantitative measurements for porosity may seriously under-
estimate the real three-dimensional porosity size and spatial
distribution. Further, some numerical analysis on the mechani-
cal behaviors of the corresponding 2D observational planes can
be seriously misleading in that some of fracture related char-
acteristics such as the real three-dimensional stress distribution
and preferential crack path cannot be involved in 2D observation
planes.

The reconstructed 3D microstructure in STL (stereo lithog-
raphy) format is exported into Harpoon (CEI), commercial

Fig. 8. Three-dimensional morphology of connected porosity extracted from
the surface-rendered three-dimensional image.

automatic meshing software to mesh the geometry with tetra-
hedral elements. Only the external volume of the STL file
is meshed leaving the voids (porosity) free of elements.
Fig. 9a shows an FE mesh created from a small sec-
tion (650 wm x 650 pm x 250 wm) of the reconstructed 3D
microstructure. The microstructure is embedded in a homoge-
neous material volume to avoid edge effects. The mesh contains
719329 linear tetrahedral elements and the elements are well
refined at the interface as can be observed in the figure. The
FE mesh is then exported to ABAQUS, commercial finite ele-
ment code and analyzed for the elastic mechanical response to
a tensile load. Fig. 9b shows the local von Mises stress distribu-
tion in the microstructural volume due to a tensile load. Elastic
modulus and yield stress of AMS50 alloy obtained from exper-
imental tensile test data is used as the constitutive equation in

(b)

Fig. 7. (a) Three-dimensional morphology of individual gas (air) and (b) shrinkage porosity extracted from the surface-rendered three-dimensional image.
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(a)

Fig. 9. (a) Three-dimensional finite element mesh and (b) corresponding analysis showing stress distribution around porosity.

the FE model to simulate the elastic response. It must be noted
that, in general, the constitutive properties to input in the FE
model should be obtained at the microlevel from a region free
of porosity (and not from the macroscopic tensile test data) to
accurately study the effect of porosity on the mechanical proper-
ties of the material. In the present contribution, the FE analysis
is presented to illustrate the methodology for incorporation of
the reconstructed 3D digital microstructural image in the com-
putational framework of the FE techniques and not for reporting
the micromechanical response of the 3D microstructure. Such
detailed analyses and results will be presented in a separate
contribution.

4. Summary and conclusions

A montage serial sectioning technique has been used to gener-
ate high-resolution (~1 wm) large volume (1.24 x 10° pm?) 3D
microstructures of micropores in a high-pressure die-cast AM50
Mg alloy. The visualization of the reconstructed 3D microstruc-
ture yields the 3D morphologies of the gas (air) and shrinkage
pores, their connectivity and spatial correlations. The recon-
structed 3D microstructure can serve as a representative volume
element in the FE based computational simulations of mechan-
ical response.
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