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Abstract

In this work, the inner microstructure of aluminum-silicon casting alloy was experimentally
investigated to reveal the spatial morphology and phase distribution. Its industrial use is as a light-
weight structural material. As a powerful three-dimensional (3D) imaging tool at the nano-scale,
the serial block-face scanning electron microscopy (SBF-SEM) was employed to investigate the
specimens. After being 3D reconstructed, the images were visualized to identify preference for
several specific intermetallics, by quantitative analysis. It was found that these phases have certain
relationships in spatial distribution and differences in spatial shapes. The spatial distribution of
cracks was studied to understand the propagation and growth relationship.
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1. Introduction

Casting aluminum alloys plays a critical role of substitution of conventional metal materials in the
aerospace, automotive, shipbuilding and other machine manufacturing fields. Alloys are chosen
for their excellent castability and high strength to weight ratio. Among the casting aluminum alloys,
Aluminume-silicon alloy is one of the most widely used.

It is well-known that almost all the performance characteristics of heterogeneous materials is
attributed to their microstructural features. Because of the complex microstructure and large
amounts of defects, different kinds of casting aluminum alloy vary significantly in certain
mechanical properties.

Many previous investigations have addressed the relationship between microstructure and
mechanical performance of aluminume-silicon alloy . Xianggqun Ding found the mobility of defects
and stress concentration are closely related in the Al-Mg-Si alloys inner microstructure

Mohamed Iben Houria thought secondary dendritic arm spacing has a significant influence on the
fatigue age of certain aluminum alloys under the torsional loading condition[2]. Chen found with
increasing the size and number of Si particles, interface peeling between particles and matrix
appears frequently, which reduces the resistance to fatigue cracks[3]. The spatial distribution of
coarse-grained particles, as well as their size and volume fraction in the Al matrix, affects the
strength of the composite[4]. Ganesh and Chawla experimentally investigated the influence of Si
particle orientation on the fatigue and tensile properties[5] and Campbell found fatigue cracks



always originates from pores and shrinkage defects[6]. Payne found that the microstructure of
coarse second phase particles with large area significantly affects the crack initiation

Most of the structure research, such as those reported above, were based on the two dimensional
section obtained by conventional methods, such as the Metallographic Microscope, or Scanning
Electron Microscope (SEM). For the quantitative characterization of size, shape, connectivity and
spatial distribution of pores, grains and intermetallic compounds, it would be very helpful if the
data in vertical direction (z axis) was statistically significant too. Some researchers made
guantitative assessment of 3D microstructures from a few 2D image sections with a statistical
synthetic model[8],but it didn’t really return 3D information. So it is inaccurate and
unrepresentative to estimate the spatial microstructure information by stereological methods.

A method that can reveal a material in its entirety is quite necessary. So the Three-Dimensional
Microstructure Imaging Technique(3D-MIT) has been developed in aluminum alloy researching
field. Typically, 3D-MIT is divided into two kinds of classifications according to whether the sample
is destroyed or not during the test. One is nondestructive, such as X-ray Computed Tomography
based on the energy absorption projections . The other one called serial sectioning
tomography is destructive, which use different mechanical methods to obtain serial section images.
Focused ion beam(FIB), metallographic serial polishing(MSP, serial block-face(SBF) are three
applied imaging modalities. FIB is expensive, observable area is too small for region of interest and
it may result in sample damage during direct milling by high-energy ions . MSP is low cost
but its mechanical damage is too much and resolution(in z axis) is not enough for nano/micro scale
investigation . Considering the balance between area of observed region and influence of
mechanical damage during test, here, the 3D detailed features of Al-Si casting alloy was imaged by
Serial block-face scanning electron microscope(SBFSEM), which uses a scanning electron
microscope with a built-in serial sectioning ultramicrotome for collect high-quality, high-resolution
serial images . Hashimoto et al have highlighted the strategies for minimizing artifacts
caused by SBF system and acquired many 3D images for a variety of metallic and coated systems
[19,20]. To realize the 3D microstructure visualization, reconstruction from approximately
continuous 2D information is a key process where many algorithms were applied, such as filtering,
binarization, thresholding. A particular focus of this study is on the quantitative analysis of critical
structural parameters of Al-Si casting alloy, which possibly could enable manufacturing process
optimization and numerical investigation for the improvement of mechanical performance in the
future.

2. Experimental

The chemical composition of the Al-Si casting alloy investigated in this study is given in Table 1.
Samples with the same casting process and heat treatment, “T6 conditions”, were used in this
experiment. A series of uniaxial strain-controlled fatigue tests were conducted on the samples at
the strain amplitude of 0.3 and frequency of 1 hertz. The samples were then observed by Zeiss
Sigma 300VP scanning electron microscope (SEM) equipped with an energy-dispersive analysis
detector (EDS). SEM tests are operated at 20 kV. Zeiss Sigma 300VP scanning electron microscope
(SEM) equipped with Gatan 3-view chamber[Figure 1], one inside ultramicrotomy system named
as serial block-face, was used to section samples and image serially prior to reconstructing 3D



images.

Sample preparation is a challenge for Serial block-face scanning electron microscope(SBFSEM) test.
The Al-Si aluminum alloy samples were firstly wire cut to shape of strip with size of 1*1*10mm.
For ruling out the cutting damage and getting an appropriate shape, conventional ultramicrotomy
with a glass knife, LeicaEM UC7, was used to reshape a strip to a cascade quadrangle, as shown in
figure 1, whose minimum section area is approximately 300*300um. Then adhere the sample to a
one-off sample stage with super glue and conductive silver glue. Ultramicrotomy can cause
artificial defects due to pulling off the hard phase or compression of the soft phases . So, before
recording the images in SBFSEM, we removed the residual damage generated during the sample
preparation by approach operation. In order to minimize the artifact and achieve the better
resolution in z axis[19], 0.2 mm/s cutting speed and 30nm slices thickness were set up to the record
process. The typical observation conditions were at an acceleration voltage of 2 keV. Finally, choose
a representative region of the microstructure with appropriate brightness, contrast and
magnification. Selection of this region of interest is vital, which decides whether the image data is
valuable or not. It is desirable to capture complete research objects encompassed in the selected
volume, which can be reconstructed to 3D and quantitative analysis.

3. Discussion and Result

3.1 Intermetallics and other compounds

Because of the incident and inevitable systematic error during the imaging process, a series of
preprocessings including alignment, contrast matching, filtering are carried out to the original
images for segmentation which is to separate the region of interest from the matrix through
specific gray thresholding. Thus, it’s essential to exactly identify what each phase with different
gray value is. The various intermetallic phases, were identified in this paper by BSE gray
value/average atomic number curve, distribution characteristicc morphology feature. To
reconstruct the separated regions, volume rendering and surface generating was used to stack
slices and visualize the 3D structure. To quantitatively analyze the microstructure, each individual
object was labeled and sequences of measured data of labeled objects could be measured by
specific algorithm.

On the one hand, EDS can’t be employed when the SBF-SEM is working, on the other the observed
phases can’t be found and tested by EDS after the BSE images collecting due to the destructive
experiment process. Under the premise of knowing the existing phases in this alloy, one method
was used to identify which intermetallics the different phases in the BSE images are by the
relationship among average atomic number, BSE coefficient and gray scale value[20]. In this study,
several known intermetallics and silicon compounds in this typical casting Al-Si alloy reported in
the past[21], Mg,Si, Al,Cu, AlsMgsSisCus, Alis(Mn,Fe)sSiy, AlsFeSi, AlsMgsFeSis, were inputted to a
little python program | wrote. As the result, it calculates values of average atomic number, BSE
coefficient and corresponding gray scale ,and plot the graph which was used to deduce the
intermetallics in this paper [Figure 2]. But sometimes the gray value of one phase, which is
measured from BSE images set, is in a certain range, rather than an exact value because of the
systematic error. In this range, we may find more than one intermetallics by observing Figure 2. In
this case, an intermetallic can be identified by combining with the reconstructed 3D morphology



because of its certain specific spatial structures.

Al,Cu

By using a metallurgical microscope, it is easy to determine that the o-Al matrix is separated by the
interdendritic network which consists of large amounts of eutectic Si particles and
intermetallics[Figure 3].

In Al-Si alloy, one common intermetallic, Al,Cu, is easy to identified and segmented due to its high
contrast relative to other phases within the range between 200-250 in gray value. Being
distinguished by spatial shape, Al,Cu can be classified into two categories: blocky-shaped
structure(pro-eutectic) and mesh-shaped structure(eutectic) [Figure 3] Here, two kinds of Al,Cu in
sampleA have been reconstructed to observe their obviously different spatial shapes from overlook
map[Figure 4ab]. Restrict by the integrity of the original data, only the blocky-shaped pro-Al,Cu
was completely reconstructed in Z direction relatively[Figure 4c].

In particular, it was found that the eutectic Al,Cu prefers to fracture into smaller particles along the
limited length in z direction, rather than preserve spatial integrity like pro-eutectic Al,Cu. Each
independent block in 2D slices were labeled in different colors by using Avizo ‘Labeling’” module
and enabling the ‘XY planes’ interpretation. With the slice number increasing, the more colors one
slice contains, which means the more separated the phases tend to be[Figure 5].

For each slice, the total area of all the independent phases which are marked in different colors
and the counts of independent phases were figured out to plot two graphs [Figure 6] for validating
the speculation above. Under the almost same y-scale, the tendency of independent phase
number shows the remarkable difference between the two kinds of Al,Cu. With the decrease of
total area of each slice, the independent phase number of mesh-shaped Al,Cu increases noticeably,
while the blocky Al,Cu always keep stable. From the three-dimensional perspective, the
boundary(where total slice area is small ) of mesh-shaped Al,Cu has more branches (independent
phases on slices), which means this kind of grain is much coarser than blocky Al,Cu.

AlsMgsSisCu;

This alloy commonly has as a dominant impurity copper, which forms complex intermetallics during
solidification. Solid solution and aging treatments increase the solubility of the eutectic Al,Cu.
Consequently the relative volume fraction of blocky phase (pro-eutectic Al,Cu) increase to some
degree[Figure 3b], which results in some small size phases that was masked by mesh-shaped Al,Cu
is readily disclosed much more apparently[21]. One MgCu-based intermetallic which was reported
in acicular or elliptical shape(2D) is AlsMgsSisCuz which is usually found next to the Al,Cu
phase(both pro-eutectic and eutectic) . From the BSE images set, we found one phase whose
gray value was measured in the approximate range between 100 and 140 where there are two
known compounds, AlsFeSi and AlsMgsSisCu, between this range in figure2. Additionally, according
to the morphology of this phase, this intermetallic which was found around the blocky Al,Cu, as
shown in Figure 7 is considered to be AlsMgsSisCu,. But from the view of spatial variation, the
AlsMgsSisCus phase in ellipse actually is not ellipsoid, but similar to elliptic cylinder always carrying
a long tail[Figure 8a]. The description of shape in the past (ellipse) may has been misguided due to
observing the info-limited 2D section structure, just as shown in Figure 8b(section of overlook).



As for the surrounding of mesh-shaped eutectic Al,Cu in Figure 9 (which was not completely
reconstructed because of the limited data), ‘acicular shapes’ always appear at the gap between
close phases. ‘Elliptical shape’ is always found to exist in the relatively spacious gap. But in the z
direction, these ellipses possibly turn to stripes following a long tail. The spatial morphology of
AlsMgsSisCu, seems to fill the gaps between matrix or other phases, which may suggests the
crystallization time of this phase is relatively late.

In my opinion, these two shapes(ellipse or acicular) can be unified to one category, striped-shape,
for the large aspect ratio. This is a good example which demonstrates that compared with 2D
structure, the 3D structure is more accurate to identify phases.

For the obvious acicular shape structures shown in figure 7a and 7b, quantitative calculations have
been done to analysis the spatial morphology. Using labeling module of Avizo by enabling the ‘3D’
interpretation outputs the Figure 7b where each spatially individual particle was highlighted in
different color. Spatial geometric statistic of 13 particles have been accurately calculated by using
‘label analysis’ module based on the reconstructed 3D structure, as shown in the Table2.It is
manifest that the length-wide ratio (Feret's diameters was introduced in this statistic) of the
particle is positively correlated with its volume[Figure 10]. The correlation coefficient of these two
variables is calculated to be 0.565. It is likely that those particles with low length-width ratio and
small volume weren’t reconstructed completely. Filtering out particles whose volume is smaller
than 10° nm3, we found the length-width ratio of remainders (sum of the Length3d / sum of the
Width3d) is 5.32.

Al15(Mn,Fe)sSi;

Around AIMgSiCu phase, another small Fe-containing intermetallic, was found, which has been
previously reported[24]. This compound[Figure 11a], Alis(Mn,Fe)sSi,, was identified by combining
the spatial shape of small platelet and the graph achieved above[Figure 2]. The average atomic
number and BSE coefficient were calculated to be 18.31 and 0.21 and gray scale range measured
in the BSE image[Figure 11b] is between 140-180 which is consistent with the curve in figure 2.

3.2 Cracks and defects

The poor alloy ductility is attributed to the coarse intermetallics, which leads to unsteady crack
propagation through a sequence of fracturing events in connecting phases[25]. The following
dataset [Figure 12] suggests that the trends of cracks in Al matrix is towards the brittle
intermetallics, like Al,Cu.

When cracks propagate to the intermetallics, three factors are introduced which affect the crack
propagation : intermetallic brittleness, defects along grains boundary, intermetallic morphology.
When the cracks spread to intermetallics, three common growing types may happen to the cracks,
as shown in the Figure 13.

For some intermetallics in plate shape, such as Al,Cu or AlsMgsSisCu,, crack type 1 happens much
more frequently. This is probably because the high brittleness of these phases plays the most



important role in the crack propagation. In this growing type, the crack is always found merely
inside the intermetallic, which concluded that the brittle intermetallics act as the crack initiator in
general[Figure 14, Figure 15ab]. As to type 2, if the defects gathers along the grains boundary,
where defects indeed exist , the cracks tend to grow following the boundary because of the
stress concentration. Another propagation type 3 illustrates an inductive effect for the zigzag
morphology and irregular distribution in small space. As shown in the figure 12, the cracks were
found near the eutectic Al,Cu. Cracks tend to spread following small paths inside the
intermetallics[figure 15c]. To a certain extent, these kind of cracks are theoretically restrained by
the spatial morphology because the longer propagation distance and more energy are required for
crack propagation.

We found in some regions, the cracks tend to concentrate to the brittle phase, the cracks existing
in the Al matrix and brittle intermetallics are separated into two colors by the Avizo image logic
algorithm[Figure 16a]. It is apparent that the cracks in the brittle phase, which are in purple are
much more than in blue which are in Al matrix. Particularly, when numerous cracks appear in one
certain brittle phase, it will be normal to find corresponding cracks appearing in the adjacent
matrix[Figure 16b]. In the other words, it is very rare that the isolated cracks appear in the
aluminum matrix.

A chamfer distance map, an algorithm where each voxel in the region of interest will be assigned a
value depending on the distance to the nearest object boundary, was introduced to demonstrate
the phenomenon above The boundary voxels of the object are assigned a value of zero whereas
the assigned value increases as the distance increases. Applying the distance map algorithm to the
binary image of the Al matrix gives a gray level image where each voxel intensity represents the
minimal distance in voxels from the matrix envelope which is the boundary between Al matrix and
brittle phase[Figure 17a]. Then masking the cracks in the Al-matrix to the distance map gives the
distance from each voxel in matrix to the closest voxel in boundary. The counts of voxels in each
group which was classified by the distances was plotted in the Figure 17b which shows the number
of crack voxels located at a given distance from the matrix envelope. The distance values in voxels
are obviously concentrated in the range within 235nm and all the voxels are within 1800nm from
the boundary. Consequently, the cracks in the matrix are always close to the brittle phases where
cracks have existed. This phenomenon can be explained as follows: once a given intermetallic
fractures, the stress relaxation will happen to the surrounding Al matrix, leading to a transfer of
load to adjacent matrix

4. Conclusion

The 3D spatial structure of the aluminum-silicon casting alloy sample was revealed by Serial Block-
Face Scanning Electron Microscope (SBF-SEM). SBFSEM is a promising characterizing method to be
a useful tool to investigate the spatial microstructures of soft alloys. Several specific intermetallics
were identified here by their reported morphology and the relationship between Average atomic
number, BSE coefficient and gray scale. The spatial shape and distribution of these phases were
visualized by 3D reconstruction using Avizo software. Pro-eutectic Al,Cu is found to have a blocky
shape, while the eutectic Al,Cu tends to be relatively coarser with a mesh-shape. AlsMgsSigCu, was
identified by its striped shape only by inferring its spatial morphology, rather than the past



acknowledge of acicular and elliptical shapes. Gray scale, BSE coefficient and average atomic
number were used to identify Alis(Mn,Fe)sSi;. Based on the spatial distribution data, the
propagation and growth law of cracks in this alloy was thought to be concentrated because of the
brittle phases and stress transfer. Further quantitative analysis and simulations of the 3D structure
could be performed with better original data in the future.
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Figure Captions
Figurel: The inside construction of 3view chamber

Figure2: Line chart of grayscale level, where variation of BSE coefficient with average atomic
number and gray scale of intermetallics are contained.

Figure3: Eutectic Al,Cu and pro-eutectic Al,Cu were highlighted in the metallurgical image of this
investigated alloy

Figure4: Reconstruction image of two kinds of Al,Cu, the eutectic is in yellow(b), pro-eutectic is in
gray(overlook)(a) and green(perspective)(c)

Figure5: The reconstruction images of labeling slices of two kinds of Al,Cu by enabling the ‘XY
planes’ interpretation (a) is the labeling 3D reconstructive image of eutectic Al,Cu and the
respective slices No.63,55,33,22,0. (b) is the labeling 3D reconstructive image of pro-eutectic Al,Cu
and the respective slices No.530,314,233,134,62,0.

Figure6: The correlative trends between total area and independent phase number in each slice,
(a) is eutectic Al,Cu and (b) is pro-eutectic Al,Cu.

Figure7:The reconstruction images of AlsMgsSigCu, which is in acicular shape (a)perspective 3D
structure of AlsMgsSisCu, in acicular shape around pro-eutectic Al,Cu; (b)each independent
AlsMgsSisCusy particle is marked in different labeling color; (c) Al,Cu envelope



Figure8: The reconstruction images of AlsMgsSisCu, which carries a long tail (a)perspective 3D
structure of AlsMgsSieCuz in cylinder shape with long tails; (b)the misleading section
characterization like ellipse; (c) Al,Cu envelope

Figure9:Incomplete 3D structure of AlsMgsSisCu,, which is in blue and around mesh-shaped
eutectic Al,Cu. Some seem like ‘acicular shape’, the others seem like ‘elliptical shape’, which were
both highlighted in Dotted line frame

Figurel0: the Scatter plot of the particles recorded in the table2 regarding the Volume (on log scale)
and length-wide ratio.

Figurel1:The reconstruction images of Al;5(Mn,Fe)sSi; which is in the shape of small platelet, (a)3D
reconstruction of Alis(Mn,Fe)sSi; in red which was surrounded by Al,Cu (in transparent green) and
AlsMgsSisCusy (in transparent red), (b) one original BSE image of the slices stack

Figurel2: The propagation of cracks around the brittle Al,Cu and AlsMgsSisCu; in several
representative slices, whose trend is marked in red line. Cracks are highlighted in blue, the
background is the BSE images.

Figurel3: Three types of cracks propagation. The red line represents cracks. Gray objects represent
intermetallics with different morphology. (a) represents type 1. (b) represents type 2. Black crosses
in (b) represent the defects along the boundary. (c) represents type 3.

Figurel4: One original BSE image of the slices stack showing the cracks of type 1

Figurel5: The cracks which are marked in blue and theirs distribution in Al matrix(colorless region)
and brittleness phase(transparent region which was rendered by Avizo ) were visualized in (a). (b)
The reconstruction image of crack ‘type 1’,  (c) The reconstruction image of crack ‘type 3'.

Figurel6: the relationship of the distribution of cracks (a) the separated cracks in two colors: the
purple is in brittleness phases and the blue is in the Al matrix. (b) when the cracks appear in the
brittleness phase(transparent region), the corresponding cracks always appear in the surrounding
matrix(colorless region).

Figurel7: the chamfer distance map and the histogram which was plotted by distance map data
(a)the distance map illustrates that the greater the gray intensity is, the closer the objects to the
boundary (b)Histogram showing the counts of voxels corresponding to the different distances.



Figurel

Figure2
250
0.24 -
0.23 -
- 200
o 0221
9 021 | N15~Mn3- 2
© -150 o
§ 0.20 1 i
0.19 -
E - 100 S
W 018 -
0 017
- 50
0.16 1
015{ M
] ] ] ] ] 0
12 14 16 18 20 2

Average Atomic Number



Figure3

Figured

(@) (¢

2um t Sum

Figure5
@
‘ B




Figure6
(a)
9.00E+08
8.00E+08
7.00E+08
6.00E+08
5.00E+08
4.00E+08
3.00E+08
2.00E+08

1.00E+08

0.00E+00
1 3 5 7 9 1113151719 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63

Slice Number{mesh)

W total area(nm?) —— independent phase Num

(b)

9.00E+07
8.00E+07
7.00E+07
6.00E+07
5.00E+07
4.00E+07
3.00E+07
2.00E+07

1.00E+07

0.00E+00

QO ~ 1N M A4 ™~ WL M A O ™~ W0 M 6 ™~W]mWmMmA g s’
v—dmlnl\movammﬂmml\woNgwl\mﬂmmmmo
o -+ A A A A &N N N N N M ™M m m™m M < = = < T W0

523

Slice Number{blocky)
B total area(nm?) —— independent phase Num



Figure7

= (a) ~ (b)

230764004

Figure8

(a)

308194004




Figure9

[nm]
7.633e+004
= ALCu
6um
0 :[nm]
0 1.054e+005
Figure1l0
1E12 5
1E11 4
2 1E10
£ E
£
O
(\f) -
(0]
£ 1E9
=] 3
(o]
>
1E8
e+ ——5+—
1 2 3 4 5 6 7 8 9

length-width ratio



Figurell

Figurel2

Figurel3




Figurel4d




Figurel5

3um

Figurel6

o)

i (q)

Figurel7

om Chamfer Distance Statistic

ch2e .:K (ﬂ) (b)

Counts

AAAAAAAAAAAAAAAAAAAAA

Distance(nm)



