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DEFECT AND DISORDER IN DENDRITIC ARRAYS SOLIDIFIED ON EARTH
AND ON THE SPACE STATION
SHIRIN KHAN
ABSTRACT

Under a NASA (National Aeronautics and Space Administration)-ESA (European
Space Agency) collaborative research project, MICAST (Microstructure formation in the
casting of technical alloys under diffusive and magnetically controlled convection
conditions), three Al-7wt% Si samples (MICAST-6, MICAST-7 and MICAST2-12) were
directionally solidified at growth speeds varying from 10 to 50 um s'aboard the
International Space Station to determine the effect of mitigating convection on the primary
dendrite array. The purpose of this research is to examine the ordering in the pattern
formation during dendritic array growth of binary metallic alloys and explore if natural
convection affects the extent of the disorder. Contrary to the expectations the MICAST
samples also show some defects, such as misoriented primary dendrites or
macrosegregation usually attributed to natural convection. It is observed that all of the
primary dendrites on a cross-section do not have identical shape and morphology. Natural
convection during terrestrial growth introduces more scatter in their morphology and
distribution. Fast Fourier Transform analysis of the transverse images should be
investigated as another tool to quantitatively determine the extent of disorder in the mushy-

sone introduced by natural convection.
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2.2 Cutting, Mounting, and Polishing

The directionally solidified MICAST samples were removed from the alumina
crucible upon their return to NASA. X-ray radiography was conducted at several rotations
on the sample while the samples were within the alumina crucible. The samples were then
extracted from the alumina crucible and examined by metallography techniques. Thin
slices were cut along the sample length for the examination of the dendrite array
morphology on the transverse sections. The samples were mounted in a thermosetting
epoxy resin. The mold cylinder and cap were greased with oil so that the sample can be
removed easily. After the greasing, the sample was placed inside the mold. The epoxy
resin was slowly mixed with hardener for 5 minutes and then poured in the mold over the
sample. The samples were kept overnight for curing and after hardening, removed from
the mold. Identification numbers were engraved on the samples. The abrasive grits of
various grades were used to grind and polished the samples on Buehler's automatic grinder
and polisher. Steps for grinding and polishing are shown in Table.1.

Table 1 Steps for Grinding and Polishing

Grade Force/ Sample Time (min) RPM

400 (Grinding) 3 1bs 1 120
600 (Grinding) 3 1bs 1 120
800 (Polishing) 3 1bs 2 120
1200 (Polishing) 3 1bs 2 120
0.05um (Fine polish) 4 1bs 8 120

An etching acid solution composed of 2 ml of each Hydrochloric and Hydro-fluoric
acid added with 5 ml of Nitric acid, and then diluted with 190 ml of distilled water was used
for some samples. The polished surface was then rubbed gently with the cotton swab
soaking in etched solution for 5 to 10 seconds. The sample was then placed under the cold

water stream.
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The MATLAB code is explained in detail as follows:

1.

The code first took the result excel file as an input and stored it in the form of a
matrix. The numerical values of the excel file were sat in a matrix called raw (r)
was the number of rows and (c) was the number of columns in data excel file.
Several ‘for’ loop was made which scanned pairs of the line in the "raw" matrix for
(n=1: (1/2)) this if takes care of the regular drawn lines. The sixth element of each
row was the angle and the decision about the use of BX and BY as a known point
on the drawn line was based on that angle value.

The loop determined the intersection point of the line in the form of coordinates
and using this intersection coordinates dendrite sidearm length was resolved.

With the help of sidearm length, the sidearm ratio, sidearm anisotropy, and the
difference between alpha and beta were concluded.

After finalizing all the arithmetic, an output file was generated to present all the

results.

2.3.2.2 Angle Sorting

This MATLAB code was written to design the graph which can help us in finding

the range of dendrite grain. This graph shows the number of angles belongs to a range by

review the result excel file. The code takes the excel file as input in a similar way as the

Arm length analysis MATLAB code took. The numerical values of the excel file were sat

in a matrix called raw (r) was the number of rows and (¢) was the number of columns in

data excel file, raw sorted based on the row (6) i.e. angles using bins which were 2 deg

wide. Histogram plot was created using this angle value. The figure below shows the

resulting graph which was an output of this graph.
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taken and analyzed. Table-3 shows the process conditions like growth speed and the
thermal gradients during the directional solidification of terrestrial samples. The
corresponding ID and the locations of the transverse sections relative to the initial Eutectic
isotherm in the sample are also shown in the table. These samples are also arranged in the
increasing order of the growth speed from 5 to 50 pms!.

Fig. 14 shows the transverse views along the directionally solidified length of the
MICAST-G samples. The samples are arranged in the increasing order of the growth speed
from 5 to 50 ums!. Tt is observed from the figure, that the number of dendrites is increasing
as the growth speed is increasing and the dendrites are getting more aligned but the 5t
sample with sample ID M6G-10L-2 with growth speed 50 ums™! have less and unidentical
dendrites.

Sample M6G-7T and M6G-10L-2 are showing severe steepling convection which
results in extensive radial macrosegregation (notice almost 100% eutectic regions in the
right-top quadrant of the cross-sections), Fig. 14 (a) and (d). The dendrites in these two
samples are non-uniformly distributed, unlike the ordered distribution in M7G-5L1-4,
M7G-4L-3, and Al-Si-3-25-15-6 samples. Sample M7G-4L-3 with growth speed 40 pms™!

appears to have 2-grains.
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the data by using the MATLAB software app. The peak width and height values are used
in further analysis.

Fig. 16 (b), (¢), and (e) show the presence of two peaks, the angles o and 3 located
approximately 90 degrees apart from each other. This is an indication that these samples
are single crystal, i.e., they contain only one grain. Fig. 16 (a) and (d) indicate the presence
of four different peaks, indicating two sets of o and 3 being present. This indicates that
these samples contained two grains, having different orientations. With increasing growth
speed the peaks appear to be sharper indicating decreasing scatter in the orientation
distribution of side-branches. It is interesting to note that the samples grown in the
convection-free environment of space station do have significant scatter in the side-arm
orientation, primary dendrites are not fully aligned and ordered as was expected.

The earth-grown samples (Fig. 17 (a) through (e)) show a behavior similar to the
Space-Station processed samples. The scatter in the side-arm orientation is not significantly
higher than the Space-Station processed samples. The numerically simulated dendrite array
with side-branches (Fig. 18(a)) does appear to show only two peaks (single grain) and less

scatter than the MICAST (Fig. 16) and MICAST-G (Fig. 17) samples.
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3.4.3 Side-Arm Ratio

The orthogonal side-arms in an “ideal” dendrite array growing under diffusive
transport conditions, without any external disturbance, should be of equal length. Fig. 22
(a) shows a typical picture of a dendrite marked with the two orthogonal side-branches L,
and L, crossing each other at approximately 90° along with angles o and 3 . Deviation of
Li/L, from unity would indicate that the primary dendrite trees in an array may not be
arranged in a perfectly square pattern, but the distance between adjacent trees may be
longer along one [100] direction than its counterpart [100], i.e., the side arms may
systematical be preferring to grow longer along with one orientation. Fig. 22 (b) to (f), 23
(a) to (e), and 24 (a) to (f) shows the side-arm ratio (Li/L;) plotted against the angle ov of
MICAST, MICAST-G, and Simulated Dendrites arrays respectively.

Fig. 22 shows that the L;/L, ratio of MICAST samples has a large scatter, values
varying from one to as much as 4. The Li/L, also appears to be always larger than unity.
The scatter in the side-arm ratio appears to decrease with increasing speed. As the growth
speed increases the primary dendrite trees not only grow closer to each other (interdendritic
spacing decreases) they also appear to develop more uniform morphology trees. MICAST-
G samples (Fig. 23) also show a similar pattern. The simulated dendrite array with side
branches (Fig 24(a)) this secondary arm (side-arm) ratio to be closer to unity having least

scatter.
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3.6 Comparison of Micro-Gravity and Terrestrial Grown Samples

Table 5 lists the MICAST and MICAST-G samples which have been compared in
this section. This comparison is an attempt to investigate if the presence of natural
convection affects the morphology and distribution of primary dendrites. The growth
speeds of the two sets of the samples are nearly identical to each other.

Table 5 MICAST and MICAST-G samples with their growth speed

Sample Number | MICAST | Velocity (ums™) MICAST-G Velocity (ums™)
1 M6-8L-3 5.6 Mo6G-7T 5
2 M7-51L2-1 10.8 M7G-5L1-4 10
3 M7-41L-6 21.2 M7G-4L-3 20
4 M12-T5 40 Al-Si-3-25-15-6 40
5 M6-10L-3 50 Mo6G-10L-2 50

Here, we examine the growth speed dependence of the morphology parameters
examined in this study, secondary (side)-arm length ratio, L1/L (Fig. 30), the ratios of the
opposite side-branches of the larger secondary-arm (di/d2) (Fig. 31) and the ratio of the
opposite side-branches of the shorter secondary arm (ds/d4) (Fig. 32). For each one of these
two plots is presented, the first plot contains only the mean values plotted as a function of
growth speed and the second plot contains the mean and plus-minus one standard deviation
values also. The black symbols in these graphs are for the microgravity processed MICAST
samples and the red symbols are for the terrestrially grown MICAST-G samples. Fig. 30
shows that the mean value of the secondary arm ratio (L1/L;) is independent of the growth
speed for the MICAST-samples. The mean L1/L; values are slightly higher than unity for
both MICAST and MICAST-G samples. However, for the MICAST-G samples, it appears
to increase with the growth speed. It is significantly larger than unity for the terrestrial

sample grown at 50 um/s. It is because of the “steepling” convection present in this sample
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which leads to a liquid-solid interface which is not flat, instead, some primary dendrites
lead their neighbors which begins to lag further as the solidification proceeds. The lagging
primary dendrites develop side-arms that are longer on the side where the melt is more
solute rich. This makes one side-arm much larger than the one located orthogonal to it.
Since the primary dendrites in the leading region of the mushy-zone have smaller primary-
dendrite spacing than those located in the lagging region of the mushy-zone, it also results
in a large scatter in the L1/L, values as seen in the MICAST-G sample grown at 50 ums™!
(M6G-10L-2 sample). The Li/Lz value as high as 6 is seen in this sample which was
significantly steepled.

Fig. 31 plots the ratio of the two opposite pairs of the side-branches which make
the longer side-arm of the primary dendrite (di/d2). Let us recall that the L1/L> values are
invariably larger than unity for all these samples, indicating that primary dendrite spacing
along one <100> direction is larger than that along the corresponding normal <100>
direction. One way to visualize this is that “one side of the cross is 30% to 100% longer
than the other side”; mean di/d> varies from about 1.3 to 2 for the MICAST-G samples and
from 1.3 to 1.6 for the MICAST samples. The side-branch anisotropy also appears to
increase with increasing growth speed (Fig. 31(a)). Fig. 32 shows this side-branch
anisotropy parameter as visualized from the opposite two branches of the cross (ds/ds).
Here also the ratio is larger than unity for all the samples, whether they are space processed
or terrestrially grown. For some dendrites, these ratios are as large as 6 (Fig. 31 and 32).
Not only one dendrite arm is longer than the opposite arm, but the two arms also get split
into highly unequal portions. The cross is not a true cross made up of equal side-arms, as

has been long believed by the solidification community.
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3.7 Pooled Analysis of the Morphology Parameters: MICAST, MICAST-G, and
Simulated Dendrites Array

Here, we will attempt to compare the three sets of morphologies by pooling the data
together. For example, the morphology parameters (L1/L2, di/d2, d3/d4 and a—f) of all five
Space Station processed MICAST samples, irrespective of their growth speeds, are pooled
together as a group to obtain their means and standard deviations. Tables 6, 7, and 8
respectively show the numerical values obtained from such an analysis for the three groups
of morphologies examined in this study, the MICAST, MICAST-G, and the numerically
simulated Dendrite Arrays for the Li/L2, di/d2 and d3/d4, and o—f3 parameters. Fig. 33
compares these parameters for the MICAST, MICAST-G, and the numerically simulated
Array. The MICAST samples’ mean value is marked with black circles along with plus-
minus one standard deviation represented by the straight line. The mean of the MICAST-
G samples is represented by a red triangle and the standard deviation with the straight line.
And the simulated dendrite array means are represented by a green square and standard
deviation by straight-line respectively.

Fig. 33 shows that the side-arm ratio L1/L of the dendrites in the micro-gravity
samples is greater than one, and it is also higher than that in the terrestrial samples. It is
also interesting to note that the Coefticient of Variance of MICAST samples is significantly
less than that of MICAST-G samples (Table-6). Unlike simulations where this value comes
out to be unity the actual primary dendritic arrays growing undisturbed in a convection free
environment invariably have one of their side-arms longer than its opposite counterpart.
Theoretical analyses of primary dendrite arrays have all missed this basic point; they all
come up with uniform trees having identical morphology distributed all through the single

crystal garden.
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The side-branch anisotropy parameter di/d, and d»/d; also show this behavior,
unlike the theoretical models these ratios are not unity but are larger than one. It is
interesting to note that the MICAST samples show that their longer side-arm is split into
two parts which are closer to unity (di/dz) than the split of their shorter secondary arm
(ds/d4). Again, it should be noted that the Coefficient of Variance of MICAST samples is
less than that of MICAST-G samples for both (di/d2) and (ds/d4) (Table-7). The mean
value for the magnitude of |a-b|is close to 90° for both the micro-gravity and terrestrial
samples. The coefficient of variance for |a-b| is significantly less in the MICAST samples
as compared with the MICAST-G samples (Table-8).

Table 6 MICAST, MICAST-G, and Simulated dendrite samples combine Mean Value
and Standard Deviation for side-branch anisotropy

d1/d2 d3/d4
Standard | Coeff of Standard | Coeff of
MEAN | Number o o MEAN | Number o o
Deviation | Variation Deviation | Variation
Space 1.1015 178 0.807 0.73264 1.526 178 1.04 0.68152

Terrestrial | 1.5016 193 1.676 1.11614 1.224 193 0915 0.74755
Simulated { ) g507 [ 7¢ 0.176 | 0.20007 | 1.059 78 0.172 | 0.16242
dendrites

Table 7 MICAST, MICAST-G, and Simulated dendrite samples combine Mean Value
and Standard Deviation for the secondary (side)-arm ratio

L1/1.2
Standard Coeff of
MEAN Number . . .
Deviation Variation
Space 1.4632 178 0.7615 0.52043
Terrestrial 1.2225 193 09151 0.74855
Simulated dendrites 0.9981 78 0.154 0.15429
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standard deviation, and the number of data points in the two groups, shown in tables 6,
7, and 8. The test is run in a pair of MICAST vs Terrestrial (MICAST-G) and MICAST vs
simulated dendrites for all four morphology parameters.

The test results are shown in Table 9 in the form of the t-value and p-value. The t-
value is simply the calculated difference between the mean value of two groups in units of
standard error. The greater the magnitude of the t-value, the greater will be the difference
and the closer t-value is to 0, the more probability that there is no considerable difference.
Whereas the p-value is the calculated probability of obtaining the remarked or radical result
of t-value.

Table 9 MICAST Vs Terrestrial, and MICAST Vs Simulated Dendrite Samples T-test

Li/L2 d1/d2 ds/d4 Mag (a—f)

t p t p t p t p
MICAST vs. | 2741 | 0.862 | -2.891 | 0.893 | 2975 | 0.907 | -0.183 0.072
Terrestrial
MICAST vs. | 5341 1 2.4 0.773 | 3.938 | 0.989 3.978 0.99
Simulated
Dendrites

Base on this analysis following conclusions can be made:

3.7.1.1 MICAST Samples Vs. Numerically Simulated Dendprites

o The mean secondary Branch ratio of micro-gravity processed MICAST samples is
larger than the simulated dendrites sample.

o The mean value of the side-arm ratio along the longer secondary of the micro-
gravity processed MICAST samples is larger than simulated dendrites samples.

o The mean value of the side-arm ratio along the shorter secondary of the micro-

gravity processed MICAST samples is larger than the simulated dendrites sample.
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Here we transform typical transverse images of MICAST, MICAST-G, and
simulated array samples into their Fourier transforms using ImagelJ software. Fig. 34 (a),
(b), and (c) shows the images of MICAST, MICAST-G, and the simulated dendrite arrays.
Fig. 34 (e), (f), and (g) show the Fourier transform of the corresponding images. The red
lines are drawn in the microstructural images (Fig 34(a) through (d)) to indicate the
directions along which the dendritic pattern appears to repeat itself as we move radially
outward from the image centers.

FFT of the simulated array Fig. 34(f) shows a pattern that can represent a hexagonal
distribution of lattice points with radial noise superimposed on the array points. However,
such a FFT can also result from a square lattice having superimposed random noise. In any
case, this pattern has identifiable points along with zero, 90, and 120° directions. As
opposed to this the MICAST sample (Fig. 34(d)) shows “streaking” along with zero and
90°. The streaks are symmetrical on their two radially opposite directions.

This is likely to result from the fact that the dendrites in MICAST samples have
much longer side arms which have their own side-arms, as compared to the simulation
where the side-arms are not well-branched. The MICAST-G sample FFT (Fig, 34(d))
shows additional streaking along 120°. For this sample streaking along 0 and 90° are
radially symmetrical indicating the formation of dendrites with side-branch in the two
directions. But the streak along 120° is not radially symmetric. The reason for this behavior
is presently not understood. However, from this very preliminary analysis, it is apparent
that FFT of the transverse microstructures has a strong potential to be used as a quantitative
analysis tool to measure the nature of the pattern formation in dendritic arrays, and the

disorder present therein.
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horizontal (o for L; and B for L,). Computer programs were developed to augment the

image processing tools available from ImageJ and MATLAB for this purpose. It is

generally believed that in an fcc alloy the primary dendrites growing along [100] direction
in a quiescent environment (absence of convective flows) will have orthogonal side-arms

(lo—B=90°) and, the side-arms would be of equal lengths (Li/L,=1) and would be split

equally into their side-branches (di/d>=1 and d3/d4s=1). It is also believed that such a

dendrite morphology is uniformly distributed across the entire sample cross-section for a

single crystal sample.

Fast Fourier Transformation of the transverse images selected from the three
groups, MICAST, MICAST-G, and numerically simulated has been explored to examine
if such an analysis can be used as another measure to evaluate the quality and scatter in the
dendrite-patterns formed during directional solidification.

The following presents a summary of the important observations made by this study.

1. The number of dendrites seen on the cross-section increases and the randomness in the
orientation of dendrites appears to decrease as the growth speed increases for both the
MICAST and MICAST-G group of samples.

2. The side-arms of primary dendrites are not exactly orthogonal in either the MICAST
or MICAST-G samples even though they are growing along [100] direction, suggesting
that there may be an inherent scatter in the orthogonality of side-arms of neighboring
primary dendrites which is not accounted for in the present theoretical models. No
growth rate dependence of |o - 3| was seen in the MICAST or MICAST-G samples,

even though the side-arms become more branched as the growth rate increases.
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3. The mean Li/L, values are slightly higher than unity for both MICAST and MICAST-
G samples, unlike the simulated dendrite array where Li/L; is unity. The side-arm
anisotropy (L1/L2) is independent of the growth speed for the low gravity processed
MICAST-samples. However, in the terrestrial processed samples, it appears to increase
with the growth speed. Numerical simulations or dendrite theories need to account for
this observation that real dendrites look more like trees with interpenetrating side
branches growing into the nearby space available, and are not restricted to having equal
side-arms.

4. The side-arms are split into nearly equal two halves in the simulated dendrite array
(di/d2 and ds/d4 are close to unity). However, the actual primary dendrites in either the
MICAST or the MICAST-G samples show these ratios to be as large as 6. It is also
interesting that the MICAST samples grown in low-gravity appear to have larger di/d»
or d3/d4 values as compared with the MICAST-G samples. The numerical simulations
or dendrite theoretical models do not yet account for this behavior.

5. When the morphology parameters are pooled together for all the MICAST samples
(irrespective of their growth speed) and also for the MICAST-G samples to compare
the two groups, it is observed that,

a) The side-arm ratio Li/L2 of the dendrites in the micro-gravity samples is greater
than one, and it is also greater than that in the terrestrial samples. The primary
dendrites growing in the convection-free environment invariably have one of their
side-arms longer than its opposite counter-part, unlike simulations where this value

comes out to be unity.
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noise present in the morphology and distribution of primary dendrites in a quantitative
manner. Image analysis using entropy as a parameter in the micro-structure and FFT

should also be explore.
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