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one side. There almost no dendrites in the very outer region, where the microstructure is 

entirely eutectic.  

 
(b) 

Figure 6.  Image of transverse slice of an Al-19 % Cu alloy, grown at 10 μm s-1
7
. This 

depicts an example of transverse phase macrosegregation. 

In alloys, such as, Pb-5.8% Sb where the interdendritic region is solutally 

stabilizing, the low density solute rich melt begins to flow upwards creating “plume type” 

convection, because density of Pb is 11.34 and that of Sb is 6.64 g cm
-3

.  The “plume 

convection” produces an Sb macrosegregation along the DS length of the samples [10], 

and is known to reduce the primary dendrite spacings as compared with theoretical 

predictions [11]. When the neighboring plumes combine together they can create even 

severe defect, called, freckles or channel segregates in the microstructure, as shown in 

Fig. 8 for a Pb-5.8 wt% Sb alloy.  These are the regions where the solute rich melt 

flowing upwards causes re-melting of already solidified side branches of the primary 

dendrites leaving fragmented branch pieces along its path. 
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Figure 7.   Image of transverse slice of a Pb-6 % Sb alloy. This depicts an example of 

channel formation because of plume type thermos-solutal convection. 

1.4. Theoretical Models to Describe Primary Dendrite Morphology 

Because of the numerical complexities to account for mass transfer and phase 

equilibrium existing at the solid liquid interface at length scales which are in 

micrometers, the array dimensions which are in millimeters, and the ampoule dimensions 

where heat-transfer and fluid flows are occurring being in several centimeters, and the 

interdependence of the array morphology, permeability, and convection, it has not been 

possible so far to generate an accurate three dimensional numerical model which can 

predict the effect of convection on the dendrite array morphology. Therefore, the 

theoretical models to predict array morphology features, such as, dendrite tip radius, the 

primary spacing, and dendrite trunk diameter all assume pure diffusive transport and 



10 

 

completely ignore the convection effects [12-15]. Effect of convection has only been 

modeled as empirical parameter fit to the experimental data based on very simplistic 

assumptions [16-17].  Two typical diffusive models which predict the primary dendrite 

spacing [18], and the primary dendrite trunk diameter [19] are described below. 

1.4.1. Primary Dendrite Nearest Neighbor Spacing Hunt-Lu [18] Model 

  This semi-theoretical model predicts dendrite tip radius (ρ), primary dendrite 

spacing (λ) and dendrite tip composition (Ctip). This semi-empirical Hunt-Lu model used 

experimental polynomial ‘fit’ parameters and has proven to correlate the microstructure 

observed in a broad range of thermal gradient, growth speed and compositions. For 

primary spacing, this will be the only model used here to compare the experimental 

results. This model uses several dimensionless parameters: 

G′ =
GΓ

(mCo)2  

V′ =
VΓ

DmCo
 

λ′ =
λmCo

Γ
 

Where,  ΔTo =
mLCo(k−1)

k
, G = effective thermal gradient, Γ = capillary length 

(proportional to the ratio of solid-fluid surface energy to the heat of fusion), D = diffusion 

coefficient of Sb in melt, k = solute partition coefficient, Co = initial alloy composition, 

mL = liquidus slope, and λ = Primary dendrite spacing. 

For calculation, all variables are assumed to be constant. The HL model 

predictions with the above parameters are given as: 
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𝜙0

= 6.59𝑟𝑡  

 Curvature Undercooling ΔT′σ 

ΔT′σ = 0.41(𝑉′ − 𝐺′)0.51 

 Tip radius ρ 

ρ =
2Γ

ΔT′σ ΔTo
 

 Primary spacing λ′ 

λ′ = 0.15596𝑉′(𝑎−0.75)
(𝑉′ − 𝐺′)0.75𝐺′−0.6028

 

𝑎 = −1.131 − 0.1555 log(𝐺′) − 0.007589[𝑙𝑜 𝑔(𝐺′)]2 

1.4.2. Primary Dendrite Trunk Diameter Model 

This model developed by Tewari et. al [19] uses the dendrite tip radius predictions 

from the Hunt-Lu model, makes assumptions about the relationship between the tip 

radius and the initial trunk diameter () at the bottom of the parabolloidal shaped tip 

region (till just before the onset of side-branching), and then uses side-branch coarsening 

predicts the dimeter of the dendrite tree at its bottom ().  

  

             Where =initial trunk diameter with rt being the dendrite tip radius, Dl = solute 

diffusion coefficient in the liquid, V = growth speed, G = thermal gradient, Γ = Gibbs-

Thompson coefficient, k = solute partition coefficient, ml = liquidus slope and Co = the 

alloy composition. 

 𝜙3 = 96
𝐷𝑙Γ

𝑉𝐺(1−𝑘)
ln {

1+
𝑉𝐺𝑡

𝑚𝑙𝐶0

1+
𝑉𝐺𝑡0
𝑚𝑙𝐶0

} + 𝜙0
3 
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CHAPTER II 

PURPOSE OF THIS RESEARCH 

The driving reason for this research was the limitations of the equipment available on 

the International Space Station to carry out directional solidification of metallic alloys in 

the low gravity environment of space to compare predictions from the theoretical dendrite 

morphology models with experiments carried out under truly diffusive transport 

conditions. The primary European Space Agency owned facility (LGF) which was 

designed for this purpose is no longer available for future experiments. The question we 

had was, can we achieve the same scientific goals in a much simpler Gradient Freeze type 

of experimental facility which may become available on the Space Station in near future. 

Thus tis research had following goals; 

1. Modify/Fabricate a gradient freeze DS furnace facility which can be used for low-

melting point metal alloys.  

2. Select an alloy suitable for such a study and demonstrate its feasibility by 

terrestrial experiments.
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3. Demonstrate feasibility of generating cellular, cell to dendrite transition, side-

branched dendrites and well-branched dendrites having tertiary and higher order 

branches in one DSed sample. 

4. Investigate experimental parameters, such as, furnace hot-zone temperature, alloy 

composition, cooling rates, thermal profiles, etc. which clearly demonstrate 

natural convection effects on the dendrite array morphology during directional 

solidification. 
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CHAPTER III 

EXPERIMENTAL AND ANALYTICAL PROCEDURES 

1.1. Alloy selection 

The phase diagram of Pb-Sb alloy system [20] selected for this study is shown in 

Figure 9. This alloy system was selected for this study, because, it has been extensively 

investigated by steady-state directional procedure in our laboratory in the past.  

Specifically Pb-5.8 wt% Sb alloy has a low liquidus temperature (288.1 
o
C), therefore 

will need low relatively less power to heat, melt, and provide adequate superheat for 

gradient freeze DS.  Metallographic sample preparation techniques and the equipment 

required for its microstructural characterization are known and available. Thermal 

gradient and growth speed dependence of its primary dendrite spacing have already been 

extensively measured [8,10,11]. The physical properties required to predict the 

processing parameter dependence of primary spacing and dendrite trunk diameter are 

already known for this alloy system (Table-1). It has been shown in prior steady-state DS 

studies that it is prone to the interdendritic “plume” type convection [10]. 
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Figure 8.  Pb-Sb Phase Diagram [20] 

Name Variable Units Value 

Liquidus Temperature TL 
˚
C 288.1 

Liquidus Slope mL K/wt% -6.78 

Solute Partition Coefficient k Dimensionless 0.31 

Eutectic Temperature TE 
˚
C 252.5 

Heat of Fusion Δhf Jm
-3

 2.79 x 10
8
 

Eutectic Composition CE wt% 11.2 

Diffusion coefficient of Sb DL cm
2
/s 5 x 10

-5
  

Gibbs-Thomson Coefficient Γ μmK 0.12 

Table 1 Thermophysical properties of Pb–5.8 wt. pct. Sb used to calculate predict 

primary dendrite spacing and trunk diameter. 
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1.2. Gradient Freeze DS Equipment and Procedure 

     Figure 10 shows the gradient freeze DS facility that was especially 

fabricated/assembled for this research. It consists of a hot-zone (larger diameter feature in 

Figure 10(a)) placed above the heat extracting liquid bath (smaller diameter feature in 

Figure 10(a)) below. The resistance heated hot zone is made of two ring heaters which 

can be independently controlled. The heat extraction bath is a cylindrical water cooled 

vessel containing molten gallium, a detailed view of this is presented in (Fig. 10(b)). A 

ceramic alumina disk having a circular hole separates the heated portion of the cylindrical 

quartz ampoule containing the Pb-5.8Sb alloy sample above from the heat extracting 

gallium bath below.  The cylindrical quartz ampoule containing the sample is vacuum 

sealed at the bottom and is evacuated from the top by using a diffusion vacuum pump, 

giving typically ~10 millitorr of dynamic vacuum. Figure 10(c) shows one of the quartz 

ampoules containing the Pb-Sb sample used in this research. Ten fine tipped chromel-

allumel thermocouples are attached to the ampoule outer surface at separation distances 

of 1 to 1.5 cm to record the temperature along the length of the sample as a function of 

time using a data-logging system. Location of the thermocouples is indicated in Figure 

10(c). A [100] oriented Pb-5.8Sb seed rod is kept at the bottom with additional remelt 

stock above. The furnace is slowly heated first to the set super heat temperature, it is held 

at that temperature for about 45-minutes, and then allowed to cool at a controlled cooling 

rate. As a result the feed bar above melts and fuses to the [100] oriented seed below 

before being re-solidified in a directional manner because of the heat being extracted 

from the bottom end. After several attempts optimum hot-zone temperature and cooling 

rates were established. With a hot-zone temperature of 650 C two samples were finally 
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directionally solidified at slow and fast cooling rates, 0.5 C/min and 4 C/min, as listed in 

Table-2 below. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 9.  Gradient Freeze DS facility and process. (a) Gradient Zone DS facility (b) 

Detailed image of the heat extracting gallium bath at the bottom, (c) typical quartz 

crucible in this research showing the locations where chromel-alumel thermocouples 

were attached on its outer surface, (d) Locations of the thermocouple tips as a function of 

distance from the initial location of TE at the onset of DS.  

 

Sample ID Sample Dimension Cooling Speed 

Pb-Sb-12_11_17 Constant 9 mm  0.5 °C/min 

Pb-Sb-11_6_17 Constant 9 mm 4 °C/min 

Table 2 Growth conditions of two Pb–5.8 Sb samples examined in this study. 

 

 

1.3. Specimen preparation (transverse sections) and metallography 

The experimentally obtained thermal profile during the DS process (typically 

shown in Figure 12 for a sample cooled at 4 C/min) was used to obtain the initial location 

of the Eutectic Isotherm (TE) at the onset of directional solidification. Then transverse 

sections were cut along the sample length at 0.5, 1, and 1.5 cm distances with respect to 

the TE for further metallograohy and image analysis. Typical transverse section locations 

and their corresponding IDs were also shown in Figure 11 shown above.  
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Figure 10. Temperature profile recorded by ten thermocouples located at known 

separation distances as a function of processing time for a typical gradient-freeze DS at a 

4 C/min furnace cooling rate.   

 

1.3.1. Cutting, Mounting, And Polishing 

          A thin grove was machined all along the sample length of the Directional 

solidified sample prior to cutting transverse slices off so that transverse images taken at 

various distances can later on be aligned with respect to each other. A low-speed, variable 

RPM, precision wafer saw was used to cut the samples at various pre-determined 

locations by using diamond tipped low-grit precision saw blades having 0.3 mm 

thickness.  Once sliced, the “hot end” of each slice was marked by black ink for their 

further mounting. The cut slices were cold mounted. A cylindrical plastic mold was 

lubricated with industrial oil and the specimen was placed in the middle of the mold with 

the “hot side” facing downward. In a separate container, 30 mL of Struers Epofix resin 

was carefully mixed with 15 mL of Struers Epofix hardener to create an epoxy mixture. 

The epoxy mixture was then poured over the cylindrical mold and allowed to cure 

overnight.  
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A Leica SM2500E Ultramiller was then used to further prepare the surface of the 

mounted sample for subsequent polishing.The surface preparation procedure consisted of 

two steps: the initial machining using a pre-miller, followed by final machining using 

suitable diamond blades to obtain a mirror-like surface. Ethelyne glycol was used as a 

lubricant during ultramilling process. The adhered residue materials on the sample 

surface were then removed by using a water ultrasonic bath. A 9 mm Buehler Chemomet 

polishing cloth was used for final polishing step. Chemomet cloths are soft, porous, 

chemical-resistant, synthetic pad for softer materials which works well with the Pb-Sb 

surface. The polishing conditions used in this research are presented in Table 3. 

 

Average Grade (Grit) Force Time (min) Polishing Pad RPM 

9 mm Chemomet 21 lbs 7 110 

9 mm Chemomet 21 lbs 7 110 (opposite rotational direction) 

 

 

Table 3 Polishing procedure for 9-mm to 12.7-mm diameter sections sample preparation 

To eliminate contamination during polishing, 0.05 μm alumina slurry suspension 

was generously added on the surface of the polishing cloth. It is imperative to thoroughly 

clean the polishing cloth and specimens under running water after each round of 

polishing to eliminate alumina residue. Samples often need to be re-polished, solvated 

with ethyl alcohol, or cleaned in an ultrasonic bath to remove remaining colloidal 

alumina particles and oil. Avoid over-polishing as this can lead to wearing away of the 

softer alpha phase, creating an embossed surface with beveled edges on the final image 

that will be captured. Once finished, each sample was dried and then observed under the 

microscope for image capturing. 
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1.3.2. Optical Microscopy 

 A metallurgical brightfield inverted Nikon microscope with an attached 5.0-

megapixel digital camera utilizing SPOT 5.0 Image software was used to capture 

magnified images of the sample’s surface (50X). For such a large field of view, several 

overlapping images had to be taken by manually translating the microscope stage. A 12.7 

mm (1/2 in) diameter cross-sections sample typically required upwards of 90 images to 

cover the entire cross-section. The original digital images were saved with .TIF 

extensions for subsequent image-stitching using Photo Shop software. Parameters such as 

light exposure, gamma corrections, gain, and color-filters were manually selected to 

create best image quality and varied from sample-to-sample.  Ideal image quality was 

seen to possess constant light intensity across the whole field of view, for one phase and 

between samples and images.  High contrast light absorption differences between lead 

and antimony also aids in distinguishing phases that were present. It was important to 

clean and align the microscope’s projection lenses to capture consistent images. Typical 

settings include: 140 ms of exposure, a 1.00 gain factor, gamma correction of 0.50, and a 

green-tint light filter. For each sample, a known 1-mm scale was imaged to record pixel 

to millimeter ratio for images. But, oxide layers were known to grow rapidly on the 

metal’s surface if samples were stored for later microscopy. This is often avoided to 

eliminate unevenness in the overall quality of the image. 

1.3.3. Montage Making and Image Analysis 

      Adobe Photoshop CS5.1 on 64-bit Windows 7 on an HP z210 workstation was 

used for image stitching and montage making to obtain the high resolution image of the 

entire sample cross-section for subsequent morphological analysis. Image stitching is the 
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process of multiple photographic images with overlapping fields of view to produce a 

segmented high-resolution image. To adjust distortions, transformations for microscopic 

images are not required. Image stitching is simplifying the “Image registration” of 

locations or the process of transforming different sets of data into one coordinate system. 

Difficulties in conducting image stitching stems from intensity differences between 

images, intensity gradient in an image and partial unfocused features.  Averaging 

intensities and colors can blend two images to hide seams. Larger digital files are more 

difficult to stitch because they require more computing capabilities. For the larger cross-

section area slices like 120, image stitch required 10-14 hours of computing time and 

often lead to computer ‘freeze’. For smaller cross-sectional area like 10-20, smaller 

image collection needs 10-15 minutes to stitch.  

The montaged images were then suitably rotated using the surface grove 

machined along the sample length, such that the grove in each of the image was located 

at 90 deg.  

ImageJ v. 1.46 was used to measure primary dendrite trunk diameter. ImageJ is an 

open source National Institute of Health image analysis program that can be downloaded 

from http://rsb.info.nih.gov/ij/ for a variety of operating systems. Drawing a line between 

two pixels with (x,y) coordinates can calculate length 𝑑 =  √𝑥2 + 𝑦2. Appropriate 

measurement values must be selected prior to drawing line segments. This is done by 

choosing Analyze > Set Measurements >Bounding rectangle > OK, which measures a 

rectangle bounded by the two end points of the line segment acting as a diagonal. After 

choosing the line-selection tool and making a line-selection on an image, choosing 

Analyze > Measure will print a set of numbers for a ‘Bounding rectangle.’ 


