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MICROSTRUCTURAL ANALYSIS OF ALUMINUM HIGH PRESSURE DIE 

CASTINGS  

  

MARIA DIANA DAVID 

 

MATERIALS SCIENCE AND ENGINEERING 

ABSTRACT  

Microstructural analysis of aluminum high pressure die castings (HPDC) is 

challenging and time consuming. Automating the stereology method is an efficient way 

in obtaining quantitative data; however, validating the accuracy of this technique can also 

pose some challenges. In this research, a semi-automated algorithm to quantify 

microstructural features in aluminum HPDC was developed. Analysis was done near the 

casting surface where it exhibited fine microstructure. Optical and Secondary electron 

(SE) and backscatter electron (BSE) SEM images were taken to characterize the features 

in the casting. Image processing steps applied on SEM and optical micrographs included 

median and range filters, dilation, erosion, and a hole-closing function. Measurements 

were done on different image pixel resolutions that ranged from 3 to 35 pixel/μm. Pixel 

resolutions below 6 px/μm were too low for the algorithm to distinguish the phases from 

each other. At resolutions higher than 6 px/μm, the volume fraction of primary α-Al and 

the line intercept count curves plateaued. Within this range, comparable results were 

obtained validating the assumption that there is a range of image pixel resolution relative 

to the size of the casting features at which stereology measurements become independent 

of the image resolution. Volume fraction within this curve plateau was consistent with the 

manual measurements while the line intercept count was significantly higher using the 

computerized technique for all resolutions. This was attributed to the ragged edges of 
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some primary α-Al; hence, the algorithm still needs some improvements. Further 

validation of the code using other castings or alloys with known phase amount and size 

may also be beneficial. 
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1. INTRODUCTION 

High pressure die casting (HPDC) offers the advantage of producing complex 

parts in a short casting cycle time. There are two conventional die casting processes: the 

hot chamber and the cold chamber. 

In a hot chamber die casting machine, the metal injection system is in contact 

with the molten metal at all times. Die filling is typically between 5 to 40 msec
[1]

. Since 

the injection system is immersed in the melt, this process is only used for metals with low 

melting temperature such as lead and zinc alloys
1
. 

In cold chamber HPDC, superheated metal is poured into a shot chamber. The 

melt is pushed into the runners up to the gates and then injected through the gates at high 

velocity, typically 50 ms
-1[2]

. To aid feeding of the solidification shrinkage, a pressure of 

20 to 100 MPa is applied to the metal near the end of solidification
2
. The cold chamber 

HPDC is typically used for brass and aluminum alloys. 

Due to the relatively high cooling rates, HPDC alloys have a finer microstructure 

compared to other casting processes; hence, good mechanical properties can be attained. 

However, die castings typically exhibit a nonhomogeneous microstructure which limits 

their applications to nonstructural components. 

The most common microstructural feature found in die castings is porosity. This 

can either be due to solidification shrinkage or gas entrapment
1
. Most metals decrease in 

volume by about 7% during solification. If this decrease is not fed with additional liquid 

metal, shrink porosity will result. High metal velocities can mix the metal with air which 

can be entrapped in the solidifying material. Other microstructural features include 
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intermetallics such as an iron-rich phase, sometimes referred to as sludge, which can be 

found depending on combination of temperature and composition and other processing 

conditions. 

Other features have been observed and reported: (1) skin layer; (2) defect/shear 

bands; and (3) externally solidified crystals (ESCs). These features are typically localized 

in a region but can sometimes be uniformly distributed throughout the casting. 

The skin layer exhibited by most die castings can be (1) a primary product size 

modified zone, (2) a primary solidification product depleted zone, or (3) a porosity-free 

zone near the mold-metal interface or surface of the casting
3
. Sannes et al.

4
 defines this 

layer as the material that rapidly solidified along the die walls. This region becomes 

stationary as they reach a solid fraction that is strong enough to resist flow of the 

incoming material
4
. 

Defect bands generally contain a relatively higher amount of solute than the bulk 

composition
5
. They were found to exist in both hot chamber and cold chamber HPDC

2
. 

ESCs have a wider definition in published works. Some research works consider 

aluminum oxide inclusions or films and sludge which generally contains Fe, Mn, and Cr 

as ESCs
3
. The general description of ESCs states that they are primary solidification 

products that formed in the shot sleeve and injected into the die cavity during filling
3,5

. 

Due to the complex flow and solidification mechanisms that occur in a die casting 

process, acquiring real time process variables is challenging. Instead, analysis of the 

resulting microstructure has been done to further understand this casting process. 

Methods of quantifying features in a casting may typically involve comparison to 

charts or images with known values, manual measurements using image analysis tools, or 
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measurements using a computerized image analysis method. Since there is limited data 

on aluminum die castings, microstructural analysis can be done using either the manual 

or the computerized measurement techniques.  

Both manual and automated measurements require sets of images that show 

representative areas of the casting. Due to the human ability to distinguish artifacts in an 

image, manual measurements are less sensitive to image quality. However, bias and error 

are still inevitable; the operator may select a feature or an area that does not represent the 

entire region or the casting being examined and, especially for die castings, fine features 

may be missed. The computerized technique is more sensitive to the quality of the image, 

on the other hand, but certain image processing techniques can be applied to control this. 

In addition, bias and error can be minimized in an automated measurement technique. 

Due to the fine and nonhomogeneous characteristics of the microstructure, manual 

stereology method tends to have lower precision and efficiency. Automated quantitative 

technique, once validated, can lead to more precise results in a timely manner. 

An image is basically a grid of pixels which individually correspond to either a 

single gray level intensity or color value. This characteristic of images makes application 

of processing techniques using various mathematical functions possible. It must be noted 

that a computerized analysis must be done with significant care to avoid altering the 

original image leading to inaccurate results. 

To eliminate or, at least, lessen unnecessary features, image noise must be 

reduced. One method of reducing image noise is by using a median filter. The pixel of 

interest is replaced by the median value of its neighboring pixels. This neighborhood is 
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defined by a filter window which moves through the whole image pixel by pixel. The 

input value sets the size of this window so its value can be any odd integer greater than 1. 

In order to distinguish important features from each other, boundaries that 

separate them must be determined. Range filter is one way to detect these edges in an 

image. Similar to the median filter, a square filter grid moves through the image and 

replaces the central pixel with the range (i.e., difference between maximum and 

minimum) of the values in the filter window. The size of the range filter can be defined 

by any odd integer greater than 1. 

Since the automated technique that will be presented must be validated 

accordingly, simplification of the microstructure to a binary system (i.e., 2 phase 

microstructure) is ideal. To further segment the microstructure into these 2 features, the 

image must be converted to a binary image. Referred to as thresholding, the pixel values 

of the image, which typically range from 0 to 255 for grayscale images, are replaced by 

either 0 or 1 depending on the conversion method used. The output pixel of 0 corresponds 

to a black feature and 1 to a white phase. 

The most basic morphological operations in image analysis are dilation and 

erosion. In dilation, the pixel of interest will be replaced by the maximum value (i.e., 1 

for binary images) of its neighborhood. Erosion, on the other hand, replaces the central 

pixel with the minimum value (i.e., 0 for binary images) of its neighboring pixels. The 

neighborhood for these functions is defined by the structuring element which can vary in 

size and shape – both can be defined in the algorithm. These elements can range from a 

line, square, diamond, disk, or ball. Similar to the filter windows previously mentioned, 

these structuring elements move through the whole image. 
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For an Al-Si die casting with a eutectic microconstituent, dilation or erosion can 

transform the two-phase (i.e α-Al and Si-rich layers) eutectic lamellae into a single 

feature. The structuring element moves through these eutectic layers and converts the 

pixel values of the α-Al layers within these eutectic networks to the pixel values of the 

Si-rich layers. For an SEM image where the α-Al appears darker relative to the other 

features, dilation will result in the α-Al eutectic layers (i.e., value of 0) being converted to 

Si-rich eutectic layers (i.e., value of 1) in terms of the pixel values. The algorithm will 

count the eutectic regions as a single bright phase instead of alternating layers of bright 

and dark phases. In an optical micrograph, the α-Al is relatively brighter so erosion may 

be used to transform the eutectic region into a single phase component. If the optical 

image will be dilated instead, inversion of the pixel intensity values of the image may be 

done to achieve similar eutectic lamella transformation in an eroded image. 

1.1. Background 

The skin layer is typically free of porosity and is either α-rich or solute rich. 

Gourlay et al.
2
 examined AlSi7Mg and AM- and AZ-series magnesium die castings. 

There was no skin layer in the aluminum casting while a distinct skin with a non-uniform 

thickness skin containing high amounts of ESCs was found on AM60 and AZ91. ESCs 

may have been trapped within the surface layer by the solidifying material. Chen
6
 

characterized the microstructure of Al-11Si-2Cu-Fe cast using two dies with different 

thickness and shape. Along surfaces that were parallel to the flow, a porosity-free, fine α-

Al-rich layer was found. In surfaces that experienced low impact of incoming metal 

during filling, a combination of α-Al and fine eutectic formed before α-Al-rich layer. 

This surface layer is similar to the normal α-eutectic microstructure within the casting but 
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is finer. The subsequent α-Al-rich layer was observed to be thinner when it is farther 

away from the cast surface. There was no α-Al-rich skin layer observed on regions of 

direct melt impingement (i.e., die surface normal or close to normal to the flow 

direction). Otarawanna et al.
5
 analyzed the microstructural features of AlSi4MgMn and 

AlMg5Si2Mn by casting them into tensile test bars with a 30-mm gage length and a total 

length of 125 mm. There was relatively more eutectic along the cast surface. In addition, 

the primary α-Al in the surface layer is finer than the bulk of the casting. 

Defect bands generally exhibit localized positive segregation
5
 and contain a larger 

amount of phase that form late as the casting solidifies
2
. For Al-Si alloys, which will be 

discussed later, these bands contain Al-Si eutectic. Defect bands can form either near to 

or far from the cast surface
2
. They are often continuous over the length of the casting and 

can sometimes extend from the runners
7
 to the overflows

8
, and they generally follow the 

surface contour in the bulk flow direction
2
. They also tend to form at corners or at abrupt 

changes in cross-sectional areas and in regions of unidirectional flow
7,8

. Porosity and torn 

regions can also be found in these bands especially in Mg-Al systems
7-9

. 

Gourlay et al.
2
 proposed that defect bands exhibit the same characteristics as the 

dilatant shear bands observed in rheology studies
10,11

 and laboratory gravity 

experiments
12

. Dilatant shear bands form when a solid network experiences local 

shearing and expands while they are sheared. Solute-rich liquid is drawn in the band as it 

forms which causes positive segregation
2
. The high densification pressure is also believed 

to subject the solidifying material to shear stresses
5
. 

Gourlay et al.
2
 examined AM60, AZ91, and AlSi7Mg and found distinct bands of 

porosity that followed the surface contour of magnesium alloys and no bands of pores in 
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Al-Si alloys. There were, however, bands that exhibit positive segregation for all the 

alloys. The defect bands on the gage section of AlSi4MgMn and AlMg5Si2Mn tensile 

test bars mainly consisted of solute-rich regions
5
. These bands were almost parallel along 

the cast surface over the length of the gage section. 

ESCs form in the shot sleeve, and they are injected into the die cavity during 

filling
5
. They are significantly larger than the in-cavity solidified grains due to the lower 

cooling rate in the shot sleeve relative to the cooling rate of the metal within the mold. 

ESCs can either be dendritic or globular
5
 and have a slight tendency to be in the center of 

the casting. Laukli et al.
9
 reports that this is caused by the shear induced migration of 

ESCs from high to low sheared regions during filling.  

Higher amount of ESCs were found to be concentrated along the centerline of Mg 

HPDC while there were very few ESCs that are uniformly distributed throughout the 

casting for Al alloys
2
. Otarawanna et al.

5
 reported smaller fraction of ESCs at locations 

farther from the gate in aluminum die castings. There are fewer ESCs farther from the 

gate because there are relatively more ESCs formed near the water-cooled plunger tip 

than in regions far away from it; thus, there are less ESCs in the first metal injected into 

the cavity. The majority of the ESCs were concentrated along the centerline of the 

casting. ESCs were present in both branched-dendritic and globular-rosette morphology 

while the in-cavity α-Al exhibited an equiaxed globular-rosette morphology. 

Although there were early speculations that the formation of ESCs and defect 

bands in die castings are mutually inclusive, Rodrigo and Ahuja
8
, Laukli et al.

13
, and 

Gourlay et al.
2
 found defect bands in Mg-Al and Al-Si alloys with little to no ESCs. 
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Otarawanna
5
 observed significant amount of porosity in aluminum die castings 

that were about 100 μm in diameter. Both gas and shrinkage pores were localized along 

the centerlines of thin castings
6
. Other intermetallics, such as the iron-rich phase 

commonly referred to as sludge, are also typically found locally concentrated or 

uniformly distributed throughout the casting
5,6

. 

Various parameters control the formation of these microstructural features. 

Pitsaris et al.
7
 reported that the pouring temperature and the filling velocity have the 

largest effect. Increasing the pouring temperature leads to less ESCs or porosity in the 

defect band while a high filling velocity results in a band closer to the cast surface. 

Although there is no effect on the band position, Rodrigo and Ahuja
8
 claim that a high 

intensification pressure makes the defect band more distinct, and it also significantly 

reduces the porosity within the casting
6
. A high filling velocity leads to a higher impact 

pressure on the die surface which should increase the heat flow rate. Increasing the 

intensification pressure would also increase the heat transfer coefficient
6
. Both 

circumstances would cause formation of fine grains along the die walls. For Al-Si alloys, 

high pressure increases the melting temperature (Tm) of aluminum and decreases silicon’s 

Tm
[6]

. Under pressure, eutectic point shifts toward the element with less increase in Tm 

(i.e., Si); thus, increasing the pressure should increase the α-Al for hypoeutectic alloys
6
. 

The amount of ESCs can be partially controlled by altering the melt superheat or shot 

delay time, by heating or insulating the shot sleeve, or changing the shot chamber fill 

fraction
2
. 

Various methods have been used in an attempt to characterize and quantify these 

features. Traditional stereology methods are done by analyzing micrographs and 
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conducting manual measurements. The grain size and DAS
14,15

 can be measured using 

the line intercept method, where the number of dendrite arm spacing intercepts counted is 

divided by the total length of the line
16,17

. Electron Back-Scattered Diffraction (EBSD) 

has also been used to measure grain size
18

. This technique, however, can be time 

consuming as it requires a demanding sample preparation and significant scanning 

electron microscope time. Measurement of hardness and alloy content of different regions 

has also been used to analyze the microstructure of die castings. Weiler
19

 characterized 

the skin layer by measuring the microhardness, the amount of eutectic, the amount of 

aluminum and oxygen content, and change in grain size across the thickness of the 

casting. The skin layer was reported to be generally harder than the other areas
6, 20

. 

However, hardness profile does not give an accurate determination of thickness of the 

skin layer
21

. 

1.2. Problem Statement 

Due to the coupling of flow, heat transfer, and solidification mechanisms at 

extremely high rates, it is quite challenging to acquire real time data for die castings. 

Consequently, the relationship between process parameters and the resulting 

microstructure has not been fully understood. To narrow this knowledge gap and, 

ultimately, improve the mechanical properties attainable, researchers have been analyzing 

the microstructure of various die castings. However, quantitative analysis on die castings 

still poses some difficulty due to the fineness and non-homogeneity of their 

microstructure. In addition, there are limited published data on aluminum HPDC which 

limits the degree of validation on any experimental measurements. Thus, there is still a 

need to quantify and to contribute to the set of data on the microstructure of aluminum 
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die castings. In this research, a robust and efficient quantitative characterization method 

was developed. 

1.3. Objectives 

Manual measurements on the volume fraction and dendrite arm spacing on 

aluminum die castings can be challenging and time consuming due to its fine and non-

homogeneous characteristics. Thus, a semi-automated technique which involves image 

analysis using programming software will be proposed. Aside from decreasing the 

number of measurements needed to achieve a good coefficient of variation, the results 

will be reproducible and analysis time will be much shorter. 

Various image processing parameters that may affect the measurements will be 

considered. Their individual effects on the output measurements and recommended value 

range for each of them will be presented. The length scale or resolution necessary to 

distinguish features will also be determined. The output values measured by the 

algorithm will be compared to manual measurements. 

2. MATERIALS AND METHODS 

Microstructural analysis was done on an aluminum 380 die casting. Micrographs 

of the sectioned sample were taken using Axioplan 4MP optical microscope and FEI 

FEG-650 SEM Scanning Electron Microscope (SEM) equipped with an EDAX TEAM 

SDD 30mm
2
 energy dispersive x-ray detector (EDS). The major phases found in EDS 

scans were (1) primary α-Al, (2) Al-Si eutectic, and (3) Fe-rich intermetallics which are 

noted in Figure 1. To simplify the image analysis, the sample was treated as a binary 

system: (1) primary α-Al; and (2) eutectic + intermetallics. All the images were taken 



 11 

within 80 to 400 μm from the cast surface. This variation in location is due to the 

difference in total image area for different magnifications. 

 

 
Figure 1. Backscatter electron SEM image showing the major phases found in the aluminum 380 

high pressure die casting examined. 

 

Manual measurements were done on secondary electron SEM images using 

ImagePro Plus
TM 

 image analysis software. Volume fraction (Vv) was measured using the 

point count method (see Equation 1). Line intercept method (see Equation 2) was done 

using a circular grid mask. The line intercept count in Equation 2 was used to calculate 

the λalpha or the thickness of the primary α-Al and λeutectic or the thickness of the eutectic. 

Equations 3 and 4 show how these values were calculated. 

 

    
               

                      
    (1) 
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    (2) 

 

        
                 

        
    (3) 

 

           
                    

        
    (4) 

 

The automated image analysis was done using Matlab
22

. A schematic diagram of 

the algorithm process is presented in Figure 2. Since some intermetallics cannot be 

distinguished from the α-Al regions in a secondary electron (SE) image, the algorithm 

required two images as input: the SE and backscatter electron (BSE) images. For the 

analysis on the optical micrographs, the same image was used for this required input. The 

input image size is the length scale or image resolution in terms of pixel per micron. In 

addition to the micrograph and its corresponding image size, values of each processing 

parameter used by the algorithm were defined before each run. These image processing 

parameters were (1) noise reduction, (2) edge detection, (3) dilation and erosion, and (4) 

hole close. 
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Figure 2. Schematic diagram of computer-aided microstructural analysis. 

 

To minimize unnecessary features in the analysis, image noise was removed in 

the first step. A median filter was used since it is not too sensitive to outliers; hence, it 

will less likely to eliminate fine but important features. For SEM analysis, this step was 

done on both secondary electron (SE) and backscatter electron (BSE) SEM images. The 

images were padded with zeros along its edges so the outermost pixels can be processed. 

To start distinguishing the eutectic and primary α-Al from each other, edges 

surrounding them were detected using the function range filter. For SEM analysis, this 

step was done on the SE image after applying the median filter. 

The image was converted to a binary image. The image from the edge detection 

step was thresholded using Otsu’s method
23

 where a global threshold is calculated. 
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Dilation was done on the thresholded image from the previous step. The 

structuring element used for the dilation and erosion was a disk. The input pixel value set 

its radius. It is important to note, however, that for values less than 4 pixels, unless 

specified, the defined radius may create various shapes instead of a disk. During this step, 

each eutectic lamella (i.e., appears white in the binary image) expanded reducing the gaps 

in between them. 

After dilating the eutectic phase, some small holes that still existed within the 

eutectic regions were removed based on their connectivity. The connectivity defined in 

this case was 8 which means that any pixel was considered connected to another pixel if 

they were connected horizontally, vertically, or diagonally. Small holes were removed in 

the α-Al and eutectic regions. 

After completely filling in the gaps within the α-Al and eutectic, erosion was 

performed on the binary image. In this step, α-Al – eutectic boundaries that expanded 

from dilation were recovered. It must be noted that this is not always the case if the 

structuring element is a disk because some straight edges or corners may have rounded 

off during dilation. 

Small intermetallics within the α regions were removed during the hole-closing 

step; therefore, inclusion of the BSE image was necessary. As previously mentioned, the 

median filter was also applied to the BSE image. It was thresholded using the graythresh 

function. Dilation and erosion was done on the binary BSE image. The eroded image was 

then combined with the eroded SE image. 

Before the algorithm produced the output image, the binary image was inverted 

(i.e., eutectic changed from white to black phase and α-Al changed from black to white 
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phase). To check the quality of the image processing steps, the output image was overlaid 

to the input SE image with the α-Al phase highlighted in pink and eutectic in green. 

Figure 3 summarizes all the image processing steps described in the previous text. 

 

 
Figure 3. Detailed schematic diagram of algorithm showing steps done to analyze SEM and optical 

images. 

 

2.1. Parameter Study 

To determine the effects of each image processing parameter to the measured 

results, studies were done in which each parameter was treated as a variable while the 

other three were held constant. Table 1 shows the range of values used. 
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Table 1. Values Used for Each Parameter Study 

Variable 

Parameter Values 

Noise  

Reduction, μm 

Edge  

Detection, μm 

Dilation/ 

Erosion, μm 

Hole Close, 

μm
2
 

Noise Reduction 0.06 – 3 0.3 0.3 120 

Edge Detection 0.3 0.1 – 3  0.3 120 

Dilation/Erosion 0.3 0.1 0.06 – 6 120 

Hole Close 0.3 0.1 0.3 30 – 6000 

 

 

2.2. Output Parameters as a Function of Length Scale 

From the parameter studies, specific values for each parameter were chosen. 

Different magnifications of SEM and optical images were analyzed. Table 2 summarizes 

the corresponding pixel resolution for the set of images used. Unless specified, 10 images 

were measured at each magnification. To compare the algorithm’s measurements, manual 

measurements were done on a representative image for each pixel resolution. 
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Table 2. Corresponding Pixel Resolution for Each Magnification Analyzed 

 Magnification 
Length Scale or Pixel Resolution, 

px/μm 

SEM 

1000 3.4 

2000 6.9 

4000 13.7 

5000 17.2 

6000 20.6 

10000 34.3 

optical 

200 2.6 

500 6.5 

1000 13.2 

 

 

3. RESULTS AND DISCUSSION 

3.1. Parameter Study 

For this analysis, only one set of images (i.e., SE and BSE) was used as shown in 

Figure 4. This image was taken at 5000x with an image size of 2048 by 1768 px. Its 

corresponding length scale is about 34.3 px/μm. 
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Figure 4. (a) Secondary electron and (b) backscatter electron (right) SEM images used in the 

parameter studies. 

 

3.1.1.  Noise Reduction 

The range of values used is presented in Table 3. 

 

Table 3. Values Used for Parameter Study with Noise Reduction as a Variable 

Noise Reduction Edge Detection Dilation/Erosion Hole Close 

μm px μm px μm px μm2 px2 

0.6 – 3 3 – 101 0.1 5 0.3 10 120 4096 

 

 

 

Figures 5a and 5b show the volume fraction and line intercept count as a function 

of the noise reduction value. There was no primary α-Al measured at the onset of the 

curve and, then, the α-Al measurements sharply increased with the noise reduction 

parameter value. The volume fraction curve plateaus while the line intercept count curve 

does not exhibit a similar behavior. Figures 6 to 8 show the comparison of two data 

   (a)      (b) 
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points on these curves: a 0.1μm by 0.1μm (5 px by 5 px) median filter and a 0.6μm by 

0.6μm (21 px by 21 px) median filter. Figure 6 shows the SEM images after the median 

filter was applied. The details of the images in Figures 6a and 6b correspond to the 

degree of noise reduction. There was less image noise removed for a median filter size of 

0.1 μm by 0.1 μm as shown by the details retained in Figure 6a compared to a 0.6 μm by 

0.6 μm filter in Figure 6b. The noise particles in the image appeared as bright as the 

eutectic phase so subsequent steps to the noise reduction step counted the retained noise 

as part of the eutectic network. For a smaller filter size (0.1 μm by 0.1 μm), excessive 

noise in the image resulted in the edges of these unwanted features to be detected as 

shown in Figure 7a. For a larger window size (0.6μm by 0.6μm) in Figure 7b, there was 

less noise particles that were included in the eutectic measurement; however, some real 

details such as the edges of fine primary α-Al that is about 2 μm in diameter were 

unintentionally removed and were not counted as primary α-Al phase. The resulting 

output images for both median filter sizes are shown in Figure 8.  

 

    

 
Figure 5. (a) Volume fraction of primary α-Al and (b) line intercept count as functions of the noise 

reduction parameter value. Range filter size was 0.1 μm by 0.1 μm (5 px by 5 px), dilation/erosion 

disk size was 0.3 μm (10 px), and hole close was 120 μm
2
 (4096 px

2
). 

   (a)      (b) 
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Figure 6. Secondary SEM image with a resolution of 17 px/μm after the image noise reduction step 

for (a) a median filter size of 0.1 μm by 0.1 μm and (b) 0.6 μm by 0.6μm. 

 

      
Figure 7. Secondary SEM image with a resolution of 17 px/μm after the median and range filters 

were applied for (a) a median filter size of 0.1 μm by 0.1 μm and (b) 0.6 μm by 0.6μm. Range filter 

size was 0.1 μm by 0.1 μm (5 px by 5 px). 

 

 

  (a)      (b) 

  (a)      (b) 
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Figure 8. Output image for image resolution of 17 px/μm for (a) a median filter size of 0.1 μm by 0.1 

μm and (b) 0.6 μm by 0.6μm. Range filter size was 0.1 μm by 0.1 μm (5 px by 5 px), dilation/erosion 

disk size was 0.3 μm (10 px), and hole close was 120 μm
2
 (4096 px

2
) .The measured α-Al is highlighted 

in pink. 

 

As seen in Figure 5a, the volume fraction curve started to plateau at about 0.2 to 

0.5 μm (7 to 17 px). This plateau seems to correlate with the range of noise reduction 

values at which output results will not vary significantly. It must be noted, however, that 

this behavior was not observed in the line intercept count as shown in Figure 5b. This 

seems to be due to the rough edges of the α-Al cells which might have been affected by 

the dilation/erosion disk structuring element. 

3.1.2. Edge Detection 

Table 4 shows the values used for this study. 

 

 

 

   (a)      (b) 
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Table 4. Values Used for Parameter Study with Edge Detection as Variable 

Noise Reduction Edge Detection Dilation/Erosion Hole Close 

μm px μm px μm px μm2 px2 

0.3 11 0.1 – 3 3 – 101 0.3 10 120 4096 

 

 

 

Compared to the effect of the noise reduction parameter, the volume fraction and 

the line intercept count are less sensitive to the value of the edge detection parameter as 

shown in Figures 9a and 9b.  

 

                

 
Figure 9. (a) Volume Fraction of primary α-Al and (b) line intercept count as a function of edge 

detection parameter value. Median filter size was 0.3 μm by 0.3 μm (11 px by 11 px), dilation/erosion 

disk size was 0.3 μm (10 px), and hole close was 120 μm
2
 (4096 px

2
). 

 

As shown in Figure 10, the primary α-Al phase being counted was slightly 

smaller for a range filter of 0.7μm by 0.7μm  (25px by 25px) compared to the smaller 

filter size (0.08 μm by 0.08 μm or 3 px by 3 px). This was due to the boundaries of the 

eutectic network that expanded into the primary α-Al regions which was more evident 

   (a)      (b) 
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after the the image was thresholded in Figure 11. Figures 12a and 12b show the output 

for range filter size of 0.08 μm by 0.08 μm (3 px by 3px) and 0.7 μm by 0.7 μm (25 px by 

25 px), respectively. 

 

      
Figure 10. Secondary SEM image with a resolution of 17 px/μm after the median and range filters 

were applied for (a) a range filter size of 0.08 μm by 0.08 μm and (b) 0.7 μm by 0.7 μm. Median filter 

size was 0.3 μm by 0.3 μm (11 px by 11 px). 

 

     
Figure 11. Thresholded image for SEM image with a resolution of 17 px/μm after the median and 

range filters were applied for (a) a range filter size of 0.08 μm by 0.08 μm and (b) 0.7 μm by 0.7 μm. 

Median filter size was 0.3 μm by 0.3 μm (11 px by 11 px). 

 

 

  (a)      (b) 

  (a)      (b) 
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Figure 12. Output image for image resolution for 17 px/μm with range filter size of (a) 0.08μm and 

(b) 0.7 μm. Median filter size was 0.3 μm by 0.3 μm (11 px by 11 px), dilation/erosion disk size was 

0.3 μm (10 px), and hole close was 120 μm
2
 (4096 px

2
). The measured α-Al is highlighted in pink. 

 

This overcounting of the eutectic phase can be explained by looking at the 

example pixel values presented in Table 5.  It must be noted that these values do not 

correspond to the actual values of the SEM image being discussed in this section. These 

random values are examples of gray level values of an image.  They typically range from 

0 to 255 with 0 as a dark phase and 255 as a bright phase. The boundary between a 

primary α-Al cell and an eutectic network can be visualized by this set of pixel values 

where the α-Al corresponding to low gray level values. After applying the range filter, if 

the filter size was 3 px by 3 px, some dark regions were still retained as seen in Table 6. 

In Table 7 where the range filter size was 7 px by 7 px, the low valued pixels were 

transformed to a higher value (i.e., edges of eutectic network expanded to the primary α-

Al regions). 

 

 

 

   (a)      (b) 
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Table 5. Example of a Set of Gray Level  Pixel Values for an SEM Image 

1 11 14 3 201 211 178 

5 13 11 150 190 199 21 

200 20 3 221 179 230 15 

179 3 22 200 200 197 11 

10 1 21 170 213 222 25 

5 15 7 219 245 250 6 

21 11 15 240 22 213 180 

 

 

 
Table 6. Modified Gray Level Pixel Values for an SEM Image after Application of Range Filter with 

a Size of 3 by 3 pixels 

13 14 150 201 211 211 211 

200 199 218 218 227 215 230 

200 197 218 218 80 219 230 

200 199 220 218 60 219 230 

179 178 218 238 80 244 250 

21 20 239 238 228 244 250 

21 21 240 245 250 250 250 

 

 

 
Table 7. Modified Gray Level Pixel Values for an SEM Image after Application of Range Filter with 

a Size of 7 by 7 pixels 

221 221 230 230 230 230 230 

221 221 230 230 230 230 230 

221 245 250 250 250 250 250 

240 245 250 249 250 250 250 

240 245 250 250 250 250 250 

240 245 250 250 250 250 250 

240 245 250 250 250 250 250 
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3.1.3. Dilation and Erosion 

Table 8 summarizes the set of values used in this parameter study. 

 

 

Table 8. Values Used for Parameter Study with Dilation/Erosion as Variable 

Noise Reduction Edge Detection Dilation/Erosion Hole Close 

μm px μm px μm px μm2 px2 

0.3 11 0.1 5 0.6 – 6 2 – 200 120 4096 

 

 

 

As shown in Figures 13a and 13b, at values below 0.2μm, higher volume fractions 

of primary α-Al were being counted. Between about 0.2 and 0.4 μm, the volume fraction 

and line intercept count started to plateau. At larger disk size, the algorithm started to 

over-count the eutectic phase. The dilation process is more critical than the erosion since 

the former ensures the eutectic layers will be connected and counted as a single phase. 
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Figure 13. (a) Volume fraction of primary α-Al and (b) line intercept count as a function of dilation 

and erosion disk size. Median filter size was 0.3 μm by 0.3 μm (11 px by 11 px), range filter size was 

0.1 μm by 0.1 μm (5 px by 5 px), and hole close was 120 μm
2
 (4096 px

2
). 

 

The effect of increasing size of the dilation/erosion disk on the output image is 

shown in Figures 14 to 16 by comparing a disk structuring element size of 0.1 μm (4 px) 

and 0.6 μm (20 px). Figure 14 shows the thresholded image after the median and range 

filters were applied. For a disk size of 0.1 μm (4 px) in Figure 15a, there were some 

eutectic regions that were counted as α-Al. The dilation process was not enough to fill in 

the gaps in between some eutectic lamella due to the smaller structuring element. At 0.6 

μm (20 px) disk size in Figure 15b, the dilation resulted in some fine α-Al being closed 

off and counted as eutectic. Figure 16 shows the final output image for both cases. 

 

   (a)      (b) 
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Figure 14. Thresholded image for SEM image with a resolution of 17 px/μm after the median and 

range filters were applied. Median filter size was 0.3 μm by 0.3 μm (11 px by 11 px) and range filter 

size was 0.1 μm by 0.1 μm (5 px by 5 px). 

 

     
Figure 15. Dilated image for a disk structuring element size of (a) 0.1 μm and (b) 0.6 μm. Median 

filter size was 0.3 μm by 0.3 μm (11 px by 11 px) and range filter size was 0.1 μm by 0.1 μm (5 px by 5 

px). 

 

  (a)      (b) 
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Figure 16. Output image for image resolution of 17 px/μm with dilation/erosion disk size of (a) 0.1μm 

and (b) 0.6 μm. Median filter size was 0.3 μm by 0.3 μm (11 px by 11 px), range filter size was 0.1 μm 

by 0.1 μm (5 px by 5 px), and hole close was 120 μm
2
 (4096 px

2
). The measured α-Al is highlighted in 

pink. 

 

3.1.4.  Hole Close 

The range of values used in this study is summarized in Table 9. 

 

Table 9. Values Used in Parameter Study with Hole Close as Variable 

Noise Reduction Edge Detection Dilation/Erosion Hole Close 

μm px μm px μm px μm2 px2 

0.3 11 0.1 5 0.3 10 30 - 6000 
1000 – 

       

 

 

 

 

 

 

   (a)      (b) 
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Similar to the edge detection parameter, the plateaus observed in the volume 

fraction and line intercept count curves have a wider range as seen in Figures 17a and 

17b. Two data points on these curves were compared in Figures 18 to 20. The dilated 

image is presented in Figure 18. For a hole cut off area of 3 μm
2
, some eutectic lamella 

gaps were not closed as shown in Figure 19a. As evident in Figure 19b, for hole close 

area of 1500 μm
2
, most α-Al cells were still being counted; however, fine α-Al cells were 

not. Since the cutoff area of holes to close was too high, these small α-Al particles were 

closed and counted as eutectic. The output images are shown in Figure 20. 

 

         

 
Figure 17. (a) Volume fraction of primary α-Al and (b) line intercept count as a function of hole close 

parameter. Median filter size was 0.3 μm by 0.3 μm (11 px by 11 px), range filter size was 0.1 μm by 

0.1 μm (5 px by 5 px), and dilation/erosion disk size was 0.3 μm (10 px). 

 

   (a)      (b) 
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Figure 18. Image after the dilation step. Median filter size was 0.3 μm by 0.3 μm (11 px by 11 px), 

range filter size was 0.1 μm by 0.1 μm (5 px by 5 px), and dilation/erosion disk size was 0.3 μm (10 

px). 

 

     
Figure 19. Image after small holes/gaps within phases in the dilated image were closed for hole close  

area of (a) 3 μm
2
 and (b) 1500 μm

2
. Median filter size was 0.3 μm by 0.3 μm (11 px by 11 px), range 

filter size was 0.1 μm by 0.1 μm (5 px by 5 px), and dilation/erosion disk size was 0.3 μm (10 px). 

 

 

 

  (a)      (b) 



 32 

            

 
Figure 20. Output image for image resolution of 17 px/μm for hole close area of (a) 3μm

2
 and (b) 800 

μm
2
. Median filter size was 0.3 μm by 0.3 μm (11 px by 11 px), range filter size was 0.1 μm by 0.1 μm 

(5 px by 5 px), and dilation/erosion disk size was 0.3 μm (10 px). The measured α-Al is highlighted in 

pink. 

 

It must be noted that the hole close parameter value chosen must depend on the 

dilation disk size. If the dilation size is large enough to minimize the gaps in between 

eutectic lamella, then the cutoff area can be as small as a eutectic lamella. This way, fine 

α-Al cells will not be distinguished as part of the eutectic regions. 

3.1.5. Input Parameter Values 

From the studies discussed in the previous sections, the range of acceptable values 

for each parameter is summarized in Table 10. 

 

Table 10. Range of Values for Each Parameter Determined from Preliminary Parameter Studies 

Parameter Range of Values Unit 

Noise Reduction 0.2 – 0.5 μm 

Edge Detection 0.1 – 0.4 μm 

Dilation/Erosion 0.2 – 0.4 μm 

Hole Close 60 – 1000 μm2 

 

   (a)      (b) 
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As previously mentioned, the value of the noise reduction must be small enough 

to prevent elimination of fine intermetallics. The smallest Fe-rich phase in this alloy was 

about 0.7 μm; the range of the filter window size would work in reducing the noise 

without removing necessary features. The edge detection parameter must be relatively 

smaller than the fine α-Al cells; the values specified in Table 10 would be able to detect 

eutectic lamella and fine α-Al. The dilation disk should be small enough to avoid closing 

small α-Al cells, the finest of which has a radius of about 1.7 μm. The hole close area 

cutoff must depend on the dilation value to avoid closing of some α-Al cells. 

3.2. Measurement Results as a Function of Resolution and Magnification 

While the actual size of any microstructural feature is independent of the 

magnification or the resolution of the image, the size of a feature measured at different 

resolutions, whether the measurement is done manually or is computer-aided, may not be 

the same. At lower resolutions and magnifications, some fine features may be missed and 

undercounted. On the other hand, at higher resolutions and magnifications, the 

measurement might not be an accurate representative of the area of interest since the field 

of view might be too narrow to see enough features. 

The appropriate resolution at which analysis must be done depends on the size of 

the feature of interest. However, there should be a range of resolution where 

microstructural measurements become statistically similar. Figure 21 shows the volume 

fraction of α-Al at different resolutions or length scales for optical and SEM images. At 

SEM resolution of about 3 px/μm, the amount of α-Al was significantly higher than 

measurements done on higher resolutions. The curve started to plateau at about 6 px/μm. 
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It must be noted, however, than the deviation of each data set increased at higher 

resolution which was due to the limitation in image area. 

 

 
Figure 21. Volume fraction of primary α-Al as function of image resolution or length scale. Median 

filter size was 0.3 μm by 0.3 μm, range filter size was 0.3 μm by 0.3 μm, dilation/erosion disk size was 

0.3 μm, and hole close was 120 μm
2
. 

 

Based on Figure 21, the volume fraction curve started to plateau at about 6 px/μm. 

Looking at pixel resolution of 3 px/μm, the primary α-Al was overcounted. An alternative 

technique was considered in order to analyze this data point. The Canny edge detection 

method was used and compared to the range filter edge detection technique used in this 

study. In the former technique, the value of the central pixel was replaced by the 

weighted average of its neighborhood, the size of which depends on the input σ. It was 

found out that even with the Canny method, the amount of the primary α-Al was still 

inaccurate. The α-Al cells were undercounted as seen in the curve in Figure 22. Figure 

23a and 23b show the output images for the range filter edge detection method and 
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Canny edge technique, respectively. Regardless of the edge detection technique, at 3 

px/μm, there is not enough contrast for the algorithm to distinguish the features from each 

other. 

 

 
Figure 22. Volume fraction of primary α-Al as function of pixel resolution or length scale for 

different edge detection technique (texture analysis vs Canny edge detection method). Median filter 

size was 0.3 μm by 0.3 μm, range filter size was 0.3 μm by 0.3 μm, dilation/erosion disk size was 0.3 

μm, and hole close was 120 μm
2
. The Canny sigma value was 0.3 μm. 
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Figure 23. Output images for SEM image with a pixel resolution of 3 px/μm for analyses that used (a) 

range filter and (b) Canny edge as the edge detection technique. Median filter size was 0.3 μm by 0.3 

μm, range filter size was 0.3 μm by 0.3 μm, dilation/erosion disk size was 0.3 μm, and hole close was 

120 μm
2
. The Canny sigma value was 0.3 μm. 

 

Going back to the volume fraction curve in Figure 21, it was observed that the 

curves for the SEM images and optical micrographs exhibited opposing behavior. At 

SEM lower resolutions, the primary α-Al was overcounted while for optical lower 

resolutions, there was less primary α-Al measured. Figure 24a and 24b shows the output 

images for these two cases. The primary α-Al appears darker in SEM images while it is 

brighter than the eutectic phase in optical micrographs. 

 

 

  (a)               (b) 



 37 

                      
 

Figure 24. Output image of (a) SEM image with pixel resolution of 3 px/μm and (b) optical 

microscope image with pixel resolution of 3 px/μm. Median filter size was 0.3 μm by 0.3 μm, range 

filter size was 0.3 μm by 0.3 μm, dilation/erosion disk size was 0.3 μm, and hole close was 120 μm
2
. 

 

The curve plateau observed at image resolutions of 6 to 35 px/μm in Figure 21 

was also exhibited in Figure 25 although not as noticeable. The volume fraction measured 

by the algorithm had a good correlation with the representative manual measurements. 

The line intercept count, however, had a relatively higher deviation from the manual 

values. This was due to the rough edges of the α-Al cells. Figure 26a shows a higher 

magnification image of a location in the sample. As seen in Figure 26b, the edges of the 

α-Al cells were much less smooth.  

  (a)                     (b) 



 38 

 
Figure 25. Line intercept count as function of image resolution or length scale. Median filter size was 

0.3 μm by 0.3 μm, range filter size was 0.3 μm by 0.3 μm, dilation/erosion disk size was 0.3 μm, and 

hole close was 120 μm
2
. The Canny sigma value was 0.3 μm. 

 

    

 
Figure 26. (a) Backscatter electron SEM image with pixel resolution of 6 pixel/μm of the same 

location in (b) the output image measured by the algorithm. Median filter size was 0.3 μm by 0.3 μm, 

range filter size was 0.3 μm by 0.3 μm, dilation/erosion disk size was 0.3 μm, and hole close was 120 

μm
2
. The Canny sigma value was 0.3 μm. 

   (a)      (b) 
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4. FUTURE WORK 

4.1.  Image Analysis 

The analysis presented in the previous sections was done on one sample with an 

approximated secondary dendrite arm spacing of about 5μm. The goal of this research is 

for the proposed microstructural characterization method to be applicable to other 

aluminum HPDC alloys as well as other metal castings. The plateau observed in the 

volume fraction curve is expected to change with the feature size of a particular casting. 

For a coarser microstructure such as a sand casting, the acceptable image resolution is 

most likely lower than the one presented here. For a much finer microstructure, the 

minimum resolution will shift to a higher value. 

The next step in the improvement of the algorithm is to be able to guide the user 

on where his analysis is relative to the acceptable range. It can be done by downscaling 

an input image and giving out output measurements for the original image resolution and 

for a coarser resolution. For example, if the image is at 10 px/μm, the algorithm will do 

the analysis at this resolution, at 5 px/μm, and at 2.5 px/μm. If the volume fraction and 

line intercept count values are statistically the same, then the resolution initially chosen 

by the user lies on the corresponding curve plateau previously discussed. 

Smoothing of the edges of the primary α-Al must also be done to decrease the 

intercepts being counted by the algorithm. That way, the deviation between the output 

values and the manual measurements will be minimized. Performing multiple dilation 

and erosion using a smaller disk size may help with improving these edges. Removal of 

the hole-closing step so the dilation and erosion will be done one after another might 

improve the output results. 
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It will also be beneficial if the range of parameter values obtained from the studies 

will be statistically analyzed to determine whether parameters are dependent on each 

other or not and to find if there is an optimum set of value for each. 

Testing of the accuracy of this automated approach must also be done by using 

the algorithm on other set of images of castings with a coarser microstructure and known 

volume fraction and dendrite cell size or arm spacing.  

4.2. Microstructural Analysis 

To improve image quality, samples may be remounted using a material with 

better edge retention. This will allow for well-focused micrographs along the cast surface. 

It must be noted that proper polishing of the samples is extremely important since the 

algorithm is still sensitive to unwanted coarse features. 

Conducting measurements on other areas of the casting must also be done to 

determine the effect of distance from cast surface and distance from the gate on the 

resulting microstructure. This will serve the ultimate goal of contributing quantitative 

data on aluminum castings, although specifically on aluminum 380 in this case, which 

will be beneficial in the development of aluminum high pressure die castings in general. 

5. CONCLUSIONS 

Automating the microstructural analysis of aluminum high pressure die castings is 

relatively more efficient than the traditional manual stereology technique. In this 

research, the algorithm functions used were presented and analyzed. Acceptable range of 

values for each parameter was proposed. 
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The resolution at which image analysis must be done depends on the size of the 

features of interest. For the aluminum die casting sample examined in this study, pixel 

resolutions below 6 px/μm were too low for the algorithm to distinguish the phases from 

each other. At resolutions higher than 6 px/μm, the volume fraction of primary α-Al and 

the line intercept count curves plateau. Within this range, analysis can be done and 

comparable results will be obtained. However, at higher resolutions, the deviation and the 

required number of images necessary to reach a 5% coefficient of variation are 

significantly higher than resolutions at the onset of the curve plateau. 
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