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a b s t r a c t

A quantitative X-ray tomographic analysis of the relative density distribution and porosity in green com-
pacts is presented. In this study, image processing is used to quantify binary images obtained from ori-
ginal reconstructed images. After 3D reconstruction using the binary images, quantitative observations
from the 3D renderings are performed to analyze the relative density distribution of the green compacts.
On the basis of the results, the different relative density distributions of the green compacts pressed by
different pressures are discussed. Statistical morphological analysis of the pores in the green compacts is
also performed and the results confirm that the morphological characteristics of the pores are different in
the case of different compaction pressures.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Compaction is a molding treatment that uses pressure to trans-
form loose metallic or ceramic powders into bulk green compacts
containing residual pores. It is an important manufacturing tech-
nique used in mass production of semi-manufactured goods (often
used for subsequent sintering) and final products. The most impor-
tant parameter of compaction is the relative density of green com-
pact. This parameter not only serves as a measurement of the
quality of the compaction process but also determines the behavior
of the green compacts during sintering.

Stress distribution in green compacts is complex; therefore, it
cannot be obtained simply by dividing the compaction load by
the cross-section area. Thus, the various relative density distribu-
tions and porosities may appear during direct die compaction [1].
Although this problem has been modeled [2,3] using numerical
simulations and predicted by many empirical formulas such as
Hackel equation [4,5], the distribution cannot be accurately de-
scribed for all situations and the calculated results also can not
be verified by the actual test results accurately. Briscore has used
sectioning techniques to resolve these problems [6]. However,
the method is time consuming and its precision cannot be guaran-
teed. Conventional observation approaches, such as scanning

electron microscopy (SEM) and optical microscopy, have been used
to observe the internal structure of many materials. However,
these techniques require sample preparation techniques such as
cutting and polishing that introduce artifacts into the samples
and change the original internal structure [7].

X-ray tomography can be used for non-destructive qualitative
and quantitative characterization of the microstructures and inter-
nal morphologies of materials [7–9]. The interior of the specimen
can be thoroughly studied without resorting to physical or chemi-
cal treatment. Moreover, after scanning is complete, the samples
can be reused for other tests [10].

Samples with small enough size can be analyzed at very high
resolution (0.5–1.6 lm) by X-ray tomography [11–13], allowing
detailed characterization of their internal microstructures. How-
ever, this method precludes direct comparison of the different
parts of the bulk material, and may introduce artificial defects dur-
ing sample preparation. Therefore, the aim of this paper is to show
that bulk observation of aluminum powder green compacts with
original size can be performed using X-ray tomography. This paper
is divided into three main sections. The first section describes the
image processing methods used to obtain binary images from ori-
ginal reconstructed images. Then, the 3D rendering of each green
compact is reconstructed by the binary images. The second section
describes the relative density distribution of each green compact,
and discusses some problems that can’t be explained by conven-
tional compaction theory. In the third section, morphological anal-
ysis of pores in the different green compacts is presented.
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2. Experiments and methods

2.1. Compaction and X-ray tomographic scan

Cylindrical aluminum green compacts (U = 10 mm, m = 1.5 g)
were obtained using compaction pressures of 300, 460, 620 MPa,
denoted as GC1, GC2, GC3, respectively. The die wall is not lubri-
cated. The granularity of the aluminum powder (producer: Beijing
Gaoye Science and Technology Co. Ltd.) was 325 mesh. After com-
paction, X-ray tomographic scanning was performed on the green
compacts. The X-ray tomographic equipment used in this study
was supplied by National X-ray digital imaging instrument center,
China and the model number is lCT 130–13. The X-ray tube accel-
eration voltage was set at 130 kV and the tube current was set at
200 lA. The samples were rotated through 360� with angular
increments of 0.9�, and a scan image was taken at each position.
After scanning, the CT datasets were used to produce a series of ori-
ginal reconstructed slice images by means of back projection algo-
rithm. Samples were also observed by MV6000 optical microscope.

2.2. Image processing

2.2.1. Denoising and image enhancement
In X-ray tomographic original reconstructed images, noise

always exists. Thus, an adaptive median filter was employed to
remove noise. Compared to the conventional median filter, the
adaptive median filter is better at handling impulse noise and more
details in image can be preserved because the size of the rectangu-
lar filter window changes during filter operation, allowing it to
adapt to the actual conditions.

If there is insufficient difference in the gray values between the
phases, errors may occur during conventional threshold segmenta-
tion [14]. To provide greater segmentation accuracy, wavelet trans-
form and an ‘unsharp’ mask were applied to perform the image
enhancement. This operation can significantly improve the con-
trast between phases and decrease the amount of blurring in the
images.

Wavelet transform is a powerful tool for the decomposition of
different scales of textures. An image can be broken down into
one low frequency image and three high frequency images after
wavelet transformation. The low frequency image can be decom-
posed into the next level of low frequency and high frequency
images, as the wavelet transform continues. Fig. 1 shows a sketch
map which has been transformed three times, where LH represents
the high frequency details in the vertical direction, HL represents
the high frequency details in the horizontal direction, and HH rep-
resents the high frequency details in the diagonal direction. Thus,
the various details of the original image can be extracted using
the decomposed images.

In this study, the images were transformed three times. Then,
every high frequency image was enhanced using ‘unsharp’ mask.
In this step, the contrast between various details in the original
images can be significantly improved. As shown in Fig. 1, the

original image can be reconstructed by using the high frequency
images. Thus, after the reconstruction of the enhanced high fre-
quency images, the original images were effectively enhanced.
Fig. 2A shows the gray scale image after noise removal and image
enhancement.

Because it is difficult to observe the changes of the recon-
structed images after image processing visually, the effects of every
image processing on a sample image is shown as follows. Fig. 3A is
the original image and Fig. 3B is the image after being added noise.
Fig. 4A and B are the results of noise removal operation by using
median and adaptive median filter, respectively. From these two
images, it can be seen that the noise is removed by the two filters
very well. However, by comparing the two figures, especially the
stamen in the images, the sharpness of Fig. 4B is higher than that
of Fig. 4A. Thus, compared to the traditional median filter, more de-
tails in the original image are retained by the operation of adaptive
median filter. The results of image enhancement are shown by
Fig. 4C. By comparing the Fig. 4B and C, especially the leaf vein
in the images, it can be seen that the contrast in the original image
is greatly improved.

2.2.2. Threshold segmentation
After previous image processing, an iteration method was em-

ployed for threshold value calculation. Gray values below the
threshold value were assigned to pores and the ones larger than
the threshold value were identified as aluminum powder particles.
The procedures of iteration method are summarized as follows:

(a) Select an original value for the global threshold, G.
(b) Segment the image by using G. Two groups of pixels can be

obtained: G1 consisting all pixels with intensity values
greater than G, and G2 consisting of pixels with intensity val-
ues less than or equal to G.

Fig. 1. Sketch image of 3-level wavelet transformation.

Fig. 2. (A) Gray scale image after noise removal and enhancement. (B) Binary image
after image segmentation. (C) Gray histogram and the calculated threshold value of
the corresponding gray scale image.
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