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Fractal dimension for porous metal materials of FeCrAl fiber
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Abstract: The FeCrAl fiber was used to prepare porous metal materials with air-laid technology, and then followed by sintering at
1300 °C for a holding period of 2 h in the vacuum. In addition, a novel fractal soft, which was developed based on the fractal theory
and the computer image processing technology, was explored to describe the pore structure of porous metal materials. Furthermore,
the fractal dimension of pore structure was calculated by the soft and the effects of magnification and porosity on fractal dimension
were also discussed. The results show that the fractal dimension decreases with increase in the magnification, while it increases
continuously with the porosity enhancing. The interrelationship between the fractal dimension and the magnification or porosity can

be presented by the equation of D=ayexp(—x/a;)+0, and D=k,—(k—k,)/[1+exp((6—ko)/k3)], respectively.
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1 Introduction

Rapid development of advanced technologies in
industrial ~ fields  demands  gradually
structure-functional porous metal materials, especially
porous fibrous materials. Metal fibers
applications such as wearable computers, composite
materials, electromagnetic shielding or anti-static
textiles, sound absorption or heat transfer parts, and high
temperature filters [1]. However, the performance of
these products depends on the pore structure of porous
metal materials, so the accurate description of pore
structure has been a hot topic in the world [2]. In order to
obtain a quantitative description about complex porous
structure, a large number of methods, stereological
techniques and automatic image analysis, have been used
for measuring porous structure parameters [3]. But a
specific index is not provided to quantitatively analyze in
these techniques mentioned above.

The fractal theory is a very effective tool to study
the porous structure. Since the fractal theory was
introduced, it has been widely applied to many fields of

various

see wide

modern science, such as primary phase morphology [4],
surface or fracture morphology [5,6], metal alloy matrix
composites [7], permeability of porous media [8,9],
crack detection [10], soil structure [11], frictional signals
[12], internal structure and setting of flocs formed in
lime softening process [13], surface structure of
non-woven fabrics [14] and relationship between
anatomy structure and impact energy [15], especially in
describing the disorder and stochastic pore structure of
porous metal materials [2,16]. The key quantity in fractal
geometry is the fractal dimension; however, these
investigations did not involve the evolution of fractal
dimension. Additionally, the fractal dimension can be
influenced by many factors, such as magnification of
image and porosity of sample, and every factor may lead
to its inaccurate calculation. Up to date, seldom
references reported the research results studied in this
aspect, so it is needed to analyze the impacting factors to
fractal dimension.

In the study, porous metal materials of FeCrAl fiber
were prepared by the air-laid technology in a vacuum
furnace. The effects of the magnification of image and
the porosity of sample on fractal dimension were then
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discussed. The results obtained in the work can be used
to analyze the dimensionless interzone of porous metal
materials, and to study the interrelationships between the
fractal dimension and the properties of porous metal
materials.

2 Experimental

2.1 Preparation of samples

In the study, the FeCrAl fiber with a diameter of
20 um was used to manufacture porous metal materials.
The producing process consisted in steps in: 1) short
fiber, which was about 20 mm for the length, was made
by stretch-breaking process; 2) metal fiber felt was made
by air-laid method; 3) the felt was sintered at 1300 °C in
vacuum (the vacuum of 10°-107° Pa) for 2 h. The
porosities of samples were tested by Archimedes’ law
and the scanning electron microscopy (SEM) was
performed on the polished samples to observe the
microstructure. Images of FeCrAl fiber and its felt are
shown in Fig. 1(a) and Fig. 1(b), respectively.

Fig. 1 SEM images of FeCrAl fiber (a) and its felt (b)

2.2 Calculation of fractal dimension
The key parameter in fractal geometry is the fractal
dimension, D, which follows the scaling law [17,18]:

ML)~ L” (1)

where M is the length of a line or the area of a surface or

the volume of an object, ‘~’ is regarded as ‘scales as’.
Equation (1) implies the characterization of

self-similarity and indicates that the fractal dimension

keeps constant over a range of length scales, L. Some
geometry structures, such as Kock curve, Sierpinski
gasket and Sierpinski carpet, appear exact self-similarity
[19]. Nevertheless, a lot of objects found in nature are
not exactly self-similar, while they are statistically
self-similar. Statistical self-similarity means that these
objects appear self-similarity over a certain local range
of length scales relevant to the problem [17,20].

To calculate the fractal dimension of a
two-dimensional object, such as the SEM image obtained,
it can be divided into N(/) smaller self-similar squares
and each is measured by the side length, /. Therefore, the
fractal dimension, D, can be defined as [21]

Do InN()
In/

2

In the work, the characterization of porous structure
was analyzed using a novel fractal soft which was
developed based on the fractal theory and the computer
image processing technology. The soft contained two
parts, image processing and calculation. The image
processing was composed of following steps: 1) the
original image (Fig. 1(b)) was transferred into gray-scale
one, then followed with de-noise and filtering shown in
Fig. 2(a); 2) the dynamic threshold segmentation
technology was applied to segment and the binary image
was obtained as exhibited in Fig. 2(b), where the pore
presented the black area and the metal fiber exhibited the
gray one; 3) Figure 2(b) was divided by grid as appeared
in Fig. 2(c); 4) the pore boundary of Fig. 2(c) was
extracted as shown in Fig. 2(d). Calculation of the soft
involved the fractal dimension, the maximum pore size,
the average pore size, the porosity, the pore perimeter
and its area, etc.

In the work, equation (2) was used to calculate the
fractal dimension. The fractal dimension was usually
estimated as the absolute value of the slope of a linear fit
for data on a 1n N(/)—1n/ plot which was not an integer.

3 Results and discussion

3.1 Effect of magnification on fractal dimension

The fractal dimensions at different magnifications
for the porosity of 97% are shown in Fig. 3. It can be
seen from Fig. 3 that InN(/) and 1n/ satisfy a very good
linear relationship and all the correlation coefficients
exceed 99%, so the material has very obvious fractal
characteristics. Furthermore, it also can be seen from
Fig. 3 that the fractal dimension decreases with increase
in the magnification. The fractal dimension decreases
from 1.7095 (Fig. 3(a)) to 1.4491 (Fig. 3(d)) when the
magnification increases from 50 to 500. As the
magnification increases continuously, the number of
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Fig. 2 SEM images showing processing procedures of novel fractal soft for image filtration (a), image binaryzation (b), image
division by grid (c) and pore boundary extraction (d)
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Fig. 3 Fractal dimensions at different magnifications for porosity of 97%: (a) Magnification 50; (b) Magnification 100;
(c) Magnification 200; (d) Magnification 500



Jian-zhong WANG, et al/Trans. Nonferrous Met. Soc. China 23(2013) 1046—1051

pore decreases slowly in an unit area for an image and
the boundary of pore becomes clear, hence the fractal
dimension decreases gradually.

To reveal the quantitative relationship between the
fractal dimension and the magnification, the
experimental results were fitted and presented in Fig. 4
for the porosities of 85%, 91%, 94% and 97%. It can be
found from Fig. 4(a) that the fitting curve accords with
the experimental results and the correlation coefficient
exceeds 99% and the fitting curve can be defined as the
exponential decay model, so do the fitting curves for Fig.
4(b), Fig. 4(c) and Fig. 4(d). The fitting curve can be
expressed as D=0.3exp(—x/167.8)+1.36 for Fig. 4(a),
D=0.38exp(—x/160.6)+1.36 for Fig. 4(b), D=0.4exp(—
x/140.7)+1.4 for Fig. 4(c) and D=0.37exp(—x/245.7)+1.4
for Fig. 4(d). To sum up, the interrelationship between
the fractal dimension and the magnification can be
described by the equation of D=ayexp(—x/a)+a,, where x
is the magnification of pore structure, ay, a; and a, are
related coefficients.

3.2 Effect of porosity on fractal dimension

The effect of porosity on fractal dimension is shown
in Fig. 5. It can be seen that the fractal dimensions
increase gradually with the porosities enhancing. As the
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porosity increases continuously, the number of pores
increases slowly in a unit area for an image and the
boundary of pore becomes more complex, therefore the
fractal dimension increases gradually. In addition, the
changing trend can be described very well using the
fitting curve expressed by Boltzmann model,
D=1.72—0.15/[1+exp((6-91)/2.1)] for Fig. 5(a), D=4.47—
2.94/[1+exp((6—117.11)/6.1)] for Fig. 5(b) and D=1.69—
0.26/[1+exp((6-96.5)/2.9)] for Fig. 5(c). Therefore, the
interrelationship between the fractal dimension and the
porosity can be defined as the equation of
D=ky—(k\—k,)/[ 1+exp((6—k¢)/k3)], where @ is the porosity
of specimen, ko, ki, k» and k; are related coefficients.

4 Conclusions

1) The fractal dimension decreases with increase in
the magnification, while it increases continuously with
the porosity enhancing.

2) The interrelationship between the fractal
dimension and the magnification can be described as
D=agexp(—x/oq)+o;.

3) The interrelationship between the fractal
dimension and the porosity can be defined as
D=ky—(ki—ky)/[ 1+exp((0—ko)/k3)].
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Fig. 4 Fractal dimension vs magnification for different porosities: (a) 85%; (b) 91%; (c) 94%; (d) 97%
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Fig. 5 Fractal dimension vs porosity at different magnifications:
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FeCrAl A4 % FLAA R B0 Fo 4E 3
Fae " LZrd!, BER, HILRY Ras', Rk

1. b E AL M &R 2 MBEKE LR =, 7% 710016;
2. AT RS MPRERE S T2, 7E% 710072

1 E: FIASRRAEE AR RS T FeCrAl 421Uk, b5 X 1300 °C, fRUZHS TN 2 he
KINEET 23 T B AN T LIRS AL BEEOR 8 IR A —FloB B0 TR oo HAL b AT 4k, TS ALE M 73 T
YR, BT T TBORRE B S LB BN 4y TEHE R s U . FER W, o TR 4RSS TBOR A B 388 n i B A1, B
SRS B 1GR3 T BRI BOR A B, FLBR R T B R &R AT B4y ) 378 A D=agexp(—x/ay) o,
D=ky=(ky=kp)/[1+exp((6—ko)/k3)]
KR SEEZ MR FeCrAl 74, 7 TR4Es LU BOKMEE

(Edited by Hua YANG)

1051



