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Abstract: A new method for determining the fractal dimension by STM at nanometer scale has been proposed. Weierstrass-
Mandelbrot fractal curves were used to verify the accuracy and reliability. The Computer simulation showed that the fractal dimen-
sion obtained with this method generally outran the traditional yard method. The new method has been applied to the fractal dimen=
sion determination of the fractures of Ti,Al and Ti-24Al-11Nb alloys. The results show that the fractal dimension of Ti-24Al-11Nb
alloy is higher than that of Ti,Al, and it varies with the crack extending orientation.
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In recent years, many authors have used Slit Island
Method (SIM) in the fractal dimension determination
of fractured surface, which is fulfilled by measuring a
series of parameters, such as perimeter-maximum
diameter, perimeter-area. The determination of fractal
dimension by perimeter-area relation is first used by
Mandelbrot e al. [1] in fractured specimens of steels.
Later on, much work has been done on the use of the
method in determining the fractal dimensions of frac-
tured surfaces [2, 3], and on the fractal study of grain
structure, fatigue erosion pits, inclusions er al. [4, 5].
On the basis of the work of Mandelbrot et al. and the
consideration of limited nesting of natural fractals,
Lung et al. proposed a method for determining the frac-
tal dimension by employing the perimeter-maximum
relation [6, 7].

As to the fractal dimension evaluation of vertical
sections, various measuring methods have been
devised, such as box-counting method, yard method
and power spectrum method. However, owing to the
difference of various dimension determination meth-
ods, not all methods yield satisfactory results. Espe-
cially in nanometer scale range, because of the limita-
tion of experimental method, nanometer scale fracture
analysis poses a challenge. The authors have used the
scanning tunneling microscope (STM) in the fractal
dimension study of metallic composite fractures by
employing a new method [8], however, theoretical
study has not been done. In this article, the method
will be discussed from a theoretical point of view, and
thus a new ground for STM application in fractal

study at nanometer scale is opened. We define the
new method as the varying instrumental resolution.

1 Principle of the method

According to Mandelbrot [1], the total length I(g)
of the fractal curve is

Ley=¢"% L) =1 (1)
Suppose absolute yard is 7, the initial shape length
(or upper limit of self-similar structure) is L, then
Lapy=Ljn'"" @
logL (n) = DlogL+ (1 — D)logn 3)
There exist multiple methods in determining D:

(1) fix L, find D by changing n, which results in
the so-called Richardson method.

(2) fix 5, find D by changing L, which results in
the perimeter-maximum diameter method [6, 7].

(3) fix measuring range, find D by changing 5 real-
ized indirectly by STM, which thus results in our
method.

In order to use the method, first, the measuring
range has to be fixed, a set of data is thus obtained by
STM; later on, the fractal dimension is calculated

from the slope of the regression line according to equa-
tion 3.

2 Computer simulation

In order to evaluate the stability and reliability of the
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method by varying instrumental resolution, computer
simulation has been done on Weierstrass-Mandelbrot
(WM) curves. The WM function [7] is given as
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where the constant b >1, the HausdorfT dimension H is
between 0 and 1, and the local dimension D equals
2-H.

= Th ical WM curves illustrated in figure 1.
) = 3 b™(1-cosb"x) (4) e typical are illus g
L)
1.7
Weirerstrass-Mandelbrot Function Weierstrass-Mandelbrot Function
Dimension=1.2 Dimension=1.2
N=256 N=512
1.6 -
~
2
—
1.5 - =
/"‘M\/
/
/WM/WWJ @ ®
1.4 1 ] L ! ] I 1 |
0.60 0.62 0.64 0.66 0.68 0.70 0.60 0.62 0.64 0.66 0.68 0.70
x X
1.7
Weierstrass-Mandelbrot Function Weierstrass-Mandelbrot Function
Dimension=1.2 Dimension=1.2
N=1024 N=2048
1.6 -
0
=
1.5 |- -
/V.\/‘..,_/./W\"v\./
i © @
14 ! 1 | 1 1 | l I

0.60 0.62 0.64 0.66 0.68 0.70

X

0.60 0.62 0.64 0.66 0.68 0.70

X

Figure 1 Profiles of WM curves with the same local dimension (#=2.1) and different point number N

More details can be seen as the point number N increas-
es, the profiles are analyzed in the same manner as
those extracted from the experimentally acquired STM
images. Therefore, the comparison between the
conventional yard method and the method by varying
instrumental resolution could be done on standard
WM profiles. The point number N used in the conven-
tional yard method is 8 192, The point number series
for the method by varying instrumental resolution is
256, 512, 1 024, 2 048, 4 (36 and 8 192. The typical

plot for measuring fractal dimension with the method
by varying instrumental resolution is shown in figure
2, while the results for various theoretical dimensions
with yard method and our new method are displayed
in figure 3. As shown in figures 2 and 3, the results
gained by our method are superior to those determined
by the conventional yard method, and the values corre-
sponding to different point number N all lie in the
same line, which indicates that very limited number of
experimental points could score satisfactory results in
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Figure 3 Comparison of results calculated with con-
ventional method and with method by varying reso-
lution on WM profiles (4=2.1) of various local frac-
tal dimensions

3 Experiment and results

The fractured surfaces of alloys Ti, Al and Ti-24Al-
11Nb were observed with STM by using constant-
current mode. Various STM images were scanned by
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using different pixel numbers as to the same scan
range of the above-mentioned alloys, which is equiva-
lent to selecting different yards, thus, the images with
various details could be obtained. The features of
STM images are enriched with the increasing of pixel
number, i, e., the decrease of measuring yard £, and
thus that of 3D STM image could better represent the
real roughness of fractured surface.

By selecting different pixel numbers, i e. different
yard £, the same range of the fractured surface was
scanned, and thus a set of STM images and their corre-
sponding 3D views of fractured surface with different
resolutions were obtained. The length L(e ) of the
profile corresponding to different ¢ was calculated by
computer directly or measured with image analysis
instrument, the plot of InL(g)-lne was drawn and the
fractal dimension D was calculated with linear regres-
sion. In order to increase the accuracy, multiple verti-
cal profiles for each image were adopted.

The typical STM images with the same scan range
are illustrated in figure 4. The change of InL(e) with
Ine along different directions as to the notched tip of
the fractured surface of alloy Ti,Al, such as, X direc-
tion (along the crack extending direction, curve 1), Y
direction (perpendicular to the crack extending direc-
tion, curve 2) and XY direction (45 T from X direc-
tion, curve 3), are shown in figure 5. The change of
InL{¢) with Ine along different directions as to the
notched tip of fractured surface of alloy Ti-24Al1-11Nb,
such as, X direction (curve 1), Y direction (curve 2)
are shown in figure 6.

Experimentally, in order to improve the accuracy,
multiple profiles along the same direction were aver-
aged. As shown in figures 5 and 6, good linearity of
InL(e) with Ine of the above-mentioned alloys was
maintained at a nanometer scale, thus the fractured
surfaces of alloys Ti,Al and Ti-24Al-11Nb possess the
fractal characteristics.

The fractal dimensions were calculated from the
InL(e)-Ine relationship, the results are shown in table
1, and the apparent fracture toughness of alloys Ti, Al
and Ti-24Al-11Nb are also listed in table 1.

At micrometer scale, the fractal dimension D of the
fractured surfaces of Ti-24Al-11Nb along the crack
extending direction was 1.203, while that of the frac-
tured surfaces of Ti, Al was 1.081 [9], which corre-
sponds to micro-scale cleavage steps in microstruc-
ture. However, at nanometer scale, the fractal dimen-
sions of the two alloys differ from those at micrometer
scale, which in tumn correspond to nano-scale cleavage
steps. Different dimension corresponds to different
measuring space, which is in agreement with the multi-
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Figure 4 STM images and profiles of fractured surfaces with different scan pixel numbers, scan range
is 820 nm x976 nm, (a) 180x180. (b) 150x150. (c) 120120, (d) 90x90 pixels.
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Figure 8 Plot of Inl{e)-Ine for fractured surfaces of
alloy Ti;Al measured with STM, 1—X direction, 2—

Y directian, 3— XV direction
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Figure 6 Plot of InL{g)-Inz for fractured surfsces of
alloy Ti-24Al-11Nb measured with STM

Table1 Fractal dimensions along different scan directions of fractured surfaces of alloys
Alloy Kic/ MPa-m""* Dy Dy Dy
ThAl 9.6 1.092 1.046 1.055
Ti-24Al-11Nb 20.0 1.172 1.083 =
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range fractal theory proposed in [10].

4 Conclusions

It is applicable to use STM for fractal dimension
determination at nanometer scale. The results gained
by the method of varying instrumental resolution are
superior to those obtained by the conventional yard
method. Because of its simplicity and accuracy, the
method could be easily adopted in practice.
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preferred orientation, which results larger amount of
deposit building upon the die face during forming. It
was interesting to find that ( 00X ) plane preferred
orientation of the zinc crystal tended to be increasing
when the deposit was performed in forming deforma-
tion owing to the rotating of the crystalline grains,
which deteriorates the forming conditions.
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