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Fig. 2 User interface for fracture surface analysis support system
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Method for quantitative evaluation of
stretched zone width using two-dimensional
local Hurst exponent
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Abstract. Fractal analysis has been widely used to characterize the fracture surface. It has been recognized that the local
Hurst exponent, which is based on the concept of the self-affine fractal, is useful to detect the transition point of the fracture
surface. In order to calculate the local Hurst exponent, a high-resolution profile is needed. The measurement of this profile,
however, requires considerable time and effort, which thus makes it difficult to calculate all the profiles of the fracture surface
and arrive at a detailed evaluation of the features of the fracture surface. In the present study, we propose a new method of
calculating the two-dimensional local Hurst exponent, which can be used to evaluate the features of the fracture surface using
the local Hurst exponent. To investigate the validity of the two-dimensional local Hurst exponent, our calculations were applied
to grayscale images in which the stretched zone was observed and the width of the stretched zone (SZW.) was measured. The
SZW, calculated by the two-dimensional local Hurst exponent and that detected by human observation were found to be in
good agreement. We thus conclude that the two-dimensional local Hurst exponent is a useful means of detecting the transition
point of the fracture surface.

Keywords: Hurst exponent, fractography, stretched zone, fatigue fracture

1. Introduction

Fractography is an important field of study which investigates the causes of fracture accident. In recent
years, numerical analysis has become essential in the estimation of stress from the fracture surface, since
the results obtained by numerical analysis are objective and thus more reliable than results obtained by
the conventional method, which depends on a human observer.

Fractal analysis has been widely used for the numerical analysis of the fracture surface [1-3]. Early
studies made use of the fractal dimension (F}), which was calculated from the image or topological
data of the fracture surface. Mandelbrot [2], for example, reported on the relationship between absorbed
energy and the Fy.

In this paper, the two-dimensional local Hurst exponent, which is based on the concept of the self-
affine fractal, is proposed to analyze the transition region using an image of the fracture surface. To
investigate the validity of this parameter, it was applied to the estimation of the width of the stretched
zone (SZW.), which is related to a crack tip opening displacement (CTOD) and a critical J-integral

(JIC)’

1567-2069/05/$17.00 © 2005 — IOS Press and the authors. All rights reserved



SFC ios2a v.2005/10/18 Prn:4/11/2005; 15:56 F:sfc048.tex; VTEX/Judita p. 2

2 K. Yamagiwa et al. / Method for quantitative evaluation of stretched zone width
2. Method for calculating the two-dimensional local Hurst exponent

Unlike isotropic fractal geometry, self-affine fractal geometry includes the feature of self-similarity
on condition that the scale is changed anisotropically. Specifically, assuming that h(z, y) is a self-affine
fractal, h(x, y) is satisfied by the Eq. (1) below.

h(z,y) = A Hh(z, My). . (1

Here, H is the Hurst exponent, which has a value from 0 to 1. Where H = 1, h(z,y) is a flat plate.
A fracture surface becomes more complicated, in which case H approaches 0. The method for calculat-
ing the two-dimensional local Hurst exponent is indicated in the following steps.

The following equation satisfies A(z, 3), which is a gray level image in the present paper.

haogo(®, y) = (@ + 2o, y + Y0) — ~(zo, Yo), @)
P o (@, Y) = /\_thu,yo()\l‘, Ay). ’ 3)

In Eq. (2), o, yo are the coordinates of pixel in the image.

The two-dimensional wavelet transform (WT), which is an effective method of investigating the local
features and similarity of signal and image [4], is applied to calculate the local Hurst exponent. The
two-dimensional WT is defined by the following equation:

1 b, z—b
W (h(z,y),0,b,by) = - / / w(%,m—a—l)h(w,y)dxdy, )

where 1 is the mother wavelet, and the overline indicates the complex conjugate. Moreover, (b, by) and
a indicate the transition parameter and the scale parameter, respectively. Therefore, similarity and local
features are respectively described by a and (bg, by).

Next, we substitute Eq. (3) for Eq. (4) and the admissible condition of the mother wavelet:

W (hag o (T, ), A@, Abg, Aby) = W (h(z, 1), Aa, Aby + 20, Aby + Yo)- A)
Finally, we obtain the following:
W (hag (@, Y), @, bz, by) = A™H W (h(z, ), A, Abg + o, Aby + %0). ' (6)

Therefore, the relationship between a and W at the neighborhood of (g, yo) is expressed as the fol-
lowing equation:

W (h(z, v), a, To, Yo) o< a? T, (7)
Specifically, the two-dimensional local Hurst exponent is obtained from the slope of the plot of a and

W on the legalistic graph. Furthermore, the distribution of the two-dimensional local Hurst exponent is
obtained by substituting the coordinate of pixel in the image for (zg, ¥o).
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However, an almost linear relationship between ¢ and W is not obtained. To solve this problem,
Simonsen proposes the Averageed Wavelet Coefficient (AWC) method [5]. In the present paper, we
expand on this method for two-dimensional WT as the following equation:

y=yo+ 4w z=zo+ W

|W(h($9 y)r a, Zg, y())l = —1;)3 Z Z lW(h(CE, y), a,r, y)l. (8)

1 1
Yy=to—3Ww T=Tp—5W

Finally, the two-dimensional local Hurst exponent is calculated from a linear relationship between
|W| and a. A feature of an area whose width is w and whose center is (%o, yo) is contained in H, which
is therefore expressed as H(xg, yo)-

3. Experimental procedure
3.1. Method for detecting the stretched zone

In an elastic-plastic fracture toughness test, a stretched zone is observed on the fracture surface be-
tween a fatigue fracture surface and a ductile fracture surface. The stretched zone is a flat region com-
pared to the fatigue and ductile fracture surfaces. Thus, the two-dimensional local Hurst exponent of a
stretched zone is larger than that of the other regions (Fig. 1).

In order to detect the stretched zone by the two-dimensional local Hurst exponent, we first plot the
relationship between the location, which is parallel to the crack propagation direction, and the two-
dimensional local Hurst exponent, that is, the location where the two-dimensional local Hurst exponent
is maximum and is set at L. Next, Ly and Lg are detected. Ly is set at the previous minima location
from L; and L is set at the next minima location from L. Here, L is considered to be the start location
of the transition region from the fatigue fracture surface to the stretched zone, and Lg is considered to
be the end location of the transition region from the stretched zone to the ductile fracture surface. Thus,
the SZW g in Fig. 1 is considered to contain not only the stretched zone but also the fatigue and ductile
fracture surfaces. For this reason, we define SZW,, as the following equation:

SZW, = SZEV " ©
Location (um)
S L
_I_Js
/ Lf
SZWc = SZWi/2

Local Hurst expoucot(H)

Fig. 1. Nlustration of SZW. measurement using two-dimensional Hurst exponents.
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However the SZW ., which is important in stress estimation, depends on zg and is the averaged width
in the image of the fracture surface. In the present paper, therefore, the averaged local Hurst exponent
shown in Eq. (10) is used.

— 1
Hyo) = — 3 H(xo, o). (10)

3.2. Test pieces and images of fracture surfaces

The test pieces for evaluating the SZW, were CT test pieces with a chevron notch made from STPG370
(carbon steel). The elastic—plastic fracture toughness test was based on ASTM E1820 and was performed
by the unloading elastic compliance method at 200°C. Four pieces were tested, and 3 images were
obtained from each test piece.

Scanning electron microscopy (SEM) was used to examine the fracture surface (ERA-4000; Elionix,
Tokyo, Japan). Figure 2-I shows the image of a fracture surface which has 256 gray levels (8 bit/pixel).
The magnification and resolution of the image are x400 and 800 x 600 pixels, respectively.

W used for the AWC method is 18 pm and the Daubechies (N = 2) wavelet is used as the mother
wavelet. The time for calculation was 90 minutes on Intel Xeon 2.2 GHz.

015 020 025 030
2-Dimensional Hurst Exponent

Hin=0.2 Hin=0.25
1)) V)

Fig. 2. Distribution of two-dimensional local Hurst exponent and stretched zone detected by our proposed method. (I) Gray
scaled image of fracture surface. (II) Relationship between two-dimensional Hurst exponent and the location. (III) Distri-
bution of two-dimensional local Hurst exponent (H;;, = 0.2). (IV) Distribution of two-dimensional local Hurst exponent
(Hyp, = 0.25).
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4. Results

Examples of an analyzed image and the distribution of the two-dimensional local Hurst exponent are
shown in Fig, 2. In Fig. 2-1, the white line indicates the stretched zone detected by human observation,
Fig. 2-11 shows the relationship between H (i) and the location, and Fig. 2-1I shows the distribution of
the two-dimensional local Hurst exponent, Threshold (Hyy,) is 0.2. The white region is flatter than the
black region. Fig. 2-1V also shows the distribution (Hy, = 0.25).

Note that in Fig. 2-1II, the white region is larger in the lower region than in the upper region, indicating
that the fatigue fracture region is flatter than the ductite fracture region.

In addition, the white area in the ductile fracture region is related to the bottom of the dimple, which
is large. For example, A in Fig. 2-1V is related to the large dimple observed the upper left of Fig. 2-1,
while B in Fig. 2-1V is related to the set of small dimples. The two-dimensional local Hurst exponent is
thus small.

Based on the data shown in Fig. 2-1V, the stretched zone is flatter than the fatigue and ductile regions.
Furthermore, by setting the threshold appropriately, it is possible to detect the stretched zone shown in C
(Fig. 2-IV). However, A, D in Fig. 2-1V indicates that there are regions in the fatigue and ductile regions
which are flat, making these difficult regions in which to detect the stretched zone.

If we observe the fatigue and ductile regions, it becomes clear that the stretched zone is always flat in
the x-direction while the other regions are not always flat in the same direction. Therefore, the SZW, is
evaluated by calculating the averaged local Hurst exponent shown in Eq. (7).

Based on Fig. 2-II, it is obvious that the region detected by the proposed method is related to the
region detected by human observation because the stretched zone is flatter than the other region and the
two-dimensional local Hurst exponent is larger than the other area. Moreover, the maxima in the ductile
fracture region is considered to be related to the large dimple observed in the upper left area of Fig. 2-1.
Above all, the validity of the analytic model shown in Fig. 1 is proved.

In the next, the SZW . detected by the proposed method and the human observation at the each image
from the test pieces are shown in Table 1.

Table 1

Result of quantitative evaluation of SZW. (um) by two-dimensional local Hurst expo-
nent (upper part) and by human observation (lower part)

SZW¢ (um) Average (4m)

Specimen 1 Case 1 459 43.44+2.00

J = 134.5 (J/m?) Case 2 41.1 (38.4+3.0)
Case 3 43,1

Specimen 2 Case | 354 47.3+8.51

J =920 &kI/m%) Case 2 51.6 (43.4+1.8)
Case 3 54.9

Specimen 3 Case | 353 33.24£3.19

J = 81.2 (kI/m%) Case 2 28.7 (39.3+£7.7)
Case 3 35.6

Specimen 4 Case 1 47.6 42.0+4.05

J =79.1 (kI/m?) Case 2 38.4 (409+1.9)

Case 3 39.8
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5. Discussion
5.1. Evaluation of the stretched zone

In order for the stretched zone detected by the proposed method to be valid, the location of Ly and
Ly must roughly agree with the stretched zone detected by human observation. Figure 2-II shows that
the boundary between the stretched zone and the ductile fracture region is in good agreement with the
boundary detected by human observation. However, the boundary between the fatigue fracture region
and the stretched zone does not show this agreement.

Komai [6] conducted research on the depth of dimples, in which he found the depth to be a few
pm; the width of a dimple is approximately 10 ym. On the other hand, the height of striation reported
by Furukawa is on the order of several hundred nm, and the width of striation is approximately 10 nm,
because AK when the fatigue crack was propagated was 10 MPa+/m. Thus, the fatigue fracture surface is
composed of smaller components than the ductile fracture surface, and the calculated boundary between
the fatigue fracture surface and the stretched zone differs from that detected by human observation.

5.2. Evaluation of SZW .

The difference between the SZW.. detected by the proposed method and that detected by human obser-
vation is almost 5 um as shown in Table 1, and it is nearly the with of the white line shown in Fig. 2-1.
The SZW, obtained by the proposed method thus shows good agreement with that obtained by human
observation, proving that the two-dimensional local Hurst exponent is a useful and accurate method of
detecting a stretched zone and measuring the SZW..

5.3. Relationship between SZW . and Jp.

Finally, we explain the relationship between SZW,. and Jy.. It is shown in Fig. 3. Kobayashi et al. [7]
reported the following equation (Eq. (11)).

1201

1004 o
804

60 ey

40 Iy

e = ¥ [
—————————— ” 90% confidential limit l SPECIMEN 1

SZWe(um)

z

i
i

20—

T 4 T T T T 1
80 100 120 140

J(k/md)

Fig. 3. Relationship between J-integral and stretched zone width.
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cJ

SZW, = —, 11
5 an

where C is a constant. The mean value of C is 89 with the standard deviation for 90% confidential limit
of 54.7 < C < 143, and F is the Young’s modules. It is 191.0 GPa.

In Fig. 3, Eq. (11) is drawn by the solid line, and the confidential limits are drawn by the broken lines.
Each plot with error bar indicates the stretched zone width which is obtained by the two-dimensional
local hurst exponent shown in Table 1.

Obviously, the plots with the error bars exist between the confidential limits. Therefore, the relation-
ship between Jy. and SZW, which is obtained by the two-dimensional local hurst exponent satisfies
Eq. (11). Namely, using the two-dimensional local hurst exponent, we can estimate J. from the fracture
surface in which the stretched zone is observed.

6. Conclusions

In this paper, we propose a two-dimensional local Hurst exponent which can express the complexity
of a fracture surface. To verify the applicability of this parameter, we applied it to the measurement of
the SZW... Our results showed good agreement between the SZW . detected by the two-dimensional local
Hurst exponent and that detected by human observation. We thus conclude that the two-dimensional
local Hurst exponent is an efficient method for measuring the SZW . numerically.

Acknowledgement

This research was supported by Dr. Naoki Miura of the Central Research Institute of the Electric
Power Industry of Japan.

References

{11 H. Takayasu, Fractal (in Japanese), Asakura Publishing Co., Ltd., 1986.

[2] B.B. Mandelbrot, Fractal character of fracture surfaces of metals, Nature 308 (1984), 721-722.

[3] L. Dougan, P. Addison and W. McKenzie, Fractal analysis of fracture: A comparison of dimension estimates, Mechanics
Research Communication 27(4) (2000), 383-392.

[4] C.K. Chui, An Introduction to Wavelets, Academic Press, 1992.

[5] O. Nes, L. Simonsen and H. Hansen, Phys. Rev. B 58 (1998), 2779-2787.

(6] K. Komai, H. Morita and K. Minoshima, Quantitative analysis of three-dimensional images of dimple and stretch zone (in
Japanese), Zairyo 39(444) (1989), 1311-1316.

[7] H. Kobayashi, Fractography and fracture mechanics “fracture toughness”, Zairyo (in Japanese) 29 (1980), 198-203.



