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B.B. Mandelbrot et al. [1] first described the geometrical

features of impact fracture surfaces in steels by the

fractal dimension, and found that the absorbed energy

decreased with increasing fractal dimension of the frac-

ture surface. The fractal dimension of the fracture sur-

face represents self-similarity and complex nature of

microstructures on fracture surfaces of materials,

depending on the length scale range of the fractal anal-

ysis [2]. In the grain-boundary fracture of heat-resistant

alloys, the fractal dimension of the fracture surface is

associated with steps and ledges, which constitute the

grain-boundary serration and are represented by the

fractal dimension of the grain boundary, DGB

(1 < DGB < 2), in the length scale range smaller than

one grain-boundary length [3, 4]. The fractal dimension

of the fracture surface is also associated with the pattern

of grain-boundary microcracks linked to the fracture

surface in the length scale range larger than one grain-

boundary length [5, 6].

The fractal dimension of the three-dimensional fracture

surface can also be deduced from the results of the

fractal analysis obtained by the two-dimensional method

described above. However, the specimens are considerably

damaged by sectioning and polishing during preparation in

the two-dimensional method. Computer-aided stereo

matching method, which is a non-destructive method, has

been successfully applied to the reconstruction of three-

dimensional images of fracture surfaces in materials

[7–11]. It is desirable to estimate directly the three-

dimensional fractal dimension of the fracture surface by

the non-destructive method, but it is still unknown

whether this method is applicable to severely oxidized

fracture surfaces. Therefore, this is an urgent problem to

be solved for wide application of the non-destructive

three-dimensional fractal analysis to various kinds of

fracture surfaces of materials. In this study, the three-

dimensional fractal analysis was made on the same

specimens of the HS-21 alloy (with various fractal

dimensions of the grain boundary, DGB, and the same

grain size of 130 lm) as those tested and analysed in the

previous study [4, 6], because the results of the three-

dimensional method can be compared with those of the

two-dimensional method.

Three-dimensional image reconstruction was carried out

using stereo pairs of scanning electron micrographs (basic

image and tilted image (tilted by 10�)) of fracture surfaces

by the computer program of the stereo matching method

[11]. Figure 1 shows representative fracture surfaces in the

specimens of the HS-21 alloy used for the fractal analysis.

More surface cracks and more complicated fracture surface

patterns are observed in the specimen with the larger DGB

value (Fig. 1b) than in the specimen with the smaller DGB

value (Fig. 1a), although the details of grain-boundary

microstructures cannot be known because of severe oxi-

dation (Fig. 1e, f). The analysed area is enclosed by a white

line in Fig. 1a, b (basic images). The height data
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(z-direction) of a fracture surface were obtained from the

reconstructed three-dimensional image, and were displayed

by the color number (from 0 to 255) as an elevation map

(a height image) (Fig. 1c, d), while the distance data were

given in pixel in the two perpendicular directions (in the

x–y plane). The height on the fracture surface increases

with increasing color number (brightness) in the height

image.

The three-dimensional fractal analysis was made using

the elevation maps by the computer program of the box-

counting method [12, 13]. In the computer program, three-

dimensional fracture surfaces are covered with boxes of

rectangular parallelepiped shape with the side length r in

the x- and y-directions and with the height cr in the

z-direction where c is a constant. The scale for the fractal

analysis is considered to be (cr3)1/3 in this case. The

number of boxes (N) covering the fracture surface can be

related to the ‘‘box size’’ (r) through the three-dimensional

fractal dimension, Db (2 < Db < 3), by the following

power law relationship:

N / fðcr3Þ1=3g�Db / r�Db ð1Þ

where c�Db=3 is a constant. Equation (1) can also be written

as

log N / �Db log r ð2Þ

The fractal dimension, Db, can be calculated from

Equation (2) by the regression analysis using the datum

sets of N and r. The fractal dimension was estimated in the

scale length (r) range from 2 pixels to a given size in this

study.

There are two fractal dimensions of the three-dimen-

sional fracture surface on the grain-boundary fracture sur-

faces of the HS-21 alloy, depending on the length scale

range of the fractal analysis (Fig. 2a). The fractal dimen-

sion of the fracture surface (Db) lies between about 2.19

and 2.24 and does not clearly depend on the fractal

dimension of the grain boundary (DGB) when the value of

Db is estimated in the length scale range smaller one

Fig. 1 Representative fracture

surfaces in the specimens of the

HS-21 alloy used for the fractal

analysis. a, c and e are specimen

with DGB = 1.056; b, d and f are

specimen with DGB = 1.241; a,

b, e and f are scanning electron

micrographs (the analysed area,

779 · 675 in pixel, is enclosed

by white line in a and b); c and d

are elevation maps (DGB: fractal

dimension of the grain

boundary)
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grain-boundary length (about 7.8 · 10–5 m) (Fig. 2b). This

result is very different from the results of the two-dimen-

sional fractal analysis, because the fractal dimension of the

fracture surface profile estimated in this length scale range

is generally larger in the specimens with the larger DGB

values [3]. However, when the value of Db is estimated in

the length scale range larger than one grain-boundary

length, the value of Db increases with increasing value of

DGB, and is relatively larger under the lower stress

(108 MPa) (Fig. 2(b)).

Figure 3 shows the relationship between the creep-rup-

ture properties and the fractal dimension of the fracture

surface (Db) estimated in the length scale range smaller

than one grain-boundary length. Both rupture life and creep

ductility cannot be correlated with the value of Db. These

results do not coincide with the results of the previous

study, because both rupture strength and creep ductility

increased with increasing fractal dimension of the fracture

surface estimated by the two-dimensional method [3, 4]. In

this case, the value of Db is associated with microstructures

like steps or ledges on grain boundaries. However, the

oxide layer formed during high-temperature exposure

considerably masked the microstructures on grain bound-

aries (Fig. 1), which were detected by the two-dimensional

method [1–3, 5, 6]. This may affect the result of the three-

dimensional fractal analysis in the length scale range

smaller than one grain-boundary length.

On the contrary, there was no report on the relationship

between the rupture properties and the fractal dimension of

the three-dimensional fracture surface estimated in the

length scale range larger than one grain-boundary length.

In this study, both rupture life (tr) and creep ductility

(�r and /) increase with increasing fractal dimension of the

fracture surface (Db) in the HS-21 alloy when the value of

Db estimated in the length scale range larger than one

grain-boundary length (Fig. 4). The relative increase in

rupture life or creep ductility with the fractal dimension of

the fracture surface (Db) is larger under the higher stress

(176 MPa), although the value of Db is larger under the

lower stress (108 MPa). In polycrystalline materials, the

proportion of the amount of grain-boundary sliding to total

creep strain generally increases with decreasing stress [14,
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Fig. 2 Fractal dimension of the fracture surface (Db) and its relation

to the fractal dimension of the grain boundary (DGB) in the specimens

of the HS-21 alloy ruptured at 973 K. (a) relationship between the

number of boxes (N) covering the fracture surface and the box size (r)

in the box-counting method (b) relationship between the value of Db

and that of DGB
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Fig. 3 Relationship between the rupture properties and the fractal

dimension of the fracture surface (Db) estimated in the length scale

range smaller than one grain-boundary length in the HS-21 alloy at

973 K
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15]. Then, more grain-boundary microcracks are formed

under the lower stresses, leading to the larger values of the

fractal dimension of the fracture surface estimated in the

length scale range larger than one grain-boundary length

(Fig. 2) [5, 6]. The effect of oxidation on the initiation and

growth of the microcracks may be larger at the longer

rupture lives. Enhanced grain-boundary sliding and severe

oxidation may decrease the toughening effect of serrated

grain boundaries under the lower stress (Fig. 4).

Thus, the present fractal analysis using the reconstructed

three-dimensional images is also applicable to the fracture

surfaces in the specimens of heat-resistant alloys ruptured

at high temperature. However, it is necessary to choose

carefully the length scale range of the fractal analysis when

environmental effects like oxidation of specimen surfaces

are not negligible.
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Fig. 4 Relationship between the rupture properties and the fractal

dimension of the fracture surface (Db) estimated in the length scale

range larger than one grain-boundary length in the HS-21 alloy at

973 K

6184 J Mater Sci (2006) 41:6181–6184

123


	Fig1
	Fig2
	Fig3
	Ack
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	Fig4


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


