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Summary

 

The influence of  the microscopical magnification resulting
in different voxel size and shape and of  the algorithm on para-
meters used for the quantification of  the surface topography is
studied using topographical images obtained by confocal laser
scanning microscopy. Fracture surfaces and wire-eroded sur-
faces of  steel were used as samples. The values obtained for the
global topometry parameters normalized surface area, mean
profile segment length and fractal dimension depend with
different degrees on the microscopic magnification and on the
algorithm used to compute these values. The topometry
values can only be used to establish correlations between the
topography and materials properties and for the modelling of
surface generating processes if  the imaging and computing
details are given.

 

Introduction

 

Materials surfaces contain information about the mechanism
of  the surface generation process and about the factors influ-
encing this mechanism and thereby the surface topography.
Those factors are, for example, the crystal structure (includ-
ing crystal lattice defects and residual stresses), the micro-
structure of  the material, the kind of  generation process (e.g.
the kind of  load in mechanical testing, wear, coating process
and cutting process) and the external conditions (tempera-
ture, loading speed, chemical environment). Characterization
of  surfaces, in particular fracture surfaces, is an area of  investi-
gation that can provide an understanding of  the relationship
between the surface topography and the microstructure,
the mechanical properties and the other factors mentioned
above.

For a long time the aim of  researchers has been to extract
this information from surface topographies in order to
enhance the interpretation and understanding of  the
material’s behaviour.

The quantification of  surface topographies is necessary to
distinguish surfaces that show no differences by visual inspec-
tion, and to establish quantitative correlations with materials
properties. Quantification is also necessary to obtain numbers
for numerical simulation and modelling of  surface topogra-
phies, and for comparison of  surface qualities.

In recent years, the possibilities for surface topography
quantification have been broadened by the availability of  new
imaging methods, which are able to image surfaces three-
dimensionally. Among these methods are confocal laser
scanning microscopy (CLSM) (Wilson, 1992), white light
interferometry (Schroeder 

 

et al

 

., 1999) and scanning force
microscopy (SFM) (Schwarz, 1997). The long used stereo-
photogrammetry using stereo-pairs obtained by scanning
electron microscopy (Boyde, 1973) underwent a revitaliza-
tion due to increased computing power (Scherrer & Kolednik,
2000) and the application of  a surface decoration method
(Marschall 

 

et al

 

., 2000). The reconstruction of  3D-images
from optical slices, which are obtained with conventional
(non-confocal) optical microscopes, known as extended focus
imaging, can be performed with fast software products
(Yamaguchi 

 

et al

 

., 1999) to yield topographical images.
All these methods produce three-dimensional images with

a scaling for all three dimensions, that is the 

 

x

 

-, 

 

y

 

- and 

 

z

 

-axes
in the orthogonal coordinate system. In the resulting images,
the height of  each surface point is encoded as a grey value.
This overcomes the three-dimensional characterization of
surfaces by two-dimensional height profiles, obtained by sec-
tioning fracture surfaces and drawing the profiles.

The three-dimensional images are used to quantify the
topography of  very different kinds of  surfaces, for example,
fracture surfaces and wear surfaces (Anamaly 

 

et al

 

., 1995;
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Ling 

 

et al

 

., 1990) and engineering surfaces (Lange 

 

et al

 

.,
1993; Mainsah 

 

et al

 

., 2001).
For quantification of  the topographies, several parameters

can be used, such as the standardized roughness parameters
for machined surfaces (roughness average/R

 

a

 

, root mean
square roughness/RMS), the ratio of  the true and the pro-
jected area (normalized surface area R

 

S

 

; introduced by Under-
wood as surface roughness parameter; Underwood, 1991)
and the fractal dimension (Kaye, 1994; Russ, 1994). The two-
dimensional parameter normalized profile length (profile
roughness parameter; Underwood, 1991), which is estimated
on height profiles, extracted from three-dimensional images,
can also be used.

The fractal dimension is often used as a global topometry
parameter (Li 

 

et al

 

., 1995; Li 

 

et al

 

., 1996), despite the fact
that its use for characterizing surfaces is limited (Wendt &
Blumenauer, 1999). The fractal dimension is estimated not
only on height profiles extracted from three-dimensional
images, but also from vertical cuts through fracture surfaces
and the application of  various methods (Balankin 

 

et al

 

., 2000).
One special application concerning the fractal dimension of

ductile fractures has been reported (Tanaka 

 

et al

 

., 1998,
1999). They apply the box-counting mathods to lines which
have been manually drawn into SEM images.

Many very useful results were obtained for the interpreta-
tion of  materials behaviour with the help of  the quantitative
characterization of  surface topographies (Exner, 2001).

A problem arises when topometry values obtained by using
different imaging methods, different imaging parameters and
different computing algorithms, are compared. The same
problem occurs if  these values are used for the modelling of
surface generating processes, for example, the modelling of
fracture paths (Borodich, 1999). The resulting values of  the
topometry parameters depend on the microscopical magnifi-
cation, the measuring algorithm, and on the variables used
within the measuring algorithms, for example, the mesh size
in surface area calculations. Often this fact is not taken into
account when topometry values are compared, although it is
obvious that the measured values of  some topometry para-
meters depend on the measuring conditions. For example, the
true surface area for a given surface increases with optical
magnification, because more details of  the surface topography
are included in the image, as has been shown by the estima-
tion of  the normalized surface area based on the profile length
obtained from different SEM magnifications of  sections per-
pendicular to fracture surfaces (Li 

 

et al

 

., 1995). Another
example is that roughness measurements made with different
instruments can yield different roughness values because
features with different sizes are measured. Very sophisticated
mathematical techniques have been proposed for the calcula-
tion of  different types of  fractal dimension (Falconer, 1997),
but only little attention has been paid to the practical estima-
tion of  the fractal dimension using real objects and to taking
into account different measuring conditions.

For the fractal dimension it is emphasized that each of  the
methods for the measurement of  the fractal dimension can
deliver a different value (Dubuc 

 

et al

 

., 1989; Russ, 1994),
but the imaging and specific computing conditions are not
taken into account. For example, the value for this parameter
received by the slit-island method depends on the yardstick
size used to measure the area and the perimeter of  the slits and
islands (Lung & March, 1999).

The comparison of  absolute values of  the fractal dimension,
obtained from several materials and by different techniques,
can hardly contribute to the description and interpretation of
material’s properties and its mechanical behaviour (Lea Cox &
Wang, 1993).

In this paper, results are shown of  a systematic investigation
of  the dependency of  the values of  some global topometry
parameters on the imaging conditions and on the algorithms
used to analyse the images.

Our intention is a methodological study, focusing more on
the imaging and measuring procedure than on delivering a
correlation between the topometry data and the surface
generation processes and the relationship between the surface
topographies and the material’s properties.

 

Materials and methods

 

Materials

 

The surface topography quantification was performed on
fracture surfaces of  a low-alloyed steel (German brand:
10MnMoNi5-5) (Fig. 1) and on wire eroded surfaces of  a
stainless steel (German brand: X6CrNiTi 18.11) (Fig. 2).

Fig. 1. Fracture surface of  the steel 10MnMoNi5-5; impact test at a
temperature of  −120 °C; SEM image.
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These surfaces were chosen because they have been the
subject in other studies, and differences in the topography
of  specimens obtained at different fracture temperature, or
different eroding conditions, respectively, should be known.
These differences cannot be seen by visual inspection of  SEM
images, but can be detected by quantification of  the surface
topographies. The fracture surfaces were obtained by the
Charpy impact test of  standard V-notched specimens at low
temperature (

 

−

 

120 

 

°

 

C).
The eroded specimen was processed by wire-guided elec-

trical discharge machining at a voltage of  85 V, a current
of  160 A with a discharge time of  1.74 

 

µ

 

s and an idle time of
20 

 

µ

 

s.

 

Method

 

The surfaces were imaged by confocal laser scanning micro-
scopy (CLSM). With this method, the surface topography is
optically sectioned, and a topographical image can be recon-
structed from the resulting slice series (Wilson, 1992). The
surface topography quantification was done using topograph-
ical images, where the height is presented as a grey value or
colour code (Figs 3 and 4). The instrument used (TCS 4D/
Leica) is a beam scanner with an argon laser. Only reflected
light was used for the imaging. All specimens were sputter-
coated with gold to produce a homogeneous reflection of  the
surface. The coating process is necessary, because some parts
of  the microstructure and therefore of  the surface do not
reflect light sufficiently.

The imaging conditions are listed in Table 1. An image size
of  512 

 

× 

 

512 pixels was chosen for all images.

The optical resolution is small in some cases, because some
microscope objectives possess relatively small numerical aper-
tures. This is because of  the necessity of  using objectives with a
large working distance (sometimes more than 1.5 mm) for the
investigation of  rough fracture surfaces.

In order to avoid the influence of  textures of  the topogra-
phies, the fractured specimens were always placed in the same
direction on the microscope stage with the notch directed to
the upright position.

The voxel shape was always cubic except for those images,
which were used to study the influence of  the voxel shape and
size on the values of  the topometry parameters. In these cases,
the 

 

z

 

 scaling of  the voxels was modified by the variation of  the
step size of  the 

 

z

 

-movement of  the microscope stage during
image capture with the confocal microscope. This means that
the total height difference of  the surface was divided in differ-
ent numbers of  optical slices.

Fig. 2. Eroded surface of  the stainless steel X6CrNiTi18-11; SEM image.

Fig. 3. Topographical image (a) and parallel projection (b) of  the fracture
surface of  the low alloyed steel 10MnMoNi5-5; CLSM image.
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All image-processing steps were run on an image analysing
system (analySIS-pro/SIS GmbH, Münster, Germany). The
noise filter and the quantification algorithms were imple-
mented using the interpreter language of  this image analyser,
which is related to the C++ programing language.

 

Noise filter

 

In CLSM images, noise is usually present, due to surface
regions for which the normals have small angles to the illumi-
nating laser beam. The intensity of  light reflected from those
regions back to the objective is too small to give a sufficient
signal. The result is single pixels or small groups of  pixels in
the topographical image, which, by the image reconstruction

algorithm, are set to the lowest (here: zero) or the highest grey
value present in the image. In particular, this happens when
rugged fracture surfaces are imaged.

To remove these imaging artefacts, a noise filter was applied
to all topographical images to correct those single pixels or
pixel groups. This noise filter was used because the known
mean and median filters, which remove noise pixels as well,
also change the grey value of  almost all other pixels in the
image.

With a 3 

 

×

 

 3 kernel, the grey values of  such pixels are sub-
stituted by the mean grey value of  the surrounding eight
pixels, whereby pixels with the same grey value as the centre
pixel, which will be corrected, are not taken into account
while calculating the mean value. That way all single pixels
as well as groups of  two and three pixels with the lowest
and highest grey values are corrected. All other pixels are not
changed. The quantification was then performed without any
further image enhancement.

 

Quantification parameters

 

The normalized surface area (R

 

S

 

), the mean linear profile
segment length (PSL) and the fractal dimension (D) were
studied as parameters for the quantification of  the surface
topographies.

 

Normalized surface area, R

 

S

 

The normalized surface area, R

 

S

 

 (Underwood, 1991), is the
ratio of  the true surface area, A, and the projected area, A

 

o

 

:
R

 

S

 

 = A/A

 

o

 

.
This parameter is sensitive to the area of  the surface but not

necessarily to the ruggedness. Surfaces with relatively flat but
rough hills with small topography features and surfaces with
large but smooth planes can result in the same value for the
normalized surface area. Therefore, only surfaces with similar
topography features should be compared using R

 

S

 

.
The true surface area was obtained by triangulating the

image in the following way. Each pixel is regarded as a point
whose 

 

x

 

- and 

 

y

 

-coordinates are those of  the centre of  the pixel
and whose 

 

z

 

-coordinate is equal to the grey value of  the pixel.
We used a grid size, a

 

tri

 

, in the range 1 to 7. For any such value,
a

 

tri

 

, we covered the image using squares consisting of  (a

 

tri

 

 +
1) 

 

×

 

 (a

 

tri

 

 + 1) pixels. Examples are given in Fig. 5(a) (where
a

 

tri

 

 = 1) and Fig. 5(b) (where a

 

tri

 

 = 3). For each square with
corners p, q, r and s (these are the three-dimensional points
corresponding to the four pixel corners), we computed the
areas of  the four three-dimensional triangles a = (p,q,r),

Fig. 4. Topographical image (a) and parallel projection (b) of  the eroded
surface of  the stainless steel X6CrNiTi 18-11; CLSM image.

Table 1. CLSM parameters for imaging the surfaces.
  

Objective magnification/numerical aperture 5×/0.12 10×/0.25 20×/0.45 40×/0.6 100×/0.75
Scan area (µm × µm) 2000 × 2000 1000 × 1000 500 × 500 250 × 250 100 × 100
Side length of  cubic voxel (µm) 3.91 1.95 0.98 0.49 0.195
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b = (p,r,s), c = (p,q,s) and d = (q,r,s). For example, the area a is
equal to 0.5 times the length of  the vector (q 

 

−

 

 p) 

 

×

 

 (r 

 

−

 

 p).
(This vector is the cross product of  the two vectors q 

 

−

 

 p and
r 

 

−

 

 p). The true area of  this square was obtained as
(a + b + c + d)/2, see Fig. 5(c) and (d).

 

Mean profile segment length

 

For the estimation of the profile segment length (PSL), height
profiles were extracted from the topographical image (Fig. 6)
and the mean values of  the linear segments contained in these
profiles were calculated.

The Euclidean distance between the endpoints of  a linear
segment was measured as the segment length. A line between
two adjacent pixels is also regarded as a linear segment. The
segment length was not estimated using profiles drawn in an
image and an image analyser to measure the length of  seg-
ments. In this case, the problem of  how to draw a line connect-
ing two pixels in adjacent rows as solved by the Bresenham
algorithm (Bresenham, 1965) is avoided.

For each image, 20 profiles parallel to the 

 

x

 

- and to the 

 

y

 

-
axes were used for the estimation of  the mean value. In no
case, were differences detected between the mean PSL values
of  the 10 profiles parallel to 

 

x

 

, and the 10 profiles parallel to 

 

y

 

.
PSL was chosen as a parameter because it is correlated to

the size of  planar regions in fracture surface topographies, e.g.
the size of  fracture facets in brittle fracture surfaces, which are
related to the crack path. The aim was to investigate the
dependency of  the PSL values on the voxel size and shape.

 

Fractal dimension

 

More than a dozen methods are known for the estimation of
the fractal dimension. We chose the slit-island method and
the two-dimensional box-counting method, because both
methods are based on relatively simple algorithms and work
properly on all investigated specimens. The methods are well
known (Mandelbrot, 1977; Kaye, 1994; Russ, 1994; Bunde &
Havlin, 1995) and their mathematical backgrounds do not
need to be described here in detail, but the measuring proce-
dures and the calculating algorithms will be outlined, because
they can influence the quantification results. It is necessary
to know details of  the estimation of  the fractal dimension if
values reported by different authors are compared. For the other
topometry parameters, a log–log plot was drawn and values
were calculated from the slope of  the curve, which we call frac-
tal dimension, as well, because these parameters depend on an
imaging or calculation ruler. As no discussion of  the useful-
ness of  the application of  the fractal dimension as topometry
parameter has been given here, no attention is paid to the
question of  whether the investigated fracture and erode
surfaces are self-similar or self-affined, and how far this can
influence the values received for the fractal dimension.

 

Slit-island method

 

In the topographical images, height slices are performed with
different grey value thresholds, leading to islands and lakes in
the image (Fig. 7). The area and the perimeter of  these islands
and lakes were measured (Mandelbrot, 1977; Lung & March,
1999). The grey value thresholds were set at 20, 30, 50, 60 and
80% of  the maximum grey value present in the image. Islands
and lakes touching the image border are not taken into account.

a) b)

     
     
     
     
     

     
     
     
     
     

a 
b c 

d 

c) d)

 

 

a

b c

d 

Fig. 5. Measuring size [grid size atri = 1 (a) and grid size atri = 3 (b)] and geometry (c) and (d) for the estimation of  the true surface area by triangulation.

Fig. 6. CLSM image of  a low-alloyed steel fracture surface with an
extracted height profile as used for the estimation of  the PSL.
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The area and the perimeter of  all objects are measured and a
log–log plot is drawn. The fractal dimension is calculated from
the slope of  the curve D

 

si

 

 = 2/slope.

 

2D-box-counting method

 

From the topographical image, height profiles were extracted
and drawn as 

 

x

 

-

 

y

 

 curves, which were masked with grids of  dif-
ferent grid (box) sizes (Bunde & Havlin, 1995). The number of
hits (boxes covering at least one pixel) is counted and a log–log
diagram is drawn for box size vs. number of  hits. The box-
counting fractal dimension is calculated from the slope of  the
resulting curve by D

 

2dbox

 

 = slope.
The box sizes were 4, 5, 6, 8, 10, 12, 16 and 20 pixels. These

sizes are applicable to a measuring field of  480 

 

×

 

 480 pixels.
With other box sizes, images with 512 

 

×

 

 512 pixels are not
completely covered. The measuring algorithm was implemented
as a kernel. The often applied and faster method of  using an
image operation with masks of  different mesh sizes leads to an
overlay of  the grid line and the profile. Pixels lying on the grid
lines are not counted. From each topographical image, 10
height profiles were extracted parallel to both the 

 

x

 

- and 

 

y

 

-axes.

 

Results

 

Influence of  the image orientation on the topometry values

 

It can be assumed that for certain surfaces the topometry val-
ues depend on the orientation of  the specimens with regard to
the measuring direction. This is possible with fracture surfaces
or with wear surfaces, if  some of  the topography features are

orientated in a preferred direction. Using profiles extracted from
the images at different orientations with respect to the crack
direction, the quantification of  fracture surface topographies
was proposed (Gokhale & Underwood, 1990; Li 

 

et al

 

., 2001).
The PSL and the 2d-box-counting fractal dimension were

estimated on height profiles, which were extracted from topo-
graphical images. For the specimens investigated here, no dif-
ferences could be detected for profiles, extracted parallel to the

 

x

 

-axis and parallel to the 

 

y

 

-axis as well as for profiles extracted
in both 45

 

°

 

 directions. Therefore, it can be concluded that the
investigated surfaces show no preferred orientation of  the
topography features.

 

Measurement of  PSL using images with different voxel sizes

 

The measurement of  the PSL, using images that are obtained
with different magnifications and therefore different cubic
voxel sizes in the topographical image, was performed to show
the dependency of  the PSL values on the voxel size. This rela-
tionship has to be taken into account if  the PSL values are used
for the numerical modelling of  crack paths.

Figure 8 shows the dependency of  the PSL value on the
voxel size; the slope indicates a significant dependency of  the
PSL values on the voxel size, as proposed. From the slope of
the curve, a kind of  fractal dimension D

 

PSL

 

 = 1 + slope for pro-
files can be calculated, which has a value of  D

 

PSL

 

 = 1.48.

 

Measurement of  PSL using images with different voxel shapes

 

The same region of  the surface was imaged with different
numbers of  optical slices. Thus, voxels result, which have a

Fig. 7. Principle of  the slit-island method; topographical CLSM image of  a fracture surface (a) and the resulting image after slicing at 80, 60 and 50% of
the maximum grey value (b).
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cubic or a tetrahedral shape and different 

 

z

 

-scaling. All other
microscope settings were not changed. The influence of  the
voxel shape on the PSL is demonstrated in Fig. 9.

At first, the PSL increases with growing step width. Then, at
a step width of  about 0.8 

 

µ

 

m, the PSL value becomes constant,
so that it can be assumed that a correlation to the axial resolu-
tion of  0.77 

 

µ

 

m for the used objective exists. Therefore, we
draw the conclusion that with step width values greater than
the axial resolution, the influence of  the voxel’s 

 

z

 

-dimension
on the measured value disappears.

 

Measurement of  R

 

S

 

 using images with different (cubic) voxel size

 

The triangulation was performed with a fixed triangle size of  1.
The influence of  the voxel size on the surface area values was
investigated using images from different optical magnifications.
The 

 

z

 

-step width was chosen so that the voxels were cubic.

The log–log plot of  the R

 

S

 

 values vs. the voxel size gives an
almost straight line for the eroded surface (Fig. 10). From the
slope of  the curve, the fractal dimension is D

 

RSvox

 

 = 2 

 

−

 

 slope =
2.41. A similar result was obtained for the fracture surface.

This method of  estimating the fractal dimension is equiva-
lent to methods in which the length of  profile lines is measured
with different yardstick lengths (ruler or divider method). The
simple explanation for the curve in Fig. 10 is that with differ-
ent voxel sizes topographical features with different sizes are
included in the image. With higher magnification, more of  the
fine details of  the topography contribute to the measured
surface area. This is only true with voxel sizes greater than or
equal to the optical resolution.

 

Measurement of  R

 

S

 

 using different triangle size

 

The basis of  this method is the measurement of  the true
surface area by triangulation and the calculation of  the nor-
malized surface area, R

 

S

 

 (for the algorithm see above). The true
surface area was measured with different triangle sizes, a

 

tri

 

.
This method is comparable to the divider or yardstick method
applied to height profiles (Underwood, 1991; Cox & Wang,
1993) and to a method using different voxel sizes as described
earlier. The advantage over the yardstick method is that the
measurement is performed using the whole topography and
not only height profiles, which are extracted from the topo-
graphical images, or from cuts perpendicular to the surface.

The normalized surface area, as expected, depends on the
triangulation grid size (Fig. 11a). From the slopes of  the linear
curves, a fractal dimension is calculated as D

 

tri

 

 with values
between 2.54 and 2.70. These values are only true for the given
voxel sizes and depend on the voxel size, as shown in Fig. 11(b).

The combination of  the curves in Fig. 11(a) and (b) shows
that a bimodal dependency of  the R

 

S

 

 values on the imaging
conditions and on the computing algorithm exists.

0
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P
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Fig. 8. Dependency of  the PSL on the voxel size avox; eroded surface of  the
stainless steel.
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Fig. 9. Relationship between the voxel shape (variation of  the z-
dimension of  the voxels) and the PSL; eroded surface of  the stainless steel;
x,y-scaling = 0.2 µm, objective 100×/0.75.
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Fig. 10. Log–log plot of  normalized surface area RS vs. size of  the cubic
voxels avox; wire-eroded surface of  the stainless steel.
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Similar measurements on fracture surfaces based on the
height information generated by photogrammetry of  stereo
pairs obtained by scanning electron microscopy showed that
the surface area depends only a little on the triangle size
(called point density) (Friel & Pande, 1993).

 

Fractal dimension measurement using images with different 
voxel size

 

The fractal dimension was estimated by the box-counting
and by the slit-island method. For the box-counting method,
height profiles were extracted from topographical images. The
log–log plots of  the reciprocal number of  hits (1/N) vs. the box
size (e

 

box

 

) result in nearly straight lines for images with the
same voxel size; different curves are obtained for different
voxel sizes.

Box-counting was performed for the fracture surface of  the
low-alloyed steel and for the eroded surface of  the stainless
steel. In both cases, similar results were noticed.

The values for the fractal dimension D

 

2dbox

 

, directly calcu-
lated from the slope of  the curves 1/N vs. e

 

box

 

 as D

 

2dbox

 

 = slope,
for both materials depend on the voxel size as shown in
Fig. 12.

The slit-island method for the estimation of  the fractal
dimension was performed by slicing the topography at several
grey levels. Using the fracture surface of  the low-alloyed steel
and the eroded surface of  the stainless steel as examples, it can
be shown that for grey value thresholds at 20, 50 and 80% of
the maximal grey value in the image, the log–log plots of  the
area vs. the perimeter of  the lakes result in separate curves for
every grey threshold (Fig. 13). In addition, the curves for the
lakes and the islands are different.

As shown for the box-counting method, the values of  the
fractal dimension, obtained by the slit-island method, calcu-
lated as D

 

si

 

 = 2/slope, depend on the voxel size of  the topo-
graphical images (Fig. 14).

These results suggest that by using the slit-island method
for the estimation of  the fractal dimension it has to be taken
into account that the value of  the fractal dimension obtained
by this method depends not only on the imaging conditions
but also on the measuring parameters. The value is influenced
by the slicing height and by the selection of  whether the lakes
or the islands are used for the area-perimeter plot. Addition-
ally, the influence of  the voxel size depends on the kind of
surface, as could be shown here for a fracture and an eroded
surface.

 

Conclusions

 

The influence of  imaging conditions and computing algo-
rithms on the values obtained by the quantification of  surface
topographies was studied. As examples, three topometry

(a) (b)

Fig. 11. Log–log plot of  normalized surface area RS vs. size of  the measuring grid atri for the triangulation; fracture surface of  the low alloyed steel; cubic
voxel sizes (magnification of  the used objectives is given) (a) and log–log plot of  Dtri vs. size of  the voxel avox; fracture surface of  the low alloyed steel (b).
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Fig. 12. Relationship between the fractal dimension received by box-
counting and the voxel size; fracture surface of  the low-alloyed steel and
eroded surface of  the stainless steel.
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parameters were chosen: normalized surface area R

 

S

 

, mean
linear profile segment length PSL and fractal dimension D.
The surface quantification was performed on topographical
images obtained by confocal laser scanning microscopy of
fracture surfaces of  a low-alloyed steel and of  wire-eroded
surfaces of  a stainless steel.

The CLSM images of  these surfaces had to be treated with an
image filter to remove noise, which is due to imaging artefacts.
A selective image filter was developed in order to correct single
noise pixels or small clusters of  up to three pixels. Other image
filtering operations, for example a mean or median filter,

would lead to the change of  almost every pixel and to a loss of
information. Therefore, they have to be avoided.

The influence of  the imaging conditions (microscopical
magnification, thickness of  optical slices) on the quantitative
results was studied by varying the shape and the size of  the
voxels in the topographical images.

The dependency of  the topometry parameters on the size
of  cubic voxels is almost linear in log–log plots and can be
expressed as a kind of  fractal dimension, which is calculated
from the slope of  the curves. The shape of  the voxels expressed
as the ratio of  the 

 

x

 

- and 

 

z

 

-scalings (respectively as 

 

z

 

-scaling
only) has an analogous influence on the topometry para-
meters. The slope of  the resulting log–log plots is different from
the curves obtained for the correlation between the voxel size
and the topometry parameters. Therefore, using cubic voxels,
different values for the fractal dimension result.

The comparison of  the fractal dimension values received by
the slit-island and the box-counting method, respectively, con-
firms the results of  other authors (Russ, 1994) that different
methods can lead to different values of  the fractal dimension.
Because the experimental results described above show that
the dependency of  the fractal dimension values on the imag-
ing and calculating conditions are different for both tested
methods, it is possible that different correlations of  the topo-
metry values with materials properties can result.

Therefore, in equations describing the relation of  mech-
anical parameters, for example the fracture toughness
(Mecholsky & Freiman, 1991), to the topometry parameters,
the values for coefficients or exponents are only true for a cer-
tain set of  experimental measuring conditions.

The computing algorithms also have a significant influence
on the topometry values. For the estimation of  the true surface
area by triangulation, a linear dependency on the triangle size
results, if  a log–log plot is drawn. From the slope of  the result-
ing curve, a value for the fractal dimension is calculated. This
method is comparable to the ruler method for the estimation
of  the fractal dimension applied to height profiles.

However, this value of  the fractal dimension itself  depends
on the voxel size of  the images. This is also true for the values of
the fractal dimension, which are obtained by the slit-island
method. Using the slit-island method for the estimation of  the
fractal dimension, only one image is necessary, whereas for
the estimation of  the fractal dimension by calculating the true
surface area for different voxel sizes some images are neces-
sary. However, the value for the fractal dimension, obtained by
the slit-island method, is only true for the applied size and
shape of  the voxel. Furthermore, the value depends on the
slicing height and on whether the lakes or the islands are used.

The results discussed above are also demonstrated for the
mean profile segment length.

As a consequence of  the given results, the values of  topometry
parameters reported by different authors and listed (Milman

 

et al

 

., 1994) can only be compared if  they are obtained by iden-
tical imaging conditions and identical computing algorithms.
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Fig. 13. Slit-island method for the estimation of  the fractal dimension;
fracture surface of  the low-alloyed steel for thresholds at 20, 50 and 80%
of  grey max (lakes).
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A detailed description of  those parameters has to be given
with the quantification results. This is particularly necessary
for variables such as microscopic magnification, voxel size and
shape, applied image filtering procedures to remove noise, and
details of  the computing algorithm. In any case, the quantifi-
cation method for a given parameter has to be outlined in
detail, for example, the method for estimating the fractal
dimension.

The differences between the measured values of  the topo-
metry parameters, due to the mentioned influences, can be
significant, as demonstrated by the given results. This leads to
the question, which value of  a topometry parameter should be
used for modelling surface generation processes, for instance
crack growth and crack paths (Borodich, 1999), and for the
calculation of  energy balances of  those processes.

This question cannot be answered without further study of
the dependency of  the topometry values on the imaging condi-
tions and on the computing algorithms.

The results described here are of  basic interest. It has been
shown that topometry values depend on some conditions.
Therefore, for the comparison of  topometry results and for
practical/technical applications of  surface topometry, it has to
be proved that measurements were performed under identical
conditions. This leads to the question of  standard specimens.
These have to be designed for the various imaging methods,
certain magnification ranges, and for different kinds of  topo-
graphy. The latter is necessary, because the influence of  imag-
ing conditions differs for the various topographies and for the
topography features to be measured, for example roughness,
true surface area, and geometric dimensions of  single geo-
metric objects, such as planes or dimples.

Similarly, in AFM measurements, the tip geometry influ-
ences the topometry results and has to be registered, for
instance by a deconvolution routine (Schiffmann et al., 1997).

On the condition that these influences are taken into
account, the quantification of  surface topographies of  all kinds
of  materials can deliver very useful information for the devel-
opment of  new materials, the understanding of  the material’s
properties and for quality assurance.
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