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ABSTRACT
Two protocols for multistep grain segmentation and analysis workflow in optical microscopy 
images of cubic boron nitride materials were developed and compared. One is based on 
statistical region merging and second one on morphological segmentation of grains without 
high contrast borders. Judging from corresponding manual image segmentation by expert, 
the second method gave more accurate grain boundaries and better statistical correspon
dence. Then, using the morphological segmentation method and incorporating of parameter 
optimization into it, a grain analysis workflow was established. Deviations from the correct 
answer (expert segmentation) were quantified based on five geometric statistical indices, and 
these deviations were added together to define the overall error. Cross-validation confirmed 
that the morphological segmentation workflow reproduces the expert segmentation with 
smaller 9.4% margin of error compared to 23.9% with statistical region merging one. The 
automated grain segmentation of such challenging materials with high throughput image 
analysis is an important help for industrial development of new milling tools.

IMPACT STATEMENT
For grains without clear boarders, the unique, automated, and fast SEM image analysis protocol 
is reported for sintered industrially important cBN materials with segmentation quality close to 
expert level one.
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1. Introduction

Grain analysis is one of the basic techniques in metal
lurgy since statistical grain size and morphology 
greatly determine the materials mechanical properties 
(mechanical strength, toughness, fracture resistance, 
creep, etc.) and can be subsequently used in various 
theoretical and computational mathematical modeling 
approaches [1]. The present target material, cBN 

sintered compacts, is one of the typical examples. 
The cBN sintered compacts are widely used as cutting 
tools of ferrous materials [2,3], and it is important to 
understand the wear mechanism of edge damage for 
flank wear, rake wear, and edge chipping. For under
standing these complicated damage phenomena, the 
quantitative information on the microstructure such 
as grain size and morphology of the cBN matrix phase 
is crucial and fundamental ones.
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Most of the data for such studies come from 
optical- or/and electron-microscopy imaging techni
ques. Owing to large volume of associated image 
data for accurate statistical analysis, the traditional 
manual examination could be significantly slow. 
Nowadays, industrial microscopes are often bounded 
with corresponding grain analysis software to auto
mate such task [4–7] in large area imaging. 
Nevertheless, grain segmentation with low contrast 
or incomplete borders remains to be a challenge, and 
it is typically conducted manually by expert in the 
field of particular metallurgical materials. It should 
be straightforward to use the electron backscattered 
diffraction method in scanning electron microscopy 
(SEM-EBSD), which provides crystallographic orien
tation useful for grain segmentation. The SEM-EBSD 
measurements, however, require so long time that it 
is impractical to acquire a large amount of data; in 
addition, the method is limited to electron 
microscopy.

In past decades, various image segmentation algo
rithms of different complexity were developed for diverse 
fields [8]. The basic image segmentation and processing 
tools used in our previously reported works on different 
metallurgical materials [9,10] were originally built for 
computer vision [11], biology [12], and concrete technol
ogy [13] applications. By using different basic image 
segmentation and processing analysis tools as well as 
statistical analysis in this work, we here develop the 
automated grain analysis protocols for cBN sintered 
compacts that exhibit weak-contrast grain structure 
with no clear boundary in the SEM images. The cBN 
sintered compacts have a complicated multi-phase struc
ture that can be regarded as one of the most difficult 
microstructures for the grain segmentation task. Thus, we 
expect that the developed protocols can be applied to 
a wide range of multiphase, polycrystalline materials.

2. Experimental details

The cBN compacts were made by sintering of the cBN 
powder with ceramics binder, and they exhibited the 
microstructure consisting of cBN matrix, fine TiN 
binder, and highly dispersed nano-Al2O3 particles. 
SEM observations were performed by using Zeiss 
Ultra 55: Carl Zeiss Microscopy GmbH (Germany) 
with a multi-detector system. Auger electron spectro
scopy (AES) was conducted by using PHI-700: 
ULVAC-PHI, Inc. (Japan) apparatuses to obtain the 
elemental map of sintered materials.

Automated image analysis protocols were devel
oped in the form of executable macros by using an 
open-source FIJI software package [14–17] with 
particular plugins referenced in the text below.

3. Results and discussion

Figure 1 demonstrates the typical problem of using 
some simple edge detection filtering on the SEM 
image of the cBN matrix shown in Figure 1(a). In 
Figure 1(b), we used the Gaussian Blur filter with fol
lowed brightness and contrast adjustments before 
applying the Canny Edge detection filter [18] in 
Figure 1(c). Then, the connected regions were found 
in Figure 1(d) [19], and the image was converted into 
the binary one in Figure 1(e). Finally, Figure 1(f) 
demonstrates the segmented grains. At this stage, at 
least five independent parameters already need to be 
adjusted to get Figure 1(f). However, the grain borders 
are too thick in Figure 1(e) and require an extra tuning 
with Erode or threshold filtering. Moreover, many 
grain borders are not closed even in this case, and 
grains have many debris. For thinner borders with 
tuned Canny Edge filtering, this problem became even 
more severe. This demands an additional set of image 

Figure 1. The typical results with edge detector filters in borderless-grain segmentation workflow (see text for more details).
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processing, so the grain analysis from Figure 1(f) is not 
correct at this stage. In summary, the well-known image 
analysis techniques for grains with well-defined borders 
simply do not work for our samples due to the cumber
some protocols with large hyper-parameter search 
space, but mediocre outcome. The same problem is 
with other simple edge image filters or/and thresholds.

In this regard, Figure 2 shows the general outline of 
developed grain analysis workflow for cBN compacts. 
Two different image segmentation algorithms with 
sets of corresponding parameters were tested and 
compared in the same images as discussed below.

3.1. Grain analysis workflow with statistical 
region merging segmentation protocol in its core

Statistical region merging (SRM) segmentation is 
a fast and robust algorithm to segment an image into 
regions of similar grayscale intensity [11,20]. With 
SRM, the initial regions are set for pixels with homo
geneous properties which are later grew/merge 
depending on statistical test at the local spatial level. 
The merging predicate (P) for grayscale images is in 
Equation (1): 

with b Rð Þ ¼ g
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1= 2Q Rj jð Þð Þ ln R Rj j
�
�

�
�

� �
=δ

� �q

where 
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 Rð Þ þ b2 R0ð Þ

p
is a merging threshold; :j j is the car

dinal notation for size of sets of variables; R, R0 and �R, �R0

are the couple of regions of observed image (I) with Ij j
pixels and their observed averages of corresponding 
grayscale bands; R is the set of regions with R pixels; 
g ¼ 256 is from the set 1; 2; . . . ; gf g of pixel values; Q 
is the set of the independent random variables 
bounded by g=Q domain with any possible sum of 
outcomes of Q belonging to 1; 2; . . . ; gf g, i.e. it is the 
statistical complexity parameter of theoretical 
(expected) image I� after segmentation of I; and 
"0< δ � 1 with probability δ ¼ 1= 6 Ij j2

� �
from big 

O-h notation is related to the quantitative upper 
bound of error with respect to optimal segmentation. 
The merging order prioritizes that all tests inside each 
of the two true regions have previously occurred. 
Therefore, the only tuning parameter in SRM imple
mentation is Q ranging through the g values which 
control the coarseness of the segmentation. Note that 
used SRM implementation [11] works only with 8-bit 
images, i.e. with 1� Q �256, ΔQ = 1.

To improve the grain shape/size recognition for con
nected grain clusters after SRM segmentation, the 
enhanced watershed algorithm (EWA) is additionally 
applied which can tolerate concavities in grain clusters 
up to a certain degree before separation [13,21]. It 
includes the automatic binary thresholding of the original 
image based on its histogram analysis and subsequently 
Euclidean distance transform D x; y; zð Þ on resulted bin
ary image. The interconnected particles pi1 and pi2 were 
separated from each other by successive particle pj ero
sion to allow splitting at the concave necks by 
Equation (2): 

Figure 2. The general outline of the developed grain analysis protocol for cBN compacts from their SEM images.
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where dj is eroding distance with respect to radii of 
maximum distances from interior of pi1 and pi2 to the 
corresponding surface boundaries by satisfying the con
strains ci1;j kð Þ ¼ dj < krpi1

� �
and ci2;j kð Þ ¼ dj < krpi2

� �
. 

Whether an object with a given concavity was effec
tively split into two objects depend on a user predefined 
proportionality constant (0 � k � 1). For k ¼ 0, the 
particles were not divided, whereas for k ¼ 1, the par
ticles are split at any concavity.

As a result, the outline of SRM protocol shown in 
Figure 3(a–f) involves following: 1) the preprocessing 

with Gaussian filtering having width parameter (σ) 
on original image (a), 2) applying the SRM on 
filtered image (b), 3) adjusting the grain separation 
in SRM processed image (c) with EWA, 4) over
laying the EWA processed and original images (d) 
and (a) for manual comparison (e), and 5) statis
tical analysis of geometrical characteristics of the 
segmented grains (f). Therefore, in the SRM proto
col, there are three tunable parameters to get the 
correspondence with manual expert-level segmenta
tion: σ, Q, and k. The list of geometrical character
istics extracted from developed image segmentation 
and analysis protocols are listed in Table 1.

Figure 3. Grain segmentation workflow with the statistical region merging (SRM) protocol where the main adjustable parameters 
are σ, Q, and k (see text for more details).

Table 1. Geometrical statistical parameters for characterization of the grains in Figures 3(f) and 5(e).
№ Attribute Definition Comment

1 Count Black objects Absolute value
2 Total Area Black objects Absolute value
3 Size Black objects Individual and statistical 

values
4 %Area Black objects Absolute value
7 Perimeter Black objects Individual and statistical 

values
8 Major Axis of fitted ellipse into black object with same area and second order central moments Individual and statistical 

values
9 Minor Axis of fitted ellipse into black object with same area and second order central moments Individual and statistical 

values
10 Angle Angle between the fitted ellipse axis of the black object and a line parallel to the X-axis of the 

image
Individual and statistical 

values
11 Circularity Black objects, 4π � Size½ �= Perimeter½ � Individual and statistical 

values
12 Solidity Black objects, 4π � Size½ �= Convexarea½ � Individual and statistical 

values
13 Feret Maximum caliper of black objects Individual and statistical 

values
17 MinFeret Minimum caliper of black objects Individual and statistical 

values
19 Aspect ratio Major½ �= Minor½ � Individual and statistical 

values
20 Density Count½ �= TotalArea½ � Absolute value
21 Surface 

Density
Count½ �= μm2½ � Absolute value
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3.2. Grain analysis workflow with morphological 
segmentation protocol in its core

Compared to classical watershed transformation algo
rithms of I pixel brightness to a height/depth in 
a topographic map with lines along the tops of the 
ridges [22], the morphological segmentation (MS) of I 
can significantly avoid over-segmentation of struc
tured surface by removing of non-significant minima 
with the h-minima transform method [12,23,24] by 
Equation (3): 

where H ¼ N � Z is the height threshold value (non- 
negative scalar); Z is the maximum height from mean 
plane; N is the percentage from maximum height 
(usually, ~5-20%); and Rεf is the geodesic reconstruc
tion by erosion of marker function (f ) which increases 
by H. As a result, the significant minima remain, but 
with increased heights and sizes, while the number of 
regional minima decreases.

Figure 4(a–e) outlines the MS-based protocol: 1) 
the preprocessing with Gaussian filtering on original 
image (a) with width parameter (σ), 2) applying the 
MS on filtered image (b), 3) overlaying of the MS 
processed and original images (c) and (a) for manual 
comparison (d), and 4) statistical analysis of geome
trical characteristics of the segmented grains (e). As 
a result, there are also three tunable parameters in the 
MS protocol to get the correspondence with manual 
expert-level segmentation: σ, the gradient radius for 
dilation and erosion in pixels for watershed transfor
mation (GR), and tolerance of intensity (Tol) for the 

search of regional minima by removing the non- 
significant ones.

3.3. Workflow comparisions with manual 
segmentations by expert

Figure 5 compares the manual segmentation by expert 
and results by the SRM protocol in terms of appear
ance and grain distribution together with the compar
ison of median grain size values (FeretD50). A closer 
look at Figure 5(b) shows that the SRM protocol has 
a tendency to segment small island-like grains inside 
gains, and most of the island-like grains segmented 
were detected by error, not real ones. On the other 
hand, comparing Figures 5(b) with Figures 3(a,b), 
there were some cases where grain boundaries that 
should have been segmented were not detected. In 
total, the grain distribution obtained by the SRM seg
mentation was far from that obtained from the expert 
segmentation, and the FeretD50 was overestimated by 
more than 10% (see Figure 5(c,d)).

Figure 6 compares the manual segmentation by 
expert and results by the MS protocol in terms of 
appearance and grain distribution together with the 
comparison of median grain size values. The segmenta
tion by the MS protocol showed no island-like grains as 
seen in the SRM protocol, and the interior of the grains 
was clean. Comparing Figures 6(a,b), the overall seg
mentation appeared to reproduce the expert’s segmen
tation well. In fact, the grain distribution obtained by 
the MS segmentation reproduces well the one obtained 
from the expert segmentation, and FeretD50 was in 
excellent agreement (see Figure 6(c,d)).

Figure 4. An example of expert validation (a) and (c) for the grain segmentation by the SRM protocol (b) and (d).
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From the comparisons with the expert segmen
tation shown in Figures 5 and 6, it was concluded 
that the MS protocol generally led to the more 
accurate appearance and grain distribution than 
the SRM protocol. It should also be noted that 
the MS protocol required less computational cost 
than the SRM protocol. Then, in the subsequent 
sub-sections, we examined the workflows to opti
mize the parameters in more detail for both 
protocols.

3.4. Learning the best segmentation parameter 
set for the constructed protocol based on an 
expert segmentation

As described above, the incorporated MS protocol 
contains the σ, GR, and Tol parameters. These para
meters in MS were trained to reproduce as close as 
possible the segmentation by experts. In detail, we 
compared the statistics obtained by the expert seg
mentation with those obtained by the automatic 

Figure 6. An example of expert validation (a) and (c) for the grain segmentation by the MS protocol (b) and (d).

Figure 5. Grain segmentation workflow with the morphological segmentation (MS) protocol where the main adjustable 
parameters are σ, GR, and Tol (see text for more details).
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analysis and learned theσ, GR, and Tol values which 
reproduced the minimal statistical difference from 
expert segmentation. As an example, one of the train
ing SEM images used for learning is shown in 
Figure 7(a). At × 50,000 magnification, the crystal 
grains of the cBN matrix can be clearly recognized 
but they have no clear borders. Note that pixels in 
BN regions have the lowest brightness followed by 
Al2O3 regions. Depending on the imaging conditions, 
the brightness of the TiN pixels is close to that of Al2 

O3, making it difficult to distinguish them with optical 
microscopy alone. Three of such SEM images (j = 1, 
2, 3) with the same magnification as in Figure 7(a) 
were used for training in this study. The outlines of the 
expert segmentations on one of them are overlaid in 
Figure 7(b).

The five (i = 1, 2, . . . , 5) statistical values were used 
to quantitatively evaluate the correspondence with 
expert segmentation. That is, they were the mean, 
median, and the standard deviation of the Feret dia
meter which is the diameter of the spheroid having the 
same area of a grain (see Table 1), D50, and the 
number of grains. Here, the D50 value is the Feret 
diameter with which or less the total areas of the grains 
reaches 50% of the total area of all the grains. The error 
of automated segmentation against expert segmenta
tion, f j

hkl, for a specific image, j, and a parameter set, 
h:σ, k:GR, l:Tol, is defined by Equation (4): 

where i means a kind of the statistic values; Ci and Hi 
are the values of i obtained from the automated seg
mentation and the expert segmentation, respectively. 
Each Ci statistics is normalized by the corresponding 
expert segmentation value Hi, and thus, the error f j

hkl 
accounts equally for each kind of the statistics values. 

Then, the average value of the error f j
hkl for all the SEM 

images used for training is the cost function, Fhkl as 
defined by Equation (5): 

The best parameter set values dh : σ; dk : GR; dl : Tol were 
obtained by minimizing Fhkl with grid search, as 
expressed by with Equation (6): 

The corresponding search ranges for parameter set 
values were as follows: 

with Δh=Δk=Δl = 1. As a result, the Fhkl variations 
within the parameter set values are shown in 
Figure 8. As it can be seen in Figure 8(b), the mini
mum value of Fhkl ¼ 8:1% was with h:σ = 1, k:GR = 4, 
and l:Tol = 9 parameter set.

For SRM protocol in Figures 9(a,b), the corre
sponding grid search ranges for parameter set values 
were as follows:

with Δh = 1, Δk = 0.1, Δl = 2. The minimum value of 
Fhkl ¼ 17:1% with dh : σ¼ 2; dk : k¼ 0;dl : Q¼ 228 
parameter set was found (see Figure 9(a)). It was more 
than two times higher compared to the one with MS 
protocol.

Here, it should be stressed that the grid search 
method was adequate due to the presence of only 

Figure 7. One of the SEM images with indicated phases (a) and segmented by an expert (b) for learning of optimal parameter set 
in grain segmentation workflow/protocol with morphological segmentation in its core (see text for more details).
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Figure 9. The plots of cost function values with variable parameters in the statistical region merging the segmentation protocol 
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Figure 8. The plots of cost function values with variable parameters in the morphological segmentation protocol (see text for more 
details).
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three parameters in each protocol and the smooth/ 
simple shape of Fhkl as seen in Figures 8 and 9. This 
is an important advantage of the developed protocols, 
especially the MS one.

3.5. Leave-one-out cross-validation

We also evaluated the MS-based protocol performance 
by using the leave-one-out cross-validation. In this 
method, one of the j images is taken for performance 
evaluation by Equation (4) with corresponding para
meter set learned from j � 1 images as described above 
by Equations (4)–(7). Such a procedure was repeated 
for j number of SEM images, and Fhkl≅9.4% was 
obtained by Equation (5) as the cross-validation 
value. In the case of SRM protocol, such cross- 
validation gave Fhkl≅23.9% which was again more 
than two times higher than with MS protocol.

4. Conclusions

In order to establish the automated segmentation for the 
highly complex microstructures of cBN sintered com
pacts, we closely examined the two segmentation proto
cols: SRM and the MS. The comparison with the expert 
segmentation showed that the MS protocol reproduced 
the expert segmentation better in terms of appearance 
and grain distribution. To confirm this, we established 
the method to optimize the protocol parameters by mini
mizing the error based on statistics with five values from 
Feret diameter distribution: mean, median, standard 
deviation, and D50. Indeed, the cross-validation showed 
that the MS workflow reproduced the expert’s results 
with minimal 9.4% error. After finding the optimal para
meters with grid search method and understanding of 
the associated analysis error, the MS workflow can be 
used in a fully automatic mode, i.e. the user can just input 
the SEM images of cBN materials and get the statistical 
and individual results on image and grain geometry 
attributes listed in Table 1.
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