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Cemented carbides have been known for about a hundred years and are now widely used in mining, civil and road construction,
and mechanical engineering. Their improvement requires the development of novel technologies based on fundamentally
new approaches. Here the method for microstructure analysis using computer processing with elements of machine learning
and artificial intelligence is proposed. It has been applied to the analysis of micrographs obtained by the scanning electron
microscopy of the WC-Co cemented carbides. The geometric parameters of the WC/Co interphase boundaries are extracted
using mathematical methods for processing digital pictures. This method is applied to the micrographs of three samples with
different WC mean grain sizes. It has been found that the distribution of the contact angles of WC/Co interphase boundaries
has a pronounced bimodal structure, and the values of the peak angles are practically the same for the samples of the fine-,
medium-, and coarse-grain cemented carbide grades. The distributions of the semiaxes for the isolated areas of the cobalt
binder are also obtained. The probability of finding a particular value of long and short semiaxis decreases exponentially with
increasing semiaxis length. Contrary to the contact angles, the exponents are different for samples with different WC grains
sizes. The obtained results are discussed using the ideas of wetting of grain boundaries and faceting-roughening of interphase
boundaries.
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TBéppble crIaBbI Ha OCHOBE KapOuja BoIb(ppaMa U3BECTHBI OKOJIO CTa JIeT ¥ B HACTOALLee BpeMs LIMPOKO UCIIONb3YITCA
B TOPHOZOOBIBAIOIIEl IIPOMBIIUICHHOCT, TPAXJAHCKOM ¥ JJOPO)KHOM CTPOMTENIBCTBE, a Takke B MAIIMHOCTPOECHUIL.
VIx coBepuieHCTBOBaHNe TpebyeT pa3pabOTKM HOBBIX TEXHOJIOIMII, OCHOBAHHBIX Ha IPYHIUIINMAJIBLHO HOBBIX IIOJXOJaX.
ITpeparaeTcss MeTOX aHa/IN3a MUKPOCTPYKTYPBI € MCIIONb30BAHNEM KOMIIBIOTEPHON 00pabOTKY € 9/leMEeHTaMyl MAIIHHOTO
00y4YeHNA 1 MCKYCCTBEHHOTO MHTe/UIeKTa. OH OBbUI IPYMEHeH /I aHa/Iyi3a MUKPOCHUMKOB TBEPBIX CIIABOB Ha OCHOBE
Kapbuga Bonmbdppama WC-Co, MONTYYeHHBIX ¢ HNOMOIIBI0 CKaHUPYIOLIEN 3/eKTPOHHOM MMKpocKomuy. leomeTpudeckie
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napameTpbl MexdasHbIx rparny, WC/Co M3BIeKaloTCsa ¢ IOMOIbI0 MaTeMAaTUYeCKUX METOfO0B 00paboTKM IMPOBBIX
u306paKeHMil. ITOT MeTOH MpUMEeHeH K MUKPOCHVMKAaM TpeX 0OpaslloB C pasIMYHBIM CpegHuM pasmepoM 3epHa WC.
YcTaHOBIIEHO, YTO paclpefiefieHne KpaeBbiX yrmoB Mexx¢asHbix rpannl, WC/Co uMeeT ApKO BBIPaKeHHYI0 OMMOIa/TbHYIO
CTPYKTYpY, a 3HaueHMs YINIOB IMKOB IPAKTUYECKM OJVHAKOBBI I/ OOpasI[OB MENKO-, CPefHe- U KPYITHO3EePHUCTHIX
TBEPABIX CIUIABOB Ha OCHOBe Kapbupna Bonb¢pama. [TomydeHbl Takke paclpefielieHus IONyoceil /I M30MMPOBAHHBIX
YYaCTKOB KOOA/bTOBON CBSSKM. BepoATHOCTb HaXOXKHEHVA KOHKPETHOrO 3HA4eHWs JJIMHHOM M KOPOTKON IOIyoceit
9KCIIOHEHIIVAJIbHO YMEHBIIAETCA ¢ yBeIMYeHMeM JUIMHbI ITOTyocu. B oTm4me OT yI/IoB cMauMBaHusA, II0OKa3aTeNnn CTeleHn
Pas3MMYHBI 71 06pasIoB ¢ pasHbIM pasmepoM 3epeH WC. [TonydeHHBIe pe3ynbTaThl 00CYKAIOTCA C UCTIOIb30BAHUEM Vel
CMa4MBaHUA IPAHUIL 3epeH U (aceTPOBaHM:A/IOTEPU OTPAHKY MeXK(PasHBIX TPaHMNI].

KiroueBbie c1oBa: IleMeHTMPOBaHHbIE KapOMIbl, KOOATbTOBAA CBA3KA, MeXX(ha3Hble IPAHNIIbI, MAIIVHHOE 00y4yeHne, CMaYMBaHue,

daceTnpoBanue/OTEPs OTPAHKIL.

1. Introduction

Materials based on tungsten carbide with a cobalt binder
(cemented carbides) have been known for about a hundred
years. Cemented carbides are now widely used in mining,
civil and road construction, mechanical engineering, etc.
[1,2]. They allow drilling wells of the several kilometres in
depth, on the on the one hand, and bores of several hundred
microns in diameter on the other hand. Improving the
properties of cemented carbides requires the development of
novel technologies based on fundamentally new approaches
[3-6]. This article is devoted to one of these new approaches
to the analysis of structures with elements of artificial
intelligence.

Tungsten carbide itself has a wvery high hardness,
however, it is quite brittle [7,8]. Therefore, cemented
carbide is a material composed of tungsten carbide grains
imbedded in a cobalt-based binder [9-11]. To obtain the
required level of properties (e.g. hardness, wear resistance,
fracture toughness, etc.) needed for various applications, it
is necessary to vary the proportion of cobalt binder in the
material, as well as the grain size of tungsten carbide [12-16].
For the further development of this class of materials, the
usual parameters for describing its microstructure, which
are used in quantitative metallography, such as the average
grain size or the volume fraction of phases, are insufficient
[17-19]. For example, they are not able to take into account
the peculiarities of grain and interphase boundaries [20,21].
Itis necessary to develop more subtle methods to characterize
the features of the topology of the mutual penetration of the
WC and Co phases [22-24]. This paper is dedicated to the
first steps on this direction.

The use of machine learning to analyse the geometric
properties of the parameters of the topology of the mutual
penetration of the WC and Co phases turned out to be a
non-trivial task requiring the use of a set of image processing
methods. Bulgarevich et al. estimated the percentage of iron
and impurities in steel using the machine learning [25]. It
has been done by counting the number of pixels, which is
a standard image processing technique. The properties of
cemented carbide are determined by a set of microstructure
parameters. The contact angle spectra at triple junctions
of WC/WC grain boundaries and WC/Co interphase
boundaries provide information on complete and incomplete
wetting by the melt or on the presence of a second carbide
phase. Revealing the connectivity of chains of grains of the
same phase in two- and multiphase materials may indicate the

presence or absence of the percolation phenomenon. In other
words, for the analysis of cemented carbide, it is necessary to
analyse the geometric properties of WC and Co grains and
the boundaries between them. In [26] a method has been
proposed for determining contact angles in triple joints of
grains by the line segments passing along the grain boundary;,
however, for its application, it is necessary to first determine
this boundary, which is not discussed in [26]. We were unable
to find a method for determining grain boundaries in the
available scientific literature.

In this paper, we propose the use of a set of methods
and algorithms, the sequential application of which makes
it possible to solve the problem of determining the contact
angles of WC/WC grain boundaries and the geometry
of cobalt binder areas. It turned out that the problem of
determining the boundaries of the cobalt binder can be
carried out more reliably than the problem of determining
the WC/WC grain boundaries. This is due to the fact that a
noticeable part of the WC grains has a tight contiguity, which
cannot be unambiguously distinguished when processing
the images at our disposal. We demonstrate our method
applied to three images of fine-, medium- and coarse-grained
cemented carbide specimens.

2. Experimental

According to the method described earlier, samples of
cemented carbide with fine, medium and coarse WC grains
were prepared [27-29]. The samples were made from a
mixture of tungsten carbide powder with different grain sizes
and cobalt powder with an average grain size of about one
micron. The powders were milled in ball mills with WC-Co
balls in hexane at a ball-to-powder ratio of 6:1 with 2 wt.%
of paraffin wax for 20 hours. After drying, the suspension
obtained in such a way was sieved to obtain WC-Co powders,
and such powders were used to compress green specimens
(cylinders) with a diameter of about 20 mm and a height of
5 mm. The pressed samples were sintered in a vacuum furnace
at a temperature of 1400°C for one hour. Samples for structural
studies were mechanically ground and polished with diamond
paste with a grain size of 1 pm. The obtained cross-sections
underwent microscopic examination using scanning electron
microscopy (SEM) and X-ray microanalysis on a Tescan Vega
TS5130 MM device equipped with an energy dispersive LINK
spectrometer manufactured by Oxford Instruments. The
digital image size was 3072 by 1680 pixels, and each pixel has
256 shades of gray.
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3. Results and discussion
3.1. Image preprocessing

We used digital micrographs obtained by SEM in reflected
electrons mode (Fig. 1a). The image was smoothed with
a weighted median filter [30] to suppress random noise
and point artifacts. To increase the contrast of WC/WC
grain boundaries and cobalt binder, the Otsu binarization
algorithm [31] was used, which converts an image with
256 shades of color into a one-bit image with two colors. Then
the binarized image was passed through the Sobel filter [32].
It returns a gradient map of the image that highlights well
the pixel contrast transition. The last stage is the addition of
the binarized image and the gradient map. It is necessary to
explicitly highlight the pixels in the WC/Co boundary zone.
After preprocessing, the image pixels have three values: 0 is
for WG, 1 is for cobalt binder, and 2 is for boundary region
between WC and Co.

3.2. Contour detection

The boundaries of the binder phase were selected in the image
by applying the Kenny operator [33] to the preprocessed
image. For convenience, let us number the pixels of the
border contour clockwise using the convolution matrix [34].
For further analysis, one needs not the entire set of points,
but only corner points and breakpoints, which characterize
entirely the piecewise smooth boundary. For this, we use the
Ramer-Douglas-Pecker algorithm [35]. An example of the
resulting analysis is shown in Fig. 1b.

3.3. Angles distribution

The calculation of the angles between the sides of the cobalt
binder region is based on the dot product. Choose three
points of the contour x', x, x> coming one after another and
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compose two vectorsa= (x>~ x ', x>~ x,',0) and b= (x>~ x 7,
x,’~x? 0). The angle ¢ between a and b is calculated by the
formula ¢ =arccos((a,b)//(|a||b])). To determine whether an
angle ¢ belongs to a sector less than m or more than m, we
use a triple of vectors a, b, ¢, where c¢=[a,b]. We use the sign
of the determinant D, composed of the coordinates of the
vectors a and b, D=|a,b|. Iteratively passing along all the
contours, we obtain the values of the angles formed by the
WC/Co boundaries contours.

For each of the three studied samples, we plotted a
histogram of angles. The normalized angles distribution
density is shown in Fig. 2. Solid curves are the bimodal
approximation of these data. Interestingly, the positions of
peaks are approximately the same for all three samples, within
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Fig. 2. (Color online) Distribution of angles along WC/Co interphase
boundaries for the three samples with different WC grain sizes: large
(green squares), medium (orange triangles), and small (blue circles)
grains. Solid colored lines give the bimodal approximation to the
corresponding experimental data.

b

Fig. 1. SEM micrograph of WC-Co cemented carbide with coarse WC grains. Ellipse marks the example of the analyzed “island” Co grains.
CW and PW mark the example of WC/WC GBs completely and partially wetted by a Co binder. IA and OA are incoming and outcoming
angles in the cobalt binder (a). An example of a fragment of a preprocessed image. Light areas correspond to cobalt binder, and the dark
areas correspond to WC grains. Gray is the linearly approximated contours of the WC/Co boundaries (b).
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the limits of the available accuracy. High peaks correspond to
angles of =114°, and low peaks to angles of =235°. The angles
below 180° correspond to those places where the cobalt
binder forms triple joints with WC/WC grain boundaries
(so-called “outcoming” angles, OA in Fig. 1). In [36,37],
such contact angles were measured “manually” using SEM
micrographs. The spectrum of these angles is controlled
by the phenomena related with grain boundary wetting as
well as with differences between special and general grain
boundaries [38-41]. Angles ranging from 180° to 360° can
be called “incoming” (IA in Fig. 1). These are the places
where the edges of WC crystals seem to penetrate the cobalt
binder. These angles are determined not by WC/WC GBs but
by the natural faceting of differently rotated WC crystallites
[42]. It is interesting to note that the sum of the values of the
two maxima (114° and 235°) is close to 360°. However, the
physical nature of peaks is different. As we noted above, these
peaks correspond to the “outgoing” and “incoming” angles
between the carbide grains and the metal binder; most likely,
they are determined mainly by the equilibrium shape of
the faceted tungsten carbide crystals and the angles on the
corresponding edges between the flat faces.

3.4. Determining the semiaxes of polygons

To determine the width and length of the cobalt binder region,
we plot an ellipse around the points of the contour (Fig. 1).
To do this, we applied the algorithm for finding a point lying
at the intersection of convex sets [43], which constructs a
set of ellipsoids and chooses the smallest of them, but at the
same time covering the largest possible number of contour
points. By iteratively going over all the previously selected
contours, we obtain the distributions of the semiaxes of
the sought ellipses (see Fig. 3). The probability r of longer
semiaxes is distributed according to the exponential law
P(r)e<exp —r/r, with an approximate value of r,=1,2, and
3 pm for alloys with small, medium, and large grain sizes,
respectively. It has to be underlined that the exponents are
different for the samples with different WC mean grain sizes.

Interestingly, our technique, applied to only three typical
samples, has already allowed us to obtain a new result in
the field of materials science, namely the presence of a
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bimodal distribution. Moreover, the values of the angles
corresponding to the distribution peaks are the same for
samples with different grain sizes of tungsten carbide, which
is an essential feature of the WC/Co material. This feature,
which needs to be confirmed when examining a material
with more significant variability, may turn out to be a kind of
material identifier.

The analysis of a much larger number of images will
also allow us to search for correlations between the values
of geometric quantities calculated by us and the strength
and mechanical characteristics measured by experimental
methods. We plan to carry out such an analysis by developing
computer processing techniques using deep neural network
technology.

4. Conclusions and outlook

A set of methods has been proposed to process the
microstructure images of cemented carbide consisting of
tungsten carbide grains in a cobalt binder. The shape of
interphase boundaries between WC grains and Co binder
has been analyzed. The “incoming” and “outcoming” contact
angles in the breakpoints of these interphase boundaries have
been determined. The distribution of these contact angles is
bimodal, with maxima at 114° and 235°. The position of both
maxima does not depend on the WC grain size. The semiaxes
of “islands” of cobalt binder have also been measured. The
probability of finding a particular value of long and short
semiaxis decreases exponentially with increasing semiaxis
length. Contrary to the contact angles, the exponents are
different for samples with different WC grains sizes.

Based on the obtained results, we plan to conduct
training of neural networks and subsequent testing on
various cemented carbide samples. For the study, we plan to
use a set of available neural networks (f.e., fully connected
and generative) to conduct multi-criteria analysis. The goal
is to identify correlations between the geometric properties,
the determination method described in this article, and the
mechanical and physical parameters of the material.
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cHARISMa supercomputer at the HSE University. The analysis
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Fig. 3. (Color online) Distribution of semiaxes of cobalt binder for three samples with different WC mean grain size (same colors and
symbols as in Fig. 2). The vertical axis shows the logarithms of the distribution probability. Straight lines are the exponential approximation

of the corresponding experimental data.
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