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Abstract: The improvement of drilling rig systems to ensure a reduction in unproductive time spent
on lowering and lifting operations for replacing drilling tools and restoring the performance of
drilling equipment units is an important task. At the same time, considerable attention is paid to
the reliable and efficient operation of the braking systems of drilling rig winches. In the process of
operation, the polymer pads periodically come into contact with the outer cylindrical surface of the
metal pulley during braking, work in extreme conditions and wear out intensively, so they need
periodic replacement. Tests were carried out on a modernized stand and in industrial conditions
for the brakes of drilling winches. A methodology for evaluating the degradation of the brake pad
friction surface during its operation is proposed. The assessment of the degradation degree is carried
out based on the image of the brake pad surface using image processing techniques. Geometric
transformations of the input image were performed to avoid perspective distortions caused by the
concave shape of the brake pads and the spatial angle at which the image is acquired to avoid glares.
The crack detection step was implemented based on the scale-space theory, followed by contour
detection and skeletonization. The ratios of the area and perimeter of segmented and skeletonized
cracks to the total area were chosen as integral characteristics of the degradation degree. With the
help of scanning electron microscopy, the character of the destruction of the friction surface and the
degradation of the polymer material was investigated. Experimental studies were performed, and
the application of the proposed method is illustrated.

Keywords: polymer friction pads; metal pulley; friction surface; solid lubricant; wear; degradation;
cracks; image processing; image segmentation; coating

1. Introduction

The growing need for fuel and energy resources both in Ukraine [1,2] and in the whole
world requires a series of measures to intensify work on the development of existing and
search for new oil and gas deposits [3-5]. This approach to increasing the extraction of fuel
and energy resources requires a significant increase in the volume of deep exploratory and
operational drilling of wells [6,7].

In order to increase the service life of drilling equipment and avoid emergency down-
time due to unexpected breakdowns, companies that design and manufacture drilling
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equipment pay considerable attention to the optimal design of friction nodes [8,9], protec-
tion of working surfaces of critical structural elements [10,11], stable lubrication bearing
supports [12,13], careful balancing of rotating parts and assemblies [14,15], vibration pro-
tection of the drilling tool [16-19], research into the interaction of the drilling tool with
the rock for the development of effective technological modes of drilling and arranging
wells [20-23], repair work in the well and improving maintenance resources [24], etc.

In this direction, it is very important to improve units and systems of drilling rigs
in order to ensure a reduction in the duration of unproductive time spent on lowering
and lifting operations for replacing drilling tools and restoring the performance of drilling
equipment units. At the same time, considerable attention should be paid to the reliable
and efficient operation of the braking systems of drawworks of drilling rigs [25].

Design, technological and operational methods are used to ensure the reliability and
long-term operation of brakes. During the design of brakes, researchers focus on the
rational choice of materials for the manufacture of brake pulleys, discs and drums and
brake pads [26-29], study the nature of temperature distribution in brakes using analytical
methods [30-33] and numerical modeling [34-38] and conduct laboratory and field tests
of materials for corrosion resistance [39] and wear [40-42]. To describe the frictional
interaction, taking into account the wear products of metal-polymer pairs, it is possible
to use models of non-stationary processes in sliding contact with complicated interface
rheology [43,44].

Cast iron, steel, aluminum, titanium alloys and composite materials are used to
manufacture brake pulleys, discs and drums, and anti-friction composite materials are
used for brake pads. Researchers [45] suggested alloying steel with rare earth elements to
prevent the formation of cracks. Papers [46—48] describe a detailed analysis of the influence
of the component composition of friction materials on the efficiency of the brakes and
propose ways to improve the frictional properties.

Technological techniques include taking into account technological heredity [49],
ensuring the accuracy and quality of manufacturing parts by mechanical processing [50-52]
for the reliable functioning of brakes during the life cycle of vehicles, lifting and drilling
equipment, etc. [53].

To increase the wear resistance and prevent cracking of the surfaces of brake pulleys,
discs and drums made of steel and cast iron, which are operated under forced thermo-
force regimes, various methods for strengthening surface treatment are used [54-56] and
wear-resistant coatings are applied, in particular hard alloy, layered, or functionally graded
coatings, etc. [57-61]. Plasma electrolytic oxidation is promising for the formation of
composite oxide coatings on the working surfaces of brake discs made of aluminum and
titanium alloys [62-67].

Effective means of restoring cracked surfaces, especially those caused by metal flood-
ing [68], include the application of repair coatings, patches or bandages in the area of
isolated macrocracks [69-71], injection of malleable material into the cavity of crack-like
defects [72-74] and filling of multiple cracks with a non-contrast material [75,76]. It should
be noted that for steel brake pulleys of band brakes, it is strictly forbidden to use any repair
measures to heal cracks on the working cylindrical friction surface.

Operational methods provide for the observance of rational modes of operation.
Based on regular monitoring of the drawwork brakes of drilling equipment and preventive
maintenance, it is possible to minimize downtime and reduce the number of accidents and
potential losses during well construction.

Nowadays, image processing is widely used in the inspection of objects of critical
infrastructure due to its ability to provide both qualitative and quantitative assessments of
the condition of inspected objects [77]. Moreover, the automation of the inspection process
based on image processing leads to an increase in the degree of objectivity compared to
expert evaluation [78,79]. With the development and widespread use of digital methods of
image acquisition, the application of image processing methods has become widespread
in both destructive [80-82] and non-destructive [83,84] testing. Modern methods of image
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processing are often based on advanced mathematical theories [85], among them differential
equations [86], algebraic models with logarithmic transformations [87,88], calculus of
variations and optimization methods [89]. Such processing methods often consist in
segmentation of regions of interest and use different segmentation algorithms depending
on the type of problem being solved [90,91] and the conditions of image registration [92,93].
The preprocessing step can forego segmentation with the aim to eliminate noise [94] or
enhance the quality [95] of the input image. The evaluation of the degree of degradation of
the tool can be fulfilled on the basis of analysis of worn areas of its surface segmented by
image processing techniques.

Artificial neural networks are widely used in wear estimation tasks based on optical,
SEM or infrared images. Sieberg et al. [96] explored a database of 778 images classified by
expert knowledge of wear surface fatigue. A hyperparameter optimization that belongs
to the class of sequential model-based optimization methods was used in the design of
the artificial neural network. The probabilistic model that characterizes the objective
function of the optimization is generated and updated on the base of previously evaluated
hyperparameter configurations. The classification accuracy is 98% for the training data,
72% for the validation data and 73% for the test data.

Semantic segmentation models with different CNN architectures were analyzed in [97].
The authors investigated the impact of the optimizer on the accuracy of damage detection.
The transfer learning technique was applied and the ImageNet database was used for
initializing weights of CNN layers. The input image size was 256 x 256 pixels. The best
results were obtained by the U-Net model with a ResNet152 backbone with DSC = 0.9304
and IoU = 0.9122.

Infrared reflection-based images were analyzed to estimate tool wear in [98]. Input
images were preprocessed by the high dynamic range imaging technique. Then, a multi-
view convolutional neural network with a variational autoencoder deep-learning model
was used for tool wear estimation. The dataset for each of 10 tools contained 15.360 training
data points and 3840 validation data points. The authors improved performance by 52%
and the maximum prediction error by 34% in comparison with previous results.

The K-means method was used to analyze the scratch width of electroless nickel
plating on composite components [99]. Scratch testing was performed with a Taber Scratch
tester. The scanning electron microscope was selected to generate surface images.

In [100], the authors developed an image processing technique to quantify surface
ware mechanisms of abrasion and micro-pitting. Quality scores produced by the image
processing techniques were validated by comparison with the quality scores provided
by the human experts. A number of image processing techniques were used to quantify
abrasion and micro-pitting in the worn surfaces. The proposed approach is based on global
and local threshold-based image segmentation to take into account uneven illumination.
The authors conclude that the severity of micro-pitting and abrasion can be estimated based
on the image processing techniques used and that the numerical results agree with human
expert assessments. The authors also claim that it is possible to detect surface regions where
abrasion or micro-pitting are dominant mechanisms.

In [101], the authors developed a computational approach for prediction of the op-
eration wear regime by the worn surfaces. The image database was separated into two
subsets with severe and mild wear rates, respectively. The article [101] considers Random
Forest, Decision Tree and Gaussian Naive Bayes classifiers to distinguish between the
aforementioned image subsets. A dense histogram of oriented gradient (HOG) descriptor
was used as a feature for the description of worn surface rates. Different configurations of
the HOG for different classifiers predominantly produced over 80% classification accuracy.
The authors conclude that Random Forest and Decision Trees show the best classification
results. But depending on the HOG configuration, Random Forest and Decision Trees
surpassed one another, so it was concluded that some optimization with respect to specific
HOG configurations must be carried out.
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Shashikala et al. [102] proposed a wear quantification method for automatic real-time
wear estimation based on digital image processing. Scratches, grooves and craters were
chosen as signs of wear that should be recognized for its evaluation. The segmentation,
morphological operations, pattern matching, shape feature extraction and edge detection
methods are used for image processing to quantify wear regions and recognize their shape.
It is stated by the authors that such an approach can be applied to the processing of CCD
camera images as well as scanning electron microscope and atomic field microscope images.

A system for semi-automated tool wear monitoring and classification with the use of
computer vision was developed by Friedrich et al. [103]. A low-cost but high-resolution
camera (12.3 megapixels 4056 x 3040) was placed in-machine and used for creating a
database of worn and unused tools. The image preprocessing step with the aim of noise
suppression was fulfilled with a bilateral filter. Different segmentation techniques were
examined; after that, the Otsu method, Canny edge detection and k-means clustering were
chosen for the cutting tool, wear and background area segmentation. The classification
into four classes of wear was made by the CNN machine learning model. ToolWearNet
was chosen as a base classification model. The accuracy of classification is stated to be
about 95%.

As follows from the review of the state of the art, the recognition of worn parts of
drilling equipment is an important task in non-destructive testing which can provide
information about the advisability of its further exploitation or replacement. Cracks on
the surface of the brake pads of the drilling winch are the most common defects caused by
friction during braking operations.

The aim of this paper is to research relevant features that correlate with brake pad
surface wear. To achieve this goal, the following tasks should be performed: image
acquisition and its geometric transformation, image preprocessing by the scale-space
approach, crack segmentation and wear integral characteristic estimation. The novelty of
this paper is that it applies image processing and selection of integral characteristics to the
evaluation of the degree of degradation of the brake pad friction surface.

2. Materials and Methods
2.1. Materials of the Pulley and Friction Pads

The brake pulleys of the drilling drawworks are made of the construction alloy
steel 30ChGSA Interstate Standard GOST 4543-2016 “Structural Alloy Steel. Specifica-
tions” [104].

Tables 1 and 2 show the chemical composition and characteristics of the structural
alloy steel 30ChGSA.

Table 1. Chemical composition of 30ChGSA steel, mass % (Interstate Standard GOST 4543-2016 [104]).

C Si Mn Cr P S Fe
0.28-0.34 0.90-1.20 0.80-1.10 0.80-1.10 <0.035 <0.035 The rest

Table 2. Physical and mechanical characteristics of 30ChGSA steel (Interstate Standard GOST
4543-2016 [104]).

Young’s Coefficient of Linear Thermal o
. Strength Impact . . . Specific Heat
Hardness  Density, LS Modulus Expansion Conductivity .
3 Limit, 5 Strength, 6 .. Capacity,
HB kg/m MPa E-10™, KJ/m? «-10°, Coefficient Ji(kg-°C)
MPa 1°C Wt/(-°C) &
220 7850 1080 2.1 490 11.7 38 496

Table 2 shows the structural alloy steel 30ChGSA’s characteristics.
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Parts of machines that are operated under conditions of sliding friction are made
of retinax, and their properties must meet the requirements of Interstate Standard GOST
10851-94 “Friction Articles of Retinax. Specification” [105].

As materials for the production of belt brake friction pads for drilling drawwork,
asbestos-resin materials are used, the best of which is retinax FK-24A 106]. FK-24A is
an asbestos-based friction material with a phenol-formaldehyde bond of the resol type,
containing % asbestos—40, barite—35 and phenol-formaldehyde resin—25.

e  Asbestos: Chemical composition: CaMg3SigO12, or CaO-3Mg0O-45i0;. Insoluble in
water, but destroyed by strong acids.

e  Barite: Chemical composition: Ba[SO4]. Contains % BaO—65.7; SO3—34.3. Ca, Sr, Pb
and Ra are present as impurities.

e  Resin: Phenol-formaldehyde resins [-C¢H3(OH)-CHj—],, are a type of condensation
resins, products of polycondensation of phenol C¢HsOH with formaldehyde CH; = O
in an alkaline environment, with a molecular weight of 400-1000, which can harden
under the action of acids or under heating time.

Table 3 shows the main characteristics of retinax FK-24A.

Table 3. Physical and mechanical characteristics of retinax friction material [106].

Limit of Young’s Thermal Thermal

Friction Hardness Density, Compressive  Modulus SItI:;ﬁactL Conductivity Conductivity Si?i:lrz; ale
Material HB kg/m? Strength, E-10-5, k]/rr%z 4 Coefficient, Coefficient, o 8¢
MPa MPa Wt/(m-°C) KJ/(kg-°C) °
2130-
FK-24A 30-49 73 690 2.5 0.58 0.96 0.45

Retinax friction material is technologically and economically easy to produce, and also
has a fairly high friction heat resistance (it retains wear resistance and a stable value of the
coefficient of friction in a pair with steel and cast iron over a wide range of temperature
changes). It is resistant to thermal shocks, has low adhesion (the parts do not “stick” to the
surface of steel/cast iron) and is corrosion-resistant.

Retinax products (brake friction pads and linings, clutch linings, etc.) are made mainly
by hot pressing using commercial technology. Retinax friction parts are used in various
vehicles (clutches and brakes), in aviation (brakes), in shipbuilding (clutches and brakes of
deck winches and cranes) and in drilling and oil and gas production equipment (clutches
and brakes of drilling drawworks), etc.

It is known that asbestos is considered very harmful to human life and the environment.
Unfortunately, until now, the brakes of the winches of drilling rigs for the National joint-
stock company “Naftogaz of Ukraine” have used brake pads made of retinax asbestos
material, which are gradually being replaced by asbestos-free materials. Our industrial
research continued for a long period of time in order to detect the nucleation and growth of
cracks in steel brake pulleys, so the materials in this article present the results of previously
conducted research on belt brakes, which used retinax asbestos pads.

2.2. Workbench for Experimental Research on Band Brakes

The authors modernized a workbench [107,108] for conducting experimental stud-
ies. The workbench allows simulation of the operation of the belt brake of the drilling
drawworks (Figure 1). During the modernization of the workbench, the requirements
of the Interstate Standard GOST 12.2.088-83 “Standards System of Labor Safety. Field
Equipment for Well Repair and Realization. Safety General Requirements” [109] were
taken into account. The following requirements were imposed on the brake workbench:
execution of single and long-term braking; implementation of emergency braking to assess
the maximum temperatures on the working surfaces of metal-polymer friction pairs; simu-
lation of real operating conditions of brake friction pairs with the possibility of changing
the energy load of their surface layers.



Lubricants 2024, 12,172

6 of 25

(a) (b)

Figure 1. General view of the workbench with a band brake with an open (a) and a closed brake band
(b): 1—frame beams; 2, 3, 4—friction pads with external and internal working surfaces, respectively;
5—brake pulley, 6—thermocouple terminals; 7—electric motor for driving the brake pulley; 8—brake
pulley shaft with elastic coupling; 9—outputs of the microammeter; 10—brake band; 11—tachometer;
12—load node; 13—shaft bearing supports.

At the same time, the following parameters of the band brake operation were subject
to registration: braking time; number of brakes; angular velocity of the metal brake pulley;
temperature of the metal brake pulley; temperature of the friction working surface; and
wear of the working surfaces of the metal brake pulley and friction pads. Friction pairs of
various types of friction assemblies and materials were subjected to the study of the energy
load on the brake stand. At the same time, the coefficient of friction in metal-polymer pairs
was determined.

Carrying out a sufficient number of tests for metal-polymer friction pairs of braking
devices on the developed workbench in conditions close to operational ones allows us to
objectively judge the energy load of the working surface and subsurface layers, as well to
study the processes of wear, degradation and destruction of friction materials. The tests
were carried out using three sets of brake pad samples, based on the results of which the
average arithmetic value of the coefficient of friction was determined.

The model band brake includes a combined brake band (Figure 2), the inner (working)
surface of which interacts with the outer surfaces of the tire at the first stage of braking [108].
The inner (working) surfaces of the friction pads were placed with tension on the working
surface of the steel brake pulley with the help of connecting elements.

Testing of the friction units of the band brake on the drawworks was carried out as
follows. The material of the brake friction pads (120 x 230 x 20 mm) was selected and
their linear dimensions were measured with a caliper with an accuracy of £0.05 mm and
weighed on a scale with an accuracy of £0.5 g before tribological tests were conducted.
After that, the brake friction pads were mounted on the brake tape, which, together with a
set of these pads, was installed on the stand, embracing the brake pulley mounted on the
bearing supports. The power of the electric motor was turned on and a load was applied
to the brake band, according to the test program, to ensure the creation of the necessary
contact pressure on the working friction surface of the brake.

Figure 3 shows the general view of the friction assemblies installed on the brake pulley
of the band brake.

Testing of the brake pads was carried out in the following modes. The brake steel tape
had a girth angle 3 = 270° of the brake pulley on the outer surfaces of the friction linings.
Loads of 400, 500, 600, 700 and 800 N were applied to the overlapping branch of the brake
tape. The braking pressure was from 15 to 5 MPa, depending on the tension of the brake
tape and the number of the brake pad. The numbers of revolutions of the brake pulley
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were 50, 100, 150 and 200 rpm. Braking was carried out until the brake pulley came to a
complete stop, and it remained braked for 60 s. After that, the load was removed from
the coincident branch of the brake belt, and when the brake pulley reached the specified
number of revolutions, the next braking was performed after 30 s. The numbers of braking
cycles were 25, 50, 75, 100, 125 and 150.

Figure 2. The brake belt (a) and bandage made of friction pads (b) are the main components of
a multi-pair friction unit: 1—main brake belt; 2—additional brake tape; 3—fastening elements of
friction pads.

Figure 3. General view of the friction units of the belt brake with sensors: 1—the main brake belt;
2—additional brake tape; 3—friction pads; 4—brake pulley; 5—bearing supports of the brake pulley;
6—load node; 7—connecting wires of sensors.

Temperature measurements in the friction contact zone of the brake were carried
out with an automatic electronic potentiometer of accuracy class 0.5 equipped with a
chromel-copel (E) thermocouple of the ChK type. To complete the tribological tests, the
power to the electric motor was turned off, the load was removed from the brake belt and
the brake friction pads were dismantled. Brake friction pads were weighed again and
the amount of their linear wear was measured. In addition, the formation of cracks on
the working surface of the brake friction pads and brake pulleys on the stand and in the
operating conditions of drilling equipment for the National joint-stock company “Naftogaz
of Ukraine” was investigated.

The authors examined a large number of worn brake pads and brake pulleys of belt
brakes of drilling winches. This article presents the most typical variants of the propagation
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of a web of cracks on the inner concave cylindrical worn friction surface of brake pads
and cracks on the outer convex cylindrical surface of steel brake pulleys. To ensure the
reliability of the results of macroscopic studies, the friction surface of the worn brake pads
was not additionally mechanically processed, but only delicately cleaned of contamination
with a soft brush made of natural wool, washed with ethyl alcohol and dried in the air.

The friction surface of the worn steel brake pulleys was also not additionally processed.
After the wear tests were completed, SEM and EDXS tests were performed on 10 x 10 mm
cross-sectional samples of the worn surface of the brake friction pads, which were cut with
a mechanical saw. Microscopic studies were conducted at the center for collective use of
scientific instruments “Center for Electron Microscopy and X-ray Microanalysis” of the
Karpenko Physico-mechanical Institute of the National Academy of Sciences of Ukraine,
Lviv. The examined surface of the worn brake pad was not additionally processed, but
only delicately cleaned of contamination with a soft brush made of natural wool, washed
with ethyl alcohol and dried in the air. Before conducting electron microscopic studies, a
monolayer of gold was applied to the friction surface of the samples to increase electrical
conductivity using a magnetron type JFC-1600 (JEOL, Tokyo, Japan). We used a ZEISS EVO
40XVP (ZEISS Group, Jena, Germany) scanning electron microscope with a micro-X-ray
spectral analysis system and an INCA ENERGY 350 (Oxford Instruments, Abingdon, UK)
energy-dispersive X-ray spectrometer.

The worn surface of the friction pads was also investigated by image processing.

2.3. Image Acquisition and Geometric Transformation

Reliable image processing and analysis of brake pad surfaces require the acquisition
of suitable input images. There are two main difficulties to be dealt with in order to obtain
input images suitable for further processing. The first obstacle is related to the fact that after
operation the surface of the brake pad becomes “polished” and thus, under certain angles
of view, causes glares on the surface. Such glares, depending on their severity, make image
processing very difficult to impossible in terms of providing the expected level of reliability
for further analysis. Unfortunately, the nature of the brake pad surface allows its cracks
to be clearly visible only from certain angles of view and light. The second obstacle arises
from the fact that the operating brake pad surface possesses a circular curvature of 0.7 m.
This curvature also creates additional complications to the glare problem by narrowing the
angles from which the brake pad surface picture can be taken correctly.

As a result, a suitable picture of the brake pad surface can only be taken from a certain
angle. Examples of images of the brake pad surface taken perpendicularly to its surface
and taken from an angle that allows us to avoid glares are shown in Figure 4.

(a) (b)

Figure 4. Images of brake pad surface: (a) taken perpendicular to its surface; (b) taken from a
particular angle that allows us to avoid glares.

As one can see from Figure 4b, the brake pad surface is presented in the image at
a certain perspective due to the angle of view. At this point, it is necessary to perform
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mapping of the brake pad surface to the regular grid of the rectangular image. For this
purpose, we form a regular grid on the surface of a cylinder and perform mapping from
the obtained image to the surface of the cylinder.

The part of a cylinder occupied by the regular image grid is determined by the brake
pad surface dimensions (120 x 230 mm) and the radius of its circular curvature of 0.7 m.
To recover the image of the brake pad, every pixel I.(x,y) of the rectangular grid on
the surface of the cylinder is assigned with the value of the original image I,(u,v). To
perform this assignment, the mapping from (u,v) to (x,y) should be established. The
coordinates (u,v) are determined by the intersection of the line S with the camera image
plane M. Line S passes through the point of the rectangular grid on the surface of the
cylinder p, = (x,y, z) and optical center O of the camera and is determined by the equation
pp = O+ tm, where m = (O —p,) /| (O —pp)||- Image plane M is determined by the
equation ((p — po), n) = 0, where py is a point of intersection of image plane M with the
main optical axis of the camera, n = (O — pg)/||(O — po) || is the normal vector to the image
plane, the direction of which coincides with the main optical axis, and (, ) is the scalar
product. The intersection point p is determined by the parameter ¢;:

ti = ((p — po),n)/ (m,n), @

thus, p = O + t;m.
To determine the coordinates (u, v) for a given p, the following equation is used:

(u,0,w) = R~ (p — po), ¢)

where R is the camera rotation matrix, and w = 0.
The schematic formation of a brake pad image is shown in Figure 5.

Figure 5. Formation of a brake pad image taken from a particular angle that allows us to avoid glares.
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2.4. Image Processing

The goal of the further image processing and analysis tasks consists in finding the
integral characteristic of the brake pad surface sensitive to the operation time. The surface
cracks were chosen as among the distinct features of the used brake pad. Thus, the aim
of the image processing stage is to detect cracks on the surface of the brake pad. For this
purpose, the scale-space theory framework was used. This allows us to build a scale-
invariant image processing method, which is useful for our particular task as the given
brake pad cracks have a wide range of widths. The scale-space approach suggests the
input gray-scale image I(x, y) is presented with its scale-space representation L(x,y, ) as
defined by

L(x,y,0) =g(x,y,0)*1, 3)
(CaECa -
20, tis the scale parameter and * denotes the convolution

where g(x,y,0) = 5-e
operator.

More general than the convolution operator is the Hadamard composition [110] or, in
general, any composition of functions [111].

The crack detection was based on the computation of the measure L., as suggested
in [112].

Le = Lux+ Ly — \/ (Lux + Lyy) + 412y, (4)

where Ly, Ly, and Ly, denote derivatives of L(x,y, o) along its respective axes. Measure
L. represents the crack strength and is computed for different values of scale parameter ¢.
The values of the parameter t depend on the size of objects we try to detect in the input
image, and thus can be used to tune the sensitivity of the crack detector.

To obtain a final binary image with detected cracks, the values of L. should be properly
thresholded. In practice, the constant threshold value results in significant error in the final
binary picture of detected cracks. This is explained by the different values of L, produced by
cracks in images of different brake pads, which thus require different threshold values for
correct segmentation. Therefore, it is necessary to use techniques with adaptive threshold
values. For this purpose, the Otsu method [113] was used.

The next stage is the analysis of the binary image of the segmented cracks, which
consists of finding an integral characteristic of the brake pad surface that would be able
to reflect the intensity with which the brake pad is operated. To calculate these integral
characteristics, the additional steps of contour detection and skeletonization of the image
should be performed.

The results of contour detection and skeletonization are used for crack parameter
estimation. Therefore, after the segmentation procedure, three parameters were calculated:

- The ratio of the area of segmented cracks to the total area

Scr
P =<, (6)
Stot
where S, is the area of segmented cracks and Sy is the total area of the image;
- The ratio of the perimeter of segmented cracks to the total area
Py
P, = , 6
Stot ©)
where P, is the perimeter of the segmented cracks;
- The ratio of the skeletonized cracks to the total area
S
P3 _ Iscel (7)

Stot
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These parameters are the integral characteristics of the brake pad friction surface which
are sensitive to the operation time and can serve as an estimate of the degree of wear of a
given surface.

3. Results and Discussion
3.1. Study of the Drilling Drawwork Brake Wear

The drilling drawwork is equipped with band brakes (Figures 1-3), which brake the
lifting drum on which the steel rope is wound during lowering into the well and raising of
the drilling tool or pipe casing from the well, stopping the drilling (casing) and holding it
stationary. It is used on pipe columns, as well as when feeding the tool to the wellbore in the
process of rotary and turbine drilling in the absence of an automatic bit feeding regulator.
In addition, the drawwork serves to transmit power to the rotor, and raise and lower the
drilling tower, respectively, during its installation or dismantling after the completion of
the construction of the well.

The band brakes are used as the main part of the drilling drawwork. Thede brakes
are usually installed on high-speed shafts that transmit the smallest torques. This makes it
possible to reduce the overall dimensions of the band brake while simultaneously providing
the required amount of braking torque.

In the band brakes, the working element is a flexible steel band with polymer friction
pads attached to it, which during braking are pressed against the outer cylindrical surface
of the brake pulley due to the angular movement of the moving end of the specified band.
During the lowering /raising of drilling tools, almost all of the kinetic energy is transformed
into thermal energy during the braking process, which leads to intensive heating of the
surface layers of the friction pads and the metal pulley.

For the reliable operation of the belt brake, it is important to ensure a stable value of
the coefficient of friction in the metal-polymer pair during braking in a wide temperature
range. According to Interstate Standard GOST 10851-94 [105], FK-24A friction material
is recommended for use in friction nodes paired with alloy steel under the following
operating conditions: friction surface temperature up to 700 °C, sliding speed 10 m/s;
pressure 1.5 MPa. Therefore, the effect of the temperature in the friction zone during
braking on the value of the friction coefficient was investigated on the modernized stand
(Figure 6).

045 4
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05

0.00 >
0 100 200 300 400 500 600 700 800

Temperature, °C

Coefficient of friction

Figure 6. Dependence of the friction coefficient on temperature for a friction pad (FK-24A) paired
with a steel brake pulley (30ChGSA).
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The analysis of the graphical dependence presented in Figure 6 shows that with increas-
ing temperature in the friction zone, the value of the friction coefficient initially decreases
and reaches a minimum value of 0.12 at temperatures of 400—470 °C. Under such temper-
ature conditions, the decomposition products of the bond (phenol-formaldehyde resin)
act as a solid lubricant. A further increase in the temperature in the friction zone leads
to a certain increase in the value of the coefficient of friction, but it no longer reaches a
higher value than at the beginning of the test at a temperature of 100 °C. During friction,
phenol-formaldehyde resin decomposes under the influence of elevated temperature, pro-
viding the necessary positive gradient of mechanical properties in a tribological pair with
alloy steel. FK-24A material exhibits high frictional properties during difficult operating
conditions of the belt brake of the drilling drawwork. Similar dependences for the change in
the friction coefficient on temperature during the operation of retinax in a pair with 40ChN
steel were presented in Interstate Standard GOST 10851-94 [105], where the minimum value
of the friction coefficient was also observed in the temperature range from 400 to 500 °C.

It should be noted that the process of converting the mechanical energy of the moving
heavy column of drill pipes into thermal energy takes place in the belt brake of the drill
drawwork. This phenomenon leads to intense heating of the surface layers of the friction
pads and the brake pulley, and leads force factors to their deformation during friction. At
the same time, the maximum values of temperature and mechanical stresses are reached
in the friction zone, which leads to the destruction of the materials of the friction pair. In
particular, during the destruction of the FK-24A material, hydrogen is released from its
bond—phenol-formaldehyde resin [-C¢H3(OH)-CH,—]». Hydrogen atoms have a fairly
small atomic radius, so they penetrate easily deep into the pulley, causing flooding of the
steel and its embrittlement. All these factors taken together lead to the intensification of the
processes of wear and destruction of brake parts not only due to the mechanical interaction
of friction surfaces, but also due to the hydrogen embrittlement of steel (Figure 7).

TS
THTHSIIS

(b)

(d)

Figure 7. General appearance of the drilling drawwork after a long period of operation (a) and
different types of cracks on the working cylindrical surface of the brake pulley: (b) an ensemble of
surface cracks; (c) one main through crack; (d) one trunk crack (enlarged view).
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In the process of long-term operation of drill drawworks (Figure 7a), a large number of
braking cycles occur when the drill pipe column is built up during the lowering of the tool
into the well or the unscrewing of the drill pipe plugs during the removal of the tool from
the well, which leads to cyclic heating/cooling of the brake and the appearance of low-cycle
crack fatigue on the working surfaces of brake metal pulleys and friction polymer pads.
Cracks are mostly formed on the convex cylindrical friction surface of the metal pulley,
which are directed along its longitudinal axis and do not cross each other (Figure 7b). It
should be noted that in some cases, a main through crack was formed in the rim of the
metal pulley (Figure 7c,d).

Wang et al. [114] found a modified microstructure consisting of a white etching layer
containing nanosized ferrite on the friction surface of worn brake discs. Hurey et al. [115]
showed the protective properties of a nanocrystalline reinforced layer during fretting wear.
In studies [54,116], the temperature and force conditions for the formation of white layers on
steel and cast iron were determined. It should be noted that the results of research [117,118]
indicate that such nanostructures can serve as a barrier for the penetration of hydrogen into
steel. Mechanisms of initiation and propagation of cracks in metals under high-temperature
loads were developed by researchers [119,120], and the influence of hydrogen on the
properties of metals in various environments was discussed in detail in papers [121-123].

At the same time, an ensemble of branched, arbitrarily oriented surface cracks is
formed on the concave cylindrical friction surface of the friction pads, which intersect
each other, forming closed polyhedra (Figure 4). We investigated the composition of the
polymer friction material FK-24A of brake friction pads on the friction surface in a worn
state without cracks (Figure 8) and in a worn state with cracks (Figure 9).

] e AR S o o e
Signal A=Cz BSD Date :19 Apr 2023
Time :13:41:47

(b)

Elements Weight, % Atomic, %

Spectrum 1 CK 28.99 40.61
OK 42.54 44.75

Mg K 11.05 7.65

Si K 7.92 4.74

SK 1.59 0.84

KK 0.18 0.08

CakK 0.35 0.15

Fe K 0.69 0.21

BrL 1.82 0.38

BalL 4.88 0.60

4 6 8 keV Total 100.00 -

(0 (d)

Figure 8. SEM image of the friction surface of the brake pad in a worn state without cracks at different
magnifications, (a,b), spectrum of 1 (c) and elemental composition of the worn material (d).
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Elements Weight, % Atomic, %
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Mg K 1.39 1.00
Al K 1.12 0.73
SiK 4.10 2.54
SK 1.67 0.91
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Figure 9. SEM image of the friction surface of the brake pad in a worn state with cracks at different
magnifications, (a,b), the spectrum of 1 section in the crack zone (c) and the elemental composition of
the worn material (d).

We found that at the stage of running-in of the brake pad in the friction zone with the
steel pulley, the presence of all the main components of the retinax FK-24A friction material
and a small percentage of iron (0.69%) can be observed (Figure 8d).

It should be noted that at the stage of wear of the brake pad and the formation of
cracks on the surface in the friction zone with the steel pulley, the presence of all the main
components of the retinax FK-24A friction material, as well as increased iron content of up
to 15.70%, is observed (Figure 9d). This phenomenon can be explained by the increased
wear of the flooded and brittle metal of the steel pulley and the accumulation of wear
products in the cracks and pores of the brake pad.

The composition of the polymer friction material FK-24A on the friction surface of the
brake pad in a worn state with cracks was also studied in detail (Figure 10).

Experiments were carried out on areas of the surface that were located at different
distances from the crack (Figure 10a,b). It was established that the area farther from the
crack had increased iron content—69.62% (Figure 10c,e)—and the area near the crack had a
lower iron content—64.76% (Figure 10d,f). Such a difference in the amount of wrought iron
in the friction surface of the brake pad at different distances from the crack may be due to
the fact that part of the wear products accumulates in this crack. This representation of the
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images was due to our desire to investigate local areas of the worn friction surface of the
brake pads (Figures 8 and 9), in particular at different distances from the cracks (Figure 10).

Spectrum 1
¢ $

i

Spectrum 1

(b)

Spectrum 2

0 2 4 6 8 keV
(d)

Elements Weight, % Atomic, % Elements Weight, % Atomic, %
CK 5.88 14.98 CK 7.62 18.02
OK 24.50 46.86 OK 27.62 49.04
FeK 69.62 38.16 FeK 64.76 32.94

Total 100.00 - Total 100.00 -
(e) ®

Figure 10. SEM image of the friction surface of the brake pad in a worn state with cracks (a,b),

spectrum 1 for the area far from the crack (c) and spectrum 2 for the area near the crack (d) and,

accordingly, the elemental compositions of the worn material (e, f).

In Figure 11, the character of the worn surface of the area of interest of the brake pad is
shown, along with the mapping of the redistribution of the elements after the friction tests.

The analysis of the EDS maps (Figure 11b—i) shows that C, O, Ca, Ba and Fe are located
in the same regions, indicating the existence of complex compounds, while Si is mainly
observed in the friction surface defects. The redistribution of Mn and Cr is relatively
uniform, showing transfer from the steel counterbody.
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Fe Ka1 Mn Ka1 CrKa1
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Figure 11. SEM image of the worn brake pad surface for the EDXS analysis (a) and the results of the
EDS analysis: (b)—C; (c)—O; (d)—Si; (e)—Ca; (f)—Ba; (g)—Fe; (h)—Mn; (i)—Cr.

3.2. Results of Image Processing of the Worn Surface

This section demonstrates the results of the practical application of the above-described
methodology of image processing of worn brake pads.

The first step consists in input image acquisition and its geometric transformation
with the purpose of obtaining a transformed image suitable for further processing and is
described in Section 2.1. Figure 12 shows the results of mapping of the obtained image
of the brake pad friction surface on the surface of a cylinder using image transformation,
represented by Equations (1) and (2): Figure 12a is the obtained image and Figure 12b is
the restored image of the surface of a brake pad.
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@) (b)
Figure 12. Mapping results: (a) obtained image; (b) restored image of the surface of a brake pad.

After that, the image processing step is applied in order to detect cracks at the friction
surface of a brake pad. For this purpose, the restored input image is presented in the
scale-space representation (3), and the crack strength measure L. (4) is computed. The
visualization of measure L. (4) calculated for the input image in Figure 13a is shown in
Figure 13b. Segmentation of the transformed (Figure 13a) and preprocessed (Figure 13b)
images with the Otsu method is presented in Figures 13c and 13d, respectively. As can be
concluded from the images in Figure 13c,d, the scale-space-invariant approach is of great
importance since direct segmentation without this step gives an unsatisfactory result with
a high percentage of oversegmentation.

Figure 13. Restored input image of brake pad (a), visualization of its measure L. (b) and their
respective segmentation by Otsu method: (c,d).

The results of the contour detection and skeletonization steps for the image in Figure 13d
are presented in Figure 14a,b.

Parameters P;, Py, P, which are the integral characteristics of the degree of wear of
the brake pad friction surface, are given in Table 4 for the different brake pads, arranged in
ascending order of their operating time.
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(a) (b)
Figure 14. Results of contour detection (a) and skeletonization (b) of image in Figure 13d.

Table 4. Segmentation results for surface defects.

No Pl, % Pz, % P3, %
1 11.53 9.84 522
2 12.83 10.80 6.03
3 18.55 14.98 8.48
4 18.42 15.83 8.76

The results of the calculations show an increase in the percentage of integral character-
istics of brake pad friction surfaces during operation. They confirm the possibility of using
such characteristics as an indicator of the degree of wear of the brake pad.

Convolutional neural networks can be used for evaluating the degradation of the brake
pad friction surface during its operation. They require a large dataset for training. Image
areas of a typical size of 256 x 256 pixels can be selected from input images. The dataset
size can be increased by flipping and rotating operations as well as image simulation.

It should be noted that the disadvantage of asbestos-containing friction materials is
their low destruction temperature and their reactivity in interacting with steel/cast iron,
which causes them to form brittle carbides and supersaturated solid solutions. In addition,
asbestos is harmful to the health of staff. Degradation of polymer materials on a resin bond
under the influence of various factors is described in paper [124]. Researchers [125,126]
conducted an analysis of brake wear products and indicated their harmful effects, in
particular connected with brake wear particle emissions [127-131], on human health and
the environment and proposed measures to reduce them.

The task of researching the wear of brake pads in various fields of application [132-135] is
relevant and requires further study, in particular regarding the use of other materials [136-138]
and the investigation of their wear.

The parameters of the amount of wear of brake pads and brake pulleys are regulated
by normative documents for the operation of brakes of drilling winches. In practice,
during the operation of belt brakes of drilling winches, it is difficult to directly monitor
the condition of the friction surfaces of brake pads, since there is no direct access to them,
but only their amount of linear wear and the reliability of their mechanical attachment to
steel tape can be controlled. When the minimum permissible thickness of the brake pads
is reached, which is usually about 10 mm (for the maximum amount of linear wear), a
decision is made to replace them with new ones.

In addition, the condition of the working outer cylindrical convex friction surface
of the steel brake pulley, which has direct access, is also monitored. If the linear wear of
the brake pulley is more than 10 mm per side (with the maximum reduction in diameter)
and/or if there are cracks on its working cylindrical surface with a length of more than
80 mm and a width of 0.2 to 0.5 mm, it is immediately replaced with a new one.

The results of macroscopic analysis (image processing) of the worn friction surface
of brake pads demonstrate the nature of crack propagation and can complement the
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understanding of the wear mechanism of brake friction pair elements on a microscale.
In particular, this article shows the micro-level distribution of chemical elements of the
material of the steel brake pulley relative to thermal cracks formed on the worn friction
surface of the polymer brake pad (Figure 10), as well as the distribution of chemical
elements on the worn friction surface of the brake pad (Figure 11).

The method of image processing developed by us for the concave friction surface of
brake pads is advised to be used both during the development of optimal compositions of
new composite materials for brake pads and to substantiate the choice of rational modes of
operation of friction pairs of brakes of various types and designs.

In further studies, it is planned to establish the influence of the step of the location of
brake friction pads made of asbestos-free material on the brake belt of the drill winch on
the nature of the destruction of friction surfaces.

4. Conclusions
Based on the results of laboratory and industrial research, the following was established:

1.  The minimum value of the coefficient of friction (0.12) for band brakes equipped with
retinax pads is achieved at temperatures on the friction surface of 400-470 °C. At this
temperature, the decomposition products of the bond (phenol-formaldehyde resin)
act as an effective solid lubricant;

2. Thermal fatigue cracks appear on the working surface of the brake metal pulleys,
which are directed along its longitudinal axis and do not cross each other;

3. Thermal fatigue cracks are formed on the worn working surface of non-metallic friction
pads, which cross each other, forming separate islands, which is associated with both
thermal destruction and shrinkage of the retinax. An uneven distribution of iron at
different distances from the crack was revealed;

4. A method for estimation of the degree of the degradation of the brake pad based on
processing of their surface images was developed. This method consists of acquisition
of a suitable input image taken from particular angle that allows us to avoid glares,
mapping of the obtained image on the surface of a cylinder to cope with perspective
distortion which appears due to the angle of view, application of the scale-space theory
for crack detection with further contour detection and skeletonization and finding the
integral characteristics of the brake pad surface which reflect the intensity with which
the brake pad was operated. It was shown that such characteristics as the ratio of the
area of segmented cracks to the total area, the ratio of the perimeter of segmented
cracks to the total area and the ratio of the skeletonized cracks to the total area are
good indicators of the degree of brake pad degradation during operation;

5. The proposed taxonomy of images can be used both during the development of
component compositions of new friction materials for brake pads, and during research
into the performance of commercial materials during the justification of rational
choices in the operating modes of brakes.
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