
����������
�������

Citation: Niekurzak, M.;
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Faculty of Management, AGH University of Science and Technology, 30-067 Krakow, Poland;
ejabcon@zarz.agh.edu.pl
* Correspondence: mniekurz@zarz.agh.edu.pl

Abstract: An important element in the correct operation of the rolling mill is appropriate planning of
the condition of the rolls because this factor constitutes a limiting element in the production process.
In this work, with the aim of indicating the method of proper use of production tools–metallurgical
rollers during their operation in a Polish rolling mill, the wear and tear of particular kinds of rollers
built in the whole rolling set was determined. For this purpose, data were collected at the strip mill
from grinding processes, production reports and roll files, while our statistical analysis, laboratory
calculations and measurements were used. These data were used to perform computer calculations on
the service life of metallurgical rollers installed in the rolling line. Wear mechanisms were identified in
industrial practice. The characteristic features of roller wear were investigated using non-destructive
tests, including eddy currents. The laboratory tests reproduced the wear mechanisms in very hot
rolling rolls. The statistical method for determining the service life of working rolls indicated that
their reconstruction is determined both by natural physical phenomena and inappropriate use in
about 30% of cases, mainly in the F5 and F6 cages of the finishing unit. Calculations indicated the
possibility of replacing the working rolls made of high chromium cast iron Hi-Cr with those made
of HSS in the F5 and F6 cages, which will contribute to an increase in the durability of the rolls, a
reduction in production costs and a decrease in the number of roll rebuildings. The service life of HSS
rolls is 14,000–20,000 Mg of rolled material per 1 mm of wear on its surface in the radial direction,
compared to 2000 Mg for rolls made of high chromium cast iron Hi-Cr. The constructed model
may be a source of information for further analyses and decision-making processes supporting the
management of metallurgical enterprises. On the basis of the constructed model, it was shown that
the analyzed projects, depending on their type and technical specification, will bring measurable
economic benefits in the form of reduced annual energy consumption and environmental benefits in
the form of reduced carbon dioxide emissions into the atmosphere. The constructed model of the roll
consumption, verified in the real conditions of the rolling mills, will contribute to the fulfillment of
energy and emission obligations with the EU.

Keywords: production planning; hot-rolling mill; waste of metallurgical rolls; steel; strip

1. Introduction

In the process of steel strip production, the tool most responsible for steel strip quality
are metallurgical rolls. However, metallurgical rolls are one of the most expensive tools used
in the plastic processing of metals. Used in cold or hot rolling mills, they can produce flat or
long products. Their quality depends on the microstructure of the material from which they
are made, and on the calibration [1]. The microstructure depends primarily on the chemical
composition of the material from which they are made and the heat treatment. With regard
to the required quality of rolled strip, the condition of the rollers of the finishing unit is of
paramount importance, as they have the greatest influence on the dimensional accuracy
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and quality of the strip [2]. During the production of steel strip, a significant problem is
the high degree of wear of the rolls, especially working rolls, and thus there is a need for
frequent rebuilding. The working rolls of the entire finishing unit are changed every 8–10 h
and the thrust rolls every 2–3 weeks, depending on the quantity and assortment of rolled
strip [3]. The continuous improvement of this tool (e.g., through the correct calibration of
rolls) results in increasingly higher productivity and ensures the production of strips with
a higher surface quality and more accurate geometric dimensions [4]. Failure to calibrate
rolls correctly will result in even the best roll material being unable to handle excessive
localized pressures or stress concentrations, requiring rebuilding or cracking after a short
period of operation. New roll materials are continually being sought to improve the service
life of rolls. Selecting the right chemical composition and heat treatment of the roll material
affects its service life. Continuous improvement of this tool results in increasingly higher
productivity and ensures the production of strips with higher surface quality and more
accurate geometric dimensions [5].

In the literature, there are many works [6–13] on the potential of using RES technolo-
gies in the global energy mix, while apart from [7], there is little research on reducing
CO2 emissions into the atmosphere by plants with a diversified production method, i.e.,
metallurgy. In Poland, the steel industry is responsible for 14% of total CO2 emissions. It
is a branch of the economy that is still in an intensive production phase and due to the
high energy demand for the production of steel, conventional energy (i.e., natural gas and
electricity) cannot be replaced with energy from renewable sources. Therefore, solutions
should be sought to optimize existing technologies that will help reduce CO2 emissions,
and thus reduce emission allowances payments to production plants. These issues are
described in detail in the paper: “Modeling of Energy Consumption and Reduction of
Pollutant Emissions in a Walking Beam Furnace Using the Expert Method—Case Study” [7].

With all aspects in mind, the aim of this research was as follows: “The purpose of the
work was to determine the amount of wear of the working surface of a barrel of rollers.
Depending on the rolling program being implemented, it will enable the proper selection of
the type of material for the implementation of the roll for installation in individual stands
of the rolling unit, which will increase their durability and operating efficiency.” Achieving
the goal of the work requires completion of the following tasks:

- Statistical analysis of the production results concerning the determination of the
durability of rolls in the hot rolling mill for steel strips;

- Determination of the amount of roller wear in individual stands of the rolling unit;
- Determination of the wear indicators of rollers installed in the rolling unit, made of

various types of materials;
- Performance of metallurgical tests and calculations in order to find a better material

for rolls than is currently used;
- Determination of projected roll reconstruction times.

As metallurgical rolls are used in the global metallurgical industry, and there is no
comprehensive work on determining the durability of rolls during the operational period of
long-term production planning, an attempt was made to analyze this process in a broader
manner using measuring techniques from the “Roll Grinding Management System”.

This work is partly cognitive and theoretical in nature, but it mostly has a practical
dimension. It is a systematic presentation of the authors’ research and theoretical considera-
tions to date, extended by some new detailed theoretical solutions and research performed
in industrial conditions. Such considerations are necessary for a comprehensive process
analysis, with the available specialist literature not providing sufficient information on
this subject.

2. Review of the Literature on the Issue under Analysis

The analysis of roll wear in the various stages of the steel strip production process is a
very complex issue. In order to determine the exact degree of wear and to locate those areas
on its surface that are most exposed to damage, a comprehensive analysis of the steel strip
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production process is necessary. Computer calculations are increasingly being used in the
analysis, allowing an approximate assessment of the degree of wear of working tools and
enabling the determination of the location of areas on the surface of the rolls most cornered
on their wear [14–17]. The analysis of these quantities allows for continuous research and
improvement in the direction of extending the service life of rolls.

A major factor in increasing production costs in the hot strip mill is the frequent
rebuilding of rolls. This problem is due to the insufficient service life of the working barrels
of the rolls. These problems result in the rolling mill incurring huge consumption costs,
mainly electric energy and natural gas [18]. These losses arise due to compulsory stoppages
of the rolling mill to carry out the rebuilding of the rolls. The problem of determining
the durability of rolls still constitutes the main objective of metallurgical research. The
necessity of using increasingly better quality rolls suitable for work in difficult exploitation
conditions is a challenge for contemporary science. Due to the importance of reducing
production costs of the finished product (i.e., steel strip) and maintaining its dimensions
within narrow tolerance limits, an increasing number of researchers undertake each year
to publish their work. Every year, many meetings, seminars and scientific conferences
devoted to this subject are organized, with increasing documentation on the web. Many
authors [19–27] have focused their research on the search for materials for metallurgical
rolls with high resistance to wear specific to their production.

However, specialized literature does not provide sufficient information on the verifica-
tion of a specific grade of roller in industrial conditions during the period of realization
of short- and long-term production. Extending the life of rolls contributes to a significant
increase in rolling times, increasing production efficiency and reducing mill costs associ-
ated with the need for frequent replacement and remanufacturing of rolls. In the case of
other steel companies, if work has been undertaken in these areas, it was not reflected in
scientific publications.

The basic conclusion drawn from a literature review of the past three decades is that
there is insufficient literature documenting the achievements of experimental research on
the subject matter covered in this manuscript. Since metallurgical rollers are used in the
global metallurgical industry, and there is a lack of comprehensive work on determining
the durability of rolls during the service life of long-term production planning, an attempt
has been made to analyze this process more extensively.

Factors Influencing Roller Wear

Rolls are the basic tool of rolling mills, as they directly form a strip of metal, giving it
successive shapes, until the finished product is of sufficiently precise dimensions and has a
satisfactory surface. The wear of rolls is one of the most important issues of the economics
of the rolling process and is recognized as one of the basic material criteria, with the amount
of rolled material making it necessary to replace the rolls [28]. Roller wear is influenced by
the rolling temperature, the size of the dies used (which depend on the rolling program),
the chemical composition of the rolls and the natural physical phenomena occurring during
the rolling process.

To be considered of good quality, rolled products must have dimensions falling within
strictly defined tolerances given in appropriate standards or agreements and meet the
requirements for surface quality and technological properties. These factors are decisive in
determining the point at which rolls lose their ability to produce a product that is correct
in terms of accuracy and surface quality. Thus, they directly determine the permissible
amount of wear of the roll barrel surface. As the quantity of rolled steel strip increases, the
condition of the roll barrel surface deteriorates, which first manifests itself in the loss of
the required surface smoothness, and thus rolled products, and then in the variation of
the band thickness on its cross-section. The wear of the working surface of the roll barrel
during rolling results from the physical phenomena of the rolling process, which are made
visible by the action of three fundamental mechanisms [29–33]:
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1. Abrasion of the barrel surface as a result of sliding with a deformed hot strip of metal,
moving in relation to its surface;

2. Mechanical fatigue of the roll surface layer due to cyclic changes in mechanical stress
induced by the rolled material;

3. Thermal fatigue of the surface layer caused by cyclic local temperature changes
resulting in stresses between areas of different temperatures.

During rolling, periodically varying loads act on the rolls. At high speeds, the action
of forces can be treated as dynamic impacts on an inert mass. At excessive stresses that
exceed the strength limit of the material, the roll breaks at the point of force action. Damage
to the roll barrel surface is the most common cause affecting the reduction of roll life. The
tribology of the roll surface is also affected by increased slip and unit pressures of metal on
the roll, as well as decreasing the accuracy of cleaning the band from the scale. As a result
of these factors, the amount of rolled metal, which causes wear of the rolls, changes during
the process from the first to the last frame. Due to the uneven wear and tear of the rolls
and the deterioration of their surface condition, the rolls must be periodically replaced and
subjected to grinding in order to obtain the appropriate shape and remove the effects of
wear and tear [34–37].

When explaining the mechanisms of wear and tear of rolls, in order to determine the
influence of individual mechanisms, it is necessary to consider the effect of factors always
referring to the action of a certain, equal quantity of material.

The abrasion of the barrel surface is caused by friction between the working surfaces
of the cylinder and the rolled material. This mechanism depends on the smoothness of the
surface, shape, crumple as a factor determining the pressure value, the amount of lead, lag,
temperature and speed. The increase in wear of the rolls by abrasion causes the presence of
scale by increasing the coefficient of friction. Moreover, the scale causes the surface defects
on the rolled material. Abrasion is a major cause of wear on rolls in the end stands. There
are ways to reduce the abrasion caused by hard iron oxides. They are:

- Maintaining the surface temperature of the rolled metal below 900 ◦C, a condition that
often cannot be met due to the need to obtain the required final rolling temperature;

- The use of nozzle spraying to lower the surface temperature of the rolled strip;
- Reducing the rate of scale formation by creating a protective atmosphere around the

surface of the rolled material;
- The formation of hard alloys on the surface of the rolls.

This state is influenced by changing normal loads, tangential loads and internal
stresses. The size of the normal and tangential forces determines the abrasion of the barrel
surface and the formation of chipping when the stress value exceeds the fatigue strength of
the cylinder metal.

Thermal fatigue is caused by cyclic changes in the temperature of the surface layer of
the cylinder. Temperature changes caused by the intense heating and cooling of the roller
surface create stresses, which can lead to the formation of thermal cracks. The temperature
of the surface layer of the cylinder reaches 500–700 ◦C, which causes high thermal stresses,
lowering the hardness and strength of this layer of the cylinder, and consequently lowering
the resistance wear roller. Destruction of the cylinder surface due to thermal fatigue results
in the constant formation and growth of subsurface cracks, causing the material to fall
off in the following ways: chipping, peeling and fractures from the surface layer of the
cylinder. The impact of cracks is magnified by other factors, such as mechanical stresses
and the effect of cooling water, which turns into steam when it comes into contact with
the heated metal, and the resulting high pressure increases the existing cracks. During the
rolling process, parameters such as temperature, pressure and load duration change. The
result is that the amount of metal rolled, which causes the wear of the rolls, changes as the
process proceeds from the first stand to the last stand.

Summarizing the considerations made so far, it can be said that the surfaces of the
work rolls of hot rolling mills wear out as a result of contact with the heated rolled strip
and with the support rolls. Consumption is affected by the following factors:
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- Roll material and chemical composition of rolled steel;
- Total rolled length during one installation;
- Temperature of the rolled material and rolls;
- Value of the unit and total metal pressure on the rollers,
- Rolling speed;
- Value of the slip of the rolled metal in relation to the rolls in the rolling gap;
- Surface quality of the rolled material;
- Surface condition and hardness of rolls.

The greater the hardness of the rolls, the less their wear. Work rollers wear almost over
the entire surface of the barrel, but most intensively in the center of the barrel. Due to the
uneven wear of the rolls and the deterioration of their surface condition, the rolls should be
periodically replaced and grinded in order to give the correct shape and remove the effects
of wear.

The roll is considered technically sound if the measured results of its diameter and
hardness in specially designated places on the roll surface are within a specified tolerance
range and meet the requirements in terms of accepted standards.

3. Materials and Methods
3.1. Statistical Analysis of Wear and Tear of Rolls

Strength properties of rolls in terms of wear resistance during rolling are subject to
certain changes. Against this background, it is necessary to check and possibly correct the
size of the rolled batch of material. This mainly happens when the material grade of the
rolls is changed. The quantity of rolled material in a given rolling mill can be corrected
on the basis of statistical research. The statistical surveys are based on existing data in
the rolling mill, recorded in files and reports on the operation of the rolls. These tests
do not require knowledge of specific changes in roll quality and calibration, and can be
performed at any time. Based on theoretical premises, it was assumed that the natural wear
of rolls is subject to the laws of the normal distribution. This assumption is based on the
claim that the error distribution tends to be normal when the error is caused by the sum
of similarly influencing mutually independent factors. For example, during hot rolling,
factors include strand temperature, roll orientation, calibration scheme, rolling speed, type
of rolled material, roll hardness, etc. It was assumed in the considerations that the roll life
was determined by the Mg amount of the steel rolled between two consecutive roll turns.
The natural wear of rolls is understood to mean a process in which rolls are only considered
worn as a result of the loss of their ability to give the strands the correct surface quality
and the required shape. In practical conditions, the rolling process may be interrupted
by organizational factors resulting, inter alia, from roll rebuild schedules. As a result, in
practice the spread of masses followed by conversion is narrowed.

Based on the results of the tests of wear and tear of rolls, the service life of rolls
installed in the whole rolling assembly of the analyzed rolling mill was determined by
statistical calculations. According to statistical principles, it was assumed that the natural
wear and tear of rolls is subject to the laws of the normal distribution. Taking this into
account, two hypotheses were assumed:

Hypothesis 0 (H0). If the examined distribution is normal, then the physical phenomena prevailing
in the rolling process at the contact between the rolled metal and the rolls determine the replacement
of the rolls.

Hypothesis 1 (H1). In addition, the alternative hypothesis assumes that if the studied distribution
is not normal, then the rolls are not used properly.

3.2. Quantitative Analysis of Roller Wear

By analyzing the data collected in roll cards, production reports, in-service roll
turnover reports from individual months and other documents, the roll-wear were deter-



Materials 2022, 15, 2334 6 of 18

mined. The purpose of this research was to determine the influence of the length of the
rolling campaign on the actual wear of individual roll types.

The scope of the developed data concerned the wear of rollers in individual cages of
the finishing unit, designated as F1–F6 in the years 2020–2021. During the analyzed period,
rollers made of the following steel were operated: high-speed steel—HSS (High Speed
Steel), high chromium cast iron—Hi-Cr (High Chromium Cast Iron) and modified alloy
cast iron of the EICDP and ICDP (Enhanced Chromium Steel) types. Rollers made of the
aforementioned materials ran 53 rolling campaigns in total and rolled 1500 Gg in 2020 and
1100 Gg in 2021 of general purpose unalloyed and alloyed steel strip [38].

The two-year period for which data was analyzed was not homogeneous in terms
of production. During this period, there were times when low-alloy steels were rolled
and times when they were not rolled, but the rolling conditions used did not change
significantly. As a measure of the degree of utilization of the roll, the Q index used in
metallurgy was adopted, determined from the following formula [7,38]:

Q = Z/U (1)

where Z is the amount of rolled steel, Mg, and U is the reduction in roll weight due to
rolling and calibrations, kg.

The total wear and tear of rolls, referred to as natural wear and tear, is the sum of metal
wear and tear of the barrel of rolls expressed in kg as a result of compulsory rolling during
the whole period of operation of the roll, i.e., from the first deposit to withdrawal for scrap.
Collecting and analyzing data on the wear and tear of rolls provides each rolling mill with
very valuable information, making it possible to determine the times for rebuilding the rolls.
This considerably improves the production planning process of the whole technological
line and contributes to the reduction of operating costs.

Analyzing the annual reports, it clearly shows that the rolls wear in proportion to the
amount of rolled material. Roller wear depends on the production program. The wider
and thicker that products are rolled, the lower the wear of the rolls, and the narrower
and thinner products are rolled (the width b:L cylinder barrel length ratio is small), the
greater the wear of the rolls. In order to ensure conditions for the uniform wear of the
rolls, and thus to obtain the correct profile of the rolled strips, the schedule of wide and
narrow strips should be properly selected and the sequence of rolling thick and thin strips
should be planned. To ensure rational operation of rolls and proper product deviations,
strip mills should follow the principle of consecutive rolling cycles and arranging rolling
campaigns. First, the widest strands (first cycle) are rolled, followed by the intermediate
strands (second cycle) and finally the narrowest strands (third cycle). By following these
rules, the number of roll changeovers can be reduced five times during the implementation
of production plans.

3.3. Hardness Measurements of HSS Sample

The tests were performed on a sample cut from a laboratory ingot of HSS with symbol
HSS, mass 40 kg and chemical composition given in Table 1.

Table 1. Chemical composition of the tested HSS ingot.

Elemental Content, %

C Mn Si P S Cr Ni Mo W V

1.15 0.96 0.87 0.05 0.02 2.6 1.3 4.2 4.1 3.9

Source: own. based on [38].

Hardness tests were performed on samples cut from the upper and lower parts of
the cylinder. Hardness measurements were made using the Rockwell method. Metallo-
graphic tests were performed for samples taken from areas of clearly different hardness.
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Metallographic observations and photos were made on the metallographic microscope.
Technological considerations (machining) allowed the taking of samples (in the shape of
rings) from the top and the lower part of the cylinder, but only to a depth of 75 mm. In
most cases, this depth comprised both the hardened layer and the roll core.

3.4. The Principle of Using the Effect of Eddy Currents in Non-Destructive Testing of Materials

In order to achieve a reduction in rolling mill production costs, a reduction in the
number of roll rebuilds required and optimum utilization of their working area, calculations
were made using the “Roll Grinding Management System”. The purpose of the calculations
was to determine, using eddy current testing, the type of defects and their location in
the material structure of rolls made of Hi-Cr cast iron. The “Roll Grinding Management
System” program is connected to a roll grinding machine with, roughing and finishing of
the rolls to give them the desired profile within a narrow tolerance range. It also allows
us to determine their tribological properties using the eddy current method. In addition,
the aim of the calculations was to determine the effects of replacing the work rolls made of
high chromium cast iron Hi-Cr, currently operating in cages F5 and F6 of the finishing unit,
with those made of a new generation of high-speed steel HSS, characterized by superior
mechanical and technological properties. The detection of discontinuities in the material
follows the sequence of phenomena shown in Figure 1.

Figure 1. The sequence of phenomena while detecting inconsistency in a material. Source: own,
based on [38].

The method that uses the effect of eddy currents to examine the state of a material
in a non-destructive manner involves detecting, using an alternating magnetic field, local
differences in physical properties of the material of the tested elements that cause a change
in the intensity of these currents. In practice, this is performed in such a way that the tested
element, with specific dimensions, made of a material with a given electrical conductivity
and magnetic permeability, is subjected to the action of an alternating electromagnetic field
in the tested material and receives the material’s reaction through a test probe and eddy
current flaw detector. The analysis of the value of changes in the electromagnetic field,
amplitude and phase shift of voltage and intensity allows for a very precise assessment of
the condition of the tested material, any discontinuities such as cracks, erosive or corrosive
defects, and the assessment of their size and depth.

If the coil is moved at a constant speed at a constant distance from the surface of the
object, all changes in the cohesion or thickness of the material being tested affect the current
flow and consequently the magnetic field, magnitude and phase of the voltage in the coil.
This method makes it possible to detect the most dangerous discontinuities extending to
or lying close to the surface, as well as discontinuities under the coating layer and those
located in individual layers of multilayer objects. Cracks with depths from about 0.1 mm,
widths from about 0.0005 mm and lengths from about 0.4 mm are detected. In this way, it
is possible to detect and locate a material defect present in a given roll.

If you measure the height of the top and bottom vertices on the surface of the roll with
respect to the zero position, you obtain key information about the technical condition of
the roll under test, defined by its non-roundness N (α) [7,38]:

N(α) =
E(α) + Q(α)

2
(2)

where N (α) is the roundness of the roll, E (α) is the height of the top peak of the roll and Q
(α) is the height of the bottom peak of the roll.
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4. Results and Discussion
4.1. Statistical Analysis of Roll Wear

As a result of the statistical analysis performed (Table 2) using the test of concordance
at a significance level of α = 0.05, it was found that of 100 cases involving the process of
rolling strips of different grades of rolled steel, intended for various industries, 10% of
the cases did not confirm the assumption of normality of the distribution. These cases,
according to the assumption, were used to determine the degree of proper underutilization
of the roll.

Table 2. Statistical distribution of the life of rolls.

Grade of
Material

Cage
Number Average Standard

Deviation N χ2
α χ2

obl Notes

S2
35

JR

RM 727.57 315.00 15 9.488 1.494 no reason to reject the null hypothesis
F1 2285.19 1047.64 21 5.991 0.844 no reason to reject the null hypothesis
F2 1628.36 526.00 30 7.815 6.138 no reason to reject the null hypothesis
F3 1674.58 415.29 79 9.488 8.670 no reason to reject the null hypothesis
F4 695.34 354.72 72 9.488 3.367 no reason to reject the null hypothesis
F5 543.63 138.00 173 10.068 46.900 the null hypothesis should be rejected
F6 526.50 109.00 169 11.070 15.841 the null hypothesis should be rejected

χ2
α—distribution of a random variable.

χ2
obl—computed significance level assessment.

χ2
α > χ2

obl—no reason to reject the null hypothesis.
χ2

α ≤ χ2
obl—the null hypothesis should be rejected.

α = 0.05—materiality level.

The proposed research method makes it possible to determine the durability of rolls
in individual cages and, at the same time, gives the possibility of correcting the size of the
rolled material batches. It enables the development of more accurate assumptions for the
rational management of rolls, allows for a better selection of appropriate materials for rolls
and, moreover, makes it possible to develop an appropriate schedule of rolls reconstruction.

4.2. Quantitative Analysis of Roll Wear

Based on automated grinding processes whose grinders record actual measurements
to the nearest 0.0001 mm, the roll-wear levels for 2020 and 2021 are summarized in Table 3.

From analyzing the indices determined during the tests, it can be observed that the
greatest wear is exhibited by rollers made of high chromium cast iron Hi-Cr built in the
F5 and F6 cages of the finishing unit. Their wear in both 2020 and 2021 exceeded the
permissible limit tolerances established in the standards given by the manufacturer of this
type of roller. Consequently, this led to a reduction in the efficiency of the rolling process
and an increase in production costs. Higher consumption depended on the implemented
production program. Narrower and thinner strips were rolled in 2020 and 2021, resulting in
higher roller wear. Compared to previous years, where wider and thicker strips were rolled,
the durability of the rolls was greater. In summary, higher consumption in the analyzed case
does not depend on the production volume but on the implemented production program.
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Table 3. Roll consumption rates for 2020 and 2021.

Roll Type Material
Consumption for the Year

2020 2021

Pre-assembly cage rolls

Thrust rollers
ø 1600 × 2500 Steel 3% Cr 0.06 0.040

ø 1600 × 2500 Cast steel 0.353 0.361

∑ for resistance rollers 0.413 0.401

Work rollers
ø 1100 ICDP 0.105 0.157

ø 1250 × 2500 EICDP 0.353 0.361

∑ for work rollers 0.458 0.518

Finishing unit cage rollers

Cage F1–F3 ø 825 × 2500 ICDP 0.557 0.538

Cage F1–F3 ø 825 × 2500 ICDP 0.463 0.473

Cage F4 ø 825 × 2500 EICDP 0.152 0.191

Cage F4 ø 825 × 2500 ICDP 1.056 1.092

Cage F5 i F6 ø 730 × 2500 Hi-Cr 1.982 1.961

Cage F5 i F6 ø 730 × 2500 Hi-Cr 2.011 2.197

∑ for working and back-up rollers 6.221 6.452

∑ for work rolls and back-up rolls of the entire rolling assembly
rolling mill unit 7.092 7.371

Source: own, based on [38].

4.3. Hardness Measurements of HSS Sample

Rolls made from this HSS are increasingly replacing cast iron rolls with an indetermi-
nate hardening layer and are a continuation of the development of cast iron high chromium
rolls. The change in their structure consists of replacing part of the chromium with other
carbide-forming elements such as tungsten, titanium, niobium and vanadium, with the aim
of improving the mechanical and technological properties of the steel [39–41]. The basis for
the heat treatment of the rolls was the tempering procedure. Industrial tests have shown the
suitability of the performed treatment immediately after hardening. This treatment made it
possible to achieve the most favorable hardness distribution on the cylinder cross-section
and the required hardness on the barrel surface, which was mainly expressed by their
1.5–2 times longer life. This heat treatment made it possible to harden a thicker layer of the
roller, which allows for less wear of the rollers and a longer service life in one structure.
The types of heat treatment performed and the resulting hardnesses are given in Table 4.

Table 4. Results of hardness measurements of HSS specimen.

Type of Heat Treatment
Hardness

HB HRC HSh

Condition after casting 588–618 60 82–83

Softened 700 ◦C/8 h 267–278 - 55–58

Hardened 1050–1080 ◦C - 61–63 77–80

Tempering once 580–600 ◦C/3 h - 58–60 70–73

Double tempering
580–600 ◦C/3 h - 50–52 71–75

Source: own, based on [38].
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It can be seen from Table 4 that after casting and cooling to an ambient temperature,
the tested high-speed steel shows a very high hardness: 60 HRC (84 HSh). Ingots of the test
steel were further softened by heating to 700 ◦C, held at this temperature for 8 h, and then
slowly cooled with an oven. The test ingot specimens were then hardened and tempered
twice at 580–600 ◦C for 3 h with subsequent cooling in air. This resulted in a hardness of
71–75 HSh.

The volume proportion and morphological characteristics of the carbide phase have a
decisive influence on the quality of the rolls. The optimal solution for the purposes of the
analyzed studies turned out to be a reticulated arrangement of carbides obtained as a result
of the application of incomplete normalizing annealing. Self-healing of the surface layer of
rolls with such microstructure, due to easy removal of the so-called white layer from the
surface of the roll [33], practically prevents the formation of a network of micro-cracks and
fractures, with its hardness measured by the amount of Mg of the rolled product depending
on the stereological parameters of the carbide phase and the properties of the matrix. If
the chemical composition of the roll material, with carbides in the form of a lattice optimal
from the tribological point of view, makes it possible to change the hardness of its matrix, it
becomes possible to produce good, efficient rolls for both cold and hot rolling mills of steel
sheets and strips.

4.4. The Principle of Using the Effect of Eddy Currents in Non-Destructive Testing of Materials

After entering all the roll parameters into the computer system and comparing them
with the range of actual tolerances, the tested curve of the roll operation in the rolling
process moves outside the range of the established permissible tolerance determined for its
optimal operation, as shown in Figure 2.

Figure 2. Diagram of high chromium cast rolls local tear and wear levels. Source: own, based on [38].

During the tests performed, the cast iron roller, after one rolling campaign (2000 Mg),
showed worse surface quality parameters. This was because rollers of this type were
installed in the first stands of the rolling unit in which the most difficult working conditions
occur, e.g., due to the significant reduction of the strand cross-section. The defects appearing
on the working surface of the cylinder can be determined based on the fault map suggested
by the program using the error charts generated from the theoretical model in comparison
with the obtained profile. To perform a more detailed analysis, the surface of the roller is
conventionally divided into sectors along its radius and stations along its length (Table 5).
The level of specified roller wear is indicated for each separate sector cell and station of the
specified roller. Based on the defect maps, it is possible to determine the types of defects in
the roll, such as cracks and run-outs, which are caused by frictional phenomena and affect
the wear of the roll.
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Table 5. Map of faults in the high chromium Hi-Cr cast roll, mm.

Roll Sectors

Roller Stations

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Roll Fracture Defect

8 0.08 0.10 0.10 0.09 0.10 0.13 0.09 0.15 0.19 0.25 0.17 0.18 0.14 0.29

7 0.12 0.12 0.10 0.06 0.10 0.12 0.11 0.14 0.18 0.27 0.22 0.21 0.13 0.60

6 0.09 0.11 0.06 0.09 0.10 0.11 0.10 0.13 0.22 0.23 0.27 0.16 0.11 0.22

5 0.10 0.10 0.08 0.08 0.10 0.14 0.11 0.12 0.17 0.20 0.18 0.11 0.21 0.18

4 0.10 0.10 0.09 0.09 0.11 0.11 0.11 0.15 0.21 0.16 0.15 0.12 0.14 0.14

3 0.07 0.09 0.10 0.08 0.11 0.09 0.13 0.14 0.19 0.28 0.18 0.13 0.14 0.13

2 0.08 0.06 0.11 0.06 0.10 0.08 0.09 0.13 0.20 0.22 0.18 0.12 0.19 0.40

1 0.09 0.08 0.10 0.10 0.12 0.09 0.09 0.14 0.19 0.22 0.17 0.17 0.13 0.24

Roll Sectors

Roller Stations

15 16 17 18 19 20 21 22 23 24 25 26 27 28

Roll Fracture Defect

8 0.13 0.43 0.16 0.20 0.22 0.17 0.11 0.06 0.11 0.09 0.10 0.10 0.09 0.12

7 0.23 0.27 0.14 0.25 0.25 0.17 0.09 0.07 0.07 0.09 0.09 0.09 0.06 0.11

6 0.48 0.16 0.16 0.17 0.23 0.19 0.13 0.08 0.07 0.08 0.08 0.07 0.05 0.14

5 0.11 0.14 0.15 0.14 0.20 0.17 0.13 0.10 0.10 0.11 0.09 0.08 0.11 0.13

4 0.13 0.15 0.16 0.17 0.21 0.19 0.18 0.22 0.13 0.09 0.08 0.09 0.14 0.07

3 0.29 0.16 0.12 0.16 0.21 0.18 0.13 0.10 0.09 0.08 0.06 0.10 0.08 0.08

2 0.52 0.21 0.16 0.19 0.23 0.16 0.13 0.09 0.09 0.09 0.09 0.11 0.10 0.10

1 0.14 0.16 0.18 0.18 0.21 0.21 0.11 0.19 0.08 0.10 0.09 0.09 0.08 0.12

Source: own, based on [38].

The darker boxes with bold numbers in Table 5 indicate the locations of the resulting
material defects. Figure 3 shows the fracture defect of a Hi-Cr type roller that was operated
for a certain period in the F5 and F6 cages of the finishing unit. Using the calculations
program, the location (i.e., sector and station of its defect) were located.

Figure 3. Roller indentation defect mapped in 3D. Source: own, based on [38].

From the diagram in Figure 4, it can be assumed that the greatest wear, which occurred
in the central part of the cylinder, proves that this type of cylinder is not wearing evenly
over its entire surface. This may be due to the impact of the rolling program in which
thinner and longer products were rolled.
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Figure 4. Diagram of faults level generated based on the map of faults for the high chromium Hi-Cr
cast roll. Source: own, based on [38].

On the other hand, the polar diagram shown in Figure 5 provides the necessary
information related to latent defects occurring under the working surface of the barrel of the
cylinder and defects in the form of out-of-roundness shown for different angular positions.

Figure 5. Diagram of defects of rolls made of high chromium cast iron Hi-Cr: (a) irregularities,
(b) run-out. Source: own, based on [38].

If the sum of the height of the vertices calculated from Formula (2) produces a circle,
this means that the roll is perfectly round and does not cause run-out, which leads to
accelerated tribological wear. On the other hand, if the calculated sum of the height of the
vertices gives an ellipse, this means that the roller is not round and has a run-out defect,
which results in the propagation of cracks leading to premature wear. By analyzing the
graph of the modified Hi-Cr alloyed cast iron roll shown in Figure 5 and using the principle
of superposition of effects, which considers both the roundness errors caused by the roll’s
journals and tusks, it was determined that an elliptical shape was being dealt with here.
Therefore, the roll has pronounced run-outs beyond the allowable range of the established
tolerance, which is noticeable mainly in frames F5 and F6 of the finishing assembly. These
rolls often have to be rebuilt, including replacing them with new ones, which increases
production costs and disorganizes the entire work planning system of the rolling mill
department. By using analogous reasoning for the HSS roll, it can be seen that a roll made
from HSS has greater strength and wear resistance under the same operating conditions as
a Hi-Cr roll [42,43]. The graph in Figure 6 clearly demonstrates that the dimensions of the
HSS rolling campaign roll of the same length as that made of Hi-Cr cast iron are further
within the acceptable tolerances.

This means that it can operate on a large scale, with the ability to roll an additional
20,000 Mg of strip without having to rebuild it. In order to extend the operational life of
the rolls and to reduce their production costs, HSS rolls can be used, especially in F5 and
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F6 cages, which is where they are most vulnerable to wear. On the basis of the map of
defects, presented in Table 6 and obtained during the conducted calculations, it can be
concluded that only small local defects marked with a grey color and a bold number, which
appeared in the same working conditions as the case of rolls made of high chromium steel,
are noticeable in station 5.

Figure 6. Graph volume of local consumption for HSS rolling type. Source: own, based on [38].

Table 6. Map of defects for HSS type rolling.

Roll Sectors

Roller Stations

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Roll Fracture Defect

8 0.19 0.18 0.13 0.18 0.20 0.11 0.19 0.12 0.15 0.19 0.11 0.08 0.17 0.16

7 0.18 0.17 0.14 0.18 0.52 0.19 0.18 0.09 0.13 0.17 0.17 0.11 0.15 0.11

6 0.16 0.11 0.18 0.17 0.21 0.18 0.19 0.11 0.16 0.15 0.19 0.16 0.11 0.15

5 0.11 0.13 0.17 0.18 0.24 0.17 0.18 0.16 0.17 0.12 0.21 0.17 0.18 0.17

4 0.12 0.17 0.15 0.15 0.11 0.15 0.15 0.17 0.11 0.18 0.19 0.15 0.14 0.13

3 0.10 0.15 0.09 0.11 0.17 0.19 0.16 0.17 0.10 0.16 0.17 0.11 0.16 0.11

2 0.12 0.15 0.05 0.16 0.23 0.11 0.14 0.19 0.08 0.14 0.14 0.13 0.14 0.15

1 0.13 0.18 0.11 0.13 0.22 0.12 0.16 0.19 0.11 0.11 0.10 0.09 0.12 0.14

Source: own, based on [44].

These disadvantages, obtained after analyzing the annual reports, were due to the
high temperatures occurring during the rolling process. However, these disadvantages do
not require rebuilding the rollers, as is shown in Figure 7.

Figure 7. Graph-level defects generated on the basis of faults map of type HSS. Source: own, based
on [38].

Figure 7 clearly shows that the defect in sector 5 of the roll is within acceptable
tolerances. This does not disturb the mill operation as the working surface of the roll barrel
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wears uniformly along its length. The polar diagrams for the HSS roll shown in Figure 8
show that it is circular in shape and therefore does not have surface defects or hidden
run-out defects that cause roll cracking.

Figure 8. Diagram of defects of rolls made of HSS high-speed steel: (a) out of roundness, (b) run-out.
Source: own, based on [38].

The values of defects determined on the basis of the method of superposition of effects
allow us to conclude that the results are within strictly defined tolerances, and the roller
of this type is free of any surface and hidden defects. The calculations indicate that the
service life of HSS rolls is 14,000–20,000 Mg of rolled material per 1 mm of wear on the
roll surface in the direction of its radius, while up to 2000 Mg per 1 mm is obtained for
high chromium cast iron rolls. The durability of the materials was also determined by
microscopic examination of the working surface of the roll barrels. Cast iron rollers were
compared with high-speed steel rollers [35,44]. The cross-section of the roll made of high
chromium cast iron shown in Figure 9 illustrates that the cracks formed on the surface of
the roll as a result of contact between the rolls and the heated metal band. On the other
hand, the rolls made of high-speed steel, due to higher durability obtained because of
the presence of harder carbides in their structure of the types MC, M7C and M2C, oppose
the formation of this type of defect, which is illustrated in Figure 10. In addition, this
calculation shows an 80% reduction in wear of HSS type rolls compared to high chromium
rolls. A comparative analysis of the two tested roll grades is shown in Table 7. Rolls made
of high chromium cast iron have such a low hardness on their working surface that they
are unable to resist the natural operating conditions that occur during the rolling process.
Therefore, they are easily susceptible to surface wear resulting from, among other things,
the chemical composition of the rolled steel, temperature of the rolled material, values of
unit and total pressures of applied metal on rolls, rolling speeds, values of slippage in the
rolling basin of the rolled material, etc.

Figure 9. Cross-section through a hardened cast iron cylinder after a campaign: (a) without etching,
(b) with etching (2% Nital) [38].
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Figure 10. Cross-section through a high-speed steel cylinder after a campaign: (a) without etching,
(b) with etching (2% Nital) [38].

Table 7. Comparative analysis of the influence of the performance parameters of rollers made of
grades Hi-Cr and HSS on the quality of a finished product.

Parameters
Roll Material

High Chrome Cast Iron
Hi-Cr Type

High Speed Steel
HSS Type

Hardness, HSh 56–64 78–81

Structure martensitic containing 25–30%
carbide M7C3

martensitic containing
40–55%

carbide: MC, M7C, M2C

Application the last cages of the rolling assembly all rolling cages

Number of realized rolling campaigns in one roll development 1 7–8

Persistence, Mg 2000–3000 14,000–20,000

Mill yield, % 94.50 98.50

Roller wear, kg/Mg 2.20 0.64

Electricity consumption, kWh/Mg 92 71

Water consumption for cooling, m3/Mg 1.23 0.84

Source: own, based on [38].

The implementation of HSS rollers in the examined hot rolling mill, apart from a
pronounced increase in their durability, makes it possible to assume that it will also reduce
the costs connected with the purchase of new rollers by about 30%, as after the roll has been
used up, only the working sleeve has to be replaced and not the whole roll as is the case
with rollers made of high chromium cast iron. The correct choice of chemical composition—
in particular, the increase in the proportion of carbides and the correct structure of the
material—has improved the durability of the roll, especially its hardness, wear resistance
and the relevant surface roughness. For example, when rolling in the first frames of the
finishing unit, a low surface friction is required, and in the last frames, a high resistance to
sticking and cracking of the rolls. This means that the steel composition of the rollers must
be differentiated for each cage. HSS rolls perform well, mainly in the last cages of the F5
and F6 finishing groups. Thanks to their properties, which are obtained by applying the
appropriate production technology, among other things, the following has been achieved:
minimum phosphorus, sulfur and gas content; a minimum of non-metallic inclusions; the
finest possible grain size; the highest possible degree of uniformity of chemical composition
and temperature. Thanks to the reduction of rolling mill stops caused by the necessity
of replacing rolls in all cages, a reduction in the direct wear of rolls by abrasion and
oxidation was achieved. Thus, the use of rolls made of high-speed steel, HSS, results in
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an increase in rolling efficiency and large economic benefits. With a proper operation, the
strength of rolls made of HSS is several times higher than the strength of rolls made of
high chromium cast iron, which influences the lengthening of time between necessary
stoppages for roll replacement. In this way, not only is the cost of the rolls reduced, but
the production preparation at the mill can also be planned more efficiently. For this reason,
despite the significantly higher price of HSS rolls, it pays to employ them as their use
results in measurable economic benefits.

5. Conclusions

Based on the analysis performed of the wear of rolls in the hot strip mill, the following
conclusions can be made:

1. The statistical method for determining the service life of working rolls indicated that
their reconstruction is determined both by natural physical phenomena and, in about
10% of cases, by their improper use, mainly in frames F5 and F6 of the finishing set.

2. Roll-wear indicators are of key importance for the construction of rolling campaigns
and production schedules, decisively influencing the reduction of roll wear and costs
and changeover times.

3. Calculations made using the program: “Roll Grinding Management System” indicate
the possibility of replacing the working rolls of high chromium cast iron Hi-Cr with
HSS rollers in cages F5 and F6, which will contribute to an increase in the hardness of
the rolls, a reduction in production costs and a decrease in the number of rebuilds.

4. The operating life of HSS rolls is 14,000–20,000 Mg of rolled material per millimeter of
wear on its surface in the radial direction, compared to 2000 Mg for rolls made of high
chromium cast iron Hi-Cr.

5. HSS type rolls show 80% less wear compared to high chromium rolls. The improve-
ment of the durability of the roll, especially its hardness, wear resistance and suitable
surface roughness, was influenced by the appropriate choice of material and mainly by
the increase in the proportion of carbides and the appropriate structure of the material.

6. The benefits of this work include: the determination of cost and energy relationships
between individual profiles and steel grades in active production; the ability to track
energy consumption and processing costs depending on the currently produced
assortment; and the verification of market prices for individual grades and profiles
of steel.
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13. Niekurzak, M. Analiza Możliwości Rozwoju i Wykorzystania Potencjału Biogazu Rolniczego na cele Energetyczne w Polsce, Nauka—
Technika—Technologia: Seria Wydawnicza AGH, T.2; Wydawnictwa AGH: Kraków, Poland, 2021; pp. 135–148. ISBN 9788366727489.
Available online: https://winntbg.bg.agh.edu.pl/skrypty4/0592/NTT_tom2_135.pdf (accessed on 4 March 2022).

14. Jin, D.Q.; Hernandez, V. Integrated process model for the hot rolling of plain carbon steel. In Proceedings of the Second
International Conference Modeling of Metal Rolling Processes, London, UK, 9–11 December 1996; pp. 6–58.

15. Costa, H.; Hutchings, I. Some innovative surface texturing techniques for tribological purposes. Proc. Inst. Mech. Eng. Part J J.
Eng. Tribol. 2015, 229, 429–448. [CrossRef]

16. Persson, A.; Hogmark, S.; Bergström, J. Simulation and evaluation of thermal fatigue cracking of hot work tool steels. Int. J.
Fatigue 2004, 26, 1095–1107. [CrossRef]

17. Szota, P.; Mróz, S.; Stefanik, A.; Dyja, H. Numerical modelling of the working rolls wear during rods rolling process. Arch. Metall.
Mater. 2011, 56, 495–501. [CrossRef]

18. Lima, L.G. Experimental Analysis and Numerical Modelling of the Influence of the Oxidation on the Thermal Fatigue of Hot
Rolling Rolls. Master’s Thesis, University of São Paulo, São Paulo, Brazil, 2018.

19. Tseng, A.A.; Lin, F.H.; Gunderia, A.S.; Ni, D.S. Roll cooling and its relationship to roll life. Metall. Trans. A 1989, 20, 2305–2320.
[CrossRef]

20. Benasciutti, D.; Brusa, E.; Bazzaro, G. Finite elements prediction of thermal stresses in work roll of hot rolling Mills. Procedia Eng.
2010, 2, 707–716. [CrossRef]

21. Elkoca, O. A study on the characteristics of electrical discharge textured skin pass mill work roll. Surf. Coat. Technol. 2008, 202,
2765–2774. [CrossRef]

22. Pawelski, O.; Rasp, W.; Zwick, W.; Nettelbeck, H.; Steinhoff, I. The influence of different work-roll texturing systems on the
development of surface structure in the temper rolling process of steel sheet used in the automotive industry. J. Mater. Process.
Technol. 1994, 45, 215–222. [CrossRef]

23. Serajzadeh, S. Effects of rolling parameters on work-roll temperature distribution in the hot rolling of steels. Int. J. Adv. Manuf.
Technol. 2008, 35, 859–866. [CrossRef]

24. Simão, J.; Aspinwall, D.; Wise, M.; El-Menshawy, M. Mill roll texturing using EDT. J. Mater. Process. Technol. 1994, 45, 207–214.
[CrossRef]

25. Spuzic, S.; Strafford, K.N.; Subramanian, C.; Savage, G. Wear of hot rolling mill rolls: An overview. Wear 1994, 176, 261–271.
[CrossRef]

26. Tseng, A.A. Thermal modeling of roll and strip interface in rolling processes: Part 1-review. Numer. Heat Transf. Part A Appl. 1999,
35, 115–133. [CrossRef]

27. Vilaseca, M.; Pujante, J.; Ramírez, G.; Casellas, D. Investigation into adhesive wear of PVD coated and uncoated hot stamping
production tools. Wear 2013, 308, 148–154. [CrossRef]

28. Wright, B. Thermal Behavior of Work Rolls in the Hot Mill Rolling Process. Ph.D. Thesis, The University of Swansea, Swansea,
UK, 2014.

29. Maccagno, T.M.; Jonas, J.J.; Yue, S.; Mccrady, B.J.; Slobodian, R.; Deeks, D. Determination of recrystallization stop temperature
from rolling mill logs and comparison with laboratory simulation results. ISIJ Int. 1994, 34, 917–922. [CrossRef]

30. Mello, J.D.; Gonçalves, J.; Costa, H. Influence of surface texturing and hard chromium coating on the wear of steels used in cold
rolling mill Rolls. Wear 2013, 302, 1295–1309. [CrossRef]

31. Milan, J.; Carvalho, M.; Xavier, R.; Franco, S.; Mello, J. Effect of temperature, normal load and pre-oxidation on the sliding wear of
multi-component ferrous alloys. Wear 2005, 259, 412–423. [CrossRef]

32. Montmitonnet, P.; Delamare, F.; Rizoulieres, B. Transfer layer and friction in cold metal strip rolling processes. Wear 2000, 245,
125–135. [CrossRef]

http://doi.org/10.3390/en14227525
http://doi.org/10.3390/en14238099
http://doi.org/10.3390/en14248394
http://doi.org/10.3390/en15041329
http://doi.org/10.17265/2159-5275/2015.10.003
http://doi.org/10.7494/manage.2019.20.1.43
http://doi.org/10.3389/fenrg.2021.660140
https://winntbg.bg.agh.edu.pl/skrypty4/0592/NTT_tom2_135.pdf
http://doi.org/10.1177/1350650114539936
http://doi.org/10.1016/j.ijfatigue.2004.03.005
http://doi.org/10.2478/v10172-011-0053-5
http://doi.org/10.1007/BF02666666
http://doi.org/10.1016/j.proeng.2010.03.076
http://doi.org/10.1016/j.surfcoat.2007.10.004
http://doi.org/10.1016/0924-0136(94)90343-3
http://doi.org/10.1007/s00170-006-0764-3
http://doi.org/10.1016/0924-0136(94)90342-5
http://doi.org/10.1016/0043-1648(94)90155-4
http://doi.org/10.1080/104077899275281
http://doi.org/10.1016/j.wear.2013.07.003
http://doi.org/10.2355/isijinternational.34.917
http://doi.org/10.1016/j.wear.2013.02.006
http://doi.org/10.1016/j.wear.2005.02.050
http://doi.org/10.1016/S0043-1648(00)00473-7


Materials 2022, 15, 2334 18 of 18

33. Park, J.Π.; Kim, C.K.; Leeb, S. Evaluation of thermal fatigue properties of hss roll materials. In Proceedings of the Metal
Konference, Hradec nad Moravicí, Czech Republic, 20–22 May 2003.

34. Costa, H.; Hutchings, I. Effects of die surface patterning on lubrication in strip drawing. J. Mater. Process. Technol. 2009, 209,
1175–1180. [CrossRef]

35. Roberts, W.L. Hot rolling of steel. Manuf. Eng. Mater. Process 1983, 10, 779–783.
36. Labiapari, W.; Alcântara, C.; Costa, H.; Mello, J. Wear debris generation during cold rolling of stainless steels. J. Mater. Process.

Technol. 2015, 223, 164–170. [CrossRef]
37. Ye, X. Thermal Crown Development in Hot Strip Mill Work Rolls and the Role of Spray Cooling. Master’s Thesis, The University

of British Columbia, Vancouver, BC, Canada, 1990.
38. Dymek, W. Internal Materials of HOT Rolling Mills; AlcellorMittal: Kraków, Poland, 2021; Unpublished.
39. Fletcher, D.; Kapoor, A.; Steinhoff, K.; Schuleit, N. Wear behaviour and surface form evolution of a novel titanium carbide

implanted surface under lubricated conditions. Proc. Inst. Mech. Eng. Part J J. Eng. Tribol. 2000, 214, 597–610. [CrossRef]
40. Krzyzanowski, M.; Beynon, J.H. Interfacial heat transfer during hot metal forming operations assuming scale failure effects.

Mater. Sci. Technol. 2016, 32, 407–417. [CrossRef]
41. Deltombe, R.; Dubar, M.; Dubois, A.; Dubar, L. A new methodology to analyse iron fines during steel cold rolling processes. Wear

2003, 254, 211–221. [CrossRef]
42. Hilgenberg, K.; Steinhoff, K. Texturing of skin-pass rolls by pulsed laser dispersing. J. Mater. Process. Technol. 2015, 225, 84–92.

[CrossRef]
43. Huart, S.; Dubar, M.; Deltombe, R.; Dubois, A.; Dubar, L. Asperity deformation, lubricant trapping and iron fines formation

mechanism in cold rolling processes. Wear 2004, 257, 471–480. [CrossRef]
44. Le Roux, S.; Medjedoub, F.; Dour, G.; RÉzaÏ-Aria, F. Role of heat-flux density and mechanical loading on the microscopic

heat-checking of high temperature tool steels under thermal fatigue experiments. Int. J. Fatigue 2013, 51, 15–25. [CrossRef]

http://doi.org/10.1016/j.jmatprotec.2008.03.026
http://doi.org/10.1016/j.jmatprotec.2015.03.050
http://doi.org/10.1243/1350650001543449
http://doi.org/10.1179/1743284715Y.0000000125
http://doi.org/10.1016/S0043-1648(03)00005-X
http://doi.org/10.1016/j.jmatprotec.2015.05.027
http://doi.org/10.1016/j.wear.2004.01.012
http://doi.org/10.1016/j.ijfatigue.2013.02.004

	Introduction 
	Review of the Literature on the Issue under Analysis 
	Materials and Methods 
	Statistical Analysis of Wear and Tear of Rolls 
	Quantitative Analysis of Roller Wear 
	Hardness Measurements of HSS Sample 
	The Principle of Using the Effect of Eddy Currents in Non-Destructive Testing of Materials 

	Results and Discussion 
	Statistical Analysis of Roll Wear 
	Quantitative Analysis of Roll Wear 
	Hardness Measurements of HSS Sample 
	The Principle of Using the Effect of Eddy Currents in Non-Destructive Testing of Materials 

	Conclusions 
	References

