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Abstract

Rising energy prices, especially in Europe, make it necessary to look for cost reductions
wherever possible. It also concerns the industry and hot rolling processes. One of the
ideas of reducing costs is to use a roll gap lubrication (RGL) system. Lubrication makes it
possible to reduce the forces needed for the materials processing, which directly translates
into lower power consumption, but also makes it possible to extend the service life of the
working rolls. The authors associated with Krakow Hot Rolling Mill, as a part of their work
related to improving the production process of HSLA-type steel, also took into account
the possibility of analyzing the subject of roll gap lubrication. This paper is a review of
interesting papers concerning research on this topic over the past years. The authors also
included in this paper a section on what the RGL system looks like on the AMP HSM
in Krakow itself. This paper is a prelude to considering possible modifications to the
RGL system.
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1. Introduction

One of the key metal forming processes is hot rolling. Despite the passage of time,
this process continues to attract widespread interest among scientists [1,2]. Hot rolling
remains a fundamental stage in the production of steel strips and sheets, as it determines
not only the final geometry of the product but also its mechanical properties, microstruc-
ture, and surface quality. Due to its continuous and energy-intensive nature, even rel-
atively small improvements in rolling parameters can yield substantial economic and
environmental benefits.

In recent years, the European steel industry has faced growing challenges related
to the rising cost of electricity and the increasing emphasis on sustainable production
(see Figure 1). The steady increase in energy prices across Europe has compelled rolling
engineers and plant operators to seek new methods for process optimization, aiming to re-
duce production costs and energy consumption without compromising product quality [3].
Among the potential directions for improvement are enhanced control strategies, optimiza-
tion of deformation schedules, modernization of cooling and lubrication systems, and,
notably, reduction in friction in the roll gap.
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Figure 1. Rising electricity prices in EU over last few years [3].

One promising yet not entirely new concept is the application of a roll gap lubrication
(RGL) system [4-6]. The introduction of a lubricant into the roll bite reduces friction
between the working rolls and the hot strip. This reduction in friction leads not only to
lower rolling forces and torques but also to diminished wear of the rolls, thereby extending
their service life and reducing maintenance costs. Moreover, by lowering resistance in the
deformation zone, RGL can contribute to energy savings, improve strip surface quality, and
potentially increase rolling speeds under stable process conditions. From the sustainable
development point of view, such improvements are aligned with the global trend toward
more energy-efficient and environmentally responsible steelmaking [7-9].

The authors of the present work are currently engaged in research aimed at improving
the production process of hot-rolled HSLA (High-Strength Low-Alloy) steel strips at one of
the most advanced rolling mills in this part of Europe—the hot rolling mill of ArcelorMittal
Poland S.A. in Krakow [10,11]. As part of these investigations, the focus has not only been
placed on metallurgical and technological parameters but also on the economic aspects
of production. In particular, the team sought to evaluate whether the implementation or
optimization of a roll gap lubrication system could bring measurable cost reductions while
maintaining or enhancing product quality. This prompted a detailed examination of the
current state of research on the subject, with the goal of identifying potential knowledge
gaps that could be addressed through the authors’ own studies.

An extensive literature search revealed that, while keywords such as roll gap lubri-
cation and hot rolling lubrication return several hundred results annually, only a lim-
ited number of publications directly address lubrication within the roll gap during hot
rolling. A significant portion of these papers consists of conference proceedings or ex-
tended abstracts, offering insufficient experimental data or theoretical insight [12-22].
Consequently, there remains a need for a comprehensive review that synthesizes the most
relevant and technically detailed research on RGL systems in hot rolling, particularly for
microalloyed steels.

The present review therefore aims to summarize and critically analyze recent advance-
ments in the field of roll gap lubrication for cost reduction in hot rolling. Special attention
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is given to studies that focus on microalloyed HSLA steels, due to their growing industrial
significance. Additionally, selected aspects of the RGL system implemented at the Krakow
Hot Rolling Mill are discussed, providing an industrial perspective on the practical benefits
and challenges of this technology.

Through this analysis, the authors seek to identify key trends, technological opportuni-
ties, and research directions that could contribute to developing more efficient, economically
viable, and environmentally sustainable methods of hot rolling in the future.

Building on these premises, the following section reviews the current state of research
on roll gap lubrication systems, emphasizing both experimental and industrial findings
that illustrate the mechanism, benefits, and challenges of this technology.

2. Roll Gap Lubrication (RGL) System—Review

The variety of roll gap lubrication systems is considerable and depends on numerous
factors, including process parameters, material properties, and the design of individual
lubrication and cooling components. In most cases, the term roll gap lubrication refers
primarily to the lubrication of the working rolls (WR), as these rolls are directly responsible
for forming the strip and defining the conditions within the deformation zone. Effective
lubrication of the working rolls therefore results in improved lubrication within the roll
gap itself, which is the origin of the term RGL [23-25].

The application of lubrication in the roll gap leads to a direct reduction in the rolling
force and torque required to deform the strip, as illustrated in Figure 2. This reduction is
attributed to the decreased friction between the rolls and the strip, which also contributes
to lower energy consumption, reduced roll wear, and improved process stability.
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Figure 2. Typical RGL system influence on rolling force [26].

The study presented in [26] focuses on the optimization of the roll gap lubrication
system implemented at the Al-Ezz Dekheila Steel Hot Strip Mill in Alexandria, Egypt.
The authors emphasize the importance of taking into account the effect of roll wear when
determining the quantity of lubricant supplied to the roll gap. Excessive or insufficient
lubrication can alter the frictional conditions in the roll bite, affecting both roll life and
strip surface quality. To address this issue, Saeed proposed a model that correlates roll
wear progression with lubricant demand, enabling dynamic adjustment of lubrication
parameters during the rolling campaign.

Based on this concept (see Figure 3), an automated control strategy was developed to
continuously regulate the RGL system operation depending on real-time process conditions
(Figure 4). The automation system relied on process monitoring and predictive logic to
maintain optimal lubrication levels, ensuring stable rolling forces throughout extended
campaigns. As a result, only small and smooth variations in the measured rolling forces
were observed, indicating improved process consistency.

https:/ /doi.org/10.3390/lubricants14020051


https://doi.org/10.3390/lubricants14020051

Lubricants 2026, 14, 51

40f14

f0
100 4400t 160—1®0
: —
— ]
= 80 B 80
E o
- 65> —_ 65
60
*;, <3 ss
—
Nt
) /
w |40
E 04944/
3 b 30
5 20
0
o ~ < (L] o (=] ~ < Ce] © o o~ < e} o) (=] ~ -
- -t - -4 - ~ ~ ~ ~ ~ ~ g ”

strip number

Figure 3. Different amounts of lubrication due to length of campaign. Blue line—manual RGL level
control, red—automatic changes. [26].
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Figure 4. Smooth changes in forces due to smooth changes in RGL flow [26].

Furthermore, the adaptive RGL control led to a significant reduction in the number of
cobbles—unintended strip breakages or entanglements—in stand F4, which had previously
been a critical issue. The decrease in cobble frequency not only enhanced mill productivity
and operational reliability but also yielded a direct economic benefit due to reduced
downtime and lower maintenance requirements.

Overall, Saeed’s work demonstrated that data-driven lubrication optimization can
simultaneously improve product quality, extend roll service life, and enhance the energy
efficiency of the hot rolling process.

While Saeed’s study focused primarily on the adaptive control of lubricant flow, other
researchers have investigated the direct tribological and energetic effects of RGL under
different material and process conditions. Similar studies carried out under industrial
conditions, this time involving the hot rolling of DP600 dual-phase steel, were presented
by the authors in [27]. Although their work does not primarily focus on the optimization
of the roll gap lubrication system itself, it provides valuable experimental evidence of its
practical effectiveness in force and energy reduction.
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The authors demonstrated that the application of a water-oil emulsion through dedi-
cated nozzles onto the working rolls during finishing passes led to a reduction in rolling
forces of up to 30%, particularly in the earlier stands of the finishing mill. The average
decrease in rolling force across all stands ranged between 5% and 20%, depending on the
rolling schedule and strip dimensions. This reduction also translated into a drop in power
consumption by approximately 15%, confirming the significant energetic benefits of the
RGL system in the rolling of high-strength steels such as DP600.

In addition to the force reduction, the authors observed that the roll surface tempera-
ture was lower in stands where lubrication was applied, even though the intensity of roll
cooling had to be reduced to prevent washing off the oil film. This finding indicates that
reduced frictional heating compensates for the lower coolant flow, indirectly contributing
to extended roll life and surface stability. Importantly—and somewhat uniquely among
studies of this type—the authors also discuss several drawbacks and operational challenges
associated with RGL implementation. They point out that sump-type lubrication can
cause sudden spikes in rolling force when the system is turned off at the beginning or
end of the strip, potentially destabilizing the rolling process. They also highlight the issue
of residual lubricant film removal between strips, which may affect the consistency of
subsequent passes.

These observations underline that, while the RGL system offers measurable process
and energy benefits, its integration into industrial production requires careful control and
timing, particularly during transient operating conditions.

To further clarify the physical mechanisms underlying these experimental observa-
tions, several authors have employed numerical modeling approaches capable of reproduc-
ing real mill conditions. In the work [6], the authors presented a detailed three-dimensional
finite element (FE) model of the hot rolling process applied to a 250-grade steel strip. The
study investigated the complex interaction between rolling speed, friction conditions, and
the resulting mechanical and thermal responses in the roll bite. It was shown that, with
increasing rolling speed, the effective friction coefficient at the roll-strip interface decreases
due to the formation of a more stable lubricant film and reduced metal-to-metal contact.
Interestingly, despite this reduction in friction, both the roll separating force and the rolling
torque were observed to increase with higher rolling speeds, which the authors attributed
to the combined effects of higher strain rates and increased deformation resistance of the
material at elevated rolling speeds.

The research also highlighted the significance of lubrication in modifying the thermo-
mechanical state of the deformation zone. The FE model captured the variation in tem-
perature distribution across the strip thickness and roll surface, showing that lubrication
leads to lower frictional heat generation and a more uniform temperature field in the
contact region. These observations confirm that lubrication not only reduces direct mechan-
ical resistance but also contributes to better control of thermal gradients, which can have
a positive influence on strip shape and surface quality.

Moreover, the authors emphasized that the proposed FE model is capable of closely
reproducing industrial hot rolling conditions, offering a valuable predictive tool for evaluat-
ing the influence of lubrication, roll speed, and deformation parameters before conducting
full-scale mill trials. Such simulation-based approaches complement industrial experiments
by providing insight into the underlying tribological mechanisms governing roll-strip
interaction, and thus support the optimization of RGL systems in practice.

Following these modeling advances, industrial research has increasingly shifted to-
ward the practical implementation of novel lubrication technologies that combine process
efficiency with environmental performance. Interestingly, recent developments have fo-
cused on oil-only lubrication systems designed specifically for use in industrial hot rolling
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lines. In the work [28], Vervaet, Uijtdebroeks, and Simon presented an innovative lu-
brication solution implemented at the ArcelorMittal Dunkerque hot strip mill as part of
a European Commission-supported industrial cooperation project. The system utilized
specially designed atomizing nozzles capable of generating a fine oil mist, which was
sprayed directly onto the working rolls, eliminating the need for a traditional water—oil
emulsion. This technological shift aimed to simplify the lubrication process, improve
energy efficiency, and reduce the overall environmental footprint of the RGL system.

The authors reported that introducing oil mist lubrication led to a reduction in rolling
forces by approximately 20% (see Figure 5), consistent with the tribological improvement
expected from a more stable and controlled lubricant film in the roll gap. At the same
time, the total oil consumption decreased by nearly 50% compared with the conventional
emulsion-based RGL systems used in similar mills. This represents a substantial operational
advantage, both economically and ecologically, due to lower lubricant usage, reduced waste
generation, and minimized water contamination.

the influence of the lubrication type on the reduction of the rolling force

[
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Figure 5. Reduction in rolling force with different RGL system types during rolling different steel
grades (based on [28]).

In addition to mechanical benefits, the study emphasized the improvement of roll
surface condition and wear resistance, noting that the fine oil mist provided a uniform,
thin lubricating layer with superior heat transfer and film stability. A comparison of roll
surface conditions under the two systems clearly illustrates the smoother and more uniform
surface achieved with pure oil mist lubrication. This innovation demonstrates that modern
lubrication technologies can effectively combine production efficiency, cost reduction, and
sustainability, paving the way for broader industrial adoption of oil-only RGL systems
across European steel plants.

Beyond the mechanical and energetic aspects, researchers have also explored how
lubrication affects product geometry and surface characteristics, revealing a broader influ-
ence of RGL on final strip quality. Another interesting consideration is presented in the
work [29], where the authors investigated not only the quantitative influence of lubrication
on the rolling forces but also the qualitative effects related to surface and shape control
in hot strip rolling. Their research focused on the ASR (Asymmetry Self-Compensating
Roll) process applied to non-oriented electrical steel and employed both experimental trials
and three-dimensional finite element modeling to assess the role of different lubricants
under industrially relevant conditions. The results confirmed that the use of lubrication
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significantly reduces the frictional stress in the roll gap, which in turn lowers the rolling
forces and contributes to a more stable deformation process.

However, the most notable finding of the study lies in the improvement of the strip
profile and flatness quality. The application of lubrication enabled the production of
strips with considerably lower surface roughness deviations along their length, effectively
yielding a smoother and more uniform surface finish. Moreover, the combination of
ASR technology and optimized lubrication conditions enhanced the control of crown and
edge drop, leading to more consistent strip geometry across the width. The authors also
pointed out that by minimizing roll-strip friction, lubrication reduces roll wear and surface
deterioration, extending the working roll campaign life from around 70 to as many as
100-150 campaigns.

In summary, Li et al. demonstrated that lubrication in hot strip rolling plays a dual
role—not only lowering mechanical resistance and energy demand but also improving
product quality parameters, such as surface texture, flatness, and shape accuracy. Their
findings underline the growing importance of advanced RGL systems as a tool for achieving
both technological precision and economic efficiency in modern steel production.

While the previous section focused on system-level implementations and performance
outcomes, an equally important line of research addresses the composition and behavior of
lubricants themselves, which ultimately determine RGL efficiency.

3. Lubricants for RGL Systems

A substantial portion of the existing literature does not directly investigate the RGL
system as implemented under industrial operating conditions. This limitation largely
arises from the high costs and logistical challenges associated with large-scale experimental
studies, which are typically undertaken by industrial R&D centers rather than independent
researchers. Consequently, much of the current research focuses on the properties and
performance of lubricants themselves, aiming to better understand their behavior and
potential optimization for real-world applications [30-34].

In the study by Matsubara et al. [35], laboratory experiments were conducted to
examine how the thickness of the lubricating oil film affects the coefficient of friction during
cold and hot rolling. The work aimed to clarify differences in lubrication behavior under
these two rolling conditions. The results showed a clear contrast between the two regimes.
In cold rolling, increasing the oil film thickness led to a steady decrease in the coefficient of
friction, suggesting a transition from boundary to mixed and eventually hydrodynamic
lubrication. The relatively low surface temperature and higher oil viscosity allowed the
film to remain stable, effectively separating the contact surfaces and reducing friction. In
hot rolling, however, the effect was limited to a specific range of film thicknesses. Beyond
a critical value, further increases no longer produced a significant reduction in friction.
The authors attributed this to the drastic viscosity drop at elevated temperatures, which
prevents the formation of a continuous hydrodynamic film (see Figure 6). Microscopic
observations confirmed that oil pits and residual films were much less pronounced under
hot rolling conditions, indicating reduced lubricating effectiveness.

Overall, the study demonstrated that lubrication efficiency in hot rolling saturates
beyond a certain film thickness, emphasizing that improving high-temperature lubrica-
tion requires optimizing oil viscosity and thermal stability rather than merely increasing
film thickness.

In the study by Azushima et al. [20], the authors focused exclusively on the hot rolling
process, aiming to clarify how different types and concentrations of lubricating emulsions
influence the coefficient of friction and the underlying lubrication mechanisms. A series of
controlled experiments was conducted using various water-based emulsions containing
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mineral and synthetic oils, with concentrations systematically varied to assess their effect
on lubrication performance.
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Figure 6. Influence of oil thick film on friction coefficient: left—cold rolling, right—hot rolling [35].

The results revealed that the coefficient of friction decreases with increasing emulsion
concentration up to a certain point, beyond which further concentration increases no longer
produce a significant reduction. This behavior was observed consistently across different
emulsion types, suggesting that, once a critical oil film condition is achieved, the frictional
characteristics stabilize regardless of additional lubricant content. The authors explained
this saturation effect by the limited capacity of the oil droplets to form a continuous
lubricating film under high-temperature conditions.

These findings align closely with those of Matsubara et al. [35], indicating that, in
hot rolling, lubrication efficiency cannot be improved indefinitely by simply increasing
lubricant concentration. Instead, the formation and stability of the oil film at the roll-
workpiece interface play a decisive role in determining frictional behavior. The observed
trends are summarized in Figure 7.
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Figure 7. Influence of concentration of lubricants on friction coefficient [20].

’

The study by Azushima et al. [36] can be regarded as a continuation of the authors
previous investigations into lubrication mechanisms during hot rolling. In this work,
a newly developed laboratory-scale simulation testing machine was introduced, designed
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to reproduce the actual contact and lubrication conditions occurring between the roll and
the workpiece during industrial hot rolling.

The apparatus allowed the authors to study the evolution of frictional behavior with
high precision under controlled temperature and load conditions. A key aspect of this
research was the analysis of how the coefficient of friction changes along the rolling
length of the material. Despite the test being limited to a laboratory rolling length of
approximately 400 mm, the authors found that the coefficient of friction remained remark-
ably stable throughout the process.

This finding indicates that, once steady-state lubrication conditions are established at
the roll-workpiece interface, friction does not vary significantly with rolling distance under
constant operating parameters. The stability of friction observed in these experiments
supports the idea that the lubrication regime in hot rolling rapidly reaches equilibrium.
The results provide valuable validation for simulation-based approaches and help clarify
the dynamic balance between lubricant supply, film formation, and thermal effects in the
roll gap.

In the study by Wu et al. [37], the authors investigated the lubrication perfor-
mance of innovative water-based nanolubricants containing TiO, nanoparticles during
the hot rolling of microalloyed steel. The primary objective was to evaluate how vary-
ing nanoparticle concentrations influence the frictional behavior and rolling force under
high-temperature conditions.

The experimental results showed that the addition of TiO, nanoparticles significantly
improved lubrication performance compared to conventional emulsions. As the nanoparti-
cle concentration increased, the rolling force and friction coefficient decreased markedly,
indicating enhanced load-carrying capacity and surface protection. However, this trend
persisted only up to a critical concentration of approximately 4 wt. % TiO,. Beyond this
level, both the rolling force and friction began to increase again. The authors attributed
this reversal to the agglomeration of nanoparticles at higher concentrations, which can
reduce their effective dispersion in the lubricant and hinder the formation of a uniform
lubricating film.

The study suggests that TiO, nanoparticles contribute to improved lubrication pri-
marily through a physical rolling effect and the formation of a protective tribofilm at
the roll-workpiece interface. Nevertheless, optimal concentration control is essential to
maintain stable dispersion and effective lubrication. The results, illustrated in Figure 8,
demonstrate the promising potential of nanolubricants for enhancing lubrication efficiency
in hot steel rolling applications.
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Figure 8. Influence of TiO, nanoparticles on rolling force [37].
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Apart from lubricant formulation, another factor that strongly influences frictional
behavior in hot rolling is the oxide scale formed on the strip surface. Understanding its
evolution is essential for interpreting real contact and lubrication conditions.

4. Key Role of Scale

A separate yet highly significant aspect influencing friction in the hot rolling process
is the role of surface scale [38—43]. The presence and characteristics of oxide scale formed at
elevated temperatures can have a decisive impact on the lubrication regime, the real contact
conditions, and consequently on the overall frictional behavior. Although numerous studies
have examined the mechanisms of scale formation and its mechanical interaction with the
roll and the workpiece, in this review the authors aim only to highlight this factor as an
equally important contributor to friction coefficient variations.

A representative example illustrating this influence can be found in the study [44]. Yu
et al. examined the oxide scale formed on microalloyed low-carbon steels with a chemical
composition closely resembling that used in their previous investigations (as listed in
Table 1). The research aimed to clarify the microstructural and microtextural evolution of
deformed oxide layers that develop during hot rolling followed by accelerated cooling. The
oxide scale was found to consist mainly of magnetite (Fe304), wustite (FeO), and a thin
hematite (Fe;O3) layer at the surface.

Table 1. Chemical compositions of the microalloyed low carbon steel (wt.%).

Fe C Si Mn Cr P Al \% Nb Ti S N
Balance 0.1 0.15 1.61 0.21 0.014 0.034 0.041 0.041 0.016 0.002 0.003

Detailed electron backscatter diffraction (EBSD) analyses revealed that both magnetite
and wustite exhibited a strong {001} and a weaker {110} fiber texture parallel to the oxide
growth direction. The trigonal hematite layer developed a pronounced {0001} basal fiber
texture parallel to the {111} crystallographic plane of the underlying magnetite, indicating
a crystallographic orientation relationship between the oxide phases. Furthermore, the
study employed Taylor factor estimation to explain the observed microtexture evolution
during deformation.

It was demonstrated that the fine-grained magnetite seam adjacent to the steel sub-
strate evolves primarily through stress relief and ionic vacancy diffusion mechanisms.
These processes help accommodate strain incompatibility between the oxide scale and
the metallic substrate during deformation. The findings of this work provide valuable
insight into the micro-mechanical behavior of oxide layers in hot rolling and help to explain
how scale structure and texture development may influence friction and surface quality in
industrial processes.

Another valuable contribution to the understanding of oxide scale behavior during
hot rolling is presented in the work by Cheng et al. [45]. In this study, the authors focused
on ferritic stainless steel and examined how the environmental conditions during scale
formation affect its structure, deformation, and influence on frictional behavior. The
experiments were designed to simulate different atmospheric humidity levels during
oxidation, followed by controlled hot rolling tests.

The results demonstrated that increasing air humidity during oxidation led to a notice-
able decrease in the coefficient of friction. This effect was attributed to the changes in the
microstructure and composition of the oxide scale formed under humid conditions, which
promoted the formation of a more compact and smoother surface layer with improved
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lubricating properties. In contrast, scales formed under dry-air conditions were rougher,
more porous, and exhibited higher friction during rolling.

Furthermore, the study showed that the degree of deformation applied to the strip with
a pre-formed scale strongly affected the frictional response. Greater deformation resulted
in more severe cracking and fragmentation of the oxide layer, exposing the underlying
metal and increasing friction.

The findings summarized so far provide a solid theoretical and experimental back-
ground for evaluating real industrial implementations of RGL systems. The following
section presents a brief overview of such an application in the ArcelorMittal Poland Hot
Strip Mill (HSM) in Krakéw.

5. Short Review of RGL System in AMP HSM in Krakow

The roll gap lubrication (RGL) system has been implemented in the ArcelorMittal
Poland Hot Strip Mill (AMP HSM) in Krakow as part of ongoing technological improve-
ments aimed at reducing frictional forces and enhancing surface quality during the finishing
stages of hot rolling. The system operates on three of the six finishing stands—F2, F3, and
F4—which are considered the most critical for determining final strip thickness, surface
roughness, and temperature distribution.

Structurally, the RGL installation in Krakow is integrated with the existing working
roll cooling (WRC) arrangement, with dedicated nozzles positioned adjacent to the cooling
headers, as shown schematically in Figure 9. This configuration ensures precise and
consistent delivery of lubricant directly into the roll gap, without adversely affecting the
thermal balance of the rolls. The proper coordination of the RGL and WRC systems is
essential to maintain uniform lubrication and avoid excessive roll temperature gradients,
which can negatively influence strip flatness and roll wear.

Figure 9. RGL system in HSM in Krakow [27].

The RGL system in Krakow employs an oil-in-water emulsion based on mineral oil
with a concentration ranging from approximately 1% to 2%. The base oil has a density of
0.92 g/cm? and a kinematic viscosity of 54.5 mm? /s at room temperature. These parameters
provide a good balance between lubricity and thermal stability, allowing the formation of
a stable lubricating film even under severe contact conditions characteristic of hot rolling.
The emulsion is atomized and sprayed onto both working rolls under a pressure of about
6 atm. The flow rate of the lubricant can be adjusted between 15 and 35 mL/min, depending
on the rolled material grade and entry strip thickness.
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Industrial observations confirm that the application of RGL significantly decreases
the rolling force and friction coefficient, leading to improved strip surface finish and
reduced roll wear. Moreover, the system contributes to lower energy consumption and
enhanced process stability, which are essential for maintaining both product quality and
operational efficiency in large-scale steel production. Overall, the reviewed research and
industrial experiences consistently demonstrate that roll gap lubrication offers substantial
technological, economic, and environmental advantages. These findings highlight the
importance of continued development and optimization of RGL systems for next-generation
steel production.

6. Conclusions

Having reviewed both experimental and industrial studies on roll gap lubrication and
its tribological mechanisms, it becomes clear that this technology represents a critical yet
still evolving component of modern hot rolling practice.

As demonstrated throughout this review, the roll gap lubrication (RGL) system—
although known and applied in the steel industry for many years—still offers significant
potential for further optimization. The cumulative evidence from both laboratory and
industrial studies confirms that RGL implementation can substantially reduce rolling forces
and torques, extend working roll service life, and improve strip surface quality. These
improvements translate directly into measurable economic and environmental benefits. The
knowledge synthesized in this review provides a valuable framework for understanding
the operating conditions of the RGL system currently used in the ArcelorMittal Poland HSM
in Krakow, and it may serve as a foundation for its future refinement and optimization.

The key conclusions drawn from this analysis can be summarized as follows:

e  The continuous rise in energy prices motivates the search for process improvements
even in well-established technologies such as hot rolling;

e  The application of a roll gap lubrication system can reduce the rolling force by several
tens of percent, depending on process parameters and steel grade;

e  DPositive effects of lubrication have been consistently observed across various steel
types and rolling conditions;

e  Lubrication leads to a smoother and more uniform surface finish along the entire strip
length compared with unlubricated rolling;

e  The formation and characteristics of oxide scale play a crucial role in friction control
during hot rolling, as scale itself exhibits partial lubricating properties and can further
reduce rolling forces.

Overall, the presented synthesis highlights that further integration of RGL systems—
supported by advanced monitoring and control—may contribute to a new generation of
energy-efficient and sustainable hot rolling processes.

Author Contributions: Conceptualization, T.H. and TS.; formal analysis, TH. and TS,; writing—original
draft preparation, T.H.; validation, TS.; writing—review and editing, T.H. and T.S. All authors have
read and agreed to the published version of the manuscript.

Funding: The Ministry of Science and Higher Education financed this work within the sixth edition
of the Implementation Doctorate program.

Data Availability Statement: Not applicable.

Conflicts of Interest: Author Tomasz Hamryszczak is employed by ArcelorMittal Poland S.A. Unit
in Krakow. The remaining authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

https://doi.org/10.3390/lubricants14020051


https://doi.org/10.3390/lubricants14020051

Lubricants 2026, 14, 51 13 of 14

References

1.  Hamryszczak, T. Hot Rolling of HSLA Steels—A Review of Recent Studies. Arch. Metall. Mater. 2024, 69, 1151-1157. [CrossRef]

2. Zhao, ].; Jiang, Z. Thermomechanical Processing of Advanced High Strength Steels. Prog. Mater. Sci. 2018, 94, 174-242. [CrossRef]

3.  Eurostat. Electricity Prices for Non-Household Consumers—Bi-Annual Data (From 2007 Onwards). Available online:
https:/ /ec.europa.eu/eurostat/databrowser/product/page/NRG_PC_205 (accessed on 27 April 2025).

4.  Shirizly, A.; Lenard, ].G. Effect of Lubrication on Mill Loads during Hot Rolling of Low Carbon Steel Strips.
J. Mater. Process. Technol. 2000, 97, 61-68. [CrossRef]

5. Lagergren, ]. Friction Evaluation in Hot Strip Rolling by Direct Measurement in the Roll Gap of a Model Duo Mill
J. Mater. Process. Technol. 1997, 70, 207-214. [CrossRef]

6. Tieu, K, Jiang, Z.Y.; Lu, C. A 3D Finite Element Analysis of the Hot Rolling of Strip with Lubrication. |. Mater. Process. Technol.
2002, 125-126, 638-644. [CrossRef]

7. Niekurzak, M.; Kubiniska-Jabcor, E. Assessment of the Impact of Wear of the Working Surface of Rolls on the Reduction of Energy
and Environmental Demand for the Production of Flat Products: Methodological Approach. Materials 2022, 15, 2334. [CrossRef]
[PubMed]

8.  Li, W, Liu, C; Feng, N.; Liu, X. Friction Estimation and Roll Force Prediction during Hot Strip Rolling. J. Iron Steel Res. Int. 2016,
23,1268-1276. [CrossRef]

9.  Yaroslavtcev, A.; Androsenko, M.; Kulikova, E. Performance Improvement in Rolling of Hot-Rolled Wide Strip by Supplying
Lubricant to the Backup Rolls of a Finishing. Mater. Today Proc. 2019, 19, 2462-2466. [CrossRef]

10. Hamryszczak, T,; Sleboda, T;; Lypchanskyi, O.; Paricikiewicz, K. A Characterization of the Impact Toughness of Hot-Rolled HSLA
Steel. . Cast. Mater. Eng. 2024, 8, 54-58. [CrossRef]

11. Hamryszczak, T.; Zapf, M.; Sleboda, T.; Prahl, U. The Analysis of Chosen Parameters of Thermomechanical Rolling of HSLA
Steels. In Proceedings of the METAL 2024, Brno, Czech Republic, 22-24 May 2024. [CrossRef]

12.  Saeed, M. New Approach to Avoid Biting Problems during Hot Rolling. In Proceedings of the AISTech 2017, Nashville, TN, USA,
8-11 May 2017.

13. Essa Othman, M.S.; Abou Mossaed, M. Adjusting Hot Strip Mill Level 2 Setup Using Tribological Approach to Eliminate Biting
Refusal. In Proceedings of the European Steel Technology and Application Days, Vienna, Austria, 26-29 June 2017.

14. Saeed, M. New Approaches for Determining Roll Gap Lubrication Setup Value in Thin Slab Steel Rolling. In Proceedings of the
Rolling 2016, Graz, Austria, 6-9 June 2016.

15.  Krimpelstitter, C.; Proell, M.; Bergmann, M. Primetals” Lubrication Expertise Boosts New Innovation in Hot and Cold Rolling. In
Proceedings of the 10th International Rolling Conference & 7th European Rolling Conference, Graz, Austria, 6-9 June 2016.

16. Vervaet, B.; Verhiest, K.; van Poecke, P.; Ghibaudo, C.; Masaguer Torres, V.; Pelletier, C. Roll Gap Lubrication Performance Analysis
in Hot Rolling Conditions. In Proceedings of the 1st ESTAD Conference & 31st JSI Conference, Paris, France, 7-8 April 2014.

17.  Murphy, J.E.I. Advanced Roll Bite Lubrication Techniques for Improving Roll Life and Making Quality Improvements. In
Proceedings of the AISTech—Iron & Steel Technology Conference, Pittsburgh, PA, USA, 6-9 May 2013; pp. 1645-1653.

18.  Reichardt, T.; Myslowicki, S.; Deli, H.; Miiller, C. Coupled Lubrication and Strip Surface Cooling in Steel Hot Strip Rolling. In
Proceedings of the 15th International Conference on Experimental Mechanics, Porto, Portugal, 22-27 July 2012.

19. Uijtdebroeks, H.; Vervaet, B.; Lannoo, G.; Herman, ]J.-C.; Vanderschueren, D.; Vanpoecke, P. Towards a Cost and Energy
Efficient Leading Edges Hot Strip Mill. In Proceedings of the 10th International Conference on Steel Rolling, Beijing, China,
15-17 September 2010.

20. Azushima, A.; Xue, W.D.; Yoshida, Y. Influence of Lubricant Factors on Coefficient of Friction and Clarification of Lubrication
Mechanism in Hot Rolling. ISIJ Int. 2009, 49, 868-873. [CrossRef]

21. Murphy, J.E.; Zink, M.D. Roll Bite Lubrication for Steel Sheet Hot Rolling: Trends and Recent Developments. In Proceedings of
the MS&T Conference, New Orleans, LA, USA, 26-29 September 2004.

22. Peretic, M.].; Seidel, ].; Kraemer, S. Coordinated Application of Roll Gap Lubrication, Work Roll Cooling and Antipeeling Systems
in Hot Rolling Mills. In Proceedings of the 41st Rolling Seminar (Semindrio de Laminacao), Joinville, Brazil, 26-28 October 2004.

23. Krimpelstatter, K.; Proll, C.; Bergmann, M. Roll-Gap Lubrication Excellence to Optimize Hot and Cold Rolling Processes. In
Proceedings of the 53° Seminario de Laminagao, Rio de Janeiro, Brazil, 27-29 September 2017. [CrossRef]

24. Tahir, M. Some Aspects on Lubrication and Roll Wear in Rolling Mills. Ph.D. Thesis, Division of Materials Forming, Department
of Production Engineering, Royal Institute of Technology (KTH), Stockholm, Sweden, November 2003.

25.  Smeulders, B. Roll Cooling and Lubrication in Cold Rolling. In The Making, Shaping and Treating of Steel, Flat Products, 11th ed.;
Ginzburg, V.B., Ed.; AIST: Warrendale, PA, USA, 2014.

26. Saeed, M. Toward More Optimized Practices of Roll Gap Lubrication for Improved Operation of Hot Strip Rolling. In Proceedings
of the AISTech 2018, Philadelphia, PA, USA, 7-10 May 2018.

27. Kazmierski, T.; Krawczyk, J. Effect of Roll Force Decrease in Hot Rolling of DP600 Steel Grade by Use of Roll Gap Lubrication.

Tribologia 2023, 304, 27-33. [CrossRef]

https:/ /doi.org/10.3390/lubricants14020051


https://doi.org/10.24425/amm.2024.150937
https://doi.org/10.1016/j.pmatsci.2018.01.006
https://ec.europa.eu/eurostat/databrowser/product/page/NRG_PC_205
https://doi.org/10.1016/S0924-0136(99)00339-8
https://doi.org/10.1016/S0924-0136(97)00063-0
https://doi.org/10.1016/S0924-0136(02)00371-0
https://doi.org/10.3390/ma15062334
https://www.ncbi.nlm.nih.gov/pubmed/35329786
https://doi.org/10.1016/S1006-706X(16)30187-X
https://doi.org/10.1016/j.matpr.2019.08.104
https://doi.org/10.7494/jcme.2024.8.4.54
https://doi.org/10.37904/metal.2024.4885
https://doi.org/10.2355/isijinternational.49.868
https://doi.org/10.5151/1983-4764-27914
https://doi.org/10.5604/01.3001.0053.6121
https://doi.org/10.3390/lubricants14020051

Lubricants 2026, 14, 51 14 of 14

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

European Commission: Directorate-General for Research and Innovation. New Lubrication Technology for the Hot Strip Mill;
Publications Office of the European Union: Luxembourg, 2010. [CrossRef]

Li, Y.-L.; Cao, J.; Kong, N.; Zhou, Y.-S. The Effects of Lubrication on Profile and Flatness Control during ASR Hot Strip Rolling.
Int. J. Adv. Manuf. Technol. 2017, 91. [CrossRef]

Wang, X,; Li, C.; Zhang, Y.; Ding, W.; Yang, M.; Gao, T.; Cao, H.; Xu, X.; Wang, D.; Said, Z.; et al. Vegetable Oil-Based Nanofluid
Minimum Quantity Lubrication Turning: Academic Review and Perspectives. J. Manuf. Process. 2020, 59, 76-97. [CrossRef]
Sabar, S.K.; Ghosh, S.K. Nanolubrication and Tribological Behaviour of the Rolling Process—A Review. Surf. Eng. 2023, 39, 6-24.
[CrossRef]

Wu, H.; Kamali, H.; Huo, M.; Lin, F.; Huang, S.; Huang, H.; Jiao, S.; Xing, Z.; Jiang, Z. Eco-Friendly Water-Based Nanolubricants
for Industrial-Scale Hot Steel Rolling. Lubricants 2020, 8, 96. [CrossRef]

Morshed, A.; Wu, H.; Jiang, Z. A Comprehensive Review of Water-Based Nanolubricants. Lubricants 2021, 9, 89. [CrossRef]
Meng, Y.; Sun, J.; He, J.; Yang, F. Metallographic Structure Improvement of Hot Rolled Strip Induced by High Temperature
Diffusion of MoS2 Nano-Lubricant. ]. Manuf. Processes 2022, 81, 1-13. [CrossRef]

Matsubara, Y.; Hiruta, T.; Kimura, Y. Effect of Oil Film Thickness on Lubrication Property in Hot Rolling. ISI] Int. 2015, 55, 632-636.
[CrossRef]

Azushima, A.; Xue, W.D,; Yoshida, Y. Lubrication Mechanism in Hot Rolling by Newly Developed Simulation Testing Machine.
CIRP Ann. 2007, 56, 297-300. [CrossRef]

Wu, H.; Zhao, ].; Luo, L.; Huang, S.; Wang, L.; Zhang, S.; Jiao, S.; Huang, H.; Jiang, Z. Performance Evaluation and Lubrication
Mechanism of Water-Based Nanolubricants Containing Nano-TiO, in Hot Steel Rolling. Lubricants 2018, 6, 57. [CrossRef]

Sun, W. A Study on the Characteristics of Oxide Scale in Hot Rolling of Steel. Ph.D. Thesis, University of Wollongong, Wollongong,
Australia, 2005.

Cheng, X,; Jiang, Z.; Zhao, ].; Wei, D.; Hao, L.; Peng, J.; Luo, M.; Ma, L.; Luo, S.; Jiang, L. Investigation of Oxide Scale on Ferritic
Stainless Steel B445J1M and Its Tribological Effect in Hot Rolling. Wear 2015, 338-339, 178-188. [CrossRef]

Wang, C.; Sun, J.; He, J.; Ge, C. Friction-Induced Motion Evolution of Reduced Graphene Oxide-Al203 at Contact Interface to
Achieve Superior Lubrication Performance. Appl. Surf. Sci. 2022, 604, 154479. [CrossRef]

Xia, W.; Zhao, J.; Cheng, X; Sun, J.; Wu, H; Yan, Y;; Jiao, S.; Jiang, Z. Study on Growth Behaviour of Oxide Scale and Its Effects on
Tribological Property of Nano-TiO, Additive Oil-in-Water Lubricant. Wear 2017, 376-377, 792-802. [CrossRef]

Kedzierski, M.A.; Brignoli, R.; Quine, K.T.; Brown, ].S. Viscosity, Density, and Thermal Conductivity of Aluminum Oxide and
Zinc Oxide Nanolubricants. Int. ]. Refrig. 2016, 74, 3-11. [CrossRef]

Cheng, X,; Jiang, Z.; Wei, D.; Jiang, L. Adhesion, Friction and Wear Analysis of a Chromium Oxide Scale on a Ferritic Stainless
Steel. Wear 2019, 426427, 1212-1221. [CrossRef]

Yu, X,; Jiang, Z.; Zhao, J.; Wei, D.; Zhou, C.; Huang, Q. Microstructure and Microtexture Evolutions of Deformed Oxide Layers on
a Hot-Rolled Microalloyed Steel. Corros. Sci. 2014, 90, 140-152. [CrossRef]

Cheng, X,; Jiang, Z.; Wei, D.; Hao, L.; Zhao, J.; Jiang, L. Oxide Scale Characterization of Ferritic Stainless Steel and Its Deformation
and Friction in Hot Rolling. Tribol. Int. 2015, 84, 61-70. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/lubricants14020051


https://doi.org/10.2777/82288
https://doi.org/10.1007/s00170-016-9910-8
https://doi.org/10.1016/j.jmapro.2020.09.044
https://doi.org/10.1080/02670844.2023.2202006
https://doi.org/10.3390/lubricants8110096
https://doi.org/10.3390/lubricants9090089
https://doi.org/10.1016/j.jmapro.2022.06.052
https://doi.org/10.2355/isijinternational.55.632
https://doi.org/10.1016/j.cirp.2007.05.069
https://doi.org/10.3390/lubricants6030057
https://doi.org/10.1016/j.wear.2015.06.014
https://doi.org/10.1016/j.apsusc.2022.154479
https://doi.org/10.1016/j.wear.2017.01.069
https://doi.org/10.1016/j.ijrefrig.2016.10.003
https://doi.org/10.1016/j.wear.2019.01.045
https://doi.org/10.1016/j.corsci.2014.10.005
https://doi.org/10.1016/j.triboint.2014.11.026
https://doi.org/10.3390/lubricants14020051

	Introduction 
	Roll Gap Lubrication (RGL) System—Review 
	Lubricants for RGL Systems 
	Key Role of Scale 
	Short Review of RGL System in AMP HSM in Krakow 
	Conclusions 
	References

