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Abstract. The European steel sector is committed to improve sustainability of the whole steel production
chain, from decarbonisation of major upstream processes up to all downstream operations, including rolling. In
particular, in the cold rolling process, oil-in-water emulsions are usually applied to lubricate the cold rolling
process of low-Carbon steel. Such emulsions present some drawbacks mainly related to emulsion bath
maintenance, subsequent production stages and waste disposal. Past research works showed that in some
application areas, Oil Free Lubricants (OFL) show lubricant properties that are comparable to conventional
lubricants, while providing significant environmental benefits. These lubricants are formulated as aqueous
dispersions of Polyalkylene Glycols (PAG), a water-soluble synthetic polymer base, combined with various
additives for lubrication enhancement, corrosion protection, and oil rejection. The project entitled “Transfer of
aqueous oil free lubricants into steel cold rolling practice” (Ref. RollOilFree II – G.A. No 101112433) aims at
developing an Oil-Free Lubricant for the cold rolling process of low-Carbon steel for applications in the
automotive and packaging sectors by assessing its performance in industrial conditions. To this aim, the project
combines tests at laboratory scale and simulations with trials in an industrial pilot cold rolling mill and, finally,
field trials at industrial scale. Results demonstrate that OFL01 and OFL02 represent the most promising
formulations as substitutes for commercial lubricants.
The paper overviews the work undertaken in the first 18 months of the project, including laboratory
investigations and part of the pilot trials.
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1 Introduction

1.1 Background

Lubrication plays a central role in the cold rolling of steel,
influencing not only the mechanical aspects of the process
—such as force reduction and surface finish—but also the
reliability of operations and overall productivity [1].
A high-performing lubricant must simultaneously deliver
effective cooling, friction reduction, and surface cleaning.
In addition, it should be compatible with downstream
operations and meet the specific demands of the steel’s
final applications. These multiple functionalities make
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lubrication one of the most[CE1] influential factors in
determining process stability, product quality, and
equipment longevity [2].

Traditionally, oil-in-water emulsions containing less
than 5% oil have been employed in cold rolling to meet
these demands. In these emulsions, the water component
primarily acts as a thermal sink, while the dispersed oil
phase serves as the lubricant. Despite their dilute oil
concentration, these systems show unexpectedly high
efficiency due to localized oil enrichment in the deformation
zone and film-forming phenomena like plate-out [3,4].

The physical and chemical formulation of these
emulsions is critical to their performance. Key oil
characteristics such as viscosity and pressure–viscosity
behavior directly affect film formation under high loads [5].
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Moreover, the inclusion of tailored ester packages and
Extreme-Pressure / Anti-Wear additives enhances surface
protection and wear resistance under extreme operating
conditions [6,7]. The behavior of emulsifiers and the size of
oil droplets also determine emulsion stability and mainte-
nance requirements—coarser droplets promote lubrication
via plate-out, while finer dispersions are easier to manage in
recirculating systems [8].

Nonetheless, conventional emulsions have their draw-
backs. Continuous use leads to the accumulation of
contaminants such as metal fines, degraded oils, and
tramp oils. These impurities are only partially removed by
filtration and skimming systems, and they gradually impair
lubricant performance. Additionally, emulsion degradation
can result in instability, increased sludge formation, and
product quality issues. Frequent monitoring, costly
disposal procedures, and environmental concerns—espe-
cially for palm or mineral oil-based fluids—further
complicate their use.

1.2 Emerging alternatives: from emulsions to water-
based and oil-free systems

In light of these limitations, research has turned to
alternative lubrication concepts that minimize environ-
mental impact and simplify maintenance. Nanoparticle
additives have shown promise in closed environments [9],
but their potential hazards preclude their use in open-
process setups like rollingmills.Water-based lubricants, by
contrast, offer a safer and more sustainable route. Specific
formulations utilizing Polyalkylene Glycols (PAGs) dem-
onstrate excellent solubility and tribological performance.
Under the elevated temperatures typical of cold rolling,
PAGs transition into “conditional emulsions,” depositing
polymeric films that act as lubricants once the cloud point
—typically between 30 °C and 60 °C—is reached [10].

These water-soluble lubricants have already found
applications in gear systems [11], machining fluids [12], and
forming processes such as wire drawing [13]. In cold rolling
trials, water-based lubricants have shown coefficients of
friction comparable to conventional emulsions. Tahir [14],
for example, demonstrated such equivalence in cold rolling
of steel and hot rolling of aluminum. Similarly, Johnsson
et al. [15] found that under controlled pilot-scale
conditions, water-based conditional emulsions outper-
formed traditional oil-based products during hot rolling.
1.3 The RollOilFree II project

To further explore this potential, the RollOilFree (ROF)
project—co-funded by the Research Fund for Coal and
Steel (RFCS)—was launched with the aim of developing
Oil-Free Lubricants (OFLs) that could serve as direct
replacements for conventional emulsions in cold steel
rolling [16]. These lubricants were intentionally formulated
without mineral oils or synthetic esters, favoring water-
soluble, sustainably sourced components. Laboratory and
pilot trials demonstrated excellent lubrication character-
istics and a significantly simplified maintenance regime.
However, industrial trials revealed limitations. Without
adapting the surrounding process engineering—filtration
systems, delivery methods, and emulsion monitoring—
OFLs underperformed in full-scale mill conditions.

Despite these challenges, ROF offered valuable
insights. Notably, it confirmed that OFLs could reduce
carbon emissions—particularly when displacing palm oil-
based lubricants, which were not included in the original
comparison. Palm oil contributes significantly to global
warming and biodiversity loss due to deforestation and its
high climate impact relative to fossil alternatives. Thus,
replacing palm-derived products with OFLs could yield
substantial environmental gains.

To address the practical implementation gap, a second
RFCS project entitled “Transfer of aqueous oil free
lubricants into stee cold rolling practice” (Ref. RollOil-
Free-II) was initiated in September 2023. Its core objective
is to advance OFLs from a promising concept to a fully
integrated industrial standard in the steel sector. This is
particularly targeted at steel grades used in the packaging
and automotive industries. Achieving this goal involves
refining the OFL chemistry, tailoring it to specific rolling
conditions, and modifying existing mill infrastructure to
support its use. The ROF-II project’s comprehensive
approach includes:

–
 Fine-tuning OFL formulations for automotive and
packaging steel requirements.
–
 Ensuring long-term chemical and performance stability
of the lubricants.
–
 Evaluating the need for adaptations in process engineer-
ing to accommodate OFLs.
–
 Implementing online monitoring tools for real-time
emulsion diagnostics.
–
 Verifying compatibility with downstream operations,
including surface treatments and forming.
–
 Developing sustainable care, recycling, and disposal
practices for OFLs.
–
 Providing industrial guidelines and cost models to
support broad implementation.

Additionally, the project seeks to validate lubricant
performance using both laboratory-scale equipment—such
as pin-on-disk [17], EHL test rigs [18], and four-ball testers
[19]—and high-speed pilot mills. The final stage includes
full-scale industrial testing at a packaging steel production
facility, aiming to confirm operational reliability and
tribological effectiveness under real conditions [20].

Within RollOilFree-II, an OFL is defined as a
formulation entirely devoid of conventional oils—be they
mineral, natural, or synthetic esters [21]. It should form a
stable, transparent or translucent solution when diluted
with water. These lubricants exhibit high washability,
resist tramp oil contamination, and possess low particle
adhesion. This makes them easier to manage, with less
residue left on the final product and lower environmental
impact during use and disposal.

The shift to OFLs represents a strategic evolution in
steel manufacturing. By reducing dependency on carbon-
intensive materials, minimizing waste, and simplifying
maintenance, these lubricants align with broader goals of
sustainable production and cost-effective operations. The
results of RollOilFree-II are expected to shape future



Table 1. Specifications of reference lubricants.

Tinnol TD1-T2-SG QH Everoll S 3539 TS1

Process Packaging steel Automotive steel
Application Direct application (through MIDAS) Recirculation
Appearance Clear amber fluid Clear amber fluid
Viscosity (40 °C) (cSt) 36–43 55–65
Saponification value (mg KOH/g) 180–210 165–195
Acid number (mg KOH/g) 8.5–10.5 10–15
Concentration (%) 9, 14, 18 for rolling stands 3, 4, 5 respectively* Approx. 2
* Rolling stands refer to the sequential rolling mill units in the tandem cold rolling process, where each stand progressively reduces the
steel strip thickness.
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lubrication practices across the steel industry, paving the
way for a more environmentally sustainable and more
efficient cold rolling.
1.4 Contributions

This study presents the development and evaluation of
OFLs as water-soluble alternatives to conventional oil-
based systems for steel cold rolling. The work systemati-
cally evaluates three different OFL formulations through
laboratory testing, long-term stability assessment, and
pilot-scale industrial trials. The research addresses the
practical challenges of replacing petroleum-based lubri-
cants in steel manufacturing, where high pressures,
temperatures, and contamination levels create demanding
operating conditions. The water-soluble nature of these
lubricants offers advantages in strip cleaning and tramp oil
separation, while presenting new challenges in recovery
and waste treatment.

The following sections present the development
methodology for three OFL formulations based on PAG
chemistry, their tribological performance compared to
conventional lubricants, and comprehensive stability
testing under simulated industrial conditions. Long-term
wear testing over 30 h periods provides insights into
performance degradation and chemical stability during
extended operation. The filtration and separation technol-
ogy evaluation examines magnetic filtration for iron
particle removal, microfiltration for fine particle separa-
tion, and advanced treatment processes including evapo-
ration and oxidation for lubricant recovery and waste
treatment. These analyses establish practical pathways for
closed-loop systems and wastewater management. Indus-
trial pilot trials conducted at steel manufacturing facilities
demonstrate the integration of OFL systems with existing
mill infrastructure. Real-time monitoring of pH, conduc-
tivity, turbidity, and concentration provides operational
control capabilities, while magnetic filtration systems
adapted for water-soluble lubricants address contamina-
tion management requirements.

The results provide quantitative comparisons of
lubricant performance, stability characteristics, and treat-
ment effectiveness across different formulations and
operating conditions. These data enable assessment of
technical feasibility, operational requirements, and eco-
nomic considerations for industrial implementation of OFL
technology in steel cold rolling applications.

2 Material and methods

2.1 Lubricant systems

Two categories of steel grades were investigated in this
study: packaging steels and automotive steels. For
packaging steel applications, a DD13 steel (mild unalloyed
steel particularly suitable for cold forming) was selected,
featuring a thickness reduction ranging from 85% to 92%
with final thicknesses between 0.18 mm and 0.25 mm. For
automotive steel applications DC04 (soft steel) and a
HSLA (higher strength steel) were selected to be
evaluated along this project. The corresponding thickness
reduction was about 80% for the soft steel and about 60%
for the high strength steel. Details on the pilot mill trials
can be found in [22].

The conventional lubricant system for packaging steel
applications employed a palm-oil-based lubricant contain-
ing more than 90% vegetable oil (palm oil) with the
remainder consisting of additives. This lubricant was
applied as an oil-in-water dispersion through flat spray
nozzles directly onto the strip before the roll bite using the
MIDAS system (Mobile Industrial Dispersion Application
System). For automotive steel applications, the reference
lubricant was QH Everoll S 3539 TS1, consisting of
approximately 60% synthetic and natural esters, around
20% mineral (fossil) oil, and various additives including
emulsifiers and lubricity enhancers. This lubricant was
applied at 2% concentration through flat jet nozzles onto
work rolls, backup rolls, and into the roll gap at 6 bar
pressure. The complete parameter specifications are
provided in Table 1.

Three OFLs were developed and evaluated during this
investigation. The three formulations (OFL 01, OFL 02,
OFL 03) were based on a full synthetic metalworking fluid
containing water-soluble PAG as the base lubricant, along
with several water-soluble additives including lubricating
additives, anti-corrosion additives, and oil rejection aids,
all dissolved in 30–40% demineralized water. OFL 01
served as the initial reference formulation. OFL 02
incorporated additional lubricating additives to address



Fig. 1. Three-rolls wear tester.
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the high lubrication demands of steel cold rolling. OFL 03
was formulated to provide enhanced long-term cleanliness
performance.

Lubrication performance evaluation was conducted
using standardized laboratory testing protocols. The
tribological properties of all three OFLs were compared
against oil-based references for both automotive and
packaging steel applications. Testing parameters and
methodologies followed established procedures for metal-
working fluid evaluation [23]. Long-term stability trials
were performed using a three-rolls test stand (Fig. 1)
operated for 30 h across 3–4 days. These tests evaluated
both lubrication performance over time and changes in key
lubricant parameters. Torque measurements were contin-
uously recorded to assess lubrication stability. Lubricant
parameters including pH, conductivity, turbidity, and
refractive index have been monitored before and after the
wear tests and throughout the pilot mill trials (Fig. 2).
Concentration was deduced from the refractive index after
calibration. These parameters provided insights into
lubricant degradation, contamination, and overall chemi-
cal stability during extended operation.

Long-term stability assessment included pump tests
designed to investigate OFL stability against temperature
variations (30–60 °C), pH changes, and air impact
conditions. The pump test protocol measured conductivity,
pH,dynamicsurface tension, solidsconcentration, IronFines
Free Flowing (IFFF) dispersion characteristics, and plate-
out values at different temperatures. Tramp oil rejection
capability was evaluated through standard settling tests in
measuring cylinders with 10 ml and 1.5 ml tramp oil
additions, as well as dynamic pump tests where 75 grams of
tramp oil was added to assess rejection performance under
high-shear conditions at increased stirrer speeds. Metallic
dirthandlingcapabilitywasassessedusingaWearSimulator
designed byQuakerHoughton to generatemetalwear debris
within the lubricant, simulating sludge formation and
chemical reactions between steel particles and lubricant
components. Performance was evaluated through visual
assessment, calculation of sticky sludge/wear ratios, and
redispersion testing rated on a 1–5 scale. Bio-challenge
testing involved six-week incubation with weekly microbe
inoculation to evaluate resistance to biological contamina-
tion, with stability monitored through pH measurements
and visual inspection.

2.2 Filtration and separation technologies

Magnetic filtration systems utilizing 1 Tesla neodymium
magnets were employed to remove ferrous contaminants.
Laboratory testing used single magnet configurations,
while pilot trials incorporated three-shifted magnet lines.
Filtration efficiency was evaluated by comparing iron mass
introduced through wear with the amount removed by
magnetic separation. Microfiltration studies employed 1
mm cartridge filters for continuous particle removal
following long-term wear testing. Iron content analysis
was performed via acid digestion with concentrated nitric
acid to quantify filtration effectiveness. Ultrafiltration
testing utilized membranes with molecular weight cut-offs
ranging from 1000–10000 Da and 40 nm pore size
membranes. A 200 ml dead-end filtration cell operated
at 10 bar pressure was employed, with nanofiltration
membranes (50–500 Da) included for smaller organic
additive removal assessment. Evaporation testing was
conducted using a rotary evaporator operated at 85 °C, 90
rpm, and 200 mbar pressure. Testing intervals of 20 and 40
min were evaluated to assess evaporation efficiency and
behavior at varying concentrations. Advanced oxidation
treatment employed hydrogen peroxide (H2O2) and UV
radiation in a 0.7 L quartz reactor (Fig. 3) equipped with a
150W internal UV lamp. The process utilized UV radiation
to generate hydroxyl radicals for organic compound
mineralization, with Total Organic Carbon (TOC) and
Chemical Oxygen Demand (COD) measurements tracking
treatment effectiveness.



Fig. 2. Sensors used for the monitoring system in pilot trials (left), Connection of all sensors together using adapted fittings (right).

Fig. 3. Experimental equipment for oxidative degradation with H2O2/UV (left) and UV reactor with radiation source switched on
(right).
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3 Results

3.1 Oil-free lubricant properties and stability

The basic properties and stability characteristics of the
developed OFLs are presented in Tables 2 and 3. The
viscosities of the OFLs were comparable to conventional
oils, while pH values were notably higher for the OFLs
compared to oil-based systems. Note that, since OFLs do
not contain any esters, the saponification value is always 0.
Cloud point testing revealed that pure OFL products
maintained stability up to approximately 60 °C, though
diluted solutions demonstrated reduced thermal stability.
Comprehensive testing demonstrated that none of the
three initial OFLs exhibited foaming issues. Laboratory
annealing simulation tests showed that all OFLs produced
lower carbon residues compared to conventional oils, with
significantly reduced residues following strip cleaning
simulation. Seal compatibility testing with three different
materials showed that Viton seals and tubing flanges used
at thyssenkrupp Rasselstein were unaffected by either the
reference oils or the tested oil-free lubricants (OFLs), but
the seals used in the oil/air lubrication system were
strongly affected by all three OFLs. Specifically, exposure
to OFLs resulted in seals that were very crumbly and
softened, with some of the seal material dissolving—this



Table 2. Basic properties of the tested OFLs.

Ref. Automotive Ref. Packaging OFL 01 OFL 02 OFL 03

Viscosity at 40 °C (cSt) 61.2 39.6 20.8 29.3 61.8
pH (-) 4.7 4.8 8.1 7.3 7.3

Fig. 4. Images of long duration corrosion test.

Table 3. Stability of the tested OFLs.

Ref. Automotive Ref. Packaging OFL 01 OFL 02 OFL 03

Cloudpoint Concentrate (°C) - - 69 62 59
15% in demineralized
water (°C)

- - 27 &lt; RT &lt; RT

Cold Test 15 °C clear liquid hazy solid clear liquid clear liquid clear liquid
10 °C hazy solid hazy solid clear liquid clear liquid clear liquid
5 °C hazy solid hazy solid clear liquid clear liquid clear liquid
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was evident from discoloration of the lubricant, blurring of
seal edges, and the fact that the seal easily crumbled when
touched. By contrast, both traditional reference oils had no
noticeable influence. Based on these results, it is clear that
the affected seal material should not be used when OFLs
are applied, and the recommendation is to only use Viton
for seals in systems using OFLs.

Extended corrosion testing involving coated panels
stored indoors for over four months (Fig. 4) demonstrated
that OFLs provided protective performance, producing
substantially less corrosion than uncoated panels. However,
after 22 weeks, slight corrosion became visible, indicating
reduced protection compared to conventional rolling oils.
3.2 Tribological performance

Laboratorytribologicaltestingresults,summarizedinTable4,
revealed that OFL 01 demonstrated lubrication performance
similar to oil-based references for automotive steel applica-
tions.Among the initial three formulations,OFL02 exhibited
the best lubrication properties, though still inferior to oil-
based references for packaging steel applications.

3.3 Long-term stability performance

Long-term stability trials conducted over 30 h using the
three-rolls test stand provided detailed insights into



Table 4. Overview table of lab lubrication results.

Oil-based 1st pilot trial

Ref. Auto. Ref. Pack. OFL 01 OFL 02 OFL 03

viscosity 40 °C (cSt) 61.2 39.6 20.8 29.3 61.8
pH (-) 4.7 - 8.1 7.3 7.3
average film thickness (nm) 86 137 71 88 52
average boundary (CoF)† 0.129 0.103 0.121 0.106 0.100
average EHL (CoF) 0.024 0.024 0.011 0.014 fail

RBMT sheet stand 2 settings (CoF) fail 0.071 0.085 0.092 0.084
sheet stand 4 settings (CoF) fail 0.059 fail 0.081 0.075
tinplate stand 5 settings (CoF) fail 0.053 fail 0.073 fail
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OFL performance degradation (Tab. 5). Key findings
include:

*
 OFL 01 exhibited higher initial torque values that
progressively increased over time, indicating perfor-
mance degradation during extended operation.
*
 OFL 02 demonstrated lubrication performance compa-
rable to the reference emulsion, with starting torque
values of 30–35 Nm decreasing to 20–22 Nm. Despite this
generally favorable trend, slight torque instability was
observed during testing, as documented in Table 5. This
instability was characterized by minor fluctuations
around the mean values rather than a monotonic trend,
distinguishing it from the progressive degradation
observed with OFL 01.
*
 OFL 03 showed unstable torque behavior, initially
starting low and decreasing over time (approximately
30 Nm to 20 Nm after 30 h), followed by sharp increases
to stable values of 57–58 Nm daily. Notably, solid
residues were observed on and around the rolls when
using OFL 03 (see Fig. 5). Energy-dispersive X-ray
(EDX) analysis of these residues revealed a high
concentration of embedded iron particles which means
that the wear particles accumulate in the solid.
Additionally, evidence of polymerization of at least
one lubricant component was detected. The formation of
a thin layer of this polymer-particle mixture on the rollers
is presumably responsible for the sharp increase in
friction during the first day of the test.

Follow-up testing using aged lubricants revealed that
the reference oil-based emulsion maintained stable torque
in both fresh and aged states. Aged OFL 01 demonstrated
instability indicating performance degradation, while OFL
02 and OFL 03 exhibited unstable behavior in both fresh
and aged forms. Notably, aged OFL 02 and OFL 03 showed
lower torque levels than their fresh versions, suggesting
potentially improved lubrication consistency after aging.

Pump testing (see Tab. 6) showed distinct behavioral
differences among the three OFL formulations. OFL 01
maintained consistent appearance across temperature
ranges with minimal foaming under air impact conditions,
while OFL 02 and OFL 03 exhibited lubricant separation
in the back compartments when subjected to air impact.
All OFLs maintained relatively stable conductivity and
pH values across temperature variations, though plate-out
values increased with temperature, reaching maximum
values of 863 mg/m2 for OFL 01, 5277 mg/m2 for OFL 02,
and 3152 mg/m2 for OFL 03 at 60 °C. Tramp oil rejection
testing (see Figs. 6–9) demonstrated that all three OFLs
separated tramp oil effectively in standard cylinder tests,
with complete separation of 10 ml tramp oil occurring
within 30 s for OFL 01. Under high-shear pump conditions
(see Tab. 7), concentration increases were 0.1% for OFL
01, 0.4% for OFL 02, and 0.3% for OFL 03, compared to
0.6% for the reference emulsion, indicating varying
degrees of tramp oil rejection efficiency among the
formulations.

Wear simulator testing revealed distinct sludge forma-
tion characteristics among formulations, with OFL 02
exhibiting sticky sludge formation while OFL 03 showed
minimal sludge adhesion and the best dispersion perfor-
mance. All OFLs maintained fluid stability without
lubricant separation after metallic dirt contamination,
though small, coagulated sludge blobs were observed across
all three formulations. Bio-challenge testing demonstrated
exceptional microbial resistance for all OFLs, maintaining
stable pH and low microbe levels throughout six-week
exposure periods with no visible lubricant separation,
contrasting with reference emulsions that showed oil
splitting after extended microbial exposure.

3.4 Lubricant parameter evolution

Monitoring of lubricant parameters during long-term trials
(30htestsconductedinthethree-rollsteststand,asdescribedin
Section 3.3) revealed several important trends (see Fig. 10):

–
 pH values remained stable for all OFLs, indicating
effective buffering capacity and absence of microbial
degradation.
–
 Conductivity measurements showed clear differentiation
between reference emulsion and OFLs. The reference oil
maintained stable conductivity (124–134 mS/cm), while
OFLs exhibited much higher but stable conductivity
(3500–4200 mS/cm), suggesting no ionic contamination
or degradation.
–
 Turbidity results varied significantly among formula-
tions. OFL 01maintained low, stable turbidity indicating
good dilution stability. OFL 02 and OFL 03 showed
higher initial turbidity that slightly decreased over time,
possibly due to improved solubility or phase separation.



Table 5. Torque evolution during the long-term trials at the three-rolls-wear test bench with the three OFL and the
reference oil-based lubricant.

Torque evolution of the long-term trials Comment

Oil-based emulsion
for automotive steels

Decrease of the torque between the
beginning and end of the test

OFL 01 About 25% increase of the torque
between beginning and end of the test

OFL 02 Slightly unstable torque but light
decrease of the torque between
beginning and end of the test

OFL 03 At the beginning of each day, the
torque was very low and increased
over time until it reached a plateau,
possibly caused by polymer-like
residues and iron particles on the rolls.
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Fig. 5. Left andmiddle: Solid residues observed on the edges of the rolls at the 3-rolls test bench (OFL 03), Right: residue collected and
analyzed afterwards with EDX methodology.

Table 6. Pump tests: effect of temperature and air impact.

OFL 01 30 °C 40 °C 50 °C 60 °C 30 °C air impact

Conductivity (mS/cm) 4.32 4.09 4.2 4.25 4.15
pH (-) 8.0 8.1 8.0 7.8 8.1
Surface tension (mN/m) 34.9 31.8 30.6 31.3 36.6
Solids (%) 7.9 7.2 7.1 7.0 6.6
IFFF (-) 1.0 1.5 1.5 2.5 1.5
Plate-out (mg/m2) 124 357 320 863 67
Appearance front slight hazy hazy stable white stable white slight foam
Appearance back slight hazy hazy stable white stable white slight foam

OFL 02 30 °C 40 °C 50 °C 60 °C 30 °C air impact
Conductivity (mS/cm) 4.08 4.33 4.08 4.12 4.33
pH (-) 7.2 7.3 7.1 7.2 7.3
Surface tension (mN/m) 31.1 33.1 30.5 27.2 28
Solids (%) 5.8 4.5 5.8 5.6 5.0
IFFF (-) 4.5 3.0 3.5 5.0 1.0
Plate-out (mg/m2) 3056 7441 4173 5277 146
Appearance front stable white stable white stable white stable white slight foam/oil
Appearance back moderate oil moderate oil slight oil slight oil moderate oil

OFL 03 30 °C 40 °C 50 °C 60 °C 30 °C air impact
Conductivity (mS/cm) 4.08 4.07 4.03 4.03 4.09
pH (-) 7.4 7.4 7.2 7.3 7.5
Surface tension (mN/m) 31.1 30.2 31 30.3 35.2
Solids (%) 8.3 7.9 8.4 8.2 7.0
IFFF (-) 1.0 1.0 2.5 2.0 1.0
Plate-out (mg/m2) 572 1337 3152 2943 363
Appearance front stable white stable white slight foam slight foam slight foam
Appearance back moderate oil moderate oil slight oil slight oil moderate foam
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Fig. 6. Tramp oil rejection test – reference emulsion automotive steel.

Fig. 7. Tramp oil rejection test – OFL 01.
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Fig. 8. Tramp oil rejection test – OFL 02.

Fig. 9. Tramp oil rejection test – OFL 03.
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Table 7. Tramp oil rejection in pump test.

Solids (%) 75 g tramp (0.75%) Ref. Auto. OFL 01 OFL 02 OFL 03
D solids (%) 0.6 0.1 0.4 0.3

Oil droplet size (mm) Reference 1.6 - - -
tramp - 3 days 400 rpm 2.0 - - -
tramp - 1 day 1000 rpm 2.5 - - -

Fig. 10. Parameters measurement at the beginning and at the end of the long-term trials.
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–
 Refractive index measurements and calculated concen-
trations were obtained for all OFLs, though initial
concentrations were slightly below 15% due to overspray
losses and daily water refill requirements.

3.5 Filtration and separation performance

Magnetic filtration evaluation during long-term trials
revealed significant variations in particle collection
efficiency. OFL 01 and OFL 03 collected 2–12 times more
particles compared to the reference emulsion and OFL 02,
indicating higher roll wear and iron particle generation
rates. Mass balance calculations showed that 56% of total
iron in the reference emulsion was removed by magnetic
separation, with OFL 02 achieving similar removal
efficiency (56%). OFL 03 demonstrated the highest
removal rate at 89%, likely due to generation of larger,
more easily separated particles. The organic phase
consistently comprised 70.3–75.5% of total collected
material across all lubricant types, indicating similar
lubricant behavior in adhering to iron particles during
magnetic separation. Microfiltration through 1 mm car-
tridge filters achieved removal of 67–83% of iron particles
remaining after magnetic filtration (see Tab. 8). Post-
microfiltration iron concentrations ranged from 5–16 mg/L,
indicating the presence of submicron iron particles that
cannot be removed through microfiltration and may
potentially impair ultrafiltration membrane performance.

Evaporation testing demonstrated that all samples
exhibited similar evaporation behavior, with efficiency
maintained at higher concentrations. Total Organic
Carbon (TOC) measurements in the condensate phase
ranged from 65–300 mg/L, comparable to emulsion-
derived condensate (310 mg/L). Evaporation at 80 °C
resulted in approximately 95% separation of OFL mixture
from water after heating.



Table 8. Retention of the iron fines by microfiltration.

Lubricant cFe before microfiltration (%) cFe after microfiltration (%) Retention of iron fines (%)

Ref. automotive emulsion 68.1 11.7 82.8
OFL 01 - 6.5 -
OFL 02 13.8 4.6 66.5
OFL 03 62.9 15.7 75.1
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Advanced oxidation process testing showed that while
initial TOC values were lower for OFLs (1420–1765 mg/L)
compared to PEG 2000 (2575mg C/L), complete oxidation
required approximately 7 h for fresh OFLs. Aged OFL 01
demonstrated faster oxidation (5 h), suggesting degrada-
tion of organic substances during long-term testing.

Ultrafiltration results indicated that nanofiltration
membranes achieved nearly complete retention of PEG
400 and organic components of OFL 01, 02, and 03. The
Synder NFX membrane (150–300 Da) showed slightly
higher retention but lower flux (34.5–39.1 L/m2h)
compared to Synder NFW (300–500 Da), which demon-
strated lower retention but higher flux (68.8–75.2 L/m2h).
3.6 Pilot mill trial results

Real-time monitoring during pilot mill trials (Fig. 11)
successfully measured pH, temperature, and conductivity
for all lubricants. Turbidity measurements were achievable
only for OFL 01 due to excessive turbidity in the reference
emulsion and in OFL 02 and OFL 03. Consequently,
refractive index measurement was limited to OFL 01.

Online monitoring data demonstrated that all measur-
able lubricant parameters remained stable throughout the
rolling of 2–3 coils. As expected, OFL 02 and OFL
03 exhibited similar pH values, while OFL 01 showed
slightly higher pH. The reference emulsion demonstrated
more acidic conditions with lower pH values. All OFLs
displayed similar conductivity levels, significantly higher
than the reference emulsion. Refractive index monitoring
for OFL 01 (Fig. 12) enabled concentration calculation
based on calibration data, showing stable concentration at
approximately 14% during cold rolling operations, closely
matching the target 15% concentration.

Pilot-scale magnetic filtration using 15 magnetic bars
(Tab. 9) revealed significant variation in particle retention
among different lubricants. OFL 01 showed substantially
fewer collected particles compared to OFL 02, OFL 03, and
the reference emulsion. Co-deposition of oil-like substances
was observed with both OFL 02 and OFL 03. Direct
application via MIDAS with OFL03 was a test case based
on this product’s formulation, aimed at evaluating both
lubrication and strip cleanliness in packaging steels. The
MIDAS system applies lubricant directly onto the strip
surface before the roll bite, rather than through recircula-
tion. The MIDAS system used in these pilot trials is
notably capable of applying unstable (loose) emulsions, as
routinely employed for packaging material rolling. To
accurately simulate the suitability of oil-free lubricants
(OFL) for packaging applications, the same direct MIDAS
application method was employed in all corresponding
trials. Iron concentration analysis before and after
magnetic filtration (Tab. 10) showed that OFL feed
contained significantly lower iron concentrations with
considerably higher removal efficiency compared to the
reference emulsion. OFL 01 demonstrated particularly low
iron concentration, likely attributable to superior strip
cleanliness. Particle mass analysis (Tab. 11) confirmed that
the lowest particle mass was separated from OFL 01,
consistent with its low iron concentration. The mass
fraction of adhering organic phase was similar across all
lubricants, with slightly higher values for OFLs (93–94%)
compared to the reference automotive emulsion (90%).

4 Discussion

4.1 Tribological performance and formulation
optimization

The tribological evaluation reveals that OFL formulation
significantly impacts lubrication performance, with clear
differentiation between automotive and packaging steel
applications. The comparable performance of OFL 01 to
oil-based references for automotive steel applications
demonstrates the technical feasibility of oil-free lubrication
systems. OFL 01 achieved average EHL CoF of 0.011
compared to 0.024 for both reference lubricants, represent-
ing 54% lower friction in the elasto-hydrodynamic regime.
OFL 02 demonstrated a boundary CoF of 0.106 compared
to 0.121 for OFL 01, representing a 12% improvement,
though still 3% higher than the packaging reference
(0.103). The enhanced lubrication performance of
OFL 02 among the initial formulations, despite not
matching oil-based references for all applications, provides
the foundation for subsequent optimizations of second-
generation OFLs.

4.2 Stability characteristics and operational
implications

The long-term stability assessment reveals critical insights
into OFL behavior under industrial conditions, highlight-
ing the complexity of stability evaluation across different
testing methodologies. OFL 01 exhibited initial torque
values of 38–42 Nm that progressively increased to
45–48 Nm over 30 h, representing approximately a 25%
increase. OFL 02 demonstrated superior performance in
maintaining consistent torque values throughout 30 h
tribological testing, closely matching reference emulsion
performance, while comprehensive stability assessments



Fig. 11. Evaluation of the lubricant parameters measured online with the monitoring system for the reference automotive emulsion as
well as for the three OFLs. Top left: pH-value, top right: conductivity, below middle: turbidity.

Fig. 12. Measurement of temperature and refractive index for OFL 01 (left) and calculated concentration (right) during the cold
rolling of a hard automotive steel.
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using pump tests and tramp oil rejection evaluations
provided different insights into fundamental stability
characteristics. OFL 01 showed concentration increase of
only 0.1% under high-shear conditions compared to 0.4%
for OFL 02, 0.3% for OFL 03, and 0.6% for reference
emulsion. These contrasting results suggest that tribologi-
cal performance consistency during wear testing may not
necessarily correlate with operational stability under
varying process conditions such as temperature fluctua-
tions, air entrainment, and contamination scenarios.

The instability observed in OFL 03, characterized by
residue formation and embedded iron particles during
tribological testing, as well as substantial lubricant
separation under air impact conditions, highlights the
importance of formulation balance between lubrication
performance and chemical stability. The polymerization
behavior observed suggests that certain additive combi-
nations may be incompatible with extended high-temper-
ature, high-pressure operation.

The parameter stability results, particularly the
maintenance of pH and conductivity values across all
formulations, indicate effective chemical buffering and
absence of significant degradation pathways. The higher
conductivity of OFLs compared to conventional emulsions



Table 9. Pictures of the magnetic bars for the reference emulsion and the three OFLs.

Reference emulsion OFL 01 OFL 02 OFL 03

First row

Last row

Table 10. Results of the magnetic filtration tests: Iron concentration in the feed/outlet for the automotive coils and the
packaging coils.

Lubricant in the
recirculation system

cFe (feed) [mg/l] cFe (outlet) [mg/l] Magnetic Fe-removal Mean
Fe-removal

automotive steel grade

hard soft hard soft hard soft //

Ref. autom.
emulsion

32.3 41.1 30.6 37.0 5.1% 9.9% 7.7%

OFL 01 2.9 1.7 1.5 1.5 49.8% 11.8% 35.7%
OFL 02 8.5 4.5 4.6 3.5 46.0% 21.6% 37.5%
OFL 03 14.9 9.1 16.1 10.0 not determinable approx. 38.0%*

* Estimated via deposited particle mass.

Lubricant sprayed
with the MIDAS system

cFe (feed) [mg/l] cFe (outlet) [mg/l] Magnetic Fe-removal

packaging steel

Palm-oil based
lubricant

1.6 0.8 49.4%

OFL 03 1.6 1.2 25.6%

Table 11. Results of the magnetic filtration tests: Particle mass and mass of the organic phase.

Lubricant Separated particle
mass [g]

Mass of adhering
organic phase [g]

Percentage of the
organic phase [%]

Ref. emulsion 2.68 24.3 90.1
OFL 01 0.72 9.5 93.0
OFL 02 4.05 56.0 93.3
OFL 03 3.10 54.0 94.6
Palm oil-based
lubricant (Midas)

0.85 4.9 86.1

OFL 03 (Midas) 0.36 2.2 85.3
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reflects their ionic nature but does not appear to correlate
with performance degradation, suggesting this character-
istic is inherent to the water-soluble formulation rather
than indicative of contamination.

4.3 Filtration and separation technology assessment

The magnetic filtration results provide insights into both
lubricant performance and maintenance requirements.
OFL 01 generated 0.72 g of magnetic particles compared
to 2.68 g for reference emulsion, 4.05 g for OFL 02, and
3.10 g forOFL03.The significantly lowerparticle generation
observedwithOFL01suggests reducedwear characteristics,
potentially offering operational advantages beyond lubrica-
tion performance.Conversely, the higher particle generation
rates observed with OFL 03 may indicate increased wear,
requiring careful consideration of the total cost of ownership
including maintenance and equipment life.

The high organic content (average 93–95% for OFLs
versus 90% for reference emulsion) associated with
magnetically separated particles across all lubricant types
indicates substantial lubricant loss during filtration
operations. This finding has important implications for
economic viability, as lubricant replacement costs must be
factored into overall operational economics.

Themicrofiltration results demonstrate the complemen-
tary nature of magnetic and microfiltration technologies,
with combined systems achieving substantial particle
removal. However, the persistence of submicron particles
highlights the limitations of conventional filtration
approaches and suggests that alternative separation tech-
nologies may be necessary for complete particle removal.

The evaporation results demonstrate a viable pathway
for OFL recovery and wastewater treatment, evaporation
at 80 °C achieving 95% separation efficiency, with TOC in
condensate ranging from 65–300 mg/L for OFLs compared
to 310 mg/L for reference emulsion, indicating potential for
cost-effective lubricant recovery. The phase separation
behavior observed at elevated temperatures provides a
potential mechanism for lubricant concentration and reuse.

The advanced oxidation process results indicate that
while OFL mineralization is achievable, the extended
treatment times required, complete oxidation requiring
approximately 7 h for fresh OFLs (initial TOC 1420–
1765 mg/L) versus 5 h for aged OFL 01, may present
economic challenges for large-scale implementation. The
faster oxidation of aged OFL 01 suggests that lubricant
degradation during use may actually facilitate subsequent
wastewater treatment, presenting an interesting process
optimization opportunity.

The ultrafiltration results demonstrate the technical
feasibility of molecular-level separation for OFL recovery,
though the concentration limitations observed suggest that
pretreatment or process optimization may be necessary for
effective implementation at industrial scales.
4.4 Industrial, economic and environmental implications

Thepilotplant resultsvalidate thetechnical feasibilityofOFL
implementation in industrial cold rolling operations. The
stable parameter monitoring results during multi-coil rolling
campaigns demonstrate operational reliability, while the
successful integration of monitoring and filtration systems
shows compatibility with existing mill infrastructure.

The concentration stability observed during pilot trials,
maintaining target levels throughout operation, indicates
that OFL systems can be effectively controlled using
conventional monitoring approaches, refractive index
monitoring showing concentration stability throughout
rolling of 2–3 coils, close to the target 15%. The refractive
index monitoring capability for OFL 01 provides a
practical tool for real-time concentration management.

The variation in magnetic filtration performance
among different OFL formulations suggests that filtration
system design must be optimized for specific lubricant
formulations. The lower particle generation observed with
OFL 01 may offer operational advantages through reduced
filtration requirements and extended equipment life.

The reduced carbon residue formation observed in
laboratory testing suggests potential benefits for down-
stream processing, though this advantage must be
validated through comprehensive industrial trials encom-
passing the complete steel processing chain.

5 Conclusion

This comprehensive investigation demonstrates the tech-
nical feasibility of oil-free lubricants for cold rolling steel
applications, with several key findings supporting their
potential industrial implementation:

–
 The systematic development of three OFL formulations
resulted in products capable of matching conventional
lubricant performance for specific applications. OFL 01
achieved comparable performance to oil-based references
for automotive steel applications.
–
 Laboratory and pilot mill testing suggest that properly
formulated OFLs may provide adequate lubrication for
industrial cold rolling operations. The performance
differentiation between automotive and packaging steel
applications emphasizes the importance of application-
specific formulation optimization.
–
 Long-term stability testing revealed contrasting perfor-
mance characteristics among OFL formulations depend-
ing on the evaluation method. While continuous
operation trials identified OFL 02 as maintaining the
most consistent torque performance comparable to
reference emulsions, comprehensive stability assessments
including pump tests and tramp oil rejection evaluations
demonstrated that OFL 01 exhibited superior overall
stability characteristics. OFL 01 showed minimal lubri-
cant separation across temperature ranges and air impact
conditions, achieved excellent tramp oil rejection with
significantly lower concentration increases (0.1% vs 0.4–
0.6%) under high-shear conditions, and maintained
stable visual appearance throughout testing.
–
 The stable pH and conductivity monitoring results across
all formulations demonstrate chemical stability under
industrial conditions, while the successful pilot plant
campaigns validate operational reliability. Real-time
parameter monitoring proved effective for process
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control, with refractive index measurements enabling
accurate concentration tracking (14.2 ± 0.3%) during
multi-coil rolling operations.
–
 Additional stability assessments confirmed that all OFLs
demonstrated superior metallic dirt handling capabilities
and exceptional resistance to microbial contamination
compared to conventional emulsions, with OFL 03
showing particularly effective sludge dispersion perfor-
mance. These findings indicate that optimal OFL
selection requires balancing tribological performance
consistency with fundamental stability characteristics
critical for long-term industrial operation.
–
 The magnetic filtration systems demonstrated effective
integration with OFL operations, though performance
varied among formulations. OFL 01 showed superior
performance with minimal particle generation. For OFL
02 and 03, higher particle counts were observed; however,
this does not necessarily indicate greater wear. Instead, it
is likely that the improved lubrication of these
formulations facilitated more effective washing-off and
uptake of particles into the dilution, thereby increasing
the filtration load.
–
 Multiple treatment technologies showed promise for
OFL recovery and wastewater treatment. Evaporation
achieved 95% separation efficiency, while advanced
oxidation demonstrated complete mineralization capa-
bility. Ultrafiltration provided molecular-level separa-
tion, though process optimization is required for
concentrated solutions.
–
 Pilot mill results validate the readiness of OFL
technology for industrial implementation, with success-
ful integration of monitoring and filtration systems. Real-
time parameter monitoring proved effective for process
control, while multi-coil rolling campaigns demonstrated
operational stability.
–
 OFLs demonstrated reduced carbon residue formation,
and enhanced strip cleaning characteristics. While water
solubility presents wastewater treatment challenges, the
availability of multiple separation and treatment
technologies provides pathways for economic viability.

The investigation identifies OFL 01 and OFL 02 as the
most promising formulations for near-term industrial
implementation, with OFL 01 showing superior wear
characteristics and OFL 02 demonstrating excellent long-
term stability. The successful pilot plant integration
demonstrates technical readiness, while the comprehensive
evaluation of treatment technologies provides a foundation
for sustainable industrial implementation.

Future development should focus on optimizing
formulations to combine the superior wear character-
istics of OFL 01 with the stability performance of OFL
02, while advancing separation and treatment technolo-
gies to optimize economic viability. The demonstrated
technical feasibility, combined with environmental
benefits and operational advantages, positions oil-free
lubricants as a viable alternative for sustainable steel
production processes.
Glossary

COD Chemical Oxygen Demand
MIDAS Mobile Industrial Dispersion Application System
OFL Oil-Free Lubricants
PAG Polyalkylene Glycols
RBMT Reciprocating Ball-on-Flat Mini-Traction Machine
ROFII Roll-Oil-Free II Project
TOC Total Organic Carbon
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