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Abstract: In this paper, nano-Cu particles with an average size of smaller than 20 nm were dispersed under ultrasonic agitation in emulsions for cold rolling of steel strips. The tribological properties of the cold rolling emulsion doped with nano-Cu
particles were evaluated by using a four-ball machine, and the worn surfaces of the steel balls were checked by an optical
microscope. A JC2000C1 wetting angle tester was also applied to study the variation in the emulsion’s wetting performance
when nano-Cu particles were incorporated. Furthermore, the lubricity of the emulsion doped with nano-Cu for steel strip
cold rolling was evaluated on a four-high rolling mill for comparison with the emulsion without using nano-Cu particles.
Test results indicated that nano-Cu particles as the additive used in cold rolling emulsion were able to improve the wetting
property, friction-reducing, anti-wear, and extreme pressure performance of the base stock significantly. At the same time,
nano-Cu particles also showed good lubricity to the cold-rolled steel strips. Namely, the cold-rolled steel strips under the
lubrication of the cold rolling emulsion containing nano-Cu particles had considerably decreased the after-rolling thickness
and achieved excellent surface quality as well. Finally, the lubrication mechanism of nano-Cu particles in the emulsion for
cold rolling of steel strips was discussed.
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1

Introduction

The emulsions for strip cold rolling are very important
in the production of cold rolled strips, because they can
directly affect the process of the cold rolling and the surface quality of the rolled strips[1]. However, conventional
emulsions with a high concentration of organic wastes are
very harmful to the environment. In the domestic market,
the demulsifiers are generally employed to cope with the
problem, but enormous amount of hydroxides are generated during the preparation process which are very difficult to be decomposed in natural environment.
Nano-sized materials with unique physical and chemical
properties have been widely used in many areas[2-3], one
of which is the field of lubricant additives used to improve the lubricity performance. When nano-Cu particles
are used as additive in the lubricant[4], they not only can
improve the lubricity greatly, but also can enhance the
anti-wear and anti-friction properties[5-6] to improve the
load-carrying capacity of the lubricant oil film. As it has
been referred to in the literature, nano-Cu particles are be-

ing used for the lubrication of mechanical equipment, and
they are still in the exploration and laboratory research
stage. Yet, in the steel strip cold rolling lubrication area,
till now no application of nano-Cu particles is reported.
The emulsions are mostly used for lubrication in the process of strip cold rolling. On one hand, the emulsion can
reduce the heat generated by plastic deformation of steel
strip[7], and on the other hand, as a result of the plating-out
ability, the rolling oil would separate from the emulsion
to form a lubrication film, which can reduce the rolling
force, energy consumption and the roller wear during the
rolling process[8]. However, the extreme pressure and antiwear agents used in rolling oil are rich in sulfur, chlorine,
phosphorus and other non-environmentally friendly
elements, so it is very urgent to find some new environmentally friendly additives to substitute for the abovementioned elements.
In this paper, new ideas or methods for application of
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nano-particles in industrial and engineering sectors were
presented, and nano-Cu particles were used as a new type
of extreme pressure and anti-wear agents in the emulsions. Their tribological properties in the emulsion were
investigated by a four-ball friction and wear tester, and
a wetting angle tester was also used to study the effect of
nano-Cu particles on the wetting performance of the emulsion. Furthermore, the lubricity of the emulsion doped with
nano-Cu particles for cold rolling of steel strips was evaluated on a four-high rolling mill to investigate the extreme

pressure and anti-wear behavior of nano-Cu particles. This
study will provide the theoretical basis for reducing the
dosage or even replace the extreme pressure and anti-wear
agents currently used in the traditional emulsion, and will
be helpful for developing new environmentally friendly
strip cold rolling emulsions or additives.

2

Experimental

Figure 1 shows the schematic view of our experimental
procedures.

Figure 1 Overall experimental procedures

2.1

Emulsions for cold rolling

2.2 Tribological test

In our study, a series of emulsions for steel cold rolling
were prepared. Surfactants were employed in adjusting
the ratio of components to match the HLB value and improve the stability of emulsions. And the HLB value of
emulsion was calculated according to formula (1).
HLBmixed=ωiHLBi+ωiiHLBii+ωiiiHLBiii+…

(1)

where ωi is the mass ratio of emulsifier i, HLBi is the HLB
value of emulsifier i.
Biodegradable and environmentally friendly palm oil was
selected as the base oil, whereas the nano-Cu particles

The PB values of emulsions were measured on a fourball tribological tester according to the test method GB/T
12583-1998 in order to identify the load carrying capacity of different emulsions, and the sketch of the device
is shown in Figure 2. After 30 min of friction and wear
testing, the average friction coefficients of different emulsions were calculated and the average scar diameters of
steel balls were measured by an optical microscope for
comparing the performance of emulsion samples on decreasing the abrasion and friction.

after surface modification were used as the additive (0.6
m%) and were homogeneously distributed in the oil by
a SY-1000 ultrasonic dispersion apparatus. This rolling
oil did not contain other extreme pressure and anti-wear
agents, and was code-named as GY+Nano. For comparison, the palm oil without any other extreme pressure and anti-wear agents was prepared, and was codenamed as GY. Then emulsions for tests were prepared
by mixing the two kinds of rolling oil and distilled water at a volume fraction of 5% separately, and the mass
fraction of nano-Cu particles in the emulsion accounted
for 0.03%.
·
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Figure 2 Sketch of four-ball tribological tester
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2.3

Wetting test

We have chosen the JC2000C1 wetting angle tester that
could measure the angle ranging from 0° to 180° with a
measurement error of ± 0.5° to study the wetting properties of emulsion samples at a temperature in the range of
14 ℃—17 ℃, with the emulsion droplet radius equating
to 0.4 mm—2.0 mm. The Sessile drops method was applied to measure the wetting angle. Each angle was measured for 5 times, with the average value accepted as the
actual data.

2.4

Cold rolling and test methods

The cold rolling tests were conducted on a four-high rolling mill at a rolling speed of 60 r/min and the size of rolls
was equal to Φ95/Φ200×200 mm. The experimental work
pieces measured 150 mm×50 mm×1.0 mm-IF (interstitial
atom free) steel strips (after annealing).
Before rolling, the test rolls were flushed with petrol and
ethanol successively, and then wiped with medical cotton
for drying. Every time when the emulsion sample was
replaced, the process for cleaning the test rolls must be repeated. Emulsion sample was continuously sprayed onto
the surface of both rolls and steel strips during the rolling
process. The percentages of rolling reduction were adjusted to the pre-designed value, and the thickness of the
steel strip after each pass of rolling was measured upon
lubrication by different emulsion samples. And these
experimental data obtained thereby were compared with
those of rolling experiments without lubrication.

3

from the test data that addition of nano-Cu particles could
increase the PB value and decrease the friction coefficient
as well.
Figure 3 shows the worn scars of the steel balls frayed
by the four-ball tribological tester under lubrication by
different emulsion samples after 30 minutes of friction.
It can be seen that upon comparing the size and depth of
worn scars of steel balls the abrasion resistance of emulsion samples was improved by the incorporation of nanoCu additives. During the friction process, the nano-Cu
particles in emulsion can be deposited on the depression
of friction surface to play a role of filling and repairing.
With the ongoing friction process, thanks to the action
of local or instantaneous high temperature, nano-Cu particles would be melted or in a semi-molten state so that
a protective film containing nano-Cu particles is formed,
which can prevent the surface of the friction pairs from
direct contact to reduce friction and wear, and cut back
energy consumption. At the same time, the wetting ability of the emulsion on friction pair surfaces can be increased.

Results and Discussion

3.1

Effect of nano-Cu particles on tribological properties of emulsion samples

Tribological experiments were carried out by using different emulsion samples prepared in our laboratory. The
tribological properties such as PB value and the friction
coefficient are presented in Table 1. It can be seen clearly
Table 1 Tribological property of different emulsion
samples

Tribological properties
PB, N

GY

GY+Nano

696

784

Friction coefficient (µ)

0.078

0.072

Figure 3 Worn scars on steel balls lubricated by GY and

392 N
D10
min , mm

0.400

0.365

GY+Nano
·
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3.2

Effect of nano-Cu particles on wetting
ability of emulsion

The flow and adsorption properties of emulsion on the
rolled steel surface can directly affect the emulsion’s lubrication ability during the rolling process. The wetting
angle measurement can be used to explain the information such as surface roughness, chemical diversity, surface adsorption and other properties[9], and the wetting
angle value can be taken as a visual check of emulsion’s
wetting ability[10]. Therefore, our experiment had investigated the variation in emulsion’s wetting ability through
the wetting angle when nano-Cu particles were used, with
the results presented in Table 2 and Figure 4. It can be
seen from Table 2 that nano-Cu particles could improve
the wetting properties of emulsion, and the wetting angle
of GY+Nano was smaller than that of GY. Because the
nano-Cu particles were modified significantly and dispersed in emulsion, the total free energy of the new emulsion system was reduced, and the surface tension between
the emulsion and the strip surface was decreased, which
would eventually improve the wetting properties of the
emulsion system. Since the wetting performance is an
important indicator of nano-sized particles dispersed in
the liquid medium, a good wetting property denotes that
the nano-Cu particles are dispersed homogeneously in the
emulsion.
Table 2 Wetting property of cold rolling emulsions
Emulsion

Wetting angle, (°)

GY

28.5

GY+Nano

22.0
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while some parameters of rolling process under lubrication had been investigated.
Figure 5 and Figure 6 illustrate the change of rolling pressure and power under various lubricating conditions. Apparently, the rolling power and pressure were decreased
after employing the emulsions. Compared to the GY rolling emulsion, the new emulsion with nano-Cu particles
demonstrated superior lubricating properties. Based on
the theory that the rolling power reflects the consumption
of energy based on the law of energy conservation, conclusions are obtained that using the emulsions in rolling
process could save the energy consumption. In addition,
the emulsion with nano-Cu particles manifested excellent
performance in rolling experiments which indicated its
promising future in industrial production of cold rolling
strips.

Figure 5 Variation in rolling pressure under different
lubrication conditions
■—Dry sliding; ●—Lubricated by GY; ▲—Lubricated by GY+Nano

Figure 4 Photograph of wetting behavior of emulsion on
rolled steel strip

3.3

Effect of nano-Cu particles on cold rolling process

In this experiment, there were 3 different kinds of lubricating conditions adopted on the four-high rolling mill,
·

64 ·

Figure 6 Variation in rolling power under different
lubrication conditions
■—Dry sliding; ●—Lubricated by GY; ▲—Lubricated by GY+Nano

Variations in rolled thickness of steel strip with rolling
pass under different lubricating conditions are shown in
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Figure 7. It is obvious that the thickness of strips after
each pass would be thinner upon applying the emulsion during the cold rolling process, especially after the
3rd pass. Also, using the emulsion containing nano-Cu
particles could decrease the thickness more remarkably
than that achieved by using only the GY emulsion. After
rolling for five passes, the thickness of strips under a lubrication-free condition reached 0.502 mm, and it reached
0.478 mm under lubrication by GY, whereas the thickness
of strips under lubrication by GY+Nano was only 0.439
mm. By comparing the thickness of the strips under different lubrication conditions, the use of emulsions for lubrication could reduce the thickness of steel strips in each

Figure 7 Thickness of steel strips under different
lubrication conditions
■—Dry sliding; ●—Lubricated by GY; ▲—Lubricated by GY+Nano

time, with further reduction in the steel strip thickness,

 urface qualities and lubrication mecha3.4 S
nism

the rolled strip surface hardening would occur, which

Optical microscope was applied to examine the strip sur-

rolling pass, and improve the work efficiency. At the same

could cause an increase in rolling pressure and increased
bounce of roller, so in this case the rolling lubrication was
more evident and necessary.

face after 5 passes of rolling process under different lubricating conditions, and the metallographic micrographs are
shown in Figure 8.

Figure 8 Appearance of rolled surfaces under different lubrication conditions
(a) Rolled surface under dry sliding; (b) Rolled surface under lubrication by GY; (c) Rolled surface under lubrication by GY+Nano

It can be seen from Figure 8 that use of the cold rolling
emulsions could reduce the defects on steel strip surface
and improve the surface quality after cold rolling. Upon
using the emulsions, some scratches on the surface of
steel strip could be seamed and the rolling trace would
be in good order. The adhesive friction caused by direct
surface contact between the rolls and the steel strip during cold rolling process could be avoided. Furthermore,
the depth of trace during rolling was decreased when the
nano-additive emulsion was employed.
In the absence of lubrication during the cold rolling process, the direct contact between the surface of the roll
and the steel strip may cause adhesion or viscous friction,

leading to a poor quality of the strip surface, as shown in
Figure 8 (a); while by employing the emulsion lubrication, as a result of plating-out ability, the oil that separated
from emulsion between the roll and strip surface could
form a lubricant film which helped to reduce the friction
and wear between the two contact surfaces to gain a better
quality of the rolling board. Compared with the GY emulsion, a better quality of rolling strip under lubrication by
GY+Nano had been obtained, and a clear rolling texture
without major defects was identified as shown in Figure
8 (c). In order to find out the cause, we conducted a scanning electron microscope test on the rolled strip lubricated
by GY+Nano, with the results presented in Figure 9.
·
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Figure 9 SEM electron spectroscopy of final rolled surface
lubricated by GY+Nano

The prime lubrication condition during cold rolling
belongs to the case of boundary lubrication. Generally
speaking, during the cold rolling process the extreme
pressure and anti-wear agents can be absorbed or can
react upon the metal surface to form a protective film, so
that the steel surface would not be scratched, damaged
or welded. In this way, the emulsion can function as a
lubricant. So we employed nano-Cu particles as the additive in the emulsion, and it can be seen from Figure 9 that
there are many Cu particals distributed on the rolled steel
strip surface that was lubricated by the emulsion containing GY+nano-Cu particles. The cold rolling process can
lead to a temperature rise in the rolling deformation zone,
and the “soft” metal — nano-Cu particles under the friction and rolling pressure can form a soft membrane in
the rolled surface, which can reduce the shear resistance
of the contact surface asperities between the roll and the
rolled strip. At the same time, the worn surface was partly
repaired. Finally, the surface quality of the rolled steel
was significantly improved. For this purpose, we have put
forward a lubrication mechanism for nano-copper particles’ behavior in the rolling emulsion, and the model is
shown in Figure 10.

·
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As shown in Figure 10, we suggest that the nano-Cu
particles and the oil in the rolling emulsion play the role
of lubricants. A part of the nano-Cu particles in the emulsion is melted and spread on the rolled strip surface,
acting as a lubricant to repair the surface asperities. The
oil is simultaneously separated from the emulsion with
other additives to form an oil film and play a major role
in lubrication, which can decrease the rolling process parameters such as rolling pressure and rolling power and
improve the rolled surface quality. On the other hand, the
slightly larger and nearly spherical nano-Cu particles resulted from reuniting of smaller particles located between
the rolls and steel strip can function as a ball bearing to
improve the lubricating properties of emulsions because
the static friction has changed into sliding friction[11-12].

4

Conclusions

It is clear from the parameters of the extreme pressure
friction and the lubrication effect of strip rolling that the
engineering application of nano-Cu particles after surface
modification have achieved good results, and can be used
as a kind of additive in the cold rolling emulsion. Incorporation of nano-Cu particles as a kind of additve in the
emulsion has provided a great opportunity to reduce the
rolling force and rolling power, and has greatly improved
the extreme pressure and tribological properties of emulsions. After comparing the final appearance of rolled
surfaces under different lubrication conditions, we have
inferred that the scratch and abrasion were fairly considerable when cold rolling of steel strips was carried out
without lubrication. However, after adopting the lubrication idea during the cold rolling process, we can obtained
better surface quality of rolled strips, especially in the
case of using an emulsion with nano-Cu particles that can
play the role of lubrication and repair the surface defects.
Generally speaking, the adoption of nano-addtives in
emulsions in industrial production offers an opportunity
for decreasing the energy consumption and improving the
production efficiency. At the same time, it is an exceptional means to obtain the rolled steel plates with good
surface quality.

Figure 10 Lubrication mechanism model of nano-Cu
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First Bessemer Converter Gas/Coke Oven Gas-to-Methanol
Unit Put on Stream
The first in the world 100 kt/a unit for methanol synthesis

by PSA to extract hydrogen. The purified converter gas

using the purified Bessemer converter gas and hydrogen

is then mixed with hydrogen extracted from coke oven

extracted from coke oven gas, the patented technology

gas to control the H/C ratio at (2.05—2.1):1 which is the

and engineering design of which was provided by the

optimal ratio for methanol synthesis prior to entering the

Sichuan Tianyi Science & Technology Stock Company,

methanol synthesis and rectification section to yield pure

Ltd., has been successfully put on stream at the Hei-

methanol.Compared with the traditional 100 kt/a unit for

longjiang Jianlong Chemical Company, Ltd. This unit is

manufacturing methanol from coke oven gas, the new

currently operating smoothly, with its product meeting

unit has omitted the high-temperature conversion section,

the premium grade requirements specified by the national

which needs pure oxygen operating at 1 200 ℃, to make

standard GB 338—2004.

the process flow sheet simpler and operating conditions

This process involves cleanup of the converter gas (con-

milder (requiring an operating temperature of 350 ℃), re-

taining about 60% CO) of steel making industry through

sulting in a 15% reduction in investment cost, a reduction

temperature swing adsorption and deep purification in

of overall energy consumption of 3 GJ/t of methanol, and

parallel with pre-purification of coke oven gas followed

a decreased carbon emissions equating to around 138 kt/a.
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