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Abstract: Lubricant is vital to improve energy efficiency and workpiece durability for the moving
counterpart. High-temperature lubricants are important for the hot rolling process to reduce the
rolling force and protect the roller and the strips. The current paper concerns eco-friendly sodium
metasilicate as a high-temperature lubricant. A hot rolling mill is employed to evaluate the lubrication
effect of sodium metasilicate. The influence of crucial factors of concentration of lubricant and
descaling is discussed; the rolled surface was analyzed by scanning electron microscopy, energy
dispersive spectroscopy, and 3D profilometer. The results depict that the sodium metasilicate can
reduce the rolling force by about 7.8% when the concentration of sodium metasilicate is 18% and
above, and descaling of the hot stripe makes the lubrication effect more effective, which can reach a
12.7% reduction in the rolling force. This lubrication is attributed to the formed melts of the sodium
silicate layer that offers an easy shearing interface. For the un-descaled samples, the lubricant will be
compacted and mixed with the oxide scale, and weakens the lubrication effect. This work suggests
that sodium metasilicate can be a high-temperature lubricant for hot rolling; descaling is vital, not
only for the quality of the product but also for the efficiency of the lubricant. This work will also be
useful for the concentration selection of glass lubricant.

Keywords: high-temperature lubricant; hot rolling; sodium metasilicate

1. Introduction

Lubrication is crucial to make the key machinery contact components operate durably
and reliably at extremely high temperatures, like the blade in the engine, the roller in
the hot rolling process, etc. [1-6]. For hot metal forming processes, like hot rolling, the
roller and work rolls are often exposed to high load (41 GPa) and elevated temperature
(600-1200 °C) [7], leading to high friction, severe wear, oxidation, and thermal fatigue, etc.,
which will influence the quality of the product, the service life of the roller and the energy
needed for deforming [8-14]. It is reported that effective lubricant can help solve these
problems to improve the roll life (20% to 40%) and strip surface quality, as well as reduce
power consumption [15,16].

Traditionally, an oil-in-water emulsion is used as a lubricant for hot rolling [17]. The
oil is either Karanja ester and mineral oil [18-21]. Oil droplets are believed to enter the
voids between contact asperities and function as friction-reducing and cooling agents, and
several works also focus on the lubricating state using either experimental or simulation
for the rolling process [22,23]. However, vulnerability to thermal degradation is speculated
to undermine the performance of hydrocarbon-based lubricants. Additionally, the oil-
based, grease-based lubricants can only perform effectively below 300 °C [24,25]. At high
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temperatures, some solid lubricants, like layered graphite, h-BN, and nanoparticles, are
normally used [26-28]. Further, melt (glass) lubricants exhibiting desirable physical and
chemical properties are regarded as promising lubricants for hot metal forming.

The development of new, environmentally tribological systems has become an urgent
demand due to growing environmental and energy concerns, particularly to substitute
the environmentally hazardous lubricants in the hot metal forming process [29]. Since
2000, hazardous lubricants in industrial applications have been increasingly restricted in
Japan and Europe. EU has introduced new legislation for high-level protection of human
health and the environment. Therefore, metal manufacturers are increasingly concerned
about environmental pollution and have attempted to establish healthy and safe working
conditions. In the hot metal forming, the graphite regarded as “black” lubricants needs to
be replaced by the “white” lubricants due to the dirty working environment, pipe corrosion,
leakage to the soil as well as the low recovery rate of inferior oil separation [30]. Water-
based lubricant for metal forming has attracted increased attention due to their promising
cooling effect and low environmental pollution [31,32].

Melt (glass), like silicates, borates, and phosphates, with the atomic structure of
short-range order, while long-range out-of-order, are believed to be high-temperature
lubricants. Borate-based compounds have been used as an additive in various lubricant
formulations [33]. It can react with ferrous surfaces to form a coating that resists corrosion.
Inorganic borates are oil additives that adapt to boundary lubricating conditions [34].
Borate additives have been applied in the metalworking industry, such as wire drawing
and seamless tube production. However, not all of these melts obtain the lubrication effect.
For example, the application of borate of soda alone or in a mixture of oil has caused a
gumming up and a shut-down of the process in the production of seamless tubes.

The tribological effects of glass lubricant were mainly studied using a laboratory ball-
on-disc tribometer. The mechanism of glass lubricant was discussed by surface and interface
analysis. Tieu et al. [35,36] have studied the tribo-film of poly-phosphate, and indicate
that molten poly-phosphate lubricant shows excellent properties in friction reduction,
anti-wear, and anti-oxidation properties because of the tribo-induced hierarchical structure
at the rubbing interface. They suggest that liquid-like melt forms a viscous lubrication
film with Fe, Na, K, P, and O, providing reduced friction, wear, and anti-oxidation. The
reactant film can relieve the stress concentration arising from the plastic deformation after
sliding; an intermediate phosphate layer restricts free access of oxygen to the underlying
surface and reduces secondary oxide scaling. Cui et al. [37,38] suggest that different chain
lengths of poly-phosphate show a gradient change in composition on the tribo-interface.
Liquid-like melt forms a viscous lubrication film, offering lubrication and anti-oxidation.
The reactant film with Fe, Na, K, P, and O can relieve the local stress concentration during
sliding; an intermediate phosphate layer restricts free access of oxygen to the underlying
surface. The short-chain phosphate with lower viscosity on the top surface contributes to
better lubrication and anti-wear efficiency. The long chain poly-phosphate adheres to iron
oxide through a short-chain phosphate due to the tribochemical reaction between wear
debris and phosphate agents. The interaction between NasP,0O7 and Fe,O3 results in a
mixed Na/Fe phosphate compound with a P-O-Fe bond, which replaces the P-O-P bond.
In the meantime, iron oxide is digested by phosphate to make the poly-phosphate more
cross-linking and improve the tribological properties [39]. Kong et al. [40] demonstrate that
the mixture of sodium poly-phosphate and potassium poly-phosphate also shows excellent
lubrication effects because of the multi-layers at the sliding interface.

As one of the glasses, sodium metasilicate is eco-friendly and is always used as a vis-
cosity additive with other lubricants. Silicate-based compounds have been developed as lu-
bricant additives, which minimize friction and wear effectively, e.g., Al4[SisO10](OH)4 [41],
and aluminum-magnesium silicate [42]. Some publications mentioned about silicate addi-
tives in mineral oil [41-43]. Devendra Singh et al. [44] report that engine lubricant in a very
low concentration of 0.01% weight/volume can reduce friction coefficient (46%) and wear
scar diameter because of the presence of the ferrosilicate layer on tribosurfaces, which help
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reduce friction and wear. Yu et al. [45] studied the serpentine mineral powders (1.5 wt.%,
1 pm in size) as lubricant additive in mineral oil and found that a nanocrystalline tribofilm
with a thickness of 500-600 nm was generated on worn surface, mainly composed of Fe3Oy,
FeSi, Si0,, AlFe and Fe-C compounds (Fe3C). Feng Nan et al. [42] report that FeOOH and
SiO formed on the worn surface after lubricating with ultrafine magnesium aluminum
silicate powders as lubricant additives in oil is responsible for the further improvement in
tribological properties. However, as the base of these lubricants, the lubrication of the NSO
is merely studied, especially at high temperatures.

Little research concerns the lubrication effect of sodium metasilicate with other lubri-
cants by simulated hot rolling mill. Although many patents [46] mentioned sodium silicate
as a high-temperature lubricant, only a few papers [47] studied the combined sodium
silicate (ratio of SiO,/NayO between 2 to 4) and graphite as a high-temperature lubricant
from 500 to 1200 °C and found that the friction is lowest when the silicate is in the liquid
state, and that graphite plays an important role for the adhesion. In hot metal forming, an
oxide scale forms on the strips, and the influence of oxide and lubricant on rolling results
is still unclear; the concentration is dependent on tribological results using pure sodium
metasilicate lubricant and is rarely reported.

Therefore, in this work, the lubrication of NSO with varying concentrations (0, 3, 9, 18,
36, 54 wt.%) was used for the hot rolling process. The effect of descaling on the lubrication
was also investigated. Surface and interface analyses were also conducted to identify the
lubrication mechanism.

2. Materials and Methods
2.1. Materials

Sodium metasilicate (NSO) from Sigma—Aldrich was used as a lubricant for the hot
rolling process. The X-ray diffraction (XRD) pattern of NSO is shown in Figure 1a. The
NSO is a polymer’s structure linked through the covalent repeated tetrahedral SiO, atoms
to form chains and surrounded by Na, as shown in Figure 1b.
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Figure 1. (a) XRD pattern of commercial sodium metasilicate, and (b) the structure of sodium
metasilicate.

The commonly used mild steel (MS) plates were used for the hot rolling tests. The
specimens were cut into 30 mm x 20 mm x 203 mm and chamfered at the front end. The
composition of this MS is shown in Table 1. Nomenclature table with SI unit is shown
in Table 2.
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Table 1. Chemical composition of mild steel (%).

Elemrnt Fe C Si Mn \%Y Al Cu P S
content 98.17 0.5502 0.1626 0.8383 0.1008 0.00241 0.0038 0.0231 0.0516

Table 2. Nomenclature table with SI unit.

Name Symbol SI Units
Sodium metasilicate NSO
Mild steel MS
Roughness Ra pum
Rolling force P N
Coefficient of friction u
Strip width B m
Radius of roll R1
Rolling reduction Ah
Front tension stress tl Pa
Back tension stress 2 Pa
Yield stress o Pa
Base yield stress o) Pa
Temperature T K
Stain €
Stain rate é g1

2.2. Hot Rolling Experiment

The hot rolling experiments were conducted using a 2-high Hille 100 rolling mill. The
roll size is 225 mm in diameter, 254 mm in length, and a roughness (R,) of 1.0 um. Rolling
forces were obtained by load cells on the mill connected to a computer. The rolling torque
was obtained using strain gauges on the shaft. Firstly, the MS sample was heated in a MoSi,
tube heating furnace at 1150 °C for 30 min with the N, gas at a flow rate of 15 L/min to
ensure a homogeneous temperature distribution and a uniform scale thickness. Then, it
was rolled with a reduction of 40% (average pressure 132 MPa) and a rolling velocity of
0.5m/s (40 RPM). A thick layer of aqueous inorganic polymer glass lubricant is sprayed
on the rolls prior to strip entry into the roll bite. As the length of the sample (200 mm)
is appreciably shorter than the circumference of the roll (706.5 mm), the sample can be
fully lubricated during the whole rolling process. After rolling, the rolled samples were
immediately put into a sealed box and purged with nitrogen gas to eliminate the secondary
oxidation. The rolling process is schematically illustrated in Figure 2.

Spray luhricav
V'. ke Sample .— - - Sa"ﬁ | :

Heating controller

Tube furnace Rolling mill Cooling box

Figure 2. Schematic of the hot rolling experiments.

2.3. Characterizations

Phase constitutes of NSO were identified by X-ray Diffractometer (GBC MMA) with
Cu-Ko radiation source. The set step size and scan speed are 0.02° and 1° /min, respectively.
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The surface profile of the rolled surface was observed by the 3-D profile (Bruker, Billerica,
MA, USA). Morphologies and chemical composition of the rolled sample surface of the
counterparts were examined by a JSM-6490LV scanning electron microscopy (SEM) attached
with energy dispersive spectroscopy (EDS).

3. Result and discussion
3.1. Hot Rolling Results for Un-Descaled Conditions

The hot rolling results under the lubrication of different concentrations of NSO for
un-descaled strips are given in Figure 3. As can be seen in Figure 3a, the rolling force under
water lubrication is around 230 kN. When the NSO is applied, the rolling force is reduced
by 7.8% compared to the water-lubricated condition, with the lowest of 212 kN at 18 wt.%
concentration, 7.8% reduction compared to the 0 wt.% NSO. The rolling force is at the same
level as that of the concentration of 18 wt.%, even under higher concentration.
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Figure 3. Rolling force (a) and coefficient of friction (b) as a function of the concentration of the NSO
for un-descaled strips.

The coefficient of friction is calculated by an inverse method according to the Alexander
Model [48]. The results are shown in Figure 3b. It can be seen that the calculated coefficient
of friction shows the same trend as the rolling force, where the coefficient of friction was
reduced for the NSO applied condition, with the value decreased from 0.315 for the water
lubricated condition to 0.257 with 18 wt.% NSO lubrication. Thus, the results above suggest
that the sodium metasilicate is an effective lubricant for the hot rolling process, and the
optimal concentration was 18 wt.%. The reverse calculation of the coefficient of friction
based on Equations (1)—(5)

P = B-K-VR1-Ah- <1.08 +1.79 vy f—l - 1.02-r> : (1 - W) 1)

where P and p are the rolling force and coefficient of friction, B, R1, Ak, C, t1, and t2
are the stripe width, radius of the deformed work roll, rolling reduction, coefficient, and
front and back tension stress. The radius of the deformed roll R1 was calculated based on
the equation:

16(1 —v?)P

R1 =R TEAh

1+ @)

According to [49], the yield stress of steel is:

c=o0p xe T x bl x b2 (3)
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where 0 and oy are the yield stress and base yield stress, ¢, ¢, and T are the strain, strain
rate (s71), and temperature (K), respectively. A, bl, b2, m1 and m?2 are all constants. In
Alexander’s program, the flow stress is modified as:

Y = A x Exp (BT) x (1+ Ce)"™ x (1 + Dé)™ @)

where A, B, C, D, n1, and n2 are constant for mild steel, and the determined results are
shown below:

Y = 158.44 x Exp (—002532T) x (14 1000¢)*** x (1 4 1000¢)*1%” (5)

It can be seen that the calculated coefficient of friction and the torque show the same
trend with that of the rolling force, where the coefficient of friction and torque also reduced
for the NSO added conditions, with the value decrease from 0.26 and 5.6 kN-m for the pure
water lubricated condition to 0.21 and 5.3 kN-m. Thus, the results above suggest that the
NSO has the lubrication effect for the hot rolling, and the optimal concentration for the
sodium metasilicate is 18 wt.%.

3.2. Surface Observation of Rolled Strips under Un-Descaled Condition

As the surface quality of the hot rolled strips is an important parameter, the 3D profile
and roughness results are shown in Figure 4. After oxidation at high temperatures, the
roughness is increased due to oxidation at high temperature. The surface roughness of
the strip surface under 0 wt.% NSO lubrication is about 4.95 um. It is slightly reduced
to 2.83 um for 18 wt.% NSO adding condition, while slight decreases are observed with
the increase in concentration of NSO. The lubricant could fill into the cracks on the oxide
scale and partially prevent the direct roll/strip contact to reduce the roughness. However,
the non-continuous tribofilm might increase the roughness, leading to a slightly reduced

surface roughness.
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Figure 4. 3D and 2D profilometer images of the rolled samples surface under different concentrations
of sodium metasilicate; (a) 0 wt.%, (b) 3 wt.%, (c) 9 wt.%, (d) 18 wt.%, (e) 36 wt.%, (f) 54 wt.%.

As the original roughness of the roller is only around 1 pm, the applied load on the
hot strips compresses the oxide scale, producing spalling and some cracks. In Figure 5,
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500 um

spalling and grooves result from scratches of asperities. The oxide scale is observed for
the water-lubricated condition at a higher NSO concentration of 18 wt.% (Figure 5d),
negligible grooves are observed, and some adhered films are found. EDS mapping of the
representative film (marked red box region shown in Figure 5f) is present in Figure 6. The
films are rich in Na, EDX spectrum of spots B and C, and the relative composition is shown
in Figure 6b,c. The smooth region of spot C contained more Na and O, indicating the
existence of lubricant on the surface of hot rolled strips. It is clear that the Mn is rich on the
worn surface, which is consistent with our previous ball-on-disc test that Mn aggregated to
the top surface in the metasilicate glass lubricated conditions [33].

500 pm

Figure 5. Secondary electron images of the rolled sample surface under different concentration of
NSO; (a) 0 wt.%, (b) 3 wt.%, (c) 9 wt.%, (d) 18 wt.%, (e) 36 wt.%, (f) 54 wt.%.

100 pm

1:6 [Fe]
o] W[

v frrrryrrrr[rrrr[rrrr[ T rrrr I rrTT

0

1

2

3 4 5 6 7 keV

Figure 6. SEI of the marked red square region in Figure 5 and the corresponding EDS mapping and
EDX spectra.

The morphology of the cross-section and the corresponding elemental distribution are
shown in Figure 7. For different concentrations of NSO, the oxide scale thickness is about
50 pm with the NSO-lubricated condition, compared to 70 pm with the water-lubricated
condition. For the concentration below 9 wt.%, negligible Na and Si were observed. At
18 wt.% and above, large amounts of Na and Si are detected in the oxide scale and the strip
surface. Some of the NSO were compressed into the oxide scale; thus, the Na and Si can
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also be found in the oxide scale and fill the cracks. These Na and Si are also likely to hinder
the inward diffusion of oxygen and reduce oxidation as a result.

50 wm

Figure 7. SEIs of the cross section of the rolled samples and their corresponding EDS mappings;
(a) 0 wt.%, (b) 3 wt.%, (c) 9 wt.%, (d) 18 wt.%, (e) 36 wt.%, (f) 54 wt.%.

3.3. Hot Rolling Results for Descaled Conditions

To further identify the influence of the oxide scale on the lubricating effects of NSO,
hot rolling tests were also conducted for the descaled strips. As can be seen in Figure 8, the
rolling force and reverse calculated coefficient of friction show a decreasing trend with the
increase in NSO concentration. It is 245 kN for the water lubrication, a 12.7% reduction
to 214 kN at 18 wt.%, and a minor decrease with the increase in NSO concentration.
In Figure 8b, the reversed calculated coefficient of friction is 0.335 for the 0 wt.% NSO
condition, and reduced to 0.267 when the concentration of NSO is 18%, it keeps this level
with further increasing of NSO concentration. Compared to the 7.8% reduction for the
undescaled condition shown in Figure 3, the reduction in rolling force for the descaled
strips is larger, indicating a better lubricating effect of NSO for the descaled strips, which
means that the existence of oxide scale will deteriorate the lubricating effects.

3.4. Surface Observation of Rolled Strips under Descaled Condition

The rolled surface for the descaled sample was lubricated by 18 wt.% NSO seems
more smooth than the sample of 0 wt.% NSO, as shown in Figure 9a,c. In Figure 9¢c, some
small black drops are observed on the sample surface; the elemental distribution shown
in Figure 9d indicates the existence of some Na and Si. A higher magnification image of
the marked red box in Figure 9c was also shown in Figure 10. It is clear to find some black
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drops on the rolled sample surface; EDS mapping in Figure 10b shows strong signals of
Na and Si at the black drops region, suggesting the aggregation of the melted NSO. EDX
spectrum of the marked red spots (C and D) are illustrated in Figure 10c,d; compared with
the strong signal of Na and Si in spot C, a small amount of Na and Si are observed on the
non-melt covered region.

300 0.5
a 250 b
I 5 04
Z Z
%200 H T [EH{
g £ 03 “\}R
S 150 < t {—ii
= =
20 5 0.2}
= 100 E
= o
2 S
soll 0.1}
0 0_0 1 1 1 1 1 1
0 3 9 18 36 54 0 3 9 18 36 54
Concentration of sodium metasilcaite (wt.%) Concentration of sodium metasilcaite (wt.%o)

Figure 8. Rolling force (a) and coefficient of friction (b) as a function of the concentration of the NSO
for the oxide scale descaled condition.

Figure 9. SEM images and corresponding EDS mapping of the rolled surface for 0 wt.% NSO samples
(a,b) and samples under 18 wt.% NSO (c,d).
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Element Wt.% (l @ Element Wt.%
Fe 44.2 200 Fe 69.5
o 29.7 3 o 27.9
Na 16.1 ¢ 1.8

100 0.1

0.7

Figure 10. SEIs of the cross-section of the rolled samples and their corresponding EDS mappings;
(a) SEM image of the red box marked region in Figure 9¢, (b) the corresponding EDS mappings, the
spectrum of marked spot (¢) C and (d) D in Figure 10a.

The lubrication effect of NSO is concentration-dependent; the optimal results are
obtained when it is 18 wt.% and above. Further increase in the NSO did not further reduce
the rolling force. It is likely due to the fact that when the concentration of NSO is 18 wt.%,
the NSO can almost cover the sample surface, further increases in the content, can only
slightly increase the thickness of the NSO layer, and have a slight influence on the frictional
results. When the concentration is below 18 wt.%, the NSO is not enough for the coverage
of the samples, leading to a partial separation of the roller and strips and thus showing
poorer lubrication effects. After rolling, the NSO does not appear to cover the strips; this
results from the fact that some NSO is compacted into the oxide scale, and the strips are
enlarged after hot deforming. The descaling process and the oxide scale can influence the
rolling and friction results. For the un-descaled hot strips, a thick oxide scale (hundred
micrometers) forms on the strip; it is even tens of micrometers after rolling. As can be
seen in Figure 7, it is about 70 um. Compared with the dense substrate, the oxide scale is
normally softer with large amounts of voids; high pressure during rolling will also break
the oxide scale and cause cracks. NSO will be compacted, sheared, and mixed with the soft
oxide scale during the rolling process, thus weakening the lubrication effect to some extent,
as illustrated in Figure 11.
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Figure 11. Mechanism for lubrication difference of NSO under descaling and un-descaling conditions.

The hot rolling results suggest that NSO can function as a lubricant for the hot metal
forming process. However, the efficiency differs from that of the laboratory ball-on-disc
results reported previously [50,51]. The laboratory ball-on-disc results indicate that the
NSO has promising lubrication effects at 920 °C and above due to the glass transition
and pre-melting of NSO. The formed glass with low viscosity can offer an easy sliding
interface, thus reducing friction and wear. The reduction in the coefficient of friction can
reach 50%, much higher than the hot rolling process. This results from the difference in
working conditions and configuration between the hot rolling experiment and ball-on-
disc tests. Firstly, the NSO is coated on the discs and heated to the target temperature to
perform tests, and the tests last for 15 min, which means the long-time exposure of NSO at
high temperature and frictional heat produced during continuous sliding can ensure its
transformation from solid state to the melt and provide lubrication [50]. For the hot rolling
process, the duration of the contacts of the roller and hot strip is only 1072~102 s; the
lubricant is sprayed on the hot roller, considering the diameter of the roller (706.86 mm),
the 200 mm length strips can be lubricated within one revolution. Some NSO particles
are unlikely to be fully transformed into a viscous liquid to offer lubrication. When the
lubricant is coated on the discs for the ball-on-disc test, the water is evaporated at high
temperatures while it is sprayed on the cold roller in the hot rolling process. The existence
of oxide scale is also believed to weaken the lubrication effect of the NSO glass lubricant,
as the iron oxide scale formed on the steel surface is generally loose, some of the NSO glass
is likely to be compacted, sheared, and even mixed with the soft oxide scale through the
holes and cracks during the high deformation process.

For the descaled tests, the NSO easily forms the easily sheared melt at the rolling
interface. Therefore, it is important for the descaling process to control the oxide scale.
During the descaling process, the descaling time must be kept constant to exclude the
influence of the temperature differentials, which is vital in the hot rolling process.

4. Conclusions

This paper deals with the lubrication effects of pure sodium metasilicate. The influence
of the concentration of NSO and descaling on the rolling force and the inverse calculated co-
efficient of friction was studied. The rolled surface morphology and elemental distribution
were characterized. The key findings of this work are:
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(1) The lubrication effect of sodium metasilicate was concentration and descaling depen-
dent; when the concentration of NSO is 18 wt.% and above, the optimal lubricating
effect is obtained. It results from the coverage difference of NSO on the strip surface.

(2) Descaling that removing the oxide scale can influence the lubricating effects. The
dense strips exposed after descaling will provide a substrate for the melt NSO and
offer a hard-soft interface for easy shearing; thus, the destructive abrasive wear is
reduced, contributing to a smooth surface and a significant reduction in friction
and wear.

(8) For the un-descaling conditions, the NSO will be compacted and mixed with the oxide
scale, and thus weaken the lubricating effect in some effect.
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