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Abstract: It was discovered the application of Al,O; nanofluid as lubricant for steel hot rolling could synchronously achieve oxidation protec-
tion of strips surface. The underlying mechanism was investigated through hot rolling tests and molecular dynamics (MD) simulations. The
employment of Al,O; nanoparticles contributed to significant enhancement in the lubrication performance of lubricant. The rolled strip exhib-
ited the best surface topography that the roughness reached lowest with the sparsest surface defects. Besides, the oxide scale generated on steel
surface was also thinner, and the ratio of Fe,O; among various iron oxides became lower. It was revealed the above oxidation protection effect
of Al,O; nanofluid was attributed to the deposition of nanoparticles on metal surface during hot rolling. A protective layer in the thickness of
about 193 nm was formed to prevent the direct contact between steel matrix and atmosphere, which was mainly composed of Al,O; and
sintered organic molecules. MD simulations confirmed the diffusion of O, and H,O could be blocked by the Al,O5 layer through physical ab-

sorption and penetration barrier effect.

Keywords: hot rolling; nanofluid; lubricant; oxidation protection; molecular dynamics

1. Introduction

As one of the most important manufacturing processes in
the steel forming industry, hot rolling is deployed to obtain
the specified dimensions, surface quality, and mechanical
properties [1]. Friction and wear are inevitable problems dur-
ing hot rolling process, resulting in about 30% more energy
consumption and material loss [2]. Meanwhile, the surface
oxidation of steel under the high-temperature condition of hot
rolling decreases productivity seriously. And the indentation
of oxide scale into steel matrix can also lead to surface de-
fects and increase the difficulty of subsequent pickling and
downstream processing [3]. Accordingly, the application of
appropriate lubricants is crucial, such as the rolling oil and
emulsion. With the development of nanotechnology over the
past decades, nanofluids with excellent thermal conductivity
and lubrication performance have attracted increasing atten-
tion in the field of hot rolling lubrication [4-5]. In particular,
water-based nanofluids usually possess the better colling
ability and lower pollution compared to traditional oil-based
lubricants, which are of great research value and application
prospect for developing novel hot rolling lubricants.

As for the lubrication mechanisms of nanoparticles, re-
lated scholars have conducted lots of investigations. The pro-
posed lubrication mechanisms can be summarized as the
rolling effect [6], polishing effect [5,7], interlayer sliding ef-
fect [2,8], and mending effect [9]. Besides, due to the ultra-
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high surface energy of nanoparticles, they are easy to deposit
and absorb on the metal surface during friction process, thus
forming a protective tribofilm. Roy et al. [10] studied the per-
formance of CuO and WC nanoparticles in Polyalphaolefin
under boundary lubrication conditions. CuO nanoparticles
could repair surface defects while WC nanoparticles could
form a tribofilm on the friction surface. Wang et al. [11] pre-
pared triethanolamine functionalized graphene oxide (TEA-
GO) for steel cold rolling. Results showed that an adsorption
film was generated on the roll and steel strips by TEA-GO
nanofluid to protect the surface from severe wear. Jin et al.
[12] studied the lubrication properties of Mn;O,/graphene
nanocomposites in grease. Most of the contact surface was
covered by the tribofilm, meanwhile the island effect of
graphene further improved the tribofilm strength. Hence, the
application of nanofluids for steel hot rolling lubrication has
significant research value. It is known that spherical Al,O;
nanoparticles have high hardness and good thermal stability.
After adding nano-Al,O; to lubricants, their bearing capacity
and stability of fluids can be assured. Although Al,O; nano-
particles have been employed for steel cold rolling and cut-
ting lubrication, there is little research on the application of
nano-Al,O; for hot rolling lubrication. Our previous studies
[13—14] have reported the lubrication performance of Al,O;
nanofluid, but the route that uses Al,O; nanofluid to achieve
oxidation protection effect during steel hot rolling lubrica-
tion is original and cutting edge. Hence, Al,O; nanofluid was
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employed for steel hot rolling in this investigation.

In addition to being used as lubricant additives, nano-
particles have also been widely applied in metal anti-corro-
sion coatings, such as TiO, [15], SiO, [16], ALO; [17], and
graphene oxide [18]. Related studies have confirmed that
nanoparticles exhibited superior penetration barrier effect to
ions and molecules. For instance, Aliyu ef al. [19] synthes-
ized graphene nanoparticles reinforced coatings for Al alloy
and found that the incorporation of graphene improved the
barrier and corrosion protection behavior of coatings. Yu
et al. [20] prepared graphene oxide—alumina hybrid nano-
particles and then they were applied in epoxy coatings. The
hybrid nanoparticles exhibited significant effect in enhan-
cing the corrosion resistance of epoxy coatings, which was
attributed to the excellent plugging micro-pore property of
nanoparticles. Ding et al. [21] applied ZrO, and MoS, nano-
particles in corrosion-resistant coatings for titanium alloy. It
was found that nanoparticles blocked the gaps between coat-
ings to further prevent direct contact between the metal sur-
face and corrosive ions. Based on the application of nano-
particles in the field of corrosion-resistant coatings, com-
bined with their adsorption and film-forming capacities, it is
feasible to use nanoparticles in steel hot rolling to restrain the
high-temperature oxidation of the metal surface. Besides,
Al,Os has been commonly used as anti-corrosion and thermal
insulation material. Therefore, we considered the creative ap-
plication of Al,O; nanoparticles for strip hot rolling lubrica-
tion to achieve surface oxidation inhibition under the guaran-
tee of lubrication performance. More recently, the molecular
dynamics (MD) method has become a crucial auxiliary
means to predict or reproduce the behavior of nanofluids dur-
ing friction and lubrication process [22—23]. Therefore, MD
simulation was also adopted in the present study to reveal the
oxidation protection mechanism of nanoparticles for steel
strips during hot rolling from the atomic scale.

In this study, water-based Al,O; nanofluid was first pre-
pared as lubricant for steel hot rolling to achieve oxidation
protection effect synchronously. Next, hot rolling tests of
steel strips were carried out to the lubrication performance of
AlL,O; nanofluid. Afterward, the effects of nanofluid on the
hot rolling force, rolled surface topography, and oxide scale
structure were characterized. Finally, MD simulations were
conducted to explore the effect of Al,O; nanoparticles on the
diffusion behavior of oxidizing atmosphere molecules (O,
and H,0) to reveal the corresponding mechanism.

2. Experimental
2.1. Materials and preparation of lubricants

Al,O; nanoparticles (a-phase, 30 nm), sodium dodecyl-
benzene sulfonate (SDBS, analytical reagent), and sodium
hexametaphosphate (SHMP, chemically pure) were provided
by Macklin Biochemical, Co., Ltd., China. Triethanolamine
(TEA, >99%), glycerol (>98%), and carboxymethylcellulose
(CMC, analytical reagent) were obtained from the Sino-
pharm Chemical Reagent, Co., Ltd., China. All materials and

reagents in this study were used as received without further
purification.

The preparation process of Al,O; nanofluid was as fol-
lows. Firstly, Al,O; nanoparticles were added to the deion-
ized water under continuous stir. Next, TEA and glycerol
were added to adjust viscosity and improve the lubrication
performance of the fluid. Then, CMC, SDBS, and SHMP
were added gradually as surfactants and dispersants. Finally,
after sufficient stir and ultrasonic treatment, Al,O; nanofluid
was obtained. The concentration of Al,O; nanoparticles in
nanofluid was 5wt%. Besides, the base-fluid without nano-
particles was also prepared as the control group, and other
substances in the base-fluid were identical to these Al,Os
nanofluid.

2.2. Hot rolling tests

A $320 mm x 200 mm two-high rolling mill was em-
ployed to study the rolled surface quality and oxidation beha-
vior of steel strips under different lubrication conditions, as
shown in Fig. 1. The steel strips for hot rolling were made
from E235B steel (ISO 630-2011) with an initial dimension
of 70 mm X 50 mm x 30 mm and chemical compositions
were listed in Table 1. The strips surface was polished to sur-
face roughness (R,) of 0.5 pm and cleaned with acetone thor-
oughly. The samples were heated to 1200°C in an argon-at-
mosphere furnace and held for 1.5 h to ensure they were
heated fully. The initial rolling temperature was controlled at
(1050 + 10)°C using a temperature measuring gun. The nom-
inal rolling speed was 0.5 m's”', and the samples were rolled
from 30 to 4 mm in five passes. The hot rolling tests were
conducted without lubrication, with base-fluid or with Al,O;
nanofluid, respectively. The base-fluid or Al,O; nanofluid
was applied abundantly during the processes as lubricant.
Subsequently, the rolled strips were cooled to room temper-

Roll

Lubricant

Fig. 1. Schematic diagram of the two-high hot rolling mill.

Table 1. Chemical compositions of E235B steel strips  wt%

C Mn Si P S Cr Fe
0.17 147 030 <0.042 <0.039 0.03

Balance
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ature. All tests were repeated three times to avoid contin-
gency.
2.3. Characterization methods

The surface topography, profile curve, and roughness of
rolled strips surface were acquired using a laser scanning
confocal microscope (LSCM, Olympus LEXTOLS 4100, Ja-
pan). A scanning electron microscope (SEM, ZEISS Gemini
500, Germany) equipped with an energy dispersive spectro-
meter (EDS) was employed to characterize the cross-section
of strips to get the oxide layer structure, thickness, and ele-
ment distribution. To further analyze the phase composition
of the oxide layer, X-ray diffraction (XRD, Rigaku Ultima
1V, Japan) was performed at 30 kV, 150 mA with Cu-K, ra-
diation in the 26 range of 20°—80°.

2.4. MD simulation details

To determine the oxidation inhibition mechanism of Al,O;
nanofluid during strips hot rolling, MD simulation was con-
ducted to study the diffusion behavior of oxidizing atmo-
sphere molecules (O, and H,0O) on the steel surface. As
shown in Fig. 2, the models without AL,O; (001) layer
(Fig. 2(a)) and containing AL,O; (001) layer (Fig. 2(b)) on Fe
(110) slab were built to simulate the hot rolling process
without and with Al,O; nanofluid, which was marked as
Model-F and Model-FA, respectively. Each model contained
50 O, and 50 H,O molecules. The total size of MD models
was 8 nm X 5 nm X 6 nm and the size of ALO; layer in
Fig. 2(b) was 8 nm x 5 nm x 0.65 nm. The interatomic and
van der Waals’ interactions between atoms were modified by
the Universal forcefield, which is suitable for obtaining the
diffusion and absorption properties of molecules [24]. The
study focuses on the behavior of oxidizing atmosphere mo-
lecules, hence the AL, O; layer and Fe slab were set as rigid
layers, while the O, and H,O molecules could move freely.

Fig. 2. MD simulation model for the behavior of O, and H,O
molecules on the Fe surface (a) without protection (Model-F)
and (b) with AL,O; layer (Model-FA).

After the above model setup stage, dynamics simulation
stage was performed. Firstly, the pressure P, = 100 MPa was
applied along the negative z-direction to simulate the pres-
sure during the actual hot rolling process. Meanwhile, the
temperature was maintained at 900, 1000, 1100, 1200, or
1300°C by the Nose—Hoover thermostat [25]. Then the simu-
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lation system was relaxed adequately for 200 ps to reach the
equilibrium state under the canonical (NVT) ensemble.
Secondly, the atmosphere molecules were diffused freely at
the set temperature and pressure for 1000 ps and the time step
was | fs. The motion trajectory and velocity of molecules
were recorded and exported every 10 ps. The mean square
displacement (MSD) and diffusion coefficient (D) of mo-
lecules were obtained by Egs. (1) and (2):

1
MSD() = (Y 10 - O)F) (1)
1.. (d

where N is the total number of atoms, 7(¥) is the position of
atom i at time ¢, and (0) is the initial position of atom.

3. Results and discussion
3.1. Hot rolling lubrication performance

During hot rolling processes, sufficient lubricants were
applied on the strip surface for every pass, as shown in
Fig. 3(a). Photos of the rolled steel strip under different lub-
ricating conditions were presented in Fig. 3(b). It could be
found that all the samples exhibited normal strip shape, but
there were significant differences in their surface finish.
Compared with the sample under no lubrication and base-flu-
id lubrication, the rolled strip surface lubricated with Al,O;
nanofluid was brighter with smoother surface topography. At
the same time, with the improvement of lubrication effect,
the brown oxides on the hot-rolled surface also gradually re-
duced, namely the typical high-valance iron oxide Fe,O;.

P : | pengfiud]
Fig. 3. Photos of (a) hot rolling process and (b) rolled steel
strips.

The variation of hot rolling force for each pass under dif-
ferent lubricating conditions was shown in Fig. 4. And the
finish rolling thickness of the rolled strip without lubrication,
with base-fluid, and with Al,O; nanofluid was 4.51,
443, and 4.24 mm, respectively. According to Stone’s for-
mula [4,26] shown in Egs. (3) and (4), lower rolling force F'
and closer finish thickness /., to the final rolling gap setting
(4 mm) usually indicates lower friction coefficient w, which
reflects better lubrication performance:

F (- Do

S ul/h 3)

uD(K —q)

Pgin = 3.58
E

“
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900 F
[ Without lubrication

800 - I Base-fluid
700 F ALO, nanofluid

600 | =

500 | 1

400 | =

300 | <

200 | I

100
0

Rolling force / kN

Rolling pass

Fig. 4. Hot rolling force of the strips under different lubricat-
ing conditions.

where S, /, and % are the average area, arc length, and thick-
ness of steel strip in the contact region, respectively. And the
tension of rolling g, diameter D, and elasticity modulus £ of
the working roll, deformation resistance o, and rolling stiff-
ness coefficient K are related to the rolling mill and steel
strip. Hence, the application of Al,O; nanofluid contributed
to the lowest average rolling force (409.0 kN), which was de-
creased by about 23.5% and 13.6% compared to that rolled
without lubrication and with base-fluid, respectively. Mean-
while, the finish rolling thickness was the closest to the pre-
set state in this case.

Surface topography micrographs and the corresponding
surface profile curves along y = 1280 pm of the rolled strips

Fig. S.
(b) with base-fluid, and (c) with Al;O3; nanofluid.

under different lubricating conditions were shown in Fig. 5.
Parameters for evaluating the surface roughness including the
average centerline value (R,), the maximum peak height (R,),
and the maximum valley depth (R,) of the profile were also
measured and presented. For the hot-rolled strip surface
without lubrication, as shown in Fig. 5(a), large areas of dark
regions and furrows could be observed on the surface. It
could be seen from the 3D topography that these dark re-
gions were mostly lower (appears blue in the 3D graph) than
other places, which was the typical feature of severe adhes-
ive wear that the metal on the strip surface was torn off and
transferred to the working roll. And the furrows along the
rolling direction were caused by the abrasive wear, which
was mainly attributed to the scratch of asperities and wear
particles to the friction surfaces. Meanwhile, the ductility and
thermal expansion property of the oxide scale formed during
hot rolling were quite different from those of the steel matrix
[27]. Then under high pressure, these oxides were easily
crushed and thus impacting the surface quality. As shown in
Fig. 5(b), when the base-fluid was applied as lubricant for the
hot rolling process, dark regions on the rolled surface be-
came fewer that the adhesive wear was alleviated due to the
anti-wear and friction-reducing effect of base-fluid. The re-
duce of R, and R, value also indicated the rolled surface was
more uniform with lower asperities and shallower grooves.
Further, as can be seen from Fig. 5(c), when Al,O; nanofluid
with better lubrication performance was employed, the
smoothest strip surface was obtained that the R, value was re-

80 - R,=2.96 um
70 - R,=8.43 um
g 60 | . R, =7.40 um
= 50 -Wu |
5 a0 \ XJN
2 30t !
20 +
10 +

0 500 1000150020002500
X-position / um

60 F

R,= 112 um
55+ R,=3.78 ym
X P
ZA5F i
=40t ?W\MWW
‘%‘3 35t
T 30}
25+
20 b

0 500 1000150020002500
X-position / pm

R,=0.86 um
55 ¢ R,=3.11um
R,=3.25pum

= 40 of*wm”wf\mﬁw

0 500 1000150020002500
X-position / um

Surface topography micrographs and corresponding surface profile curves for the rolled strips (a) without lubrication,
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duced from 1.12 to 0.86 pm. There were few surface defects
on surface such as scratches, pits, and especially metal adhe-
sions almost disappeared. In summary, the application of
Al,0; nanofluid as lubricant for steel hot rolling could allevi-
ate the rolling force as well as the friction between strip and
working roll, which could improve the surface quality of
rolled products, reduce material loss and energy con-
sumption.

3.2. Analysis of oxide scale on the rolled surface

The SEM images of the cross-section micrographs for the
hot-rolled strips under different lubricating conditions were
shown in Fig. 6. The corresponding EDS line scan results
along the red arrows in SEM images were also listed. The ox-
ide scale thickness could be obtained by analyzing the vari-
ation of Fe and O element content. It can be seen from
Fig. 6(a) that the oxide scale formed on the strip surface
without any lubrication was quite thick. The average thick-

(a) Fe matrix

B

t

il

\

{

B b = b st i ’

20 pm EHT = 2000 KV Signal A= CZ BSD Dato 28 Jun 2021 W
[ — WO = 10,5 mm Mag= 500X Photo No. = 4 Time B:54:43

(b)
o 4
20 um EHT = 2000k Signal A= CZ BSD Date 28 Jun 2021
— WD=110mm  Mag= 500X  PhotoNo.=21  Time:1059:45
(©)
EHT =20.00 A=CZBSD
| 20um W Sow

WD=110mm  Mag= 500X  PhotoNo.=27
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ness was about 78.8 um and there were several cracks and
cavities in the oxide layer. The interface between the oxide
scale and steel matrix was uneven with several zigzags.
While with the application of base-fluid, the oxide scale
thickness became lower to about 60.4 um on average with a
few voids and cracks. The interface was slightly smoother
and the zigzags became fewer. When the steel strip was lub-
ricated by ALLO; nanofluid during hot rolling, the oxide scale
generated on the surface was the thinnest (about 39.5 um),
indicating the lowest degree of metal oxidation. Furthermore,
Al elements were detected at the interface between oxide
scale and resin, so it can be speculated that Al,O; nano-
particles had been deposited on the surface and a layer might
be formed.

The XRD patterns of oxide scale on the rolled surface un-
der different lubricating conditions were shown in Fig. 7. The
peaks of Fe,O; (JCPDS card No. 99-0060), Fe;O, (JCPDS
card No. 99-0073), and FeO (JCPDS card No. 75-1550) were

100
90
80 |
70
60
50
40
30 +
20
10 }

0 [ 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200
Distance / pm

Content / wt%

100 +
90
80 |
70 +
60 +
50
40 +
30 +
20 +
10 +
0 20 40 60 80 100 120 140 160 180 200
Distance / um

Content / wt%

100 -
90 F
80
70 +
60 +
50 b
40
30 +
20 +
10 |
O e TN
0 20 40 60 80 100 120 140 160 180 200
Distance / pm

Content / wt%

Fig. 6. SEM and the corresponding EDS result for the cross-section structure of the rolled strips (a) without lubrication, (b) with

base-fluid, and (c) with Al,O; nanofluid.
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highlighted in the figure. It can be seen from Fig. 7(a) and (b)
that the oxide scale on the rolled surface without lubrication
and lubricated with base-fluid were mainly composed of
Fe,0; and Fe;0,. After the application of base-fluid, the char-
acteristic peaks of Fe;O, became slightly more pronounced.
As shown in Fig. 7(c), the employment of Al,O; nano-
particles made this phenomenon more remarkable that the
peaks of Fe,O; significantly weakened, meanwhile the peaks
at 42.1° and 61.1° indicated the presence of FeO. Hence, it
can be inferred that due to the excellent lubrication perform-
ance of Al,O; nanofluid, the oxide scale formed on steel sur-
face was denser. And the superior thermal conductivity of
nanofluid further promoted the cooling of high-temperature
steel strips during hot rolling [28]. The oxidation time of
metal surface was shortened and then the oxide scale was
thinned.

’ " * Fe,0,
. * F6304
. & FeO
. I . . i
5 (@] _ + |+ || ¢
§ [ 3 e
> L ]
= . .
8 ) Te I w |1
2 (b) * . .
- @
.
‘|
+ * .
(G I CR07 S X 0 | S

20 25 30 35 40 45 50 55 60 65 70 75 80
20/ (%)
Fig. 7. XRD analysis result of the oxide scale on the rolled
surface (a) without lubrication, (b) with base-fluid, and (c) with
AlLO; nanofluid.

To further clarify the role of ALLO; nanoparticles for the
oxidation of steel surface, the outmost area of the rolled sur-
face was characterized by the scanning-transmission electron
microscopy (STEM) mode of TEM. As shown in Fig. 8, a
distinct alumina layer with an average thickness of about
193 nm appeared outside the oxide scale. The structure of this
layer was relatively compact. In addition to Al element, sig-
nificant amounts of C elements were found in the layer.
Hence, it can be confirmed that Al,O; nanoparticles and these
organic molecules in nanofluid could indeed be deposited
and absorbed on the steel surface during the hot rolling pro-
cess. The density and stability of this protective layer could

Iron oxide

Fig. 8. STEM image and corresponding EDS map results of
the outmost area of the rolled surface.

inhibit the steel surface from direct contact with oxidation at-
mosphere to achieve the anti-oxidation function.

3.3. MD simulation on the diffusion of oxidation mo-
lecules

In this section, the effect of Al,O; layer on metal oxida-
tion would be discussed in detail according to MD simula-
tion results. The variation of MSD along z-direction for O,
and H,O molecules in different models under every simula-
tion temperature is shown in Fig. 9. The corresponding diffu-
sion coefficient D was calculated and listed in Table 2. Gen-
erally, the lower MSD and D indicate the diffusion of mo-
lecules is inhibited. It can be seen that the existence of Al,O;
layer on the Fe surface has obvious inhibitory effect on the
diffusion of two kinds of oxidizing atmosphere molecules to
Fe slab. By analyzing the MSD in the final state (1000 ps),
the diffusion inhibitory effect of O, at 1300°C was about
20.7%, and it was more significant for H,O molecules. At
1300°C, the MSD of H,O at the final state decreased from
2.38 x 10* to 1.34 x 10* nm” that the diffusion inhibition effi-
ciency reached 43.7%. The van der Waals’ interaction
volume (2.06 x 102 nm’) and surface area (1.304 nm?) of
H,O were calculated to be lower than the interaction volume
(2.45 x 10? nm®) and surface area (1.430 nm?) of O, mo-
lecule. Therefore, the free volume fraction of H,O was larger,
thus its pore volume utilization rate of the AL,O; layer was
also higher than O, [29], then the ALO; layer exhibited
stronger obstruction ability to the diffusion of H,O than O,
molecules. As a result, the decrease of the MSD value of H,O
molecules was more obvious.

With the increase of temperature, the diffusion coefficient
D of the two kinds of molecules showed an upward trend, in-
dicating that the thermal motion of molecules became more
intense. Generally, the variation of diffusion coefficient D
with temperature reflects the kinetic law of chemical reaction
[30]. To evaluate the tendency of the oxidation reaction of
different samples, the activation energy of oxidation reaction
was obtained by the Arrhenius formula [31], as shown in Eq.

)
QO

D= Doexp(—ﬁ) &)
where Q, is the activation energy of oxidation (J-mol ™), D, is
the Arrhenius constant, R is the ideal gas constant (8.314
J-mol™-K™), and T is the absolute temperature with the unit
K. By fitting these D values according to Eq. (5), the oxida-
tion kinetics equation and activation energy could obtain.
When the surface of steel strips was not protected by the
ALO; layer: D (O, in Model-F) = 155 x
10*-exp(=5608.3/T), D (H,0 in Model-F) = 1.90 x
10*-exp(—5815.8/T), O, (O, in Model-F) = 46.6 kJ-mol *,
and Q, (H,O in Model-F) = 48.4 kJ-mol '. When the Fe sur-
face was coated with AL,O; layer: D (O, in Model-FA) = 0.92
x 10*exp(—5429.4/T), D (H,0 in Model-FA) = 0.30 x
10™*exp(—3667.5/T), O, (O, in Model-FA) = 45.1 kJ-mol ',
0, (H,O in Model-FA) = 30.5 kJ-mol . From the oxidation
kinetics above, the lower Arrhenius constant D, for the mo-
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Fig. 9. Variation of MSD of atmosphere molecules at different temperature: (a) O, in Model-F, (b) H,O in Model-F, (¢) O, in
Model-FA, and (d) H,O in Model-FA.

Table 2. Diffusion coefficient D of O, and H,O molecules in different models 10 m*s™
Molecule Condition 900°C 1000°C 1100°C 1200°C 1300°C
0, Without Al,O4 1.545 1.955 2.468 3.103 4.646
With Al,O3 1.168 1.482 1.893 2.535 3.337
H,0 Without Al,O; 1.516 2.117 2.630 3.283 4.986
With Al,O3 1.378 1.639 1.981 2.417 2.934

lecules in Model-FA confirmed that Al,O; layer inhibited the
diffusion of O, and H,O, and thus reduced the rate of oxida-
tion reaction. More importantly, the oxidation activation en-
ergy Q, for both O, and H,O also decreased to a certain ex-

tent, indicating that the increasing trend of diffusion rate of

molecules to the metal surface became moderate with the rise

of temperature [32]. The mechanism of this phenomenon will

be revealed by the following analysis on the position, relat-

ive concentration distribution, and adsorption behavior of

molecules in different models.
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& i
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The snapshots of the MD simulation models in the final
state (1000 ps) at 1300°C are shown in Fig. 10, and the relat-
ive concentration distribution curves of O, and H,O along z-
direction at 900 and 1300°C are presented. As shown in
Fig. 10(a), when the Fe slab was exposed to the oxidizing at-
mosphere directly, both the concentrations of O, and H,O
molecules on Fe surface were relatively high, and the change
of temperature had no obvious effect on their distribution.
When the strips surface was protected by Al,O; layer, as
shown in Fig. 10(b), many atmosphere molecules gathered
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Fig. 10. Distribution and relative concentration profile of O, and H,O molecules for the system (a) without Al,O; layer and (b) with

ALO; layer.
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on the upper surface of Al,O; layer. The corresponding con-
centrations were close to 3vol%, which was higher than oth-
er positions distinctly. At the same time, very few molecules
have diffused to the Fe surface. Since the simulation method
adopted in this study was the classical molecular dynamics,
only the non-bonding interactions between atoms and mo-
lecules can be obtained, so the chemical reaction processes
including electron transfer and covalent bond formation/
breaking were not available directly [33]. Therefore, consid-
ering the extremely high chemical reaction inertia of ALOs,
the accumulation of molecules on the upper surface of Al,O4
layer was mainly due to the physical adsorption and penetra-
tion barrier effect of Al,O; layer. With the increase of tem-
perature, the concentration of adsorbed molecules decreased
slightly. The physical adsorption strength weakened, which
was consistent with the Langmuir adsorption model [34]. The
physical adsorption and penetration barrier effect reduced the
diffusion coefficient of O, and H,O molecules effectively,
and the certain adsorption strength of molecules on Al,O;
layer also reduced the sensitivity of diffusion coefficient to
the temperature rise.

However, under the forcefield of classical molecular dy-
namics, there was no similar aggregation of molecules on the
Fe surface in Fig. 10(a), indicating that the interaction
between O,/H,O molecules and steel strips surface tended to
be chemical reactions rather than physical processes. At this
time, the diffusion coefficient was also higher, which in-
creased the frequency and amplitude of collisions between
0,/H,0O molecules and Fe atoms on surface, thus promoting
the occurrence of oxidation reaction and formation of the ox-
ide layer. The adsorption energy E, of a single O, or H,0O
molecule on Fe or Al,O; surface was calculated. The adsorp-
tion energy of O, or H,O on Fe surface was —125.4 and
—133.7 kJ'mol ™', respectively, while this value was —27.5 and
—32.4 kJ-mol”" on the Al O; surface, respectively. All ad-
sorption energy values were negative, which showed that the
atmosphere molecules had obvious attraction effect on the
two solid surfaces [35]. The absolute values of E4 for mo-
lecules on the ALO; surface were both lower than 40
kJ-mol ™, whereas those on the Fe surface were higher and far
greater than 40 kJ-mol™'. Hence, it could be confirmed that
physical adsorption was the main interaction between
0O,/H,O molecules and the protective AlLO; layer, while
chemical adsorption was the typical interaction of them on
the more active Fe surface. This result further proved that O,
and H,O molecules were easy to oxidize with the high-tem-
perature Fe surface, and there was only physical interaction
with chemically inert Al,Os layer, which was consistent with
the MD simulation results above.

3.4. Discussion on the oxidation protection mechanism

Based on the results and analysis above, the proposed ox-
idation protection mechanism of Al,O; nanofluid was sum-
marized and discussed. During the hot rolling process, steel
strips were heated to high temperature and exposed to the air
atmosphere completely. Air molecules including O, and H,O

collided with metal surface intensely and then chemical reac-
tions occurred to form iron oxides. When nanofluid was ap-
plied as hot rolling lubricant, Al,O; nanoparticles spread out
quickly on the steel surface. Due to the deposition and ab-
sorption of Al,O; nanoparticles and other substances from the
nanofluid, a protective Al,O; layer would be formed. On the
one hand, this layer could act as the most direct barrier pre-
venting the steel strips from contacting oxidizing molecules.
On the other hand, these atmosphere molecules could be
physically absorbed by Al,O;. Then fewer molecules were
able to cross the protective layer and reach the pre-generated
oxide layer or even the matrix-oxide layer interface. After-
ward, the chemical reactions shown in Egs. (6) to (8) at the
interface were inhibited:

2Fe + 0, = 2Fe0 Q)
S5FeO + 02 = FC304 + F6203 (7)
3Fe +4H,0(g) = Fe;0, + 4H, 8)

As a result, the oxide layer generated on the rolled strips
surface became thinner significantly. Oxidation protection
was hereby realized meanwhile contributing to the reduction
in material loss and energy consumption.

4. Conclusion

In the present study, Al,O; nanofluid was prepared as lub-
ricant for steel strips hot rolling to induce oxidation protec-
tion effect synchronously. The effect of Al,O; nanoparticles
on oxide scale evolution of the rolled surface was investig-
ated through experiments and MD simulation. Results
showed that Al,O; nanofluid exhibited excellent lubrication
performance that contributed to about 13.6% reduction in av-
erage hot rolling force compared with the base-fluid, and the
finish rolling thickness was also the closest to the pre-set
value. The rolled steel surface had the optimal quality with
the lowest roughness and fewest surface defects. By analyz-
ing the oxide scale structure and composition formed on the
rolled surface, the thickness was about 34.6% thinner and
denser with lower proportion of high-valance iron oxide
(Fe,03). More importantly, AL,O; nanoparticles were ob-
served to be deposited at the contact interface. The protective
AlLO; layer in a thickness of about 193 nm formed on rolled
surface played a vital role in inhibiting the continuous oxida-
tion of high-temperature steel strips. Besides, MD simulation
results confirmed that the Al,O; layer could inhibit the diffu-
sion of O, and H,0O molecules mainly through physical ab-
sorption and penetration barrier effect. The oxide reaction at
hot steel strip surface was thus suppressed and the thickness
of oxide scale was reduced. This study provides a new route
for solving the surface oxidation problem of steel strips dur-
ing hot rolling process.
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