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Effects of grain boundaries in oxide scale on tribological properties of
nanoparticles lubrication

Abstract

The characters of grain boundaries in oxide layers formed on substrates influence adhesion and friction
behaviour, surface fracture and wear during high temperature steel processing. In this work, an electron
backscattered diffraction (EBSD) analysis was conducted to investigate the role of surface grain
boundary and orientation in magnetite (Fes04)/haematite (a-Fe203) scale during hot rolling, and further

evaluate their effects on tribological properties of water-based nanoparticles lubrication. The results
demonstrate that Fe304 (100) plane is strongly sensitive to the surface characteristics as the
minimisation of surface energy. Coincident site lattice (CSL) boundaries in microstructure is in presence
of 23 in the Fe304 and Z13b in the Fe203 of the substrates subjected to a thickness reduction of 28% and

cooling rate of 28 ° C/s. This is due in great part to the changes in crystal slip systems. These low-Z CSL
boundaries in oxide scale offer obstacles to the propagation of cracks, where some of nanoparticles
collected would be trapped at the interface and thereby may cause high wear rates. A lubrication
mechanism is proposed to explain the grain boundary effect on nanoparticles lubrication, and further to
determine the dependence of frictional behaviour on surface energy, crystallographic preferred orientation
(microtexture) and crystal structure. These results provide an intriguing new insight into the application of
water-based lubricant with graphite nanoparticles.
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Abstract

The characters of grain boundaries in oxide layers formed on substrates influence adhesion and
friction behaviour, surface fracture and wear during high temperature steel processing. In this work,
an electron backscattered diffraction (EBSD) analysis was conducted to investigate the role of
surface grain boundary and orientation in magnetite (FesO4) / hematite (a-Fe,O3) scale during hot
rolling, and further evaluate their effects on tribological properties of water-based nanoparticles
lubrication. The results demonstrate that FesO4 (100) plane is strongly sensitive to the surface
characteristics as the minimisation of surface energy. Coincident site lattice (CSL) boundaries in
microstructure is in presence of £3 in the Fe30,4 and X13b in the Fe,O3 of the substrates subjected to
a thickness reduction of 28% and cooling rate of 28 °C/s. This is due in great part to the changes in
crystal slip systems. These low-X CSL boundaries in oxide scale offer obstacles to the propagation
of cracks, where some of nanoparticles collected would be trapped at the interface and thereby may
cause high wear rates. A lubrication mechanism is proposed to explain the grain boundary effect on
nanoparticles lubrication, and further to determine the dependence of frictional behaviour on

surface energy, crystallographic preferred orientation (microtexture) and crystal structure. These



results provide an intriguing new insight into the application of water-based lubricant with graphite

nanoparticles.
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1. Introduction

Water-based nanoparticles lubricants have recently emerged as environmentally friendly and energy
saving alternative to conventional oil-based lubricants for metal processing at high temperatures [1,
2]. Since most metals and alloys inevitably grow surface oxide layers due to thermal oxidation at
elevated temperatures [3-5], graphite in oxidising environments becomes the spotlight in the
nanoparticle additives for lubrication in hot rolling [6]. In some cases, the environment can
dominate surface characteristics of two solids in contact during nanoparticle lubrication [7, 8].
Correspondingly, many different surface properties of metals and alloys will influence tribological
performance [9, 10]. These surface properties include surface energy, crystallographic orientation,
grain boundaries, texturing of surface and crystal structure [11, 12]. Therefore, it is widely expected
that tailoring the atomic structure of the grain boundary can be possible to enhance tribological
properties during nanoparticles lubrication, and further improve surface quality of steels [13, 14].
However, characterisation of texture evolution and grain boundaries in deformed oxide layers has

remained less investigation.

Texture in material science is defined, more concisely, as crystallographic preferred orientation, i.e.
the tendency how the atomic planes in a volume of crystal are positioned relative to a fixed
reference [15, 16]. This is different from texturing of the surface in the field of tribology [6, 17, 18]
or the road and traffic engineering [19], which is defined as the repetitive or random deviation from
the nominal surface that forms the three-dimensional topography of the surface, and represented by
roughness, waviness, lay and flaws [1, 20]. Generally, an approach, such as electron backscattered
diffraction (EBSD), that deals with the orientation statistics of a population of individual grains and
their spatial location, i.e. the orientation topography, has been termed as microtexture — the

conjoining of microstructure and texture [15, 21]. To avoid ambiguity, a texture that reflects an



average value obtained from many different grains is often called macrotexture [15, 22], which is

obtained from the x-ray or neutron diffraction.

In addition to crystallographic orientation, the presence of grain boundaries in the oxide layers
influences adhesion and friction behaviour, surface fracture and wear [1, 13]. A grain boundary is a
strained condition in that many dislocations present to help accommodate the misfit or mismatch in
adjacent orientations. These high energy regions at the surface could make sliding more difficult
and increase the friction force of materials [13, 23]. Nevertheless, different crystallographic
directions will have different mechanical properties. As such, the orientation of a crystallographic
slip plane will change when a counterpart moves out from a grain across a boundary to another
grain. This could also be associated with change in friction [1]. Thus, the grain boundary can
contribute to the overall surface energy and the corresponding tribological behaviour. Generally, it
is widely believed that coincident site lattice (CSL) boundaries have both lower grain boundaries
energy and higher migration mobility than other general boundaries [24, 25]. The low-energy CSL
boundaries can be used to improve the crack or oxidation resistance of the materials [25, 26].
However, detailed information on what kinds of CSL boundaries have beneficial properties and how
the typical processing routes actually produce high fractions of CSL boundaries is still lacking.
Furthermore, grain boundary engineering (GBE) is largely confined at present to face centre cubic
(fcc) metallic systems, such as stainless steel [27, 28], nickel alloys [29, 30] and aluminium alloys
[31]. Little is currently known concerning grain boundary characters of cubic magnetite (Fe3O,) and

hexagonal hematite (a-Fe;03).

Analysis of the microtexture in oxide phases and their orientation relationship (OR) is generally
conducted via EBSD [32-38]. Cubic Fe;0O4 and wustite (Fe;xO, 1-x=0.83-0.95) share a strong
<100> texture and a cube-cube OR in undeformed oxide scale formed on whatever the steel

substrate [16, 32]. In contrast, the deformed Fe;.xO develops a pronounced <100> fibre component



using plane strain compression [33, 36]. In view of texture analysis of iron oxides in the geography
field [37, 38], ambiguities remain what kind of microtexture in deformed Fe;O,4 and a-Fe,O3 will be
developed during hot rolling, and what its evolution will be. Also, few work on the grain boundary
effect leads to the change of tribological properties with the polycrystalline tungsten or copper [1,

13, 25], but often uncorrelated.

To examine the grain boundary effect, the present study aims to detect the grain orientations of the
steel substrate and oxide layers after hot rolling-accelerated cooling (HR-AC) process, and then to
find how the effect is acting on. Specifically, an EBSD texture-based analysis is first conducted to
investigate the microtexture and misorientation characteristics of Fe3O4 and a-Fe,Oj3 in the tertiary
oxide scale after HR-AC tests. These grain boundary characters and texture evolution are then used
to determine the dependence of frictional behaviour on crossing grain boundaries based on the slip
behaviour of cubic Fe3O4 and hexagonal a-Fe,Os. Finally, an attempt is made to simulate the
formation and propagation of cracks along the Fe3O4 grain boundaries and thereby to provide a

further understanding on tribological properties of nanoparticles lubrication.

2. Experimental and analytical procedures

2.1 Material and HR-AC test

The material used was a Nb-V-Ti microalloyed low carbon steel for automobile beam. Its chemical
compositions are listed in Table 1. Flat steel sheets (400 x 100 x 3 mm®) with an average surface
roughness of about 0.5 um were hot rolled on a 2-high Hille 100 experimental mill combined with
an accelerated cooling system. Full details of the experimental instruments can be found elsewhere
[39, 40]. The following procedure was conducted for every HR-AC test. Each sample was reheated

to 900 °C at a rate of 1.7 °C/s under a high purity inert gas atmosphere, and held for 15 min to



ensure a uniform temperature and homogenise the austenite grains. The reheated sample was then
given a single rolling thickness reduction (TR, 10%—-28%) at a rolling speed of 0.3 m/s without any
lubrication followed by an accelerated cooling with the cooling rates (CRs) of 10-28 °C/s. Finally,
the HR-AC samples were air cooled to obtain the tertiary oxide scale [4] at room temperature. This
presumes, of course, the grown oxide layers are subject to the same deformation ratios as the
corresponding hot-rolled steel substrate. In this case, the heat treatment during hot rolling aims to
obtain the large initial grain size in oxide scale. The polycrystalline matrix of oxide layers was used

to determine the influence of crossing grain boundaries on slip behaviour.

Table 1 Chemical compositions of the microalloyed low carbon steel.

Elements C Si Mn P Cr S Al N Nb +V+ Ti Fe

wt.% 0.1 015 161 0.014 021 0.002 0.034 0.003 0.016-0.041  Bal.

2.2 Analytical methodology

Oxidised samples for subsequent examination with electron microscopes were cut from the centre
of the hot-rolled sheet along the plane of the rolling direction (RD) and normal direction (ND).
After gold deposition, the edges for cross sectional analysis were ground by SiC papers with 2000
mesh, and then ion-milled at 6 kV for 5 h using a TIC020 system. Microstructure characterisation
was studied using a JEOL JSM 7001F Schottky field emission gun (FEG) scanning electron
microscope (SEM) with a Nordlys-Il (S) EBSD detector, operated at an acceleration voltage of
15 kV, a probe current of around 2-5 nA, a working distance of 15 mm, and a step size of
0.125 pm. In addition to atomic configuration, Lammps simulator was applied to study the growth
of crack tips in oxide layers, whereas Material studio 5 software package was used to evaluate the

tribological properties at the interface during nanoparticle lubrication.



2.3 Grain reconstruction

Post-processing of acquired dataset was carried out using Channel 5 software, where both
misorientation and microtexture data were extracted from the EBSD maps. First for orientation
noise reduction, an angular resolution for the grain reconstruction was maintained at a constant
value of 2°. Consequently, 2°<#<15° misorientations are defined as low-angle grain boundaries
(LAGBs), whereas, the high-angle grain boundaries (HAGBs) are 6>15°. Secondly, phase
identification is based on the structural data related to the crystal symmetry and lattice parameters
of the suspected phases. In case of the oxide scale, each phase has a different space group (a-Fe,
Imm; Fe1xO, Fmm; Fe304, Fdm; a-Fe,O3, Rc), and different lattice parameters. a-Fe, Fe; O and
Fe3O4 in cubic symmetry with lattice parameters (a) of 0.287 nm, 0.431 nm, and 0.840 nm
respectively, and a-Fe,;O3 in a trigonal structure with a=0.504 nm and b=1.377 nm [32, 33, 36-38].
The EBSD phase maps were finally divided into three subsets comprising a-Fe, Fe304 and a-Fe,O3
for microtexture based analysis. Orientation distributions of the three subsets were calculated from
the data on individual grain orientations collected. The grain orientation g = (41, @, ¢2) is expressed
by the three Euler angles in Bunge notation [15, 22]. As such, a grain boundary can be classified
geometrically in terms of the relative misorientation between the neighboured grains. This relative
misorientation can be defined by misorientation axis and angle, with certain specific combinations
resulting in a CSL. The degree of coincidence is represented by the reciprocal density of common
lattice points, denoted as the £ number. In this case, CSL boundaries can be identified based on
Brandon’s criterion [41]. It is generally believed that CSL boundaries with low X orientation (£<49)
display improved physical and chemical properties relative to general or high CSL boundaries
(>49).

3. Results and discussion

3.1 Microstructure characterisation



EBSD inverse pole figure (IPF) orientation maps shown in Fig. 1 indicate the microstructural
evolution with progressively greater TRs and CRs after HR-AC experiments. Grains with the colour
coded displayed their orientations is related to a stereographical triangle, where Fig. 1d is for the
cubic symmetry material such as Fe;.xO, Fe3O4 and a-Fe, and Fig. 1e is for the hexagonal a-Fe,0s.
The grain size of granular Fe;04 was determined as 3 um in the outer layer of oxide scale at a TR of
28% and a CR of 28 °C/s (Fig. 1c). Details of the grain size associated with the steel substrate can
be found in our previous study [42]. The intermediate Fe3O4 layer on the IPF maps in Fig. 1 holds a
columnar-shape microstructure between the outer granular grains and the Fe3O4 seam. This is due in
great part to the retained Fe;xO during the lateral grain growth at high temperature [34, 35]. Most
of the Fe304 grains have a preferred orientation with <001> parallel to the ND, i.e. along the oxide
growth direction, as the increase of the TRs and CRs. The grain growth of Fe3O4 with <001>//ND
texture may be determined by the minimisation of surface energy (SE), where the SE of the
crystallographic planes of FesO, are: SE(100)=1.5, SE(110)= 1.8 and SE(111)=2.2 J m™ parallel to
the oxide growth [32, 43]. Nevertheless, the lack of this sharp texture in Fe;0,4 of the sample at the
lower TR and CR (10%, 10 °C/s in Fig. 1a) suggests that the rolling process and subsequent cooling

affect the texture and grain size of the formed oxide scale.
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Fig. 1 EBSD IPF orientation maps of the samples at the TRs and CRs of (a) 10%, 10 °C/s, (b) 13%,
23 °Cls, (c) 28%, 28 °C/s, a colour key for the (d) cubic symmetry of a-Fe, Fe;xO and Fe3O4, and

(e) hexagonal a-Fe;03.

3.2 Microtexture development of oxide scale

Microtexture analysis has been investigated to verify the microstructural evolution of deformed

oxide layers and steel during hot rolling. Fig. 2 shows the pole figure (PF) of Fe3O, in the oxide

layers formed on the hot-rolled steel with a TR of 10% and a CR of 10 °C/s. A strong {100} and a



weak {110} fibres texture component develops in the oxidised surface of steel substrate. This
texture development will contribute to the easy gliding in hexagonal graphite during lubrication and
thereby to decrease the coefficient of friction. This is because the direction of easy slip in graphite is
related to the orientation relationship between graphite and surface oxide [32, 44-46], (111) Fe3O,
parallel to (0001) graphite. The {0001} plane is crystallographic plane having close packed oxygen
anions, thus deformation occurs across close packed oxygen planes [32, 46]. This is the reason why
the basal plane {0001} will be aligned parallel to the crystallographic plane in Fe3O4 where graphite
undergoes deformations. This result provides a strong insight into the application of water-based

lubricant with graphite nanoparticles.

Exp. densities (mud):
Min=0.00, Max=5.78

G wWN P

Fig. 2 Pole figures (PF) of Fe3O4 in oxide scale formed on the surface of the hot-rolled sample with

a TR of 10% and a CR of 10 °Cl/s.

3.3 Grain boundary character distribution

The fractions of grain boundaries classified as HAGBs, LAGBs and CSL boundaries are shown in

Figs. 3 and 4 for Fe;04 and a-Fe,O3 of the samples with different TRs and CRs. The distribution of



misorientation angles in cubic Fe3O4 has a second largest peak at 60° and a cutoff at 62.8° (Fig. 3c),
whereas hexagonal o-Fe,O3 has obvious peaks at 30°, 60°, 85° and a cutoff at 95° (Fig. 3d). The
misorientation axis-angle distribution was calculated to determine the relevant misorientation axes
at each of the peaks in Fig. 3c and d, and thereby to give a high proportion of CSL boundaries. The
peaks in the 57-63° section (Fig. 3a) correspond to 60°/<111> (£3) misorientation marked in Fig.
3c. Misorientation peaks occur in a-Fe,O3 (Fig. 3b) for axes near <0001> in the angle range of
27-63°, and <102> in the angle range of 63-83°. For a-Fe,O3 the relatively high densities
correspond to 57.42°/<110> (X£13b) and 84.78°/<010> (X19c) [47]. Furthermore, CSL boundaries
distributions in Fig. 4 reveal that Fe3O4 carries a high proportion of X3, X5 and X7, whereas a-Fe;O3
has a profound fraction of X7, £13b and X19c. In is noted that coherent twins have been excluded
from this analysis, which results in a significantly lower fraction of £3 boundaries. In any case, it
becomes clear that these low CSL grain boundary characteristics in Fe3O,4 and a-Fe,O3 can be used
to enhance crack resistance and further improve tribological properties of oxidised steels during hot

rolling.
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Fig. 3 Distributions of misorientation axes for grain boundaries in (a) Fe3Og, (b) a-Fe,Os, of the
sample with a TR of 10% and a CR of 10 °C/s; distribution of grain boundary misorientation angels
(c) from 2 to 62.8° for cubic Fe3O,4, and (d) to 95° for hexagonal a-Fe,Os, of the samples with
different TRs and CRs. Note the break in the vertical axis to emphasise the smaller peaks in

comparison to the dominant peak less than 15°.
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Fig. 4 Histogram plots of CSL boundary distribution for (a) Fe;04 and (b) a-Fe,Os, of the samples

with different TRs and CRs.

3.4 Variation of tribological properties in grain boundaries

The friction characteristics with oxide scale also reveal a grain boundary effect — a profound
dependence of friction on crystallographic direction and orientation, and grain boundary characters.
Fig. 5 plots the coefficient of friction and rolling force as a function of different TRs, corresponding
to microtexture and CSL boundaries of Fe;0,4 and a-Fe,O3 at the top of the figure. In the case of hot
rolling, the coefficient of friction was calculated by forward slip, and similar method can be found
elsewhere [48]. The Orowan equation solved according to Alexander [49] was used to determine the
rolling force. As seen in Fig. 5, an increase in rolling force is accompanied by a decrease in
coefficient of friction. Fe3O,4 subjected various TRs develops strong 100 fibres. Moreover, variation
of direction on this particular plane leads to a significant influence on friction. Moving from the
<110> (10% TR) to the <100> (13% TR) direction, the coefficient of friction decreases from 0.101
to 0.068. This is due in great part to the changes in crystal slip systems in moving out of a grain,
across the grain boundary and into another grain. This result is further confirmed by the presence of
CSL boundaries X3 in the Fe3O4 at a high TR of 28%. It infers that coherent twins could enhance
the migration of grain boundaries, thereby the coefficient of friction decreases. In case of a-Fe;0O3
with a strong preferential crystallographic orientation in the normal direction of the (0001) basal
plane, the microtexture strength is thought to be driven by the low surface energy (1.52J m™) of the
(0001) plane of a-Fe O3 [50]. A strong {0001}<100> texture component developed with CSL
boundaries from X19¢ (10% TR) to X£13b (13%—-28% TRs) is a direct consequence of the favoured

basal plane slip.
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Fig. 5 The variation of the coefficient of friction and rolling force in different thickness reductions,

microtexture and grain boundary characters in Fe3O4/Fe,O3 scale during hot rolling.

3.5 Crack initiation in nanoparticles lubrication

The formation and propagation of cracks along the FesO, grain boundaries create paths for
nanoparticles easy penetration. Some of these nanoparticles would be trapped at the interface and
may cause high wear rates. Fig. 6 indicates atomic configurations of nanoparticles flow along
interface of tip of brittle crack. A stress-dependent chemical reaction between water vapour and the
interface would make the understanding of tribological properties elusive. The stress is the greatest
at the tips of small cracks in the material, and consequently the reaction proceeds at its greatest rate
from these tips [51]. However, it is believed that low-angle and low-XCSL boundaries in
microstructure offer obstacles to the propagation of cracks as they minimise the solute effects and
reduce the interaction between the interfaces and glissile dislocation [52]. In this case, the oxide

scale is easy to crack in presence of £13b and X19c in a-Fe,O3 compared to Fe;O, with X3 (Fig. 3c).



Thus, it is possible that during this time, tailoring specific grain boundaries can provide new insight
into means of suppressing propagation of cracks when it is undesirable and into means of producing
specific trapped nanoparticles when it is desired. In our experiments, some of these processes, such
as a desired TR (>28%) can reduce cracks along the Fe3O, grain boundaries, are underway to

manipulate tribological properties of nanoparticles lubrication.

Stress
field
region

Fig. 6 Atomic configurations of nanoparticles flow along interface of tip of brittle crack. Note the

size proportion of nanoparticles near the crack wall to emphasise the dominant crack tip.

4. Conclusions

In this present study, the grain orientations and boundary characters in Fe3O4/a-Fe,O3 scale form on
a Nb-V-Ti steel subjected to the TRs of 10%-28% and CRs of 10-28 °C/s have been quantitatively

characterised and systematically analysed. The following conclusions can be drawn.

(1) In the tertiary oxide scale, the Fe3O4 grains have the preferred orientation with <001> parallel to
the oxide growth direction. This is a direct consequence of the minimisation of surface energy on

the (100) Fe30, crystallographic planes.



(2) The deformed oxide layers comprise a high proportion of LAGBs and low CSL boundaries.
Fe304 on the samples at a TR of 10% and CR of 10 °C/s develops 60°/<111> (£3), and a-Fe,O3 for
57.42°/<110> (Z13b) and 84.78°/<010> (X19c). These low CSL grain boundaries would be
expected to enhance crack resistance and further improve tribological properties of nanoparticle

lubrication during hot rolling.

(3) The coefficient of friction decreases when the moving from the <110> (10% TR) to the <100>
(13% TR) direction on the (100) Fe3O, crystallographic planes. This is due in great part to the
changes in crystal slip systems. The presence of CSL boundaries X3 in the Fe3O4 at a high TR of
28% confirms that low CSL boundaries could enhance the migration of grain boundaries thereby to
reduce the friction. A similar effect occurs on {0001} Fe,O3 plane with CSL boundaries from X19¢

(10% TR) to £13b (13%—-28% TRs), which can be attributed to the favoured basal plane slip.

(4) A lubrication mechanism presented here reveals that the propagation of cracks along the Fe;O4
grain boundaries could create a dish to collected nanoparticles during lubrication, and thereby
resulting in high wear rates. As such, it is possible that low-angle and low-XCSL boundaries in
microstructure offer obstacles to the propagation of cracks and further to decrease friction and wear.
The better understanding we have gained could aid in the choice and design of the desired
tribological properties available during nanoparticle lubrication during high-temperature steel

processing.
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Highlights

» Fe304develops texture <001> parallel to the oxide growth.

» The deformed Fe3O4/0-Fe,0O3 comprises a high proportion of low CSL boundaries.

» The decrease of coefficient of friction is due to changes in slip systems.

» Lubrication mechanism is proposed to improve tribological properties.



List of captions

Fig. 1 EBSD IPF orientation maps of the samples at the TRs and CRs of (a) 10%, 10 °C/s, (b) 13%,
23 °Cl/s, (c) 28%, 28 °C/s, a colour key for the (d) cubic symmetry of a-Fe, Fe;.xO and Fe3O4, and
(e) hexagonal a-Fe;03.

Fig. 2 Pole figures (PF) of FesO4 in oxide scale formed on the surface of the hot-rolled sample with
a TR of 10% and a CR of 10 °C/s.

Fig. 3 Distributions of misorientation axes for grain boundaries in (a) Fe3Og, (b) a-Fe,Os, of the
sample with a TR of 10% and a CR of 10 °C/s; distribution of grain boundary misorientation angels
(c) from 2 to 62.8° for cubic Fe3O,4, and (d) to 95° for hexagonal a-Fe,O3, of the samples with
different TRs and CRs. Note the break in the vertical axis to emphasise the smaller peaks in
comparison to the dominant peak less than 15°.

Fig. 4 Histogram plots of CSL boundary distribution for (a) Fes04 and (b) a-Fe,O3, of the samples
with different TRs and CRs.

Fig. 5 The variation of the coefficient of friction and rolling force in different thickness reductions,
microtexture and grain boundary characters in Fe3O4/Fe,O3 scale during hot rolling.

Fig. 6 Atomic configurations of nanoparticles flow along interface of tip of brittle crack. Note the
size proportion of nanoparticles near the crack wall to emphasise the dominant crack tip.

Table 1 Chemical compositions of the microalloyed low carbon steel.
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