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Preface

Lubrication is critical in any application where moving parts are involved. As problems
faced by the world increase in complexity, lubrication increases in importance while the
conditions while lubrication is required under more extreme conditions of speed, tempera‐
ture, and stress. In addition, the materials to be lubricated have become more exotic and
potentially reactive due to the increased stress and temperature requirements. In the near
future, lubricants with different compositions will be necessary for various applications, in‐
cluding refrigeration due to the development of more environment-friendly refrigerants and
aerospace due to the use of higher-performance alloys for bearings and machining to reduce
hazardous waste generation, among others. The extreme conditions make the properties of
both the lubricant base stock and the additives more important and have required the devel‐
opment of more exotic bearing materials, including composition, surface treatments, and
processing techniques.

This book is divided into two sections: first, the chemistry of some lubricants and lubricant
additives are examined. Typical lubricant base stocks do not have ideal lubricating properties
for use in many applications, so a series of additives are formulated to improve these proper‐
ties. The chapters include both experimental and theoretical approaches to the decomposition
of the lubricants and additives. Second, the lubrication of a variety of different substances is
investigated in order to optimize lubricant properties for certain applications. It has become
more apparent that the environmental effects and human health effects of degraded lubri‐
cants and additives are also important. Some of these studies are directed toward the develop‐
ment of more environment-friendly materials and lubricants for important applications. This
book covers some of the important research in the area of lubricants and lubrication.

David W. Johnson
University of Dayton

Dayton, Ohio, USA
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Abstract

In this chapter, to assist the design of aluminum processing, density functional theory 
is utilized to depict optimal adsorption geometries on an Al (111) surface for two com-
monly used boundary-layer lubricant additives: vinyl-phosphonic and acetic acids, i.e., 
tri-bridged, bi-bridged, and uni-dentate coordinations of these adsorbates are examined 
to determine the optimal binding sites on the surface. During these static analyses, charge 
density of states for molecular oxygen ions reacting with Al ions in the surface is applied 
to revealing the evolution essentials of molecular binding strength on surface. In addi-
tion, ab-initio molecular dynamics based upon density functional theory is employed to 
probe dynamic decomposition pathways on the Al (111) surface for two other important 
boundary-layer lubricant additives: butanoic acid and butanol alcohol. These decomposi-
tion pathways may occur upon molecular collisions with the surface, leading to forma-
tion of molecular pieces adhering on surface. Simulations are found to be in qualitative 
accord with existing experimental observations.

Keywords: density functional theory, ab-initio molecular dynamics, vinyl-phosphonic 
acid, acetic acid, butanoic acid, butanol alcohol, Al (111) surface

1. Introduction

Lubricant formulations used to control friction and wear in metallic forming processes typi-
cally contain mixtures of molecular additives in the base oil. Common lubricant additives 
in the metal-rolling processes consist of one or more aliphatic alcohols, acids or esters such 
as vinyl-phosphonic acid, acetic acid, butanoic acid and butanol alcohol etc. which have 
hydroxyl (OH) or carboxyl (O═C─OH) functional group [named oxygen-rich base (O-base)] 
to behave like a cationic anchor with electron-rich charges [1–3]. Initially, these molecules are 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 1

Ab-Initio Modeling of Lubricant Reactions with a Metal
Al (111) Surface

Jun Zhong

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.72512

Provisional chapter

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited. 

DOI: 10.5772/intechopen.72512

Ab-Initio Modeling of Lubricant Reactions with a Metal 
Al (111) Surface

Jun Zhong

Additional information is available at the end of the chapter

Abstract

In this chapter, to assist the design of aluminum processing, density functional theory 
is utilized to depict optimal adsorption geometries on an Al (111) surface for two com-
monly used boundary-layer lubricant additives: vinyl-phosphonic and acetic acids, i.e., 
tri-bridged, bi-bridged, and uni-dentate coordinations of these adsorbates are examined 
to determine the optimal binding sites on the surface. During these static analyses, charge 
density of states for molecular oxygen ions reacting with Al ions in the surface is applied 
to revealing the evolution essentials of molecular binding strength on surface. In addi-
tion, ab-initio molecular dynamics based upon density functional theory is employed to 
probe dynamic decomposition pathways on the Al (111) surface for two other important 
boundary-layer lubricant additives: butanoic acid and butanol alcohol. These decomposi-
tion pathways may occur upon molecular collisions with the surface, leading to forma-
tion of molecular pieces adhering on surface. Simulations are found to be in qualitative 
accord with existing experimental observations.

Keywords: density functional theory, ab-initio molecular dynamics, vinyl-phosphonic 
acid, acetic acid, butanoic acid, butanol alcohol, Al (111) surface

1. Introduction

Lubricant formulations used to control friction and wear in metallic forming processes typi-
cally contain mixtures of molecular additives in the base oil. Common lubricant additives 
in the metal-rolling processes consist of one or more aliphatic alcohols, acids or esters such 
as vinyl-phosphonic acid, acetic acid, butanoic acid and butanol alcohol etc. which have 
hydroxyl (OH) or carboxyl (O═C─OH) functional group [named oxygen-rich base (O-base)] 
to behave like a cationic anchor with electron-rich charges [1–3]. Initially, these molecules are 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



thought to anchor onto metal (e.g., hydroxide-alumina) surfaces through their O-bases. And 
then, such O-bases are believed to decompose on fresh (pure aluminum) surfaces occurring 
in the actual rolling work. As a result, these adsorbed and decomposed molecular pieces will 
contribute to the boundary thin-film lubrication and protection, i.e., their residual fragments 
(e.g., molecular chain tails) adhered on fresh surfaces with several molecular layers thick may 
serve as corrosion inhibitors of surface.

For adsorbate examples, Figure 1 shows an illustration of two molecular structures: a vinyl-
phosphonic acid [VPA, H3C2P(O)(OH)2] with a tri-podal O-base [2(OH)─P═O] plus a vinyl-
hydrocarbon tail [4] as shown in Figure 1(a), and an acetic acid [EA, H3C2(O)(OH)] with an 
alkyl-chain plus a bi-podal O-base [O═C─OH] as shown in Figure 1(b).

In Figure 1(a), a study of the inelastic tunneling spectroscopy (IETS) for a VPA adsorption 
on a hydroxide-Al2O3 (0001) surface implied that the vinyl-tail on VPA did not participate in 
bonding to the oxide surface [5], but left itself accessible to react with other general lubricant 
molecules, which may serve as a molecular cap on the surface to inhibit migrations of corro-
sive species into the oxide surface. This reaction usually resulted in a tri-dentate coordination 
for the VPA on surface through a tri-podal O-base even if such a tri-dentate coordination was 
not unique on surface [6]. Crowell et al. utilized the electron energy loss spectroscopy (EELS) 
to observe an EA adsorption on an Al (111) surface starting at a very low temperature of 120 K 
[7]. They observed that a symmetrically bi-bridged geometry of main piece decomposed from 
the EA was more likely to bond to the surface than other configurations. In brief, both of 
above studies found that O-bases on acid molecules may usually bond to aluminum/alumina 
surfaces and oxidize them prior to other twigs, and then had molecular residual fragments 
(molecular chain tails) form thin-film inhibitors on the surfaces.

In addition, Underhill and Timsit [8] applied the X-ray photoelectron spectroscopy (XPS) to 
the study of dynamic decomposition pathways for 1-butanol and propanoic acid through 
molecular collisions with a clean Al (111) surface. At room temperature (e.g., 300 K), their 
results suggested that acid molecules break up on the surface, leading to attachments of ali-
phatic chains via their O-bases on surface. Alternatively, aliphatic alcohols were found to 
react with Al ions in the surface via their O-bases alone. At elevated temperatures (about 
400 K), both acid and alcohol were found to dissociate on the clean surface, leading to attach-
ments of aliphatic chains via their end C ions and pieces of decomposed O-base on surface, to 
form molecular boundary thin-films of surface. However, such the dynamic decomposition 
has received minimal attention in the literature.

Figure 1. Two acid molecules: (a) a VPA molecule; (b) an EA molecule.

Lubrication - Tribology, Lubricants and Additives4

In Figure 2, two lubricant additives, butanol alcohol [H3C─(CH2)2─H2C─(OH)] and buta-
noic acid [H3C─(CH2)2─C(O)(OH)], are shown schematically: the alcohol in Figure 2(a) has 
a C─OH functional group; while the acid in Figure 2(b) has an O═C─OH functional group 
which is very similar to the EA as shown in Figure 1(b).

In this chapter, we carry out series of density functional (DFT) analyses on how two com-
monly used boundary-layer lubricant additives, VPA and EA, bond statically to a clean (pure) 
Al (111) surface in their optimal geometries. During the actual rolling (forming) processes 
to hydroxide-alumina surfaces, since top textures (layers) of the surfaces are usually peeled 
off so that fresh (pure) aluminum surfaces (below top layers) with nascent islands can be 
subsequently exposed in the air, without loss of generality, such the DFT static outputs may 
help powerfully determine the favorably bonding mechanisms of additives to the highly reac-
tive islands on fresh surfaces, so as to make clear the formation of protective thin-film on 
alumina surfaces. Then next, we examine dynamic decomposition pathways on the clean Al 
(111) surface using ab-initio molecular dynamics (AIMD) for two other important aliphatic 
boundary-layer lubricant additives: butanol alcohol and butanoic acid, to determine their 
thermal mechanisms of monolayer formation on the surface. During the AIMD simulation, 
each molecule is orientated to collide with the clean surface through its reactive O-base. Initial 
approaching speeds of molecules toward the surface are taken from the actual Al-rolling 
process. Decomposition pieces of additive molecules on the Al (111) surface are explored in 
details throughout the whole simulation. Simulation outputs are qualitatively compared with 
experimental observations using the EELS and the XPS for similar molecules [7, 8], which may 
reveal some unknown decomposed configurations in a previous DFT static study [9].

2. Configurations of adsorbates and adsorbents

2.1. Adsorbate configurations

Figure 3 shows a side view of a VPA structure, along with isosurfaces of charge density with 
the electron (e−) localization function (ELF) representing the probability of finding a second 
e− with the same spin in the neighboring region of the first (reference) e− within [0, 1]. In other 

Figure 2. Schematics of (a) a butanol molecule; (b) a butanoic molecule.
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words, a high ELF value means a highly localized behavior for the first (reference) e− [10–13]. 
According to this definition, high ELF values are typically associated with covalent bonds, 
e− lone pairs, or inert cores [14]. In Figure 3(b), ELF = 0.81 is the best visual difference of 
isosurfaces for each of atomic bonds according to comments in ref. [15]. The VASP (Vienna 
Ab-initio Simulation Package) calculations for the VPA indicated that two e− lone pairs aggre-
gated to O2 (and O3) nearby (a circle-lunar lobe) because of its aniso-sp3 hybrid bonding to 
H2 and P neighbors. However, O1 formed a weak double bond with P and had slightly more 
e− lone pairs (a hemisphere lobe) than O2 and O3, see Figure 5(a). In Figure 3(a), such a VPA 

Figure 3. Side view of a VPA structure: (a) a vinyl-group and a tri-podal based P─O bonds on the VPA; (b) isosurfaces of 
charge density at the ELF = 0.81 for the VPA.

Figure 4. Side view of an EA structure: (a) a methyl group and a bi-podal-based C─O bonds on the EA; (b) isosurfaces 
of charge density at the ELF = 0.67 for the EA.
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conformation was the most favorably energetic for the vinyl-group coplanar with the P═O1 
double bond, and was consistent with that predicted in ref. [15]. Also, C1═C2 double bond 
showed an aniso-sp2 hybrid bonding type.

Figure 4 shows a side view of an EA structure, along with isosurfaces of charge density at the 
ELF = 0.67 to provide the best visual difference for each of atomic bonds. VASP analyses for 
the EA indicated that two e− lone pairs aggregated to O2 nearby (a hemisphere lobe) because 
of its aniso-sp3 hybrid bonding to H4 and C2 neighbors. However, a strong C2═O1 double 
bond (an aniso-sp2 hybrid type) resulted in a lower charge density in e− lone pairs around O1 
(a cashew type) than around O2, see Figure 5(b).

Figure 5. Charge density of states (DOS) for O ions on (a) the VPA and (b) the EA.
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Figure 3. Side view of a VPA structure: (a) a vinyl-group and a tri-podal based P─O bonds on the VPA; (b) isosurfaces of 
charge density at the ELF = 0.81 for the VPA.

Figure 4. Side view of an EA structure: (a) a methyl group and a bi-podal-based C─O bonds on the EA; (b) isosurfaces 
of charge density at the ELF = 0.67 for the EA.

Lubrication - Tribology, Lubricants and Additives6

conformation was the most favorably energetic for the vinyl-group coplanar with the P═O1 
double bond, and was consistent with that predicted in ref. [15]. Also, C1═C2 double bond 
showed an aniso-sp2 hybrid bonding type.

Figure 4 shows a side view of an EA structure, along with isosurfaces of charge density at the 
ELF = 0.67 to provide the best visual difference for each of atomic bonds. VASP analyses for 
the EA indicated that two e− lone pairs aggregated to O2 nearby (a hemisphere lobe) because 
of its aniso-sp3 hybrid bonding to H4 and C2 neighbors. However, a strong C2═O1 double 
bond (an aniso-sp2 hybrid type) resulted in a lower charge density in e− lone pairs around O1 
(a cashew type) than around O2, see Figure 5(b).

Figure 5. Charge density of states (DOS) for O ions on (a) the VPA and (b) the EA.
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Figure 5 shows distributions of charge density of states (DOS) for three O ions on the VPA 
and two O ions on the EA, respectively. In Figure 5, the Elumo represented the energy level cor-
responding to the lowest unoccupied molecular orbital, i.e., above the Elumo the DOS for O ions 
represented unoccupied states. In Figure 5, more portions of the DOS for O ions on the VPA 
appeared in orbitals above the Elumo than those on the EA, implying that VPA may be more 
reactive with the Al surface than EA by feat of their O ions.

2.2. Adsorbent configurations

Since Al (111) surface has the lowest surface energy among all surface geometries in alumi-
num bulk, it is likely to expose in the air during the actual rolling process. So here it is selected 
as an adsorption slab surface (adsorbent) to react with above adsorbates. Figure 6 shows three 
distinguishable adsorption sites in the top layer of Al (111) surface slab. We refer to them as 
site-1, -2, and -3, respectively. Among these sites, site-1 (S-1) had corners at three Al ions; site-2 
(S-2) had corners at three cave points (cross signs); and site-3 (S-3) had corners at three saddle 
points (ice-star signs). According to past experiences [14], these three sites were more likely 
to react with adsorbates than others because they allowed O-bases on adsorbates to bond to 
surface stronger than other ones.

3. Simulation methodologies and procedures

3.1. Static calculations

These calculations were based upon the DFT [16–18] using the Vienna Ab-initio Simulation 
Package (VASP). At first, all calculations were performed using the Projector-Augmented 
Wave (PAW) pseudopotentials [19]. The GGA created by Perdew and co-workers [20, 21] was 
employed for evaluating the exchange-correlation energy. This methodology was similar to 
a previous study of optimizing the VPA adsorption geometries on an α-Al2O3 (0001) surface 

Figure 6. Three most favorable adsorption sites in top layer of Al (111) surface slab.
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[15]. Prior to these calculations, lattice constant, bulk modulus and cohesive energy for a pure 
aluminum bulk by fitting data of energy versus volume to the Murnaghan Eq. [22] was calcu-
lated. A regular Monkhorst-Pack grid [23] of 17 × 17 × 17 was chosen as the best k-point sam-
pling, so that the total energy of system was converged within 1–2 meV/atom. The computed 
lattice constant, a0‘= 4.05(3) Å, see ref. [9].

Then next, calculations of acid adsorptions on the Al (111) surface slab were conducted in a 
supercell with a periodic four-layer 3a0‘× 3a0‘units (16 Al ions per layer) in XY directions. A 
plane-wave cutoff energy, 400 eV, which was primarily required by the “hardest ions (C and 
O)”, was chosen. A regular Monkhorst-Pack grid of a 5×5×1 k-point sampling was selected 
for this orthogonal supercell with three definite orientations:  a[1

_
10] = 2 √ 

__
 2   a  

0
  ‘  along the X axis,  

b[11
_
2] =  √ 

__
 6   a  

0
  ‘  along the Y axis, and c [111] = 26.0 Å along the Z axis, plus a vacuum distance of 

10.0 Å in c direction and with one bottom layer of the Al (111) slab fixed along c direction in 
the supercell. The atomic geometry was optimized through minimizing the Hellman-Feyman 
forces using a conjugate gradient algorithm [11], until the total force on each ion reduced to 
0.05 eV/Å or less.

3.2. Dynamic simulations

In this study, all ab-initio molecular dynamics (AIMD) simulations were also based upon the 
DFT as implemented in the VASP. A Vanderbilt-type ultrasoft pseudopotentials (USP) were 
utilized for elemental constituents by means of the GGA [24]. In real practice, the GGA usu-
ally yielded inaccurate reaction barriers [25–27], while a semilocal-BLYP and hybrid-B3LYP 
functionals seemed to predict adsorption energies accurately and distinguish adsorption sites 
correctly. However, for the study of dynamic decomposition, we believed that the GGA was 
also a reasonable compromise since a highly colliding velocity acting on molecules toward the 
Al surface slab would likely overwhelm any barrier to the decomposition.

During the AIMD simulation, first of all, lattice constant (a0) of pure Al bulk was calculated 
using the NPT ensemble, which thermally equilibrated one 2a0 × 2a0 × 2a0 unit cell at a room 
temperature (300 K) plus an ambient pressure of 1.0 bar for about 1500 time steps, a simula-
tion time step of 0.001 ps was selected. A regular gamma-centered grid of 5 × 5 × 5 was chosen 
as the best k-point sampling for the unit cell. Total energy of the system was converged within 
1–2 meV/atom. A plane-wave cutoff energy, 400 eV, as dictated by the hardest oxygen pseu-
dopotential, was adopted in all simulations. The computed lattice constant, a0 = 4.05(7) Å, was 
favorably fitting to other calculations and experimental observations [28].

Besides, for modeling interactions between additive molecules and an Al (111) slab, a 
Monkhorst-Pack grid of 5 × 5 × 1 was selected for the best k-point sampling. A supercell 
with the entire Al (111) slab consisted of four Al layers (36 ions per layer) of 144 ions. This 
orthorhombic geometry had three definite orientations:  a[1

_
10] =   3 __ 2   √ 

__
 6   a  0    along the X axis,  

b[11
_
2] = 3 √ 

__
 2   a  0    along the Y axis, and c [111] = 40.0 Å along the Z axis plus a vacuum distance of 

24.0 Å in the c direction to preclude interactions with periodic images. The bottom layer of the 
Al (111) slab was fixed along the c direction to prevent the whole slab motion during impacts 
of additive molecules onto the Al slab surface.
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DFT as implemented in the VASP. A Vanderbilt-type ultrasoft pseudopotentials (USP) were 
utilized for elemental constituents by means of the GGA [24]. In real practice, the GGA usu-
ally yielded inaccurate reaction barriers [25–27], while a semilocal-BLYP and hybrid-B3LYP 
functionals seemed to predict adsorption energies accurately and distinguish adsorption sites 
correctly. However, for the study of dynamic decomposition, we believed that the GGA was 
also a reasonable compromise since a highly colliding velocity acting on molecules toward the 
Al surface slab would likely overwhelm any barrier to the decomposition.

During the AIMD simulation, first of all, lattice constant (a0) of pure Al bulk was calculated 
using the NPT ensemble, which thermally equilibrated one 2a0 × 2a0 × 2a0 unit cell at a room 
temperature (300 K) plus an ambient pressure of 1.0 bar for about 1500 time steps, a simula-
tion time step of 0.001 ps was selected. A regular gamma-centered grid of 5 × 5 × 5 was chosen 
as the best k-point sampling for the unit cell. Total energy of the system was converged within 
1–2 meV/atom. A plane-wave cutoff energy, 400 eV, as dictated by the hardest oxygen pseu-
dopotential, was adopted in all simulations. The computed lattice constant, a0 = 4.05(7) Å, was 
favorably fitting to other calculations and experimental observations [28].

Besides, for modeling interactions between additive molecules and an Al (111) slab, a 
Monkhorst-Pack grid of 5 × 5 × 1 was selected for the best k-point sampling. A supercell 
with the entire Al (111) slab consisted of four Al layers (36 ions per layer) of 144 ions. This 
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In addition, each of isolated molecules was optimized in a same vacuum supercell as used for 
the Al (111) slab. And then, it was equilibrated at 300 K for about 1500 time steps by re-scaling 
thermal velocities at each time step [29], the time step = 0.001 ps. Simultaneously, the Al (111) 
slab were equilibrated in its supercell by the same technique as each isolated molecule. Then 
next, each isolated molecule was transferred into the simulation supercell containing the Al 
(111) slab, respectively.

After thermal equilibration, all AIMD simulations for interactions between additive mole-
cules and the Al (111) slab were carried out through a constant energy method (NVE) without 
controlling temperature of system [29]. In real processing works, when steel rollers converged 
to form bite regions in the metal rolling of Al alloys, pressure gradients in bite regions would 
draw lubricant additives into conjunction. At this time, translational speeds acting on a single 
molecule can be estimated to reach as high as 2500 m/s due to kinematics at the tool/Al inter-
face [30]. Hence, a serial approaching velocities, Vd, based upon this situation, were adopted 
in the AIMD simulations. Then next, each additive molecule started accelerating toward the 
Al (111) slab surface once it met a net attraction from the surface. To save computational cost, 
initial vertical spacing between each additive molecule and Al ions in the surface was set to 
2.30 Å, which was slightly larger than Al─O bond length (1.86–1.97 Å) as indicated in ref. [31].

4. Results and discussions

4.1. Static calculations

To better understand adsorption mechanisms of VPA and EA on Al (111) surface, several com-
bined adsorbate/slab systems were selected for the investigation. The adsorption enthalpy 
(the binding energy or the binding strength),  Δ  H  

ads
   (m)   , was defined as the difference between 

the total energy of the combined adsorbate plus slab (adsorbent), and the total energy of the 
separated adsorbate and, the separated slab, which was given by

  Δ  H  ads   (m)   = E (adsorbate & slab)  −  [E (adsorbate)  + E (slab) ]   (1)

where the superscript (m) indicated one reaction type. A negative  Δ  H  
ads

   (m)    value corresponded to a 
favorable adsorption on surface, while a positive one represented an unlikely reaction on surface.

Preliminary investigation of the VPA adsorption on Al (111) surface indicated that, its stand-
ing geometries at S-2 and S-3 always shifted to S-1 on the surface when using the energy 
minimization. Similar results can be obtained for the EA adsorption at S-2 and S-3 on Al (111) 
surface. Therefore, S-1 was regarded as the most favorable adsorption site for these adsor-
bates. According to this, we would only focus on the S-1 for the VPA and the EA adsorptions 
on Al (111) surface.

4.1.1. Uni-dentate configurations

Figure 7 shows side views of VPA and EA adsorptions on Al(111) surface in their own uni-den-
tate coordination with one of their oxygen ions and one H ion (dissociated from this oxygen ion) 
bonding onto the surface, respectively. Molecular binding sites on the surface were both at S-1.
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In Figure 7, Al─H and Al─O single bonds were formed on Al (111) surface to sustain the 
adsorbates. Adsorption enthalpies corresponding to Figure 7(a), (b),  Δ  H  

ads
   (VPS,EA)   =  −0.89 and 

−0.51 eV, respectively. Moreover, VASP calculations indicated that each of adsorption enthal-
pies would bring additional negative values: −0.26 eV, due to subsequent formation of gas-
eous H2 molecule by means of H ions desorbed from Al (111) surface. Therefore, if ignoring 
zero point energy corrections, the formation of gaseous H2 molecule in these final adsorptions 
were more favorable to those individual H ions adsorbing onto the surface, so molecular main 
pieces would be left onto the surface alone in adsorption end, see Figure 8.

Figure 8 shows isosurfaces of charge density for vinyl-phosphonate and acetate on Al (111) 
surface in their own uni-dentate coordination, respectively. A value of the ELF = 0.67 was 
chosen because it may provide the best visual difference in charge density on C─O and P─O 
bonds. In Figure 8(b), a small lobe can be observed on C2─O2 bond, while P─O3 bond in 
Figure 8(a) had no such a character. This meant that O2 ion on C2─O2 bond was more cova-
lent, while O3 ion on P─O3 bond was more ionic. This was expected because P was less elec-
tronegative than C (2.1 vs. 2.5), see ref. [32]. Therefore, during these two adsorptions, portions 
of charge density for O3 on vinyl-phosphonate in Figure 8(a) would move more toward the 
reacting Al ion in surface than that for O2 on acetate in Figure 8(b). Qualitatively, this may 
occur reasonably because more unoccupied e− states for O3 than those for O2 seemed to make 
the final binding state of VPA stabler than that of EA on the surface.

Quantitatively, Figure 9(a) shows the modified charge density of states (DOS) for O3 on 
vinyl-phosphonate as shown in Figure 8(a), corresponding to e− states (around the Elumo) in 
Figure 5(a). Comparing this DOS with that in Figure 5(a) for O3 on VPA, it may find that 
many of unoccupied e− states evolved into occupied ones (below the EF, the Fermi level on 
energy band) after VPA adsorption on surface. Similarly, Figure 9(b) shows the modified 
DOS for O2 on acetate as shown in Figure 8(b), corresponding to e− states (around the Elumo) 
in Figure 5(b). Comparing O3 on VPA with O2 on EA, we concluded that the DOS for O3 
would shift more below the EF than that for O2 after molecular adsorptions, which made the 
binding energy of VPA larger than that of EA.

In the following subsections, similar trends of the DOS curves in Figure 9 can also be observed 
for O ions on molecular main piece reacting with Al (111) surface in bi-bridged (VPA and EA) 
and tri-bridged (VPA) coordinations. According to these results, we believed that the VPA 
should bind stronger than the equivalent EA on Al (111) surface because of its larger number 
of unoccupied e− states available for bonding to the surface.

Figure 7. Side views of (a) VPA and (b) EA adsorptions on Al (111) surface in uni-dentate coordination.
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4.1.2. Bi-bridged configurations

Figure 10 shows side views of vinyl-phosphonate and acetate adsorptions on Al (111) surface 
in their own bi-bridged coordination, respectively, with H ions liberating from molecular 
main piece and bonding to the surface. In these two adsorptions, adsorption enthalpies cor-
responding to Figure 10(a), (b),  Δ  H  

ads
   (VPA,EA)   =  −1.32 and −1.52 eV, respectively. Moreover, subse-

quent formation of gaseous H2 molecule by means of H ions desorbed from Al (111) surface 
would bring additional negative values for these enthalpies: −0.51 and −0.26 eV, respectively, 
indicating that both vinyl-phosphonate and acetate bonding to Al (111) surface alone in their 
own bi-bridged coordination, respectively, would be more favorable in final adsorptions.

Figure 8. Isosurfaces of charge density at the ELF = 0.67 for (a) VPA and for (b) EA adsorptions on Al (111) surface in 
their own uni-dentate coordination.

Figure 9. The modified DOS for (a) O3 ion on vinyl-phosphonate and (b) O2 ion on acetate.
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4.1.3. Tri-bridged configurations

Figure 11 shows a side view of VPA adsorption on Al (111) surface in tri-bridged coordi-
nation. In Figure 11, 2 H ions liberated from the VPA main piece through the condensing  
reaction and were adsorbed on the surface. Adsorption enthalpy corresponding to Figure 11,  
 Δ  H  

ads
   (VPA)   =  −2.61 eV. Moreover, subsequent formation of gaseous H2 molecule by means of H 

ions desorbed from Al (111) surface would bring additional negative values for this enthalpy: 
−0.51 eV, indicating that vinyl-phosphonate bonding to Al (111) surface alone in its own tri-
bridged coordination, would be more favorable in final adsorption.

4.1.4. Other adsorption geometries

When rotating initial configurations of adsorbates by some clockwise angels (e.g., 120° or 180° 
etc) toward Al (111) surface rather than their functional groups facing the surface, i.e., with 
the CH3 end directly pointing toward the surface, the binding energies of adsorbates on the 
surface would indicate positive values, meaning that such kinds of reacting geometries were 
unfavorable in the adsorption.

Figure 10. Side views of (a) vinyl-phosphonate and (b) acetate adsorptions on Al (111) surface in bi-bridged coordination, 
respectively.

Figure 11. A side view of vinyl-phosphonate adsorption on Al (111) surface in tri-bridged coordination.
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indicating that both vinyl-phosphonate and acetate bonding to Al (111) surface alone in their 
own bi-bridged coordination, respectively, would be more favorable in final adsorptions.

Figure 8. Isosurfaces of charge density at the ELF = 0.67 for (a) VPA and for (b) EA adsorptions on Al (111) surface in 
their own uni-dentate coordination.

Figure 9. The modified DOS for (a) O3 ion on vinyl-phosphonate and (b) O2 ion on acetate.
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4.1.3. Tri-bridged configurations

Figure 11 shows a side view of VPA adsorption on Al (111) surface in tri-bridged coordi-
nation. In Figure 11, 2 H ions liberated from the VPA main piece through the condensing  
reaction and were adsorbed on the surface. Adsorption enthalpy corresponding to Figure 11,  
 Δ  H  

ads
   (VPA)   =  −2.61 eV. Moreover, subsequent formation of gaseous H2 molecule by means of H 

ions desorbed from Al (111) surface would bring additional negative values for this enthalpy: 
−0.51 eV, indicating that vinyl-phosphonate bonding to Al (111) surface alone in its own tri-
bridged coordination, would be more favorable in final adsorption.

4.1.4. Other adsorption geometries

When rotating initial configurations of adsorbates by some clockwise angels (e.g., 120° or 180° 
etc) toward Al (111) surface rather than their functional groups facing the surface, i.e., with 
the CH3 end directly pointing toward the surface, the binding energies of adsorbates on the 
surface would indicate positive values, meaning that such kinds of reacting geometries were 
unfavorable in the adsorption.

Figure 10. Side views of (a) vinyl-phosphonate and (b) acetate adsorptions on Al (111) surface in bi-bridged coordination, 
respectively.

Figure 11. A side view of vinyl-phosphonate adsorption on Al (111) surface in tri-bridged coordination.
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4.1.5. Conclusions

In summary, if ignoring entropy contributions, for the VPA, the best favorable adsorption 
geometries on Al (111) surface were in the order: tri-bridged coordination > bi-bridged coor-
dination > uni-dentate coordination. While for the EA, the best adsorption geometries on Al 
(111) surface were in the order: bi-bridged coordination > uni-dentate coordination.

In addition, comparing these two adsorption types, in each of above adsorption geometries, 
the binding state of VPA on Al (111) surface was always stronger than that of equivalent EA 
on the surface. The main reason could be due to a more highly reactive 2(O)─P═O functional 
group with the surface than an O─C═O functional one. H ions liberating from molecular 
main pieces and adsorbing onto the surface, also influenced all of the binding states in above. 
However, the formation of gaseous H2 molecules by means of H ions desorbed from the sur-
face was more favorable in adsorption ends.

4.2. Dynamic simulations

In this section, dynamic decomposition pathways for two selected aliphatic boundary-layer 
lubricant additives: butanoic acid and butanol alcohol on Al (111) surface, are discussed using 
ab-initio molecular dynamics.

Corresponding to Figure 2, Figure 12 shows isosurfaces of charge density at the ELF = 0.93 for 
these two molecules. In Figure 12(a), O2 had two e− lone pairs (a circular-lunar lobe) because 
of its aniso-sp3 hybrid bonding to C and H neighbors; O1 formed a strong double bond with C, 
leading to lower charge density (a semi-lunar lobe) than around O2; Both O1 and O2 behaved 
more reactive with the clean Al (111) surface than other ions on butanoic acid, which were very 
similar to those in Figure 4(b). In Figure 12(b), O2 also had two e− lone pairs (a circular-lunar 
lobe) because of its aniso-sp3 hybrid bonding to C and H neighbors; O2 showed more reactive 
with the clean Al (111) surface than other ions on butanol alcohol. In a word, the ELF analyses 
indicated that functional groups O═C─OH and C─OH on these two molecules were electron-
rich, and hence were more likely to react with the Al surface than other C─H and C─C twigs.

Figure 12. Side views of isosurfaces of charge density at the ELF = 0.67 for (a) butanoic acid and for (b) butanol alcohol.
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Figure 13 shows initial geometries of butanoic acid and butanol alcohol interactions with Al (111) 
surface slab in four models. In each model, an additive molecule was positioned with its carbon 
backbone directly above the center of the equilibrated Al (111) surface, molecular orientations 
along [111] direction were shown in Figure 13(a)–(d), respectively. In Figure 13, the first three mod-
els were for butanoic acid reactions with Al (111) slab surface: In model-1 (M−1), Vd = −15.0 Å/ps  
(1500 m/s) and the O ion on O═C bond was set at one 2.30 Å spacing above the Al (111) slab sur-
face. In model-2 (M−2), Vd = −15.0 Å/ps and the OH group was positioned at one 2.30 Å spacing 
above the Al (111) slab surface. In model-3 (M−3), Vd = −20.0 Å/ps and all components in O═C─OH 
functional group were positioned directly at one 2.30 Å spacing above the Al (111) slab surface. The  
last model was for butanol alcohol reaction with the Al (111) slab: In model-4 (M−4), Vd = −20.0 Å/ps  
and the OH group was positioned at one 2.30 Å spacing above the Al (111) slab surface.

4.2.1. Dynamic decomposition pathways for butanoic acid on Al (111) slab surface

Figure 14 shows decomposition pathways for M−1, M−2 and M−3 models starting at 300 K. In 
Figure 14(a) for the M−1, at 50 simulation time steps, the O ion in O═C group on butanoic 
acid molecule began anchoring to the surface in a bi-dentate coordination. However, the OH 
group did not appear to interact with the surface at this time. At 90 time steps, the O ion in 
O═C group had dissociated from molecular main piece and was adsorbed onto the surface, 
with the residual molecular main piece anchoring to the surface through its alkyl-chain. At 
200 time steps, the OH group had dissociated from molecular main piece and began interact-
ing with the surface through its O ion. At 310 time steps, the OH group fully dissociated and 
was adsorbed onto the surface in a uni-dentate coordination. The residual alkyl-chain finally 
anchored to the surface in a tetra-coordination via its carboxyl C ion, with the O ion (dissoci-
ated from the O═C group) adsorbing on the surface in tri-dentate coordination. Note that the 
temperature of this system increased from 300 to 970 K throughout the whole simulation.

In Figure 14(b) for the M−2, at 40 time steps, the OH group interacted with Al (111) surface, 
resulting in dissociation of one H ion from molecular main piece. Main piece of butanoic acid 
interacted with the surface in a bi-bridged coordination through its O ions. At 130 time steps, 

Figure 13. Four initial geometries of butanoic acid and butanol alcohol interactions with Al (111) slab: (a) M−1; (b) M−2; 
(c) M−3; (d) M−4.
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surface slab in four models. In each model, an additive molecule was positioned with its carbon 
backbone directly above the center of the equilibrated Al (111) surface, molecular orientations 
along [111] direction were shown in Figure 13(a)–(d), respectively. In Figure 13, the first three mod-
els were for butanoic acid reactions with Al (111) slab surface: In model-1 (M−1), Vd = −15.0 Å/ps  
(1500 m/s) and the O ion on O═C bond was set at one 2.30 Å spacing above the Al (111) slab sur-
face. In model-2 (M−2), Vd = −15.0 Å/ps and the OH group was positioned at one 2.30 Å spacing 
above the Al (111) slab surface. In model-3 (M−3), Vd = −20.0 Å/ps and all components in O═C─OH 
functional group were positioned directly at one 2.30 Å spacing above the Al (111) slab surface. The  
last model was for butanol alcohol reaction with the Al (111) slab: In model-4 (M−4), Vd = −20.0 Å/ps  
and the OH group was positioned at one 2.30 Å spacing above the Al (111) slab surface.

4.2.1. Dynamic decomposition pathways for butanoic acid on Al (111) slab surface

Figure 14 shows decomposition pathways for M−1, M−2 and M−3 models starting at 300 K. In 
Figure 14(a) for the M−1, at 50 simulation time steps, the O ion in O═C group on butanoic 
acid molecule began anchoring to the surface in a bi-dentate coordination. However, the OH 
group did not appear to interact with the surface at this time. At 90 time steps, the O ion in 
O═C group had dissociated from molecular main piece and was adsorbed onto the surface, 
with the residual molecular main piece anchoring to the surface through its alkyl-chain. At 
200 time steps, the OH group had dissociated from molecular main piece and began interact-
ing with the surface through its O ion. At 310 time steps, the OH group fully dissociated and 
was adsorbed onto the surface in a uni-dentate coordination. The residual alkyl-chain finally 
anchored to the surface in a tetra-coordination via its carboxyl C ion, with the O ion (dissoci-
ated from the O═C group) adsorbing on the surface in tri-dentate coordination. Note that the 
temperature of this system increased from 300 to 970 K throughout the whole simulation.

In Figure 14(b) for the M−2, at 40 time steps, the OH group interacted with Al (111) surface, 
resulting in dissociation of one H ion from molecular main piece. Main piece of butanoic acid 
interacted with the surface in a bi-bridged coordination through its O ions. At 130 time steps, 

Figure 13. Four initial geometries of butanoic acid and butanol alcohol interactions with Al (111) slab: (a) M−1; (b) M−2; 
(c) M−3; (d) M−4.
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this main piece remained anchoring to the surface. However at 200 time steps, this coordina-
tion was becoming uni-dentate as the main piece rebounded the surface under its consistent 
collisions, and with an Al ion pulled upward by one of O ions in it. At 310 time steps, the 
fragment in a bi-dentate configuration resembled a soap, i.e., a product of “R─COOM (here 
“R─ “represented the alkyl-chain and “M” was a metal ion in the surface)” was formed in 
simulation [33]. Soap formation with fatty acids had been observed in the Al forming process 
where nominal pressures were in the vicinity of 2.5 times the material flow strength [3, 34]. 
The temperature of this system increased from 300 to 960 K throughout the whole simulation.

In Figure 14(c) for the M−3, at 60 time steps, the O ion in O═C group had dissociated and was 
subsequently adsorbed in a tri-dentate configuration on Al (111) surface. The same was true 
for the OH group. The residual alkyl-chain formed bi-dentate and tri-dentate configurations 
in the order at 100, 150, and 310 time steps throughout the whole simulation. One H ion dis-
sociated from the adsorbed OH group and migrated about the surface. The temperature of 
this system increased from 300 to 1330 K throughout the whole simulation.

Figure 15 shows the initial evolution of potential energy computed for each of three models 
in Figure 14. In each case, butanoic acid molecule usually began interacting with the surface 
within 30–50 time steps. The potential energy of each system increased during this time inter-
val so as to overcome the barrier to the adsorption. This energy then decreased as the surface 
defused molecular consistent impacts and decomposition. Beyond the dip point, the energy 
increased once again as molecular fragment and its decomposed components in functional 

Figure 14. Three models of decomposition pathways starting at 300 K: (a) M−1; (b) M−2 and (c) M−3.
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group re-arranged themselves on the surface. The sharp peaks on M−1 and M−3 curves indi-
cated larger and more rapid exchanges between potential and kinetic energies than were 
observed in M−2 during the decomposition.

Figure 16 shows potential energies of three models during the first 350 time steps of thermal 
annealing after their distributions of 500 time steps as shown in Figure 15. In Figure 15, over 
this 350 time steps, each curve decreased and ultimately approached an asymptotic value 
after about 250 time steps. After 350 time steps, the potential energy of M−3 was slightly lower 
than M−1, but M−2 still had the highest energy level. In addition, our DFT energy minimiza-
tion found that M−3 was the most stable configuration followed by M−1 and M−2.

4.2.2. Dynamic decomposition pathways for butanol alcohol on Al (111) surface

Figure 17 shows dynamic decomposition pathways for butanol alcohol on Al (111) surface, 
M–4, starting at 300 K. In Figure 17, at 40 time steps, 1 H ion dissociated from the OH group and 
interacted with an Al ion in the surface. At 100 time steps, molecular fragment was adsorbed on 
the surface plus a lone H ion moved below the surface. At 250 time steps, molecular fragment 

Figure 15. Potential energies of M−1, M−2 and M−3 vs. time steps for butanoic acid decomposition on Al (111) surface.

Figure 16. An effect of further annealing at 500 K on potential energies of M−1, M−2 and M−3 for butanoic acid 
decomposition on Al (111) surface.
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evolved its adsorption geometry to a bi-dentate configuration. At 400 time steps, molecular 
fragment showed up a uni-dentate configuration. Interestingly, during this decomposition, 
neither bi-dentate nor tri-dentate configuration depicted in above decomposed pieces of buta-
noic acid were observed in butanol alcohol configurations. Additional AIMD simulations for a 
butanol alcohol molecule slightly rotated relative to the Al (111) slab also confirmed this obser-
vation, see discussions in Section 4.2.3. According to this, we concluded that the decomposition 
pathway for butanol alcohol just occurred to oxidize the surface by means of its dissociated OH 
group to form an alcoholate on the surface if other additives were not involved in this reaction.

Figure 18 shows the distribution of potential energy for M–4 starting at 300 K. Here a sharp 
peak around 40 time steps represented the dissociation of an H ion from molecular main 
piece. The dip in the curve near 220 time steps was due to the re-arrangement of the decom-
posed pieces on the surface.

4.2.3. Other decomposition pathways

Other several AIMD simulations were carried out on decomposition pathways with above 
additive molecules rotating their initial configurations by 180° clockwise (group-1) and 
90° counterclockwise (group-2) toward Al (111) surface rather than their functional groups  

Figure 17. Dynamic decomposition pathways for M–4 starting at 300 K.

Figure 18. Distribution of potential energy vs. time steps for M–4 starting at 300 K.
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facing the surface, respectively. For group-1 with the CH3 end pointing toward the surface, 
it initially bounced off the surface without decomposing, but intermediately rotated its func-
tional groups toward the surface when it bounced back the surface. And then, it carried on 
decomposition pathways discussed in above Sections. For group-2 with the carbon backbones 
aligning with the surface, it initially bounced off the surface without decomposing, but imme-
diately rotated its functional groups toward the surface when it bounced back the surface. 
And then it carried on decomposition pathways discussed in above Sections.

Comprehensively, the final thermal equilibration at 500 K for the decomposed species of 
butanoic acid and butanol alcohol on Al (111) surface indicated that (1) for butanol alcohol 
decomposed pieces in M-4: a butanol alcoholate was adsorbed on the surface in a uni-den-
tate coordination with the dissociated H ion adsorbed onto the surface; (2) for butanoic acid 
decomposed pieces in M−1, M−2 and M−3: residual alkyl-chains usually anchored to the sur-
face in tri-dentate coordination via their carboxyl C ions, with the OH group and dissociated 
H and O ions interacting with the surface, which were consistent with experimental observa-
tions using the X-ray photoelectron spectroscopy (XPS) at temperatures from 300 to 750 K [8].

4.2.4. Conclusions

Simulations of ab-initio molecular dynamics starting at room temperature (300 K) for the 
decomposed intermediates of aliphatic butanoic acid and butanol alcohol on clean Al (111) 
surface, indicated that, (1) Initial decomposition pieces of these additive molecules involved 
attachments of residual alkyl-chains to Al ions in the surface via their oxygen ions; (2) In 
further decomposition reactions, the remaining alkyl-chains would anchor to the surface via 
its end C ion, with the complete liberation of oxygen ions or OH group from the carboxyl 
(O═C─OH) group to oxidize the surface; (3) The remaining alkyl-chains did not participated 
in reactions with the surface, but may serve as molecular caps to inhibit migrations of cor-
rosive species into the oxide surface, and let these chains accessible react with other general 
lubricants in base oil, which may form effective boundary thin-films on the surface.

5. Summary

In this chapter, an ab-initio modeling of lubricant reactions with a metal Al (111) surface are com-
prehensively discussed using density functional theory (DFT) and ab-initio molecular dynamics 
(AIMD) based upon the DFT, to illuminate some reasonable reaction outputs in this lubrication 
field. Some main points from discussions may include, without any loss of generality:

1. If ignoring entropy contributions, for the VPA, the best favorable reaction geometries on  
Al (111) surface were in the order: tri-bridged coordination > bi-bridged coordination > 
uni-dentate coordination. While for the EA, the best reaction geometries on Al (111) sur-
face were in the order: bi-bridged coordination > uni-dentate coordination.

2. Comparing these two adsorption types, in each of above adsorption geometries, the bind-
ing state of VPA on Al (111) surface was always stronger than that for equivalent EA on 
the surface. The main reason could be due to a more highly reactive functional group of 
2(O)─P═O with the surface than that of O─C═O. H ions liberating from molecular main 
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facing the surface, respectively. For group-1 with the CH3 end pointing toward the surface, 
it initially bounced off the surface without decomposing, but intermediately rotated its func-
tional groups toward the surface when it bounced back the surface. And then, it carried on 
decomposition pathways discussed in above Sections. For group-2 with the carbon backbones 
aligning with the surface, it initially bounced off the surface without decomposing, but imme-
diately rotated its functional groups toward the surface when it bounced back the surface. 
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attachments of residual alkyl-chains to Al ions in the surface via their oxygen ions; (2) In 
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its end C ion, with the complete liberation of oxygen ions or OH group from the carboxyl 
(O═C─OH) group to oxidize the surface; (3) The remaining alkyl-chains did not participated 
in reactions with the surface, but may serve as molecular caps to inhibit migrations of cor-
rosive species into the oxide surface, and let these chains accessible react with other general 
lubricants in base oil, which may form effective boundary thin-films on the surface.

5. Summary

In this chapter, an ab-initio modeling of lubricant reactions with a metal Al (111) surface are com-
prehensively discussed using density functional theory (DFT) and ab-initio molecular dynamics 
(AIMD) based upon the DFT, to illuminate some reasonable reaction outputs in this lubrication 
field. Some main points from discussions may include, without any loss of generality:

1. If ignoring entropy contributions, for the VPA, the best favorable reaction geometries on  
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2. Comparing these two adsorption types, in each of above adsorption geometries, the bind-
ing state of VPA on Al (111) surface was always stronger than that for equivalent EA on 
the surface. The main reason could be due to a more highly reactive functional group of 
2(O)─P═O with the surface than that of O─C═O. H ions liberating from molecular main 
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pieces and adsorbing on the surface, also influenced all the binding states in above. How-
ever, the formation of gaseous H2 molecules by means of H ions desorbed from the surface 
was more favorable in adsorption ends.

3. Simulations of ab-initio molecular dynamics starting at room temperature (300 K) for the 
decomposed intermediates of aliphatic butanoic acid and butanol alcohol on clean Al (111) 
surface, indicated that, (1) Initial decomposition pieces of these molecules involved attach-
ments of residual alkyl-chains to Al ions via their oxygen ions; (2) In further decomposition 
reactions, the remaining alkyl-chains may anchor to the surface via their end C ions, with 
complete liberation of oxygen ions on OH groups from carboxyl (O═C─OH) groups to 
oxidize the surface; (3) The remaining alkyl-chains did not participate in reactions with the 
surface, but may serve as molecular caps to inhibit migrations of corrosive species into the 
oxide surface. And, these chains could be accessible to react with other general lubricants 
in base oil to form effective boundary thin-films on the surface.
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reactions, the remaining alkyl-chains may anchor to the surface via their end C ions, with 
complete liberation of oxygen ions on OH groups from carboxyl (O═C─OH) groups to 
oxidize the surface; (3) The remaining alkyl-chains did not participate in reactions with the 
surface, but may serve as molecular caps to inhibit migrations of corrosive species into the 
oxide surface. And, these chains could be accessible to react with other general lubricants 
in base oil to form effective boundary thin-films on the surface.
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Abstract

Oxidation is a chemical reaction that occurs in lubricants upon exposure to an oxidizing
agent such as oxygen and can be catalyzed by copper and iron. Antioxidants are a group
of chemicals that can be used in the formulation of lubricants to stop or reduce the rate
of oxidation. Based on the mechanism of action, antioxidants are categorized as primary
antioxidants (radical scavengers), secondary antioxidants (Peroxide decomposers), and
metal deactivators (complex-forming or chelating agents). Selection of the antioxidants
in a formulation is a critical decision that depends on the base oil, application and other
ingredients in the formulations. Presence of some other ingredients in the product with
antagonistic behavior may suppress the role of antioxidants; however, optimal applica-
tion of antioxidants with synergistic behavior would increase the stabilization impact of
the ingredients on the base oil.

Keywords: lubricant, bio-lubricant, antioxidant, oxidation, stability, synergism

1. Introduction

Oxidation is an unwanted process which results in degradation of lubricants (containing hydro-
carbons C20-C70) and generation of degradation products. Oxidation can start with the presence
of oxidative agents such as oxygen to form a wide range of oxidation products with higher or
lower molecular weight relative to the original oil depending on the progress of the process.
Generation of lacquer and varnish, viscosity increase, sludge and deposit formation, and corro-
sion are some important consequences of oxidation. Copper and iron in metal parts, and harsh
conditions such high pressure, high temperature, high friction and high metal concentration are
factors that accelerate lubricant oxidation. In combustion engines, the generated heat from comb-
ustion process would be high enough to oxidize the lubricating oil unless antioxidants present in
the formulation inhibit the progress of oxidation and the formation of degradation products.
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Oxidation is a chemical reaction that occurs in lubricants upon exposure to an oxidizing
agent such as oxygen and can be catalyzed by copper and iron. Antioxidants are a group
of chemicals that can be used in the formulation of lubricants to stop or reduce the rate
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1. Introduction

Oxidation is an unwanted process which results in degradation of lubricants (containing hydro-
carbons C20-C70) and generation of degradation products. Oxidation can start with the presence
of oxidative agents such as oxygen to form a wide range of oxidation products with higher or
lower molecular weight relative to the original oil depending on the progress of the process.
Generation of lacquer and varnish, viscosity increase, sludge and deposit formation, and corro-
sion are some important consequences of oxidation. Copper and iron in metal parts, and harsh
conditions such high pressure, high temperature, high friction and high metal concentration are
factors that accelerate lubricant oxidation. In combustion engines, the generated heat from comb-
ustion process would be high enough to oxidize the lubricating oil unless antioxidants present in
the formulation inhibit the progress of oxidation and the formation of degradation products.
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Antioxidants are a group of additives that have the potential of prohibiting oxidation of base oil
in the lubricants and the inhibition of oil breakdown and thickening [1, 2].

2. Mechanism of lubricants oxidation

Oxidation is a multi-step process mainly consisting of three stages: (a) initiation; (b) chain
propagation; and (c) termination. In the initiation stage, an external factor (oxidizing agent)
causes generation of a free organic radical (R�) or an unpaired electron as part of the lubricant
(RH) indicated below:

RH ! R� þH� (1)

In the propagation stage, the free radical released during initiation stage is a highly reactive
species with the potential of reacting with oxygen to form a peroxide radical. The peroxide
radical is another reactive component with the potential of reacting with the lubricant or other
components in the lubricant that can result in further decomposition of the lubricant and its
components as follows:

R:þO2 ! ROO� (2)

ROO� þ RH ! ROOHþ R� (3)

Branching occurs as:

ROOH ! RO� þ �OH (4)

RO� þ RHþO2 ! ROHþ ROO� (5)

�OHþ RHþO2 ! H2Oþ ROO� (6)

In the termination stage, the radical species generated during initial and propagation stages of
oxidation would combine and form a stable organic compound and the free radicals are
removed from the lubricating agent. The termination stage can be effective in attenuation or
ending the oxidation process if no more radicals are generated during the initiation stage.

R:þ R: ! R� R (7)

R:þ ROO: ! ROOR (8)

Altogether, two types of products can be produced during oxidation, namely oil soluble
products (such as peroxides, alcohols, acids, esters, aldehydes, and ketones), and oil insoluble
products with high molecular weight.

3. Measuring oxidative resistance

The chemical and physical properties of materials can be altered by oxidation. For instance,
an increase in the acidity of the samples containing fats and oils can result in corrosion and
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rusting. The lubricating properties of such systems can be affected by increasing the viscos-
ity. Oxidation stability testing is essential, as follows: i) development of new products, ii)
evaluation of potential new additives and iii) assessment of storage stability [3]. For the
purpose of enabling development of valuable new products, it is important to assess the
performance of various antioxidants in a lubricant to determine the required treatment-rate
and the cost [4].

ASTM D-6186 is a standard method used to measure the performance of an antioxidant
in a lubricating substance. In addition, pressurized differential scanning calorimetry (PDSC)
is a suitable tool for measuring the oxidative stability. Accordingly, PDSC provides estimates
of oxidative stability by detecting exothermic release of heat identified as auto-oxidation.
Auto-oxidation is a process by which the antioxidant capacity of the lubricating system goes
into the oxidative chain reaction when the effective ingredients are consumed. For example,
the effectiveness of two antioxidants was compared using the PDSC test where each antioxi-
dant was added at 2% level to treat the base oil. The results of oxidation induction time (OIT)
for both samples heated at 135� for 7 days are shown in Figure 1. Many researchers rely on
high-pressure differential scanning calorimetry (HPDSC) as an appropriate tool, especially for
small samples, where bulk solution effects are minimized and it is facile to detect the inter-
change of the sample with its atmospheric oxygen. One of the main advantages of this tool is
the repeatability of the test procedure with a reasonable reaction time [4–6].

Oxygen pressure vessel method or ASTM D942 (OPVOT) test performance can determine
various antioxidants optimum treatment rate to make the most cost-effective formulation in a
very short period of time [4]. Lubricants are formulated from a range of base fluids, either
mineral or synthetic oils, in which chemical additives are dissolved. The base oil formulation
and the nature of the chemical additives will affect on the physical and chemical properties of
the lubricant [1]. The life span of the product can be changed using chemical additives for
development of lubricants for specific applications. Gas chromatography (GC) and ESI are two
significant methods which are used for the analysis of additives related to the additive age,

Figure 1. An alternative antioxidant known as DT-mPM displays a greater performance than a commercial antioxidant
using PDSC study; AO: alpha-olefin [4].
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ending the oxidation process if no more radicals are generated during the initiation stage.

R:þ R: ! R� R (7)

R:þ ROO: ! ROOR (8)

Altogether, two types of products can be produced during oxidation, namely oil soluble
products (such as peroxides, alcohols, acids, esters, aldehydes, and ketones), and oil insoluble
products with high molecular weight.

3. Measuring oxidative resistance

The chemical and physical properties of materials can be altered by oxidation. For instance,
an increase in the acidity of the samples containing fats and oils can result in corrosion and
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rusting. The lubricating properties of such systems can be affected by increasing the viscos-
ity. Oxidation stability testing is essential, as follows: i) development of new products, ii)
evaluation of potential new additives and iii) assessment of storage stability [3]. For the
purpose of enabling development of valuable new products, it is important to assess the
performance of various antioxidants in a lubricant to determine the required treatment-rate
and the cost [4].

ASTM D-6186 is a standard method used to measure the performance of an antioxidant
in a lubricating substance. In addition, pressurized differential scanning calorimetry (PDSC)
is a suitable tool for measuring the oxidative stability. Accordingly, PDSC provides estimates
of oxidative stability by detecting exothermic release of heat identified as auto-oxidation.
Auto-oxidation is a process by which the antioxidant capacity of the lubricating system goes
into the oxidative chain reaction when the effective ingredients are consumed. For example,
the effectiveness of two antioxidants was compared using the PDSC test where each antioxi-
dant was added at 2% level to treat the base oil. The results of oxidation induction time (OIT)
for both samples heated at 135� for 7 days are shown in Figure 1. Many researchers rely on
high-pressure differential scanning calorimetry (HPDSC) as an appropriate tool, especially for
small samples, where bulk solution effects are minimized and it is facile to detect the inter-
change of the sample with its atmospheric oxygen. One of the main advantages of this tool is
the repeatability of the test procedure with a reasonable reaction time [4–6].

Oxygen pressure vessel method or ASTM D942 (OPVOT) test performance can determine
various antioxidants optimum treatment rate to make the most cost-effective formulation in a
very short period of time [4]. Lubricants are formulated from a range of base fluids, either
mineral or synthetic oils, in which chemical additives are dissolved. The base oil formulation
and the nature of the chemical additives will affect on the physical and chemical properties of
the lubricant [1]. The life span of the product can be changed using chemical additives for
development of lubricants for specific applications. Gas chromatography (GC) and ESI are two
significant methods which are used for the analysis of additives related to the additive age,

Figure 1. An alternative antioxidant known as DT-mPM displays a greater performance than a commercial antioxidant
using PDSC study; AO: alpha-olefin [4].
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composition and degradation of the lubricant [7–10]. Antioxidants are among the most impor-
tant group of additives, that are normally composed of sterically hindered phenols or aromatic
amines [1, 2]. The presence of oxygen and high temperatures within a tribological environment
can be important factors for rapid oxidation of lubricants. The quantitative analysis of lubri-
cant antioxidant additives in complex and native base oil matrices has been studied using ESI-
MS and MALDI-MS [11, 12]. The rotating pressure vessel oxidation test (ASTM-D2272) is the
most common method which can measure the RUL (Remaining Useful Life) of the oil’s ability
to resist oxidation.

Antioxidants are one of the most suitable additives to extend the lifetime of lubricants. Further-
more, antioxidants prevent the oxidative degradation of the lubricant oil thickening and the
formation of sludge. Aromatic amines (e.g. dialkylated diphenylamine) and sterically hindered
phenols (e.g. 2,6-di-tert-butylphenol) are two common antioxidants which are useful in lubri-
cants stabilization to gain synergistic effects [3, 13]. A better understanding of the chemistry of
antioxidants and their degradation mechanisms at the molecular level is crucial for developing
more efficient lubricants. Lubricants based on mineral oils, are very complex mixtures; therefore,
an analytical method with high sensitivity and selectivity to separate the components, and to
characterize and quantify antioxidants and their degradation products has been established [14].

4. Activity and classification of antioxidants

Antioxidants are a series of compounds with the capability of controlling oxidation, and
consequently preventing oil from breakdown and thickening (increasing viscosity), and help-
ing better performance and longer life of an engine. Natural antioxidants are the chemical
compounds that originally present in the mineral oil known as polycycloaromatics and sulfur
and nitrogen heterocyclics, or with bio-oil, triglycerides and in biological systems known as
tocopherol, astaxanthin, zeaxanthin, lutein, flavonoids, lycopene, etc. In the mineral oil refin-
ing process, severe conditions applied in the process strips the base oil of its natural antioxi-
dants [1, 2]. Therefore, the lack of these important group of chemicals should be compensated
by supplementation of the base oil using appropriate groups of additives. Three types of
antioxidants are generally available, namely, radical scavengers (primary antioxidants), perox-
ide decomposers (secondary antioxidants), and metal passivators/deactivators [15].

Radical scavengers such as phenolic antioxidants, aromatic amines, and sulfur and phosphorus
compounds that stop chain propagation by blocking or reacting with free radicals generated in
the initiation stage of oxidation. Blocking of the radicals by the scavengers occurs through
donation of hydrogen atoms that react with alkyl or peroxy radicals, leading to the formation
of quinones or quinine imines [1, 2, 15].

Peroxide decomposers such as organosulfur (e.g. dialkyl sulfides and dithiocarbamates) and
organophosphorus (e.g. triaryl phosphites and trialkyl phosphites) compounds have the con-
version potential of hydroperoxides to non-radical derivatives such as alcohols [1, 2, 15].

Metal deactivators such as benzotriazole and N-salicylidene ethylamine acting as surface film-
forming compounds or stable complex-forming agents (chelating agent) function by reducing
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catalytic effect of metal ions on oxidation. Chelating agents function by trapping metal ions in
their structure in the form of stable complexes to reduce the catalytic oxidation activity of the
metal ions. Film-forming agents by covering the surface of the metals do not let them enter into
the oil phase, and/or these agents may restrict the access of the corrosive species into the metal
surface resulting in a reduced corrosive impact of the corrosive agents [1, 2, 15].

Due to the synergistic effect of the antioxidants, combinations of different types of antioxidants are
used in lubricant formulations. This synergistic impact of the antioxidants has been proven in
several research studies. For example, the results from a study by Davis and Thompson (1996)
indicated that alkali metal carboxylic acids and substituted phenols would work as synergists for
arylamine antioxidants in ester-based synthetics lubricants. Their results showed that the oil was
stable and sludge free when tested at high temperatures at lab scale [16]. In another study by
Sharma et al. [17], a synergistic effectwas reportedwhere zincdialkyledithiocarbamate antioxidant
was used with an anti-wear additive namely antimony dithiocarbamates in a soybean oil-based
lubricant using a pressure differential scanning calorimetry (PDSC) and a rotary bomb oxidation
test (RBOT) [17].

Different classifications are available for antioxidants. Based on the source, they can be classi-
fied as: (a) natural antioxidants, and (b) synthetic antioxidants. Based on the solubility, they are
classified as: (a) oil-soluble antioxidants, and (b) water soluble antioxidants. Based on the
mechanism of action: (a) primary antioxidants (radical scavengers), (b) secondary antioxidants
(Peroxide decomposers), and (c) metal deactivators. Oil-soluble organic antioxidants are an
important group for (hydrocarbon) lubricating oils that can be categorized as discussed in the
following subsections.

4.1. Hindered phenolic compounds

Hindered phenols are a group of (primary) antioxidants that function by scavenging mechanism
through hydrogen donation in which the target molecules are peroxy radical intermediates.
They are active over a wide range of temperature and they can provide a long-term stability of
the lubricant with minimizing viscosity change and discoloration. Synergistic effect may result
using a combination of hindered phenols and secondary antioxidants such as thioethers and
phosphites. The sterically hindered phenols (I) with 2 and 6 positions on the ring substituted by
tertiary alkyl groups (such as butyl) are very active antioxidants reacting with the peroxy radical
intermediates (Figure 2). The product of the first reaction (II) is also reactive functioning as the
scavenger of the peroxy radicals [15, 18].

The maximal activity of hindered phenolic antioxidants is attainable when both 2 and 6
positions of the aromatic ring are occupied by tertiary butyl groups; with one substituent
replaced by methyl instead of tertiary butyl, the relative antioxidant activity may drop by
37.5% as shown in Table 1 [18].

4.2. Aromatic amine compounds

This class of antioxidants is more active than the hindered phenols and are available in a wide
range ofmolecular weights and forms. However, aromatic amines contribute more in discoloring
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composition and degradation of the lubricant [7–10]. Antioxidants are among the most impor-
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Antioxidants are a series of compounds with the capability of controlling oxidation, and
consequently preventing oil from breakdown and thickening (increasing viscosity), and help-
ing better performance and longer life of an engine. Natural antioxidants are the chemical
compounds that originally present in the mineral oil known as polycycloaromatics and sulfur
and nitrogen heterocyclics, or with bio-oil, triglycerides and in biological systems known as
tocopherol, astaxanthin, zeaxanthin, lutein, flavonoids, lycopene, etc. In the mineral oil refin-
ing process, severe conditions applied in the process strips the base oil of its natural antioxi-
dants [1, 2]. Therefore, the lack of these important group of chemicals should be compensated
by supplementation of the base oil using appropriate groups of additives. Three types of
antioxidants are generally available, namely, radical scavengers (primary antioxidants), perox-
ide decomposers (secondary antioxidants), and metal passivators/deactivators [15].

Radical scavengers such as phenolic antioxidants, aromatic amines, and sulfur and phosphorus
compounds that stop chain propagation by blocking or reacting with free radicals generated in
the initiation stage of oxidation. Blocking of the radicals by the scavengers occurs through
donation of hydrogen atoms that react with alkyl or peroxy radicals, leading to the formation
of quinones or quinine imines [1, 2, 15].

Peroxide decomposers such as organosulfur (e.g. dialkyl sulfides and dithiocarbamates) and
organophosphorus (e.g. triaryl phosphites and trialkyl phosphites) compounds have the con-
version potential of hydroperoxides to non-radical derivatives such as alcohols [1, 2, 15].

Metal deactivators such as benzotriazole and N-salicylidene ethylamine acting as surface film-
forming compounds or stable complex-forming agents (chelating agent) function by reducing
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catalytic effect of metal ions on oxidation. Chelating agents function by trapping metal ions in
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metal ions. Film-forming agents by covering the surface of the metals do not let them enter into
the oil phase, and/or these agents may restrict the access of the corrosive species into the metal
surface resulting in a reduced corrosive impact of the corrosive agents [1, 2, 15].

Due to the synergistic effect of the antioxidants, combinations of different types of antioxidants are
used in lubricant formulations. This synergistic impact of the antioxidants has been proven in
several research studies. For example, the results from a study by Davis and Thompson (1996)
indicated that alkali metal carboxylic acids and substituted phenols would work as synergists for
arylamine antioxidants in ester-based synthetics lubricants. Their results showed that the oil was
stable and sludge free when tested at high temperatures at lab scale [16]. In another study by
Sharma et al. [17], a synergistic effectwas reportedwhere zincdialkyledithiocarbamate antioxidant
was used with an anti-wear additive namely antimony dithiocarbamates in a soybean oil-based
lubricant using a pressure differential scanning calorimetry (PDSC) and a rotary bomb oxidation
test (RBOT) [17].

Different classifications are available for antioxidants. Based on the source, they can be classi-
fied as: (a) natural antioxidants, and (b) synthetic antioxidants. Based on the solubility, they are
classified as: (a) oil-soluble antioxidants, and (b) water soluble antioxidants. Based on the
mechanism of action: (a) primary antioxidants (radical scavengers), (b) secondary antioxidants
(Peroxide decomposers), and (c) metal deactivators. Oil-soluble organic antioxidants are an
important group for (hydrocarbon) lubricating oils that can be categorized as discussed in the
following subsections.

4.1. Hindered phenolic compounds

Hindered phenols are a group of (primary) antioxidants that function by scavenging mechanism
through hydrogen donation in which the target molecules are peroxy radical intermediates.
They are active over a wide range of temperature and they can provide a long-term stability of
the lubricant with minimizing viscosity change and discoloration. Synergistic effect may result
using a combination of hindered phenols and secondary antioxidants such as thioethers and
phosphites. The sterically hindered phenols (I) with 2 and 6 positions on the ring substituted by
tertiary alkyl groups (such as butyl) are very active antioxidants reacting with the peroxy radical
intermediates (Figure 2). The product of the first reaction (II) is also reactive functioning as the
scavenger of the peroxy radicals [15, 18].

The maximal activity of hindered phenolic antioxidants is attainable when both 2 and 6
positions of the aromatic ring are occupied by tertiary butyl groups; with one substituent
replaced by methyl instead of tertiary butyl, the relative antioxidant activity may drop by
37.5% as shown in Table 1 [18].

4.2. Aromatic amine compounds

This class of antioxidants is more active than the hindered phenols and are available in a wide
range ofmolecular weights and forms. However, aromatic amines contribute more in discoloring
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the final product (formulated lubricant) compared to the hindered phenols, especially at higher
temperatures or exposure to light [19]. As active hydrogen donors, they can easily transfer the
hydrogen atom on nitrogen to peroxy radicals [20, 21]. The typical group in this class of antiox-
idants are called alkylated diphenyl amines that are substituted amine antioxidants synthesized
by the reaction between diphenylamine and alkylating agents. This group of antioxidants are
used in lubricants as well as synthetic polymers and rubber vulcanizates [22]. The mechanism of
action of aromatic amines can simply be presented as follows Figure 3:

Figure 2. Mechanism of reaction of hindered phenols with peroxy radical.

Phenol structure Relative antioxidant activity

100.0

62.5

Table 1. Relative antioxidant activity of phenolic antioxidants affected by the alkyl substituents at the ortho positions
[1, 18].
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The mechanism of the sequential reaction of the alkylated diphenylamine under low temper-
atures (<120�C) is shown in Figure 4 [1, 23]. At the end of this reactions resulting in the
elimination of four peroxy radicals, two compounds are generated, namely; 1,4-benzoquinone
and an alkylated nitrosobenzene.

Comparing a diphenylamine molecule with sterically hindered monophenols, the former has
the scavenging potential of four peroxy radicals, while the sterically hindered monophenols
have the potential of elimination of 2 equivalents of peroxy radicals.

At higher temperatures (>120�C), after reaction of the antioxidant with the peroxy radical and
formation of the nitroxyl radical in the second step, this compound would have the potential of
reacting with (scavenging) a secondary alkyl radical leading to the regeneration of the original
alkylated diphenylamine (Figure 5). It has been proven that the performance of the antioxi-
dants based on diphenylamine depends on the substituents in the para position such that
stoichiometric efficiencies of over 12 radicals per molecule have been reported in this regener-
ation process [1, 24].

Figure 3. Mechanism of action of aromatic amines on peroxy radicals [resketched from 1, 2, 19].

Figure 4. Mechanism of sequential reaction of alkylated diphenyl amine with peroxy radical at low temperatures
(<120�C) [resketched from 1 and 2].
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The performance of aromatic amines on NOx emissions from soybean biodiesel powered DI
diesel engine has been investigated [25]. The results indicated that at 75% load for B100 fuel
enriched with DPPD (N,N0-diphenyl-1,4-phenylenediamine) and NPPD (N-phenyl-1,4-phe-
nylenediamine) as effective antioxidants, reductions of 28.36 and 20.96% were obtained with
NO emissions, respectively. For B20, less reduction of NO was achieved with DPPD and NPPD
additions compared to B100. The effectiveness of the both antioxidants in B100 and B20 fuels
was proved for NO emissions.

In another study by Hess et al. [26], incorporation of antioxidants including butylated
hydroxyanisol and butylated hydroxytoluene at 1000 ppm concentration in B20 resulted in
the reduction of NOx gases in a single-cylinder engine as shown in Table 2 [26]. According to

Figure 5. Mechanism of reaction of alkylated diphenyl amine with peroxy radical at high temperatures (>120�C) [resket-
ched from 1].

Fuel Change in NOx from B20 combustion (%)

B20 + 2-ethylhexyl nitrate �4.5 � 1.0

B20 + 2,20-methylenebis(6-tert-butyl-4-methylphenol) +0.2 � 1.0

B20 + citric acid �0.7 � 0.5

B20 + α-tocopherol +0.3 � 0.2

B20 + ascorbic acid 6-palmitate �1.3 � 0.9

B20 + tert-butyl hydroquinone �0.3 � 1.6

B20 + propyl gallate �0.4 � 2.8

B20 + diphenylamine +0.7 � 1.3

B20 + butylated hydroxytoluene (BHT) �2.9 � 1.5

B20 + butylated hydroxyanisole (BHA) �4.4 � 1.0

Table 2. The influence of additives on NOx emission during combustion [26].
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the results, the two aforementioned antioxidants were more helpful than other antioxidants
but less effective than 2-ethylhexyl nitrate (EHN) which is an accepted NOX-lowering agent.

A study was carried out by Mukul et al. [27] to evaluate the importance of chemistry of
antioxidants on the oxidative stability and thermo-oxidative properties of gear oil. They
conducted the experiments on 4 oil blends, namely AO I (no antioxidant added), AO II (with
an amine antioxidant (Irganox L57) added), AO III (with a phenolic antioxidant (Irganox L135)
added, and AO IV (with both Irganox L57 and Irganox L135 added). In the high-pressure
differential scanning calorimetry (PDSC) test at 160�C, the following order obtained for oxida-
tion induction temperature (OIT) of the oil blends:

AO II > AO IV > AO III > AO I (9)

A similar trend was also obtained for rotating pressure vessel oxidation test (RPVOT) results
for the oil blends tested confirming a good correlation between the two test methods. How-
ever, a reverse trend of results for the oxidation level (%) of the aforementioned oil blends was
achieved. According to the results, amine antioxidant resulted in a better performance com-
pared to the phenolic antioxidant and synergism of the antioxidants did not have a significant
role in delaying the oxidation reactions. The higher performance of amine antioxidant com-
pared with the phenolic antioxidant on the thermo-stability of the lubricant could be its
catalytic manner of reaction and regeneration over several cycles of scavenging and breaking
of chain reactions of oxidation.

Thermal stability of polyol ester lubricant was affected by different types of antioxidants as
reported by Mousavi et al. [28]. Among the systems studied, Phenyl-R-naphthylamine (PAN)
showed a remarkable improvement on the thermal stability of the base oil (Figures 6 and 7)
indicating less acid and less HMW products generation in this oil blend at high temperature
(220�C). The greater area in Figure 7 is the representation of the generation of high-molecular
weight products (HMW) due to oxidation and polymerization reactions.

Figure 6. Acid values of original oil (AF) and inhibited oil (using different antioxidants) heated at 220�C over time.
Reprinted with permission from [28].
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4.3. Organosulfur compounds

Organosulfur compounds function as hydroperoxide decomposers by converting them into
non-radical products. Acid-catalyzed decomposition is the most important mechanism of
eliminating hydroperoxides in the lubricating system with acid catalysts sourced from organ-
osulfur compounds, as reported by Hawkins and Sautter [29].

Compounds such as dialkyl sulfides (R-S-R) would react with hydroperoxide molecules
converting them to sulfoxides as shown in Figure 8:

In the next step, assuming R is an alkyl, sulfoxide molecule can be converted (by heat) to
sulfenic acid (RSOH) which is a very reactive acid, as outlined in Figure 9:

Since sulfenic acid is an unstable material, especially in the presence of hydroperoxide, it can
be easily transformed to sulfinic acid decomposition occurs that can function as an acid
catalyst in the decomposition of hydroperoxides at low temperature. At higher temperatures,
sulfinic acid decomposition occurs by thermolysis and is converted to SO2 that functions as the
catalyst for hydroperoxide decomposition (Figure 10).

Figure 7. Peak area (%) obtained with gel permeation chromatography (GPC) for high molecular weight (HMW) chemi-
cals generated at 220�C through oxidation/polymerization reactions. Reprinted with permission from [28].

Figure 9. Generation of sulfenic acid from sulfoxide molecule.

Figure 8. Conversion of hydroperoxides to dialkyl sulfoxide by dialkyl sulfide.
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According to Bridgewater and Sexton [30], sulfur dioxide functions as a powerful Lewis acid
such that one equivalent can decompose up to 20,000 equivalents of cumene hydroperoxide,
i.e., 5–60 � 10�6 mol/l of the sulfur compound decomposed over 50% of the 0.2 mol/l of
cumene hydroperoxide in a 6-h period [30].

In addition to the sulfur-based acids mentioned above, sulfacids (RSOxH) are also considered
organosulfur antioxidants with a mechanism of reaction with peroxy radicals (Figure 11) and
functioning as a primary antioxidant as below:

4.4. Organophosphorus compounds

Among organophosphorus compounds, phosphites are the main group of compounds that are
used in the formulation of lubricants to overcome the oxidation reactions. They have the
potential of reacting with hydroperoxides, peroxy and alkoxy radicals (Figure 12). Therefore,
they can be effective on the stability of color and physical and rheological properties of the
lubricant. In the reaction with hydroperoxide or peroxy radical, phosphite is oxidized to the
corresponding phosphate, while the hydroperoxide and peroxy radical are reduced to a less
reactive alcohol and alkoxy radical, respectively [1, 2].

If phosphite possesses a phenoxy group in its structure, it would eliminate peroxy and alkoxy
radicals through reaction with them and also the generated phenoxy radical from this reaction
would be a stable radical with the potential of elimination peroxy radicals (Figure 13). Stability
of the generated phenoxy radicals due to their steric hindrance by the two alkyl groups on the
ortho positions of the aromatic ring makes them appropriate antioxidant candidates in moist
systems of lubrication [1, 2].

Figure 10. Conversion processes of sulfenic acid by hydroperoxide, and sulfinic acid by heat.

Figure 11. Reaction of sulfacids with peroxy radicals [resketched from [1, 2].

Figure 12. Reactions of phosphite with hydroperoxide and peroxy radicals [resketched from 1, 2].
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4.3. Organosulfur compounds

Organosulfur compounds function as hydroperoxide decomposers by converting them into
non-radical products. Acid-catalyzed decomposition is the most important mechanism of
eliminating hydroperoxides in the lubricating system with acid catalysts sourced from organ-
osulfur compounds, as reported by Hawkins and Sautter [29].

Compounds such as dialkyl sulfides (R-S-R) would react with hydroperoxide molecules
converting them to sulfoxides as shown in Figure 8:
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catalyst in the decomposition of hydroperoxides at low temperature. At higher temperatures,
sulfinic acid decomposition occurs by thermolysis and is converted to SO2 that functions as the
catalyst for hydroperoxide decomposition (Figure 10).

Figure 7. Peak area (%) obtained with gel permeation chromatography (GPC) for high molecular weight (HMW) chemi-
cals generated at 220�C through oxidation/polymerization reactions. Reprinted with permission from [28].

Figure 9. Generation of sulfenic acid from sulfoxide molecule.

Figure 8. Conversion of hydroperoxides to dialkyl sulfoxide by dialkyl sulfide.
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According to Bridgewater and Sexton [30], sulfur dioxide functions as a powerful Lewis acid
such that one equivalent can decompose up to 20,000 equivalents of cumene hydroperoxide,
i.e., 5–60 � 10�6 mol/l of the sulfur compound decomposed over 50% of the 0.2 mol/l of
cumene hydroperoxide in a 6-h period [30].

In addition to the sulfur-based acids mentioned above, sulfacids (RSOxH) are also considered
organosulfur antioxidants with a mechanism of reaction with peroxy radicals (Figure 11) and
functioning as a primary antioxidant as below:
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Figure 10. Conversion processes of sulfenic acid by hydroperoxide, and sulfinic acid by heat.

Figure 11. Reaction of sulfacids with peroxy radicals [resketched from [1, 2].

Figure 12. Reactions of phosphite with hydroperoxide and peroxy radicals [resketched from 1, 2].
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4.5. Sulfur-phosphorus compounds

Antioxidants with both sulfur and phosphorus elements are more efficient and effective than
those with either sulfur or phosphorus. Metal dialkyldithiophosphates are a group of antioxi-
dants in this class that have been widely used and have been synthesized by the reaction
between phosphorus pentasulfide and alcohols (such as aliphatic, cyclic and phenolic, lauryl,
octyl, methyl cyclohexyl, etc.) to produce dithio-phosphoric acids followed by a neutralization
process using a metal compounds (such as zinc, barium, calcium and molybdenum com-
pounds or oxides). Zinc dialkyldithiophosphate (ZDDP) is one of the well known compounds
in this group that have been used as an effective antioxidant and anti-wear component in the
lubricant industry for several years [2].

4.6. Organo-zinc compounds (Zn dithiophosphate ZDTP/ZDP)

ZDTP/ZDP work as antioxidant and anti-wear agents protecting metals against corrosion in
the lubricants formula. Therefore, they are considered multifunctional additives in engine oils
and hydraulic fluids. The alcoholic group used in the structure of the compound is an impor-
tant factor on the performance of the product, i.e. primary and secondary ZDTPs (with
aliphatic alcohols) provide better results in terms of oxidation inhibition and wear protection
compared to aryl ZDTP. The overall performance of ZDTPs would be affected by the presence
of other additives in the formulation of the lubricating product [31–33].

In a typical antioxidant mechanism activity of ZDTP, an acid-catalyzed ionic decomposition of
hydroperoxide may occur. First, ZDTP and hydroperoxide can form a basic ZDTP and then
through some sequential reactions, hydroperoxides are decomposed. A typical example of the
reaction between ZDTP and hydroperoxides outlined in [1] Figures 14 and 15:

ZDTP may also directly react with peroxy radicals leading to active inhibitors as shown below:

Figure 13. Reactions of phosphite (possessing phenoxy) with alkoxy and peroxy radicals [resketched from 2].
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The final radical (RO)2PS2
. also has the potential of reacting with hydroperoxide and generat-

ing hydrogenated acid form of this compound with the functionality of an inhibitor.

4.7. Organo-copper compounds

Copper as a transition metal has been considered an oxidation promoter which may cause
damage in the lubricant or lubricating systems; however, copper salts that are soluble in oil are
reported to function as antioxidants [34, 35]. Limitation of loading copper within 100 to
200 ppm to obtain the optimal control of oxidation and wear is a drawback for copper-based
antioxidants. Over this range, the performance of the anti-wear components in the lubricants
would drop due to the reverse impact of copper. Organo-copper antioxidants are effective in
ester and mineral oil lubricants at temperatures below 250�C.

Organo-copper compounds including copper naphthenates, oleates, stearates, and polyisobuty-
lene succinic anhydrides have been reported to be synergistic with multi-ring aromatic com-
pounds in controlling high-temperature deposit formation in synthetic base stocks [2].

According to some other studies, inclusion of oil-soluble compounds of copper in the range
of 5 to 500 ppm resulted in improved performance of the automotive crankcase lubricants in
terms of anti-wear, antioxidant performance and corrosion resistance [36].

4.8. Organo-molybdenum compounds

Molybdenum dithiocarbamate has been reported to function as an antioxidant and anti-wear
component in the lubricants. However, it would lose its protective properties by time due to
dropping its concentration below the critical level of activity [37]. The synergistic application
of Molybdenum dialkyldithiocarbamate (MoDDC) with arylamines was tested to improve the
durability and low friction performance of MoDDC over time. The DSC (differential scanning
calorimetric) results have indicated that the oxidation and induction temperatures for a poly-
α-olefin (PAO) lubricant would increase by the addition of MoDDC to the formulation. Also,
MoDDC would have an antioxidative synergism with alkylated diphenylamine antioxidants
(arylamines) such as octyl- and butyl-containing diphenylamine compounds.

5. Antioxidants/additives synergism and antagonism

Synergistic mixtures of antioxidants from different groups or classes are generally applied in
the formulation of commercial lubricants to provide better stability toward oxidation. In

Figure 14. A typical reaction of ZNTP with hydroperoxides.

Figure 15. Reaction mechanism of ZDTP with peroxy radical.
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ing hydrogenated acid form of this compound with the functionality of an inhibitor.

4.7. Organo-copper compounds

Copper as a transition metal has been considered an oxidation promoter which may cause
damage in the lubricant or lubricating systems; however, copper salts that are soluble in oil are
reported to function as antioxidants [34, 35]. Limitation of loading copper within 100 to
200 ppm to obtain the optimal control of oxidation and wear is a drawback for copper-based
antioxidants. Over this range, the performance of the anti-wear components in the lubricants
would drop due to the reverse impact of copper. Organo-copper antioxidants are effective in
ester and mineral oil lubricants at temperatures below 250�C.

Organo-copper compounds including copper naphthenates, oleates, stearates, and polyisobuty-
lene succinic anhydrides have been reported to be synergistic with multi-ring aromatic com-
pounds in controlling high-temperature deposit formation in synthetic base stocks [2].

According to some other studies, inclusion of oil-soluble compounds of copper in the range
of 5 to 500 ppm resulted in improved performance of the automotive crankcase lubricants in
terms of anti-wear, antioxidant performance and corrosion resistance [36].

4.8. Organo-molybdenum compounds

Molybdenum dithiocarbamate has been reported to function as an antioxidant and anti-wear
component in the lubricants. However, it would lose its protective properties by time due to
dropping its concentration below the critical level of activity [37]. The synergistic application
of Molybdenum dialkyldithiocarbamate (MoDDC) with arylamines was tested to improve the
durability and low friction performance of MoDDC over time. The DSC (differential scanning
calorimetric) results have indicated that the oxidation and induction temperatures for a poly-
α-olefin (PAO) lubricant would increase by the addition of MoDDC to the formulation. Also,
MoDDC would have an antioxidative synergism with alkylated diphenylamine antioxidants
(arylamines) such as octyl- and butyl-containing diphenylamine compounds.

5. Antioxidants/additives synergism and antagonism

Synergistic mixtures of antioxidants from different groups or classes are generally applied in
the formulation of commercial lubricants to provide better stability toward oxidation. In
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lubricating systems that involve a synergistic mechanism, free radical scavengers are the major
antioxidant component, while the hydroperoxide decomposers function as auxiliary compo-
nents for the free radicals [38]. It was reported that the oil-soluble organic molybdenum
(organic molybdenum complex (MC)) and arylamine antioxidant (dioctyldiphenylamine (DO-
DPA)) would have an excellent antioxidant synergism in an oil system (poly-alphaolefin
synthetic lubricant (PAO)) as shown in the DSC thermogram (Figure 16). The OIT was
increased from 221.4�C with DODPA as the sole antioxidant to 229.7�C with the combination
of DODPA and MC as the synergistic antioxidants. Also, a lower acid generation and lower
kinematic viscosities were observed after oxidation-corrosion test for the lubricant with anti-
oxidant, especially in the lubricant with both DODPA and MC due to their synergistic impact
(Table 3). As a consequence, a lower deposit occurs when both antioxidants are in the system
(Figure 17) compared with the lubricants that contain DODPA solely.

In another study by Hu et al. [39] where a molybdate ester (ME) and dioctyldiphenylamine (DO-
DPA) were used as antioxidants, a synergistic effect was reported between the two antioxidants.

Synergistic behavior of sulfonated calcium carbonate and an ashless antioxidant (N-phenyl-α-
naphthylamine (T531)) in hydrogenated oil was investigated and the results suggested that
anti-wear and antioxidant effect were synergistically improved in the system [40].

Figure 16. DSC thermograms of PAO oxidation in the presence of DODPA with or without MC [38]. Reprinted by
permission of the Society of Tribologists and Lubrication Engineers, www.stle.org.

Lubricant ΔTAN ΔKV (%)

Polyalphaolefin (PAO) 8.2 216

PAO + 0.5% MC 5.6 180

PAO + 1.0% DODPA 3.6 36.8

PAO + 1.0% DODPA +0.5% MC 2.1 15.3

ΔTAN: change in the total acid number; ΔKV: change in the kinematic viscosity.

Table 3. The change in total acid number and viscosity after 24 h in oxidation-corrosion test [38].
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In contrast to synergism, the presence of mixtures of antioxidants with other additives may
have antagonistic behavior. Therefore, the combinations of the antioxidants along with other
lube additives in a lubricating fluid need to be optimized to prohibit or minimize antagonism.
It has been shown that anti-wear and antioxidant properties of ZDDPs have been adversely
affected by some additives such as detergents and dispersants (sulfonates, phenates and
salicylates). This undesired effect can be due to the competition of detergents and dispersants
with ZDDPs by surface adsorption or restricted interaction of this component with the metal
or the fluid phase [41].

6. Bio-based antioxidants and lubricants

Triglycerides from plant sources have been used as biolubricants with limited applications due
to their low thermal and oxidative stability. As well, triglycerides have low volatility, high
lubricity, low toxicity and good viscosity-temperature properties as their key advantages.
Therefore, different antioxidants such as tocopherols, propyl gallate (PG), ascorbyl palmitate
(AP), and some synthetic antioxidants (butylated hydroxyanisole (BHA), butylated hydroxy-
toluene (BHT), mono-tert-butylhydroquinone (TBHQ), or 4,40-methylenebis(2,6-di-tert-butyl-
phenol) (MBP)) have been used to improve their resistance to the oxidative agents. In recent
years, a great number efforts have been made to develop sustainable bio-lubricants and
additives wit the preference of non-toxicity, multi-functionality and compatibility to the pre-
sent systems. Cellulose fatty esters have been developed as the lubricant additive, mainly for
antioxidant applications. It has been modified to cellulose ferulate, cellulose lipoate and α-
tocopherulate for antioxidant functionality [42, 43].

In a study by Singh et al. [44], cellulose laurate was synthesized for use as an effective bio-
lubricant. The results indicated that the lubrication performance would increase with the
degree of substitution (DS) in cellulose molecule and by increasing the concentration of cellu-
lose laurate in the base oil which was n-butyl palmitate/stearate.

Figure 17. Deposit formation in PAO in the presence of DODPA with or without MC [38]. Reprinted by permission of the
Society of Tribologists and Lubrication Engineers, www.stle.org.
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In another study [45], a multi-function additive as detergent/dispersant/antioxidant/anti-wear
was developed from L-histidine (HDS) for bio-lubricant applications. Two types additives
namely, Ca-HDS-L and Ca-HDS-M were synthesized by esterification with lauroyl chloride
and myristoyl chloride, respectively. Using the products in a polyol base oil indicated that Ca-
HDS-L worked as a better detergent and dispersant, but Ca-HDS-M functioned as a more
effective antioxidant. The oxidative properties obtained by the two additives (ca. 1–3 g/l
addition to the oil) are presented in Table 4.

7. Future of antioxidants

Competent and creative research is still needed in the study of oil antioxidants. Some impor-
tant questions as why one type of antioxidant is efficient in one kind of oil and inefficient in
another is often puzzling. Lubricants can affect the environment to various extents; thus, the
development of new environmentally friendly lubricant formulations is required. Moreover,
new types of antioxidants are still being developed and further improvement in the design of
high temperature antioxidants is required. Furthermore, several key issues in the field of
lubrication and their relation to recent improvements are revealed as follows: corrosive prop-
erties of oily additives, shear strength and durability of high pressure agents, internal cohesion
and viscosity of organic liquids, improvements in the viscosity index scale, and synthetic oils
and their improvement [14].

In the future, along with improvement in lubricants performance, the service change lifetime
also is intended to be extended. Polybutenes play a key role for control the viscosity in an
extensive range of automotive and industrial lubricants. The disadvantages of using low-
viscosity polybutenes are due to restrictions in volatility and oxidation resistance limit for base
oil applications. ZnDTPs, hindered phenols, alkylated diphenylamines, organomolybdenum
compounds and dithiocarbamates are antioxidants that are used for the protection of lubri-
cants against oxidation. On the other hand, future antioxidants should be developed with
consideration related the to environmental and emissions concerns, improved fuel/energy
efficiency, higher performance standards, and new base stocks [1].

Lubricant TAN (soluble) Total sludge (%) Total oxidation products (%)

Polyol 2.019 32.454 34.416

Polyol +1000 ppm Ca-HDS-L 1.598 0.497 3.530

Polyol +2000 ppm Ca-HDS-L 1.514 0.022 1.300

Polyol +3000 ppm Ca-HDS-L 1.402 0.013 1.579

Polyol +1000 ppm Ca-HDS-M 0.476 0.065 2.423

Polyol +2000 ppm Ca-HDS-M 1.514 0.076 1.282

Polyol +3000 ppm Ca-HDS-M 1.458 0.021 1.183

Table 4. The effect of multi-function additives (Ca-HDS-L and Ca-HDS-M) on quality properties of a polyol lubricant in
universal oxidation test (IP 306); TAN: Total acid number [45].
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new types of antioxidants are still being developed and further improvement in the design of
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erties of oily additives, shear strength and durability of high pressure agents, internal cohesion
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Abstract

Metalworking fluids were applied during the machining process to lubricate and cool 
the machine tool in order to reduce wear, friction, and heat generated. The increasing 
attention to the environment and health impacts leads to the formulation of eco-friendly 
metalworking fluids derived from vegetable oils (Jatropha and palm oils) to substitute 
the use of mineral-based oil. The present work focuses on the performance of refined bio-
based metalworking fluids during tapping torque and orthogonal cutting processes. Bio-
based metalworking fluids were formulated using 0.05 wt.% of hexagonal boron nitride 
(hBN) and 1 wt.% of phosphonium-based ionic liquid [P66614][(iC8)2PO2] in a modified 
Jatropha and palm olein oils and were examined for their rheological properties in com-
parison with a commercially obtained synthetic ester (SE)-based cutting fluid. The tap-
ping torque performance of the refined bio-based metalworking fluids was evaluated for 
their torque and efficiency. In addition, the performance of these bio-based metalwork-
ing fluids on orthogonal cutting parameters such as cutting force, cutting temperature, 
chip thickness, tool-chip contact length, and specific cutting energy was highlighted. The 
results obtained revealed that the rheological properties of the newly formulated bio-
based metalworking fluids were improved. From the tapping torque and orthogonal cut-
ting performances, it was proven that the modified palm and Jatropha oils possess good 
anti-wear and anti-friction behavior compared to SE. In conclusion, the newly formu-
lated bio-based metalworking fluids are suitable for the use as a new advanced renew-
able metalworking fluid for machining processes that correspond to the energy-saving 
benefits and environmental concerns.

Keywords: boron nitride, environmentally adapted metalworking fluid, ionic liquid, 
renewable sources, sustainable machining
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1. Introduction

Sustainability has become an important element to be considered in the manufacturing indus-
try. Sustainable manufacturing has led machining industries to replace petroleum-based 
lubricants with bio-derived lubricants. Normally, the conventional lubricants consist of the 
combination of petroleum-based lubricant and additives that are toxic to the environment 
and difficult to be disposed of after the consumption [1]. The widespread use of petroleum-
based lubricant may cause a negative effect to human such as dermatitis, acne, asthma, and 
a variety of cancers [2]. Hence, lubricants from vegetable oils are favorable as a sustainable 
alternative to the conventional petroleum-based oil. Vegetable-based lubricant offers signifi-
cant environmental benefits with respect to resource renewability, biodegradability, as well 
as providing satisfactory performance in a wide array of applications [3].

In the machining process, metalworking fluids (MWFs) are typically used to separate tool-work-
piece interface. MWFs provide lubrication, reduce the friction and wear, cool, and protect metal 
surfaces against corrosion. Tribology process occurs at the contact area between tool and work-
piece, which related to friction, lubrication, and wear of interacting surfaces in a relative motion. 
Tribology process can be classified as physical, physical-chemical (adsorption), or chemical in 
nature (tribochemistry) [4]. The absence of MWFs will result in acceleration of tool wear, resid-
ual stress, dimensional error, and poor surface finish [5]. Previous researchers have identified 
that MWFs made of canola/rapeseed, palm, and sunflower oils provided greater lubricating 
properties and showed comparable performance with currently used petroleum-based MWFs 
regarding cutting force, cutting temperature, surface finish, tool wear, and tribological behavior 
[6–8]. Vegetable-based MWFs have high viscosity and viscosity index that significantly influ-
enced the machining performances that provide effective lubricating properties on the tool-chip 
contact surfaces [8]. Vegetable-based MWFs formed a thin film between tool and workpiece that 
offers good boundary lubrication condition with a low coefficient of friction [9].

Normally, MWFs contain a combination of base oil and additives. There are various functions of 
additives being used to enhance the MWFs performance such as antiwear, antifriction, extreme-
pressure, antioxidant, and anticorrosion [10]. The addition of additives in base oil could give 
either beneficial or detrimental effect on the tribological behavior depending on the types of 
additive, particle size, and concentration. Hence, to have a better understanding on the lubri-
cation and tribology, modified vegetable oils (modified Jatropha oil and modified RBD palm 
olein) were added with various types of additives (hexagonal boron nitride and phosphonium-
based ionic liquid). The effects of various formulations of modified vegetable oils were exam-
ined through rheological properties, tapping torque, and orthogonal cutting performances.

1.1. Green solid additive

The green solid particles such as hexagonal boron nitride (hBN), aluminum oxide (Al2O3), 
molybdenum disulfide (MoS2), carbon nanotube (CNT), and nano-diamond were added in 
various neat MWFs to increase thermophysical properties and generate a protective film on 
the contact surfaces [11]. These solid particle additives composed of environmentally benign 

Lubrication - Tribology, Lubricants and Additives46

lamellar powders that have low interlayer friction, ability to form protective boundary layers, 
and accommodate relative surface velocities [12].

Zhang et al. [13] examined the effect of vegetable-based oils (soybean oil, palm oil, and rape-
seed oil) as base lubricants containing nanometer-sized particles as additives and hence, the 
name nanofluids, during minimum quantity lubrication (MQL) grinding of 45 steel work-
piece in comparison with liquid paraffin. The results indicated that palm oil-based nanoflu-
ids mixed with MoS2 nanoparticles produce the best lubricating property in the nanoparticle 
jet MQL condition due to the high saturated fatty acid and high film-forming property of 
the carboxyl groups in palm oil. They noted that high viscosity of nanofluids induced good 
lubricating effect but significantly reduced heat transfer performance. The combination of 
green solid particles in vegetable oil provided a strong absorption capability and high film 
strength which enhanced the lubricating property and heat transfer performance. Li et al. 
[14] performed an experiment on minimum-quantity lubricant cooling (MQLC) grinding of a 
Ni-based alloy. Palm-based oil was added with different volume fractions of carbon nanotube 
(CNT) nanoparticles in between 0.5 and 4%. The results found that the volume fraction of 2% 
of CNT nanoparticles in palm-based oil had achieved the optimal lubrication and heat trans-
fer performance. They initiated that thermal conductivity and viscosity of nanofluids signifi-
cantly influence the heat transfer properties. Nam et al. [15] conducted an experiment on MQL 
micro-drilling with the addition of nano-diamond particles in paraffin and vegetable-based 
oils. The experimental results show that 2 vol. % of nano-diamond particles in the vegetable-
based oil significantly reduce the magnitudes of average drilling torques and thrust forces.

At present, the potential of hBN particle as an additive in MWF has been discovered. This 
solid additive acts as a viscosity, friction, and wear modifiers in many polar and nonpolar oils. 
Nguyen et al. [16] conducted an experiment on the 3-axis vertical milling center and the lubri-
cant was supplied through MQL method. The results showed that 0.5 wt. % of hBN particles 
concentration in vegetable-based oil (Unist-Coolube 2210) reduced flank and central wear. 
A paper by Abdullah et al. [17] has studied the effect of hBN and Al2O3 in diesel engine oil 
by mixing 0.5 vol. % of the solid particles in SAE 15 W40 with the particle size of 70 nm. The 
results showed that the viscosity index of nano-oil with hBN was improved by 3% compared 
to nano-oil without additive and nano-oil of Al2O3. This finding was due the lower thermal 
expansion coefficient of hBN (1 × 10−6/°C). The hBN particles were completely dispersed in the 
SAE 15 W40 oil and maintained the lubrication properties of the base oil. Furthermore, Talib 
et al. [18] conducted an experiment on four-ball tribology test of modified Jatropha oil with 
hBN particles as an application for MQL oil. The modified Jatropha oils were added with the 
various concentration of hBN particles between 0.05 and 0.5 wt. %. The results revealed that 
the addition of 0.05 wt. % of hBN particles in the modified Jatropha oil had exhibited excellent 
tribological performances of the four-ball tribology test in terms of low coefficient of friction, 
small wear scar diameter, smooth surface roughness, and low volume of wear rate. They indi-
cated that the presence of 0.05 wt. % hBN particles tended to reduce the friction that occurred 
on the sliding surfaces. The lubrication effect of the MQL oil changed from sliding friction 
to rolling friction due to the presence of the small amount of hBN particles, which led to the 
reduction of friction and wear.
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based lubricant may cause a negative effect to human such as dermatitis, acne, asthma, and 
a variety of cancers [2]. Hence, lubricants from vegetable oils are favorable as a sustainable 
alternative to the conventional petroleum-based oil. Vegetable-based lubricant offers signifi-
cant environmental benefits with respect to resource renewability, biodegradability, as well 
as providing satisfactory performance in a wide array of applications [3].

In the machining process, metalworking fluids (MWFs) are typically used to separate tool-work-
piece interface. MWFs provide lubrication, reduce the friction and wear, cool, and protect metal 
surfaces against corrosion. Tribology process occurs at the contact area between tool and work-
piece, which related to friction, lubrication, and wear of interacting surfaces in a relative motion. 
Tribology process can be classified as physical, physical-chemical (adsorption), or chemical in 
nature (tribochemistry) [4]. The absence of MWFs will result in acceleration of tool wear, resid-
ual stress, dimensional error, and poor surface finish [5]. Previous researchers have identified 
that MWFs made of canola/rapeseed, palm, and sunflower oils provided greater lubricating 
properties and showed comparable performance with currently used petroleum-based MWFs 
regarding cutting force, cutting temperature, surface finish, tool wear, and tribological behavior 
[6–8]. Vegetable-based MWFs have high viscosity and viscosity index that significantly influ-
enced the machining performances that provide effective lubricating properties on the tool-chip 
contact surfaces [8]. Vegetable-based MWFs formed a thin film between tool and workpiece that 
offers good boundary lubrication condition with a low coefficient of friction [9].

Normally, MWFs contain a combination of base oil and additives. There are various functions of 
additives being used to enhance the MWFs performance such as antiwear, antifriction, extreme-
pressure, antioxidant, and anticorrosion [10]. The addition of additives in base oil could give 
either beneficial or detrimental effect on the tribological behavior depending on the types of 
additive, particle size, and concentration. Hence, to have a better understanding on the lubri-
cation and tribology, modified vegetable oils (modified Jatropha oil and modified RBD palm 
olein) were added with various types of additives (hexagonal boron nitride and phosphonium-
based ionic liquid). The effects of various formulations of modified vegetable oils were exam-
ined through rheological properties, tapping torque, and orthogonal cutting performances.

1.1. Green solid additive

The green solid particles such as hexagonal boron nitride (hBN), aluminum oxide (Al2O3), 
molybdenum disulfide (MoS2), carbon nanotube (CNT), and nano-diamond were added in 
various neat MWFs to increase thermophysical properties and generate a protective film on 
the contact surfaces [11]. These solid particle additives composed of environmentally benign 
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lamellar powders that have low interlayer friction, ability to form protective boundary layers, 
and accommodate relative surface velocities [12].

Zhang et al. [13] examined the effect of vegetable-based oils (soybean oil, palm oil, and rape-
seed oil) as base lubricants containing nanometer-sized particles as additives and hence, the 
name nanofluids, during minimum quantity lubrication (MQL) grinding of 45 steel work-
piece in comparison with liquid paraffin. The results indicated that palm oil-based nanoflu-
ids mixed with MoS2 nanoparticles produce the best lubricating property in the nanoparticle 
jet MQL condition due to the high saturated fatty acid and high film-forming property of 
the carboxyl groups in palm oil. They noted that high viscosity of nanofluids induced good 
lubricating effect but significantly reduced heat transfer performance. The combination of 
green solid particles in vegetable oil provided a strong absorption capability and high film 
strength which enhanced the lubricating property and heat transfer performance. Li et al. 
[14] performed an experiment on minimum-quantity lubricant cooling (MQLC) grinding of a 
Ni-based alloy. Palm-based oil was added with different volume fractions of carbon nanotube 
(CNT) nanoparticles in between 0.5 and 4%. The results found that the volume fraction of 2% 
of CNT nanoparticles in palm-based oil had achieved the optimal lubrication and heat trans-
fer performance. They initiated that thermal conductivity and viscosity of nanofluids signifi-
cantly influence the heat transfer properties. Nam et al. [15] conducted an experiment on MQL 
micro-drilling with the addition of nano-diamond particles in paraffin and vegetable-based 
oils. The experimental results show that 2 vol. % of nano-diamond particles in the vegetable-
based oil significantly reduce the magnitudes of average drilling torques and thrust forces.

At present, the potential of hBN particle as an additive in MWF has been discovered. This 
solid additive acts as a viscosity, friction, and wear modifiers in many polar and nonpolar oils. 
Nguyen et al. [16] conducted an experiment on the 3-axis vertical milling center and the lubri-
cant was supplied through MQL method. The results showed that 0.5 wt. % of hBN particles 
concentration in vegetable-based oil (Unist-Coolube 2210) reduced flank and central wear. 
A paper by Abdullah et al. [17] has studied the effect of hBN and Al2O3 in diesel engine oil 
by mixing 0.5 vol. % of the solid particles in SAE 15 W40 with the particle size of 70 nm. The 
results showed that the viscosity index of nano-oil with hBN was improved by 3% compared 
to nano-oil without additive and nano-oil of Al2O3. This finding was due the lower thermal 
expansion coefficient of hBN (1 × 10−6/°C). The hBN particles were completely dispersed in the 
SAE 15 W40 oil and maintained the lubrication properties of the base oil. Furthermore, Talib 
et al. [18] conducted an experiment on four-ball tribology test of modified Jatropha oil with 
hBN particles as an application for MQL oil. The modified Jatropha oils were added with the 
various concentration of hBN particles between 0.05 and 0.5 wt. %. The results revealed that 
the addition of 0.05 wt. % of hBN particles in the modified Jatropha oil had exhibited excellent 
tribological performances of the four-ball tribology test in terms of low coefficient of friction, 
small wear scar diameter, smooth surface roughness, and low volume of wear rate. They indi-
cated that the presence of 0.05 wt. % hBN particles tended to reduce the friction that occurred 
on the sliding surfaces. The lubrication effect of the MQL oil changed from sliding friction 
to rolling friction due to the presence of the small amount of hBN particles, which led to the 
reduction of friction and wear.
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1.2. Ionic liquids

Ionic liquids are chemical compounds composed of cations and anions that have melting points 
lower than 100°C. The cations are usually organic compounds such as nitrogen or phosphorus, 
and the anions are the weakly coordinating compounds like bis(trifluoromethylsulfonyl)imide 
or hexafluorophosphate [19–21]. For many years since the first ionic liquid (IL) was reported in 
1982, the research and development of ILs have been rapidly evolving in the research works 
and in various industrial applications [19, 21–24]. IL lubricants are found in lubricant industries 
as neat lubricant or lubricant additives for various mechanical lubrication purposes [20, 25, 26].

ILs exhibit remarkable properties such as nonflammable, nonvolatile, low melting point, high 
thermal stability, highly miscible with organic compound, and better intrinsic properties [27, 
28]. Use of ILs as lubricant additives may eliminate further requirements of using detergents, 
defoamers, antioxidants, or even antiwear and antifriction additives in enhancing the per-
formance of the conventional lubricant in current additive formulation processes [27–29]. 
Thanks to the abovementioned advanced characteristics of ILs, they have been proven to not 
only improve the tribological properties (friction and wear) [28–30] of different polar and 
nonpolar base oils, but also enhanced their physicochemical properties (viscosity, thermal 
and oxidative stability, pour point) [20, 31].

Pham et al. in 2014 examined the effect of two imidazolium-based ILs ([EMIM] [TFSI] & [BMIM]
[I]) as neat lubricants in micro end milling [32]. They suggested the potential use of these ILs 
as green lubricants that exhibit extremely low volatile organic compounds as well as for the 
use in MQL systems. A study by Davis et al. in 2015 uses water-based lubricant with an addi-
tive of a 0.5 wt. % of [BMIM-PF6] IL when cutting titanium round bars using MQL system 
[33]. They found out that the lubricant mixture has effectively reduced the tool wear by 60% 
when compared to dry cutting and 15% more than MQL without the IL. Goindi et al. [34] have 
recently proposed the use of imidazolium-based ILs with two different anions in minute quan-
tity being mixed in a canola vegetable oil during orthogonal milling of a plain medium carbon 
steel via MQL method. They reported that the small quantities of the two imidazolium-based 
ILs ([BMIM]+ with [PF6]− & [BF4]−) have significantly affected the tribological conditions of the 
milling process by reducing the peak and mean machining forces in finish as well as rough 
machining conditions.

Somers et al. [35] tested the application of various imidazolium-, phosphonium-, and pyrro-
lidinium-based ILs as lubricant additives in different polar and nonpolar base oils including 
vegetable oil, polyolesters, mineral oil, and polyalphaolefin and found that the miscibility of 
ILs in these base oils depends highly on the molecular structures of the ILs used. High misci-
bility in both polar and nonpolar base oils is apparent for ILs that comprise quaternary struc-
tures with relatively long hydrocarbon chains of the cations and anions [20, 30]. Several recent 
studies have confirmed this finding and provided reports on their tribological investigations 
using lubricant mixtures on different material sliding pairs [36–39].

To date, tailor-made ILs investigated for the application as lubricants and/or lubricant addi-
tives have known to play an important role in enhancing tribological interactions between slid-
ing materials. The application of IL-based MQL machining may be explored for other nontoxic, 
fully miscible, and biocompatible ILs as neat as well as lubricant additives in various base oils 
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for different metalworking applications [20]. Halogen-containing anions such as [PF6] or [BF4] 
contain rich fluorine compound that is moisture-sensitive [20, 40]. They can cause corrosion 
on the steel surface under humid conditions, thus may release toxic and corrosive hydrogen 
halides to the environment. In this work, a biocompatible with low-toxic level of phosphonium-
based IL, trihexyl (tetradecyl) phosphonium bis (2,4,4-trimethylpentyl) phosphinate, [P66614]
[(iC8)2PO2] (PIL) was investigated as an oil-miscible IL in polar base vegetable-based lubri-
cants. The application of 1 wt. % of PIL is anticipated to be adequately sufficient in improving 
the lubrication performance of the base oil when used on the metal sliding surfaces [30, 31].

2. Methodology

2.1. Lubricant preparation

The crude vegetable oils were modified to enhance certain limitations such as low thermal and 
oxidative stability due to unsaturation in oil molecule. There are various methods of modifica-
tion that have been identified by Shashidhara and Jayaram [41] which included reformulation 
of additives, chemical modification, and genetic modification of oilseed. Prior to this experi-
ment, fatty acid methyl esters (FAMEs) from Jatropha oil and RBD palm olein were chemically 
modified through transesterification process to develop modified Jatropha oil (MJO) and modi-
fied RBD palm olein (MRPO) [18, 31]. They are the product of the transesterification process 
(ester) between FAMEs from the vegetable oils with a polyol of trimethylolpropane (TMP) and 
better known as the TMP triester. After the transesterification process, the absence of hydrogen 
atom at carbon-β in the structure of the ester oil has enhanced the thermal and oxidative sta-
bility [42]. Both MJO and MRPO were mixed with two different types of additives; hexagonal 
boron nitride (hBN) and phosphonium-based ionic liquid (PIL). A small amount of 0.05 wt. % of 
hBN particles were blended in the base oils using a magnetic follower at a temperature of 60°C 
for 30 min. Meanwhile, 1 wt. % of PIL was heated at 70°C to reduce its viscosity prior to the 
mixing procedure with the base oils. Next, the preheated PIL was poured into the base oil and 
heated at 60°C and stirred rigorously by using the magnetic follower for 30 min. The modified 
oils were compared with a commercial synthetic ester (SE, Unicut Jinen MQL) as a reference oil.

2.2. Rheological properties

The rheological properties were determined through kinematic viscosity (ASTM D445) and 
viscosity index, VI (ASTMD2270). The kinematic viscosity was measured using a viscometer 
at 40 and 100°C. It was calculated from the ratio of dynamic viscosity over density at the same 
temperature. The correlation between viscosity and temperature was further associated with 
VI. The testing was repeated for three times and the average value was recorded.

2.3. Tapping torque test

Tapping torque tests (ASTM D5619) were carried out on a CNC machine, installed with a tap-
ping torque set up, as shown in Figure 1. The tests were conducted using AISI 1215 cylindrical 
low carbon steels at the machining speed of 400 rpm as shown in Table 1. The workpieces 
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were predrilled with 5 mm diameter drill bit size. Tapping was performed using an uncoated 
high-speed steel tapping tool with the size of M6x1.0. The workpiece attached on the jig was 
later mounted on a dynamometer, Kistler 9345A. The dynamometer was amplified via a mul-
tichannel amplifier, Kistler 5070. Approximately, 20 ml of the lubricant sample was poured 
into the container to lubricate the tools during the tapping process. The result of the torque 
was recorded using the Dynoware software. Each tapping process was repeated five times for 
each lubricant sample, prior to averaging the torque values. The efficiency of tapping torque 
was calculated according to Eq. (1).

  Efficiency  (%)  =   
Average torque of reference oil

   ___________________________   Average torque of lubricant sample    (1)

Description Value

Spindle speed (rpm) 400

Feed rate, fr(mm/rev) 1

Hole depth (mm) 12 (through hole)

Tapping tool High speed steel, M6

Lubricant volume (ml) 30

Workpiece material AISI 1215 steel

Workpiece dimension (mm) Ø37×12

Table 1. Tapping torque test parameter.

Figure 1. Tapping torque set-up [18].
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2.4. Orthogonal cutting

Orthogonal turning process was conducted on an NC lathe machine (Alpha Harrison 400) to 
cut a steel disk of AISI 1045 plain medium carbon steel. The tool used was a square shape insert 
with a positive rake angle of 5°, clearance angle of 11°, and a model number of SPGN120308. 
The tool insert was fixed on a modified tool holder of CSDPN 2525 M12 in a way that the 
chip will flow freely without any hindrance on the rake surface of the cutting insert during 
the chip formation process. The steel disk has an initial diameter and width of 150 and 2 mm 
respectively. The complete cutting parameter is shown in Table 2.

The cutting tool was fixed on a dynamometer, Kistler 9275BA in order to measure the cut-
ting forces. The forces measured were amplified by using the Kistler 5070 amplifier and were 
recorded on a PC for data analysis. The lubricants were supplied via an MQL system directly to 
the cutting edge at the tool-workpiece interfaces. The air supply pressure was fixed at 4 bar and 
the flow rate was set at 0.16 l/hr. The MQL nozzle with an outlet diameter of 2.5 mm was located 
at a distance of 8 mm between the nozzle outlet and the tool-workpiece interfaces and inclined 
at 45° to the cutting edge plane. The maximum cutting temperature was captured by using an 
infrared thermal camera (FLIR T640) within a temperature range of 0–1000°C. The camera was 
located parallel to the axial direction of the lathe machine facing toward the cutting zone. The 
schematic diagram of the complete setup assembly on the lathe machine is shown in Figure 2.

Each cutting test was conducted twice using each of the lubricant sample and new cutting edge 
to reduce measurement error during the results analysis. At the end of each cutting operation, 
the cutting forces were recorded and the chips were collected for cutting force evaluation and 
chip thickness measurement analysis respectively. The cutting force was determined in the 
Z-axis during the chip formation process. At least 10 chips were measured for their thickness 
by using a digital micrometer. The specific cutting energy, U, was calculated using Eq. (2), 
where Fc is the cutting force, w is the cutting depth, and to is the undeformed chip thickness [43].

  U =   
 F  c   _____  t  o   ⋅ w

    (2)

Description Value

Cutting speed, vc (m/min) 350

Feed, f (mm/rev) 0.12

Cutting depth, w (mm) 2

Disk diameter (mm) 150

Disk thickness, d (mm) 2

MQL lubricants SE; MJO + hBN0.05%; MJO + PIL1; MRPO + hBN0.05%; MRPO + PIL1%

MQL supply pressure (MPa) 0.4

MQL flow rate (l/hr) 0.16

Nozzle inner diameter (mm) 2.5

Nozzle distance (mm) 8

Table 2. Cutting parameter of the orthogonal lathe machining.
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Finally, the sliding region on the tool insert’s rake face was analyzed under an optical micro-
scope and the tool-chip contact length was measured for data analysis. Scanning electron 
microscope (SEM) was used to further analyze the surface morphology of the sliding regions.

3. Results and discussions

3.1. Rheological properties

Figure 3 displays the kinematic viscosity values and the calculated viscosity index (VI). The kine-
matic viscosity of the reference oil (SE) at 40 and 100°C are 21.5 and 5.6 mm2/s, respectively. It 
can be seen that MRPO + hBN0.05% shows the highest kinematic viscosity values of 22.2 mm2/s 
at 40°C and 6.35 mm2/s at 100°C. The addition of hBN particles in MRPO-based oil improves 
the viscosity values due to lower thermal expansion coefficient of hBN particles (1 × 10−6/°C), 
thus enhanced the thermal stability [17]. Meanwhile, MRPO + PIL1% recorded the kinematic 
viscosity values of 22.21 mm2/s at 40°C and 6.25 mm2/s at 100°C. Both MRPO-based oils demon-
strated the highest kinematic viscosity value compared to MJO-based oils and SE due to the high 
saturation of fatty acids in the MRPO-based oil. MRPO-based oil contains high composition of 
saturated fatty acid (palmitic acid, C15H31COOH) at 50–70% [44]. Meanwhile, both MJO-based 
oils had the lowest kinematic viscosity values at both temperatures. This can be explained by the 
presence of unsaturated fatty acids (oleic acid, C17H33COOH and linoleic acid, C17H31COOH) in 
MJO-based oil [45]. Moreover, MRPO + PIL1% demonstrates the highest VI value of 259 which 
was 17% higher than SE. The high VI is desirable as it indicates little changes in viscosity across a 
wide range of operating temperature. Both MJO-based oils had the lowest VI values which had 
5% reduction compared to SE.

Figure 2. Orthogonal lathe cutting set-up.
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3.2. Tapping torque performance

Figure 4 shows the tapping torque and efficiency for all lubricant samples. The reference oil 
(SE) had the highest tapping torque at 129 Nm. The results reveal that the tapping torque for 
all modified vegetable oils exceeded the tapping torque of SE. MJO + PIL1% had the lowest 
tapping torque of 104 Nm correlated with the highest tapping torque efficiency of 124%. The 
presence of PIL as an additive improves the tapping torque performance. This is because 
of the addition of PIL in MJO-based oil, which is thermally more stable than SE. The alkyl 
chain length and hydrogen bonding between the cation and the anion seem to influence the 
tribofilm formation of PIL [29]. Meanwhile, MJO + hBN0.05% recorded tapping torque of 
117 Nm with the tapping torque efficiency of 110%. The presence of hBN particles provided 
a thin lubrication film that allows the particles to change from sliding friction to the rolling 
friction [18]. Moreover, the presence of long carbon chain length of MJO-based oil and MRPO-
based oil which is between 16 and 18 carbon number had enhanced the adsorption ability 
of the fatty acids on the metal surfaces, thus exhibited better tapping torque performance. 
MRPO + hBN0.05% and MRPO + PIL1% had tapping torque efficiency of 107 and 106%. It can 
be seen that the addition of PIL and hBN particles as the additive in MRPO-based oil did not 
significantly affect the tapping torque performance compared to the MJO-based oils. This sce-
nario is due to the weak tribo-chemical reactions of additives with the MRPO-based oil, thus 
reduced the adsorption ability of the lubricant molecules on the metal surface [46].

3.3. Orthogonal cutting performance

The orthogonal lathe cutting operations were conducted at a constant speed and feed. The 
cutting force, cutting temperature, chip thickness, specific cutting energy, and tool-chip con-
tact length are the main outputs of this experimental section analysis. The results for each 
lubricant mixture were compared with the conventional cutting fluid, synthetic ester (SE).

Figure 3. The kinematic viscosity values at 40 and 100°C and the calculated viscosity index value.
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Finally, the sliding region on the tool insert’s rake face was analyzed under an optical micro-
scope and the tool-chip contact length was measured for data analysis. Scanning electron 
microscope (SEM) was used to further analyze the surface morphology of the sliding regions.

3. Results and discussions

3.1. Rheological properties

Figure 3 displays the kinematic viscosity values and the calculated viscosity index (VI). The kine-
matic viscosity of the reference oil (SE) at 40 and 100°C are 21.5 and 5.6 mm2/s, respectively. It 
can be seen that MRPO + hBN0.05% shows the highest kinematic viscosity values of 22.2 mm2/s 
at 40°C and 6.35 mm2/s at 100°C. The addition of hBN particles in MRPO-based oil improves 
the viscosity values due to lower thermal expansion coefficient of hBN particles (1 × 10−6/°C), 
thus enhanced the thermal stability [17]. Meanwhile, MRPO + PIL1% recorded the kinematic 
viscosity values of 22.21 mm2/s at 40°C and 6.25 mm2/s at 100°C. Both MRPO-based oils demon-
strated the highest kinematic viscosity value compared to MJO-based oils and SE due to the high 
saturation of fatty acids in the MRPO-based oil. MRPO-based oil contains high composition of 
saturated fatty acid (palmitic acid, C15H31COOH) at 50–70% [44]. Meanwhile, both MJO-based 
oils had the lowest kinematic viscosity values at both temperatures. This can be explained by the 
presence of unsaturated fatty acids (oleic acid, C17H33COOH and linoleic acid, C17H31COOH) in 
MJO-based oil [45]. Moreover, MRPO + PIL1% demonstrates the highest VI value of 259 which 
was 17% higher than SE. The high VI is desirable as it indicates little changes in viscosity across a 
wide range of operating temperature. Both MJO-based oils had the lowest VI values which had 
5% reduction compared to SE.
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3.3.1. Cutting force and temperature analysis

Figure 5 shows the results of cutting force, Fc measured in the Z-axis and the maximum cut-
ting temperature results after the orthogonal cutting operations. It is shown that SE produced 
the highest cutting force and cutting temperature at ca. 612 N and 308°C respectively. SE 
generated poor lubrication condition on the cutting zone as compared to the other lubricant 
samples. MJO + PIL1% produces the greatest reduction of cutting force (2% reduction) as well 
as the cutting temperature (10% reduction) compared to the SE which corresponds to the 
good lubrication ability of the PIL additive contained in the base oil, MJO. The addition of 
0.05 wt. % hBN solid particles also improved the lubrication ability of the MJO base oil. It is 
anticipated that the different type of lubricant used with the addition of the same additive did 

Figure 5. Cutting force and temperature results.

Figure 4. Tapping torque and torque efficiency value of all lubricant samples.
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give similar improvement effect as shown by the results of MRPO base oil. MRPO + PIL1% 
and MRPO + hBN0.05% show a reduction in both cutting force and cutting temperature when 
compared to the SE in a range between 0.4 and 8% decrement respectively.

The addition of 1 wt. % PIL has enhanced the antifriction and antiwear properties of the base 
oil by reducing the scuffing effect and the abrasive wear mechanism [25]. The polarity of the 
phosphonium-based IL additive has resulted in the increased adsorption rate of the additive 
molecules on the metal surface. The result is also corroborated by the tapping torque and 
efficiency values reported in the previous section. The tribofilm formed helps lower the fric-
tional torque of the base oil corresponding to the reduction of friction coefficient. It acts as a 
 separation layer between the metal asperities and kept them apart from direct contact, thus 
reduces the cutting force and generates less heat.

The addition of 0.05 wt. % hBN solid particles in the base oil reduces the average cutting force 
as well as the heat generated within the cutting zone by separating the metal asperities contacts 
during the sliding processes. However, the ability of the particles in reducing the frictional force 
and the heat generation is greatly affected by the particles filling rate in the asperity valleys 
which enabled them to align in parallel to the relative sliding motion, thus reducing the stress 
concentration on the contact surfaces [31]. Therefore, the high polarity of the PIL and the ability 
of its anionic moieties that can quickly adsorb on the sliding metal surfaces via strong electro-
static interactions even at high temperature and load working conditions has become the most 
attractive contribution of the PIL additive toward the formation of tenacious lubricant films on 
the metal surface that greatly reduces friction and wear [20]. This type of lubricant additive has 
successfully improved the tribological performance of the polar oil of MJO- and MRPO-based 
lubricant samples during the machining of the plain medium carbon steel of AISI 1045 [47].

3.3.2. Chip thickness analysis

The average chip thickness after the machining processes is exhibited in Figure 6. During 
the material removal process, the chip is formed due to the elastic, elastic-plastic, and plastic 
deformation processes of the workpiece material. It is mainly influenced by the heat generation 
under high stresses and temperature arisen due to the high deformation resistance between 
the cutting insert and the workpiece material being cut [48]. The chip thickness is one of the 
parameters that affected the chip formation mechanisms with the shearing angle between the 
uncut chip thickness and the cutting forces required during the material removal process [39].

An effective surface lubrication on the cutting zone has helped reduce the chip thickness pro-
duced after the machining operations by reducing the thermal stresses that occurred on the 
sliding surfaces. As presented in the previous subsection, the reduced friction due to high 
lubrication effect of MJO + PIL1% compared to the SE has successfully decreased 20% of the 
chip size which indicates the reduced tensile strain on the outer surface of the chip during 
bending. The specific thermal effects were reduced due to the adequate lubricant being sprayed 
and penetrated the sliding interfaces [49]. In addition, the fast and strong electrostatic inter-
actions between the lubricant and additive molecules with the metal substrates had formed 
the tenacious lubricant film that reduced the contact area at the shear zone, thus resulting in 
the reduction of frictional force [20, 30, 38]. Furthermore, this phenomenon also contributed 
to thinner chips being cut with large shear angle and low cutting energy. These results were 
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give similar improvement effect as shown by the results of MRPO base oil. MRPO + PIL1% 
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compared to the SE in a range between 0.4 and 8% decrement respectively.

The addition of 1 wt. % PIL has enhanced the antifriction and antiwear properties of the base 
oil by reducing the scuffing effect and the abrasive wear mechanism [25]. The polarity of the 
phosphonium-based IL additive has resulted in the increased adsorption rate of the additive 
molecules on the metal surface. The result is also corroborated by the tapping torque and 
efficiency values reported in the previous section. The tribofilm formed helps lower the fric-
tional torque of the base oil corresponding to the reduction of friction coefficient. It acts as a 
 separation layer between the metal asperities and kept them apart from direct contact, thus 
reduces the cutting force and generates less heat.

The addition of 0.05 wt. % hBN solid particles in the base oil reduces the average cutting force 
as well as the heat generated within the cutting zone by separating the metal asperities contacts 
during the sliding processes. However, the ability of the particles in reducing the frictional force 
and the heat generation is greatly affected by the particles filling rate in the asperity valleys 
which enabled them to align in parallel to the relative sliding motion, thus reducing the stress 
concentration on the contact surfaces [31]. Therefore, the high polarity of the PIL and the ability 
of its anionic moieties that can quickly adsorb on the sliding metal surfaces via strong electro-
static interactions even at high temperature and load working conditions has become the most 
attractive contribution of the PIL additive toward the formation of tenacious lubricant films on 
the metal surface that greatly reduces friction and wear [20]. This type of lubricant additive has 
successfully improved the tribological performance of the polar oil of MJO- and MRPO-based 
lubricant samples during the machining of the plain medium carbon steel of AISI 1045 [47].

3.3.2. Chip thickness analysis

The average chip thickness after the machining processes is exhibited in Figure 6. During 
the material removal process, the chip is formed due to the elastic, elastic-plastic, and plastic 
deformation processes of the workpiece material. It is mainly influenced by the heat generation 
under high stresses and temperature arisen due to the high deformation resistance between 
the cutting insert and the workpiece material being cut [48]. The chip thickness is one of the 
parameters that affected the chip formation mechanisms with the shearing angle between the 
uncut chip thickness and the cutting forces required during the material removal process [39].

An effective surface lubrication on the cutting zone has helped reduce the chip thickness pro-
duced after the machining operations by reducing the thermal stresses that occurred on the 
sliding surfaces. As presented in the previous subsection, the reduced friction due to high 
lubrication effect of MJO + PIL1% compared to the SE has successfully decreased 20% of the 
chip size which indicates the reduced tensile strain on the outer surface of the chip during 
bending. The specific thermal effects were reduced due to the adequate lubricant being sprayed 
and penetrated the sliding interfaces [49]. In addition, the fast and strong electrostatic inter-
actions between the lubricant and additive molecules with the metal substrates had formed 
the tenacious lubricant film that reduced the contact area at the shear zone, thus resulting in 
the reduction of frictional force [20, 30, 38]. Furthermore, this phenomenon also contributed 
to thinner chips being cut with large shear angle and low cutting energy. These results were 
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comparable to the findings reported by Somers et al. [35]. They identified that the more polar 
IL additive has improved the properties of the polar vegetable oil. They also indicated that the 
ILs can form low-shear layers of anions and cations when adsorbed onto the metal surface and 
they can also break down to form a protective tribolayer by reacting with the exposed metal. 
The more polar ILs induced physical and chemical interactions with the metallic surface by 
adsorption at the sliding contact, thus contributing to the reduction of friction.

3.3.3. Evaluation of specific cutting energy

The calculated specific cutting energy following Eq. (2) of the orthogonal lathe machining 
is presented in Figure 7. Specific cutting energy is correlated with the energy during plastic 
deformation and friction [43, 48]. It indicates the amount of energy required to perform plas-
tic deformation and overcome friction in the machining process [39]. Specific cutting energy 
decreases with temperature as the shear stress of the material in the shear plane decreases 
with the reduction of the chip thickness compression ratio [48].

It is clearly seen from Figure 7 that the SE poses the highest cutting energy which correlates with 
the production of high shear stresses in the shear plane. The shear angle is also a predominant 
factor controlling the distribution of stresses together with the chip compression ratio and the 
rake angle. The lubrication characteristics of the lubricant mixtures have considerably reduced 
the shear stresses between metal surfaces when they were in relative motions by providing 
adequate lubrication film with high load carrying capacity, thus reducing the requirement of 
the cutting energy [43]. As mentioned earlier, the formation of tribofilm by the active end of the 
lubricant molecules and the additives on the metal surfaces has directly enhanced the lubrication 
properties on the contact zone. The complex and branched chain of TMP triester and the additive 
molecules caused a superior lubricity behavior and a high thermal stability which offered bet-
ter tribological behavior regarding friction reduction and lower the generated thermal stresses.

Figure 6. Result of the measured chip thickness.
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3.3.4. Evaluation of tool-chip contact length

The tool-chip contact region was analyzed underneath an optical microscope and the average 
contact length was measured and presented in Figure 8. The interaction between the metal 
chip and the tool rake face produces two contact regions of sticking and sliding friction dur-
ing the orthogonal cutting process [43, 48]. The contact length and cutting forces are greatly 
influenced by the cutting lubricants applied on the cutting zone. The total contact length, Lc 
has been reported to depend most strongly on the deformed chip thickness hc and propor-
tional to the product of the chip thickness and the effective friction coefficient. Here, the lubri-
cation effect by using different MQL lubricant mixtures had improved the tool/chip contact 

Figure 7. Specific energy of the orthogonal cutting process lubricated with all lubricant samples.

Figure 8. Results of the measured tool-chip contact length.
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ing the orthogonal cutting process [43, 48]. The contact length and cutting forces are greatly 
influenced by the cutting lubricants applied on the cutting zone. The total contact length, Lc 
has been reported to depend most strongly on the deformed chip thickness hc and propor-
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Figure 7. Specific energy of the orthogonal cutting process lubricated with all lubricant samples.

Figure 8. Results of the measured tool-chip contact length.

Tribological Interaction of Bio-Based Metalworking Fluids in Machining Process
http://dx.doi.org/10.5772/intechopen.72511

57



length compared to the surface lubricated with SE. It was clearly seen that the various types 
of the metalworking fluids clearly affected the tool-chip contact length. The poor lubrication 
effect of the SE has resulted in the high frictional sticking contact with the workpiece mate-
rial and produces high shear and strain stress on the cutting edge, which leads to the high 
frictional stress and longer contact length [39, 49].

The lubricant forms an intrinsically hydraulic wedge between the chip and the rake face of the 
tool insert, which may prevent seizure between the tool-chip interfaces and thus greatly lower 
the cutting force [48]. The addition of additives has successfully reduced the total stresses on 
the sticking and sliding regions during the chip formation processes [26, 36]. The tribofilm 
formed on the sliding surfaces acts as a wear-protected film and the lubricant spray mist 
penetrates to the tool cutting edge. It reduces the friction stress and subsequently shortens 
the tool/chip contact length and improved chip control [43, 48]. Sticking or seizure occurs at 
the tool edge interface and the chip then slides beyond the sticking region. The occurrence 
of material transfer or adhesion on the rake face indicates the material wear mechanism and 
the lubrication effects of different lubricant samples during the material removal process. The 
surface topography of the sliding region is presented in Figure 9.

Figure 9. Optical and SEM images of the selected surface morphology on the cutting tools rake face at 50×, 75×, and 200× 
magnifications respectively; (a, a’, a”) SE; (b, b’, b”) MJO + PIL1% and (c, c’, c”) MRPO + hBN0.05.
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The lubrication characteristics of metalworking fluids considerably reduced the friction between 
surfaces when they were in relative motions, thus reducing the requirement of cutting energy 
[48]. SE contributed to poor lubrication behavior where oxidization at high operation tempera-
ture could easily take place [18]. MRPO + hBN0.05% shows a decrement of 0.4% in specific cut-
ting energy under the given cutting condition, while MJO + PIL1% shows superior performance 
with 2% improvement compared to the SE. The presence of solid additive of boron nitride parti-
cles in the vegetable base oils did help to increase the base oil performance, however, the higher 
adsorption rate of PIL than the hBN particles are seen to impose better lubrication effect. The 
poor lubrication film of the SE and MRPO + hBN0.05% was contributed by a low formation of 
protective layers on the contacting surfaces and also corresponds to the decreased of spray pen-
etration into the cutting zone which leads to the direct contact of metal asperities that produces 
high friction between the tool and workpiece surfaces. In conclusion, the low energy required 
posed by the lubricant mixtures clearly proved the ability of these lubricant additives to be used 
as new formulations for an advanced renewable bio-based MWF from Jatropha and palm olein 
oils. They may become an attractive alternative to the world dominating mineral-based MWFs.

4. Conclusions

From the experimental data analyzed in this work, the following conclusions are obtained:

• The presence of polyol ester and fatty acids in the newly refined biodegradable lubricants 
from Jatropha and palm olein oils plays a significant importance to the tribological behavior 
on the metal sliding pairs in terms of wear and friction reduction. The presence of alkyl groups 
affects the good tribological behavior posed by the vegetable-based oils, MJO & MRPO.

• The MJO & MRPO lubricants proved to be more effective in enhancing their machining 
performances during the tapping torque tests and the orthogonal cutting experiments with 
the addition of a small quantity of an oil-miscible ionic liquid and hBN solid particles as 
lubricant additives.

• Good synergistic effect on the tribological and machining performance of the lubricant mix-
tures was shown by enhanced machining performances with improved physical properties 
and lubrication effects. All lubricant mixtures have shown reduced tapping torque, im-
proved tapping efficiency, low cutting force and cutting temperature, reduced specific cut-
ting energy and tool-chip contact length compared to the conventional synthetic ester, SE.

• The addition of phosphonium-based ionic liquid (1 wt. % PIL) into the MJO and MRPO is 
found to impose better lubrication ability than the addition of hBN solid particles (0.05 wt. %) 
in improving the tribological and machining performances of the base oils.

• The low amount of the additives used in the MJO & MRPO has great potential to be used as 
lubricant additives in the bio-based cutting fluids for metalworking applications.

• ‘Greener’ manufacturing activities by using renewable sources and low amount of biocom-
patible additives resulted in good energy efficiency and cleaner environment. In terms of 
sustainable machining operation, MJO + PIL1% & MJO + hBN0.05% are found to be a good 
alternative as reference for replacing the industrial dominating mineral oil-based lubricants.
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Abstract

This chapter evaluated the influence of laser texturing process on the tribological behav-
ior of the ISO 5832-1 austenitic stainless steel (SS). The friction coefficient and wear were 
determined using ball-cratering wear tests. The laser texturing process was carried 
out with a nanosecond optical fiber ytterbium laser at four different pulse frequencies. 
Cytotoxicity tests were carried out to determine if laser texturing affects the biomate-
rial biocompatibility. For comparison reasons, pristine surfaces were also evaluated. The 
results indicated that the wear volume and friction coefficient were reduced after laser 
texturing. The samples were considered noncytotoxic according to the biocompatibility 
tests as the laser texturing process did not decrease cell’s viability.

Keywords: biomaterials, cytotoxicity, laser texturing, stainless steel, tribology

1. Introduction

Implantable medical devices used in mobile joints of the human body as well as for den-
tal purposes require biocompatibility with the surrounding tissues and organs, mechanical 
strength, and corrosion resistance. The body fluids constitute a hostile environment for the 
implant, which is also subjected to various loads. The implant can release particles due to cor-
rosion, corrosion associated with fatigue, and even friction against implantable components, 
bones, or other body parts. By coming into contact with the body fluids, these particles can 
be placed in locations far from the removed source causing complications to the patients. 
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tests as the laser texturing process did not decrease cell’s viability.
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1. Introduction

Implantable medical devices used in mobile joints of the human body as well as for den-
tal purposes require biocompatibility with the surrounding tissues and organs, mechanical 
strength, and corrosion resistance. The body fluids constitute a hostile environment for the 
implant, which is also subjected to various loads. The implant can release particles due to cor-
rosion, corrosion associated with fatigue, and even friction against implantable components, 
bones, or other body parts. By coming into contact with the body fluids, these particles can 
be placed in locations far from the removed source causing complications to the patients. 
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Okasaki [1] evaluated the properties of metallic biomaterials with regard to the effect of 
 friction on anodic polarization. He observed that corrosion was accelerated in the frictional 
environment with respect to static conditions. This effect was due to the formation of anodic 
areas in the stressed regions under friction whereas its periphery is cathodic.

Metallic particles released from the corrosion process may move passively, through tissue 
and/or circulatory system or can be transported in an active way when metabolized by macro-
phages [2]. In either case, this mass transport may lead to debris accumulation in surrounding 
tissues or even remote sites where they can participate in undesirable biological reactions, 
compromising biomaterial’s biocompatibility.

Interaction between metallic implants and the human body can be affected by numerous fac-
tors such as the structure of the metal surface, its mechanical properties, size, and shape. 
When in contact with the body tissues after implantation, metallic devices affect the intensity 
of stresses to which the whole human body is subjected as well the implant itself. Wear and 
corrosion processes are additional effects arising from the interaction between metallic bio-
materials and the body tissues [3].

The orthopaedic implants are projected and manufactured so that when used under the con-
ditions and for the purposes designed, without compromising the clinical condition or the 
safety of patients. Any risks that may be associated with the implants use are acceptable when 
compared to benefits for the patients [2, 3].

The alloy described in part 1 of ISO 5832 [4] (ASTM F138/ASTM F139) is an austenitic stain-
less steel. It is one of the metallic materials most used in Brazil for manufacturing implants, 
because of its suitable mechanical strength, reasonable corrosion resistance, and low cost [5–8]. 
Stainless steel implantable medical devices are used as permanent or temporary implants 
to help bone healing. The laser texturing process is used to modify the biomaterial surface 
roughness and hardness.

The microscale abrasion test (or ball-cratering wear test) is a practical method to analyze the 
wear resistance of materials [8–11]. The ball-cratering wear test has gained large acceptance at 
universities and research centers and is widely used in studies focusing on the abrasive wear 
behavior of different materials [12–16]. Figure 1 presents a schematic diagram of the principle 
of this wear test, where a rotating ball is forced against the specimen being tested and an 

Figure 1. Schematic representation of the operating principle of ball-cratering wear test.
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electrolyte is supplied between the ball and the specimen during the experiments. The aim of 
the ball-cratering wear test is to generate “wear craters” on the specimen surfaces. The wear 
volume (V) may be determined as a function of b, using Eq. (1) [12], where b is the wear crater 
diameter and R is the ball radius.

  V ≅   π  b   4  ____ 64R   for b < < R  (1)

Wear tests conducted under the ball-cratering technique present advantages in relation to 
other types of tests, because it can be performed with normal forces (N) and rotations of the 
sphere (n) relatively low (N < 0.5 N and n < 80 rpm) [17–21]. Tests in micro- and nanotribom-
eters are used to investigate small regions and thin layers of different surfaces [22, 23].

The aim of this work was to evaluate the cytotoxicity and the tribological behavior of ISO 
5832-1 austenitic stainless steel (SS) textured by Yb optical fiber laser, varying its pulse fre-
quency, using two ball-cratering wear methods.

2. Experimental

2.1. Material and sample preparation

The material employed in the present work was a round bar (15 mm diameter) of the ISO 
5832-1 austenitic stainless steel (chemical composition in wt%: 0.023 C, 0.78 Si, 2.09 Mn, 
0.026 P, 0.0003 S, 18.32 Cr, 2.59 Mo, 14.33 Ni, and Fe balance). Specimens were treated with a 
nanosecond ytterbium (Yb) optical fiber laser at four different pulse frequencies, as shown in 
Table 1. A pulsed Nd: YAG laser (TRUMARK 5050™) was operated at a wavelength of 1062 ± 
3 nm, with a laser average power of 50 W and a scanning speed of 200 mm s−1. Figure 2 shows 
the surface finish of the laser-textured specimens.

2.2. Ball-cratering wear test

An instrument with free-ball configuration was used for the sliding wear tests. Two load cells 
were used in the ball-cratering apparatus: one load cell to control the normal force (N) and one 
load cell to measure the tangential force (T) developed during the experiments. “Normal” and 
“tangential” load cells had a maximum capacity of 50 N and an accuracy of 0.001 N. The values 
of “N” and “T” were registered by a readout system. Table 2 presents the test conditions selected 
for the experiments conducted in this work. Balls for the ball-cratering wear test were made of 
AISI 316L stainless steel, with a diameter of D = 25.4 mm (D = 1″). A phosphate buffer solution 
(PBS), with chemical composition (g/l): 8.0 NaCl, 0.2 KCl, 1.15 Na2HPO4, 0.2 KH2PO4, with a pH 
value of 7.4 and a conductivity of 15.35 mS was dropped between the ball and the specimen.

Specimens 1 2 3 4

Frequencies (kHz) 80 188 296 350

Table 1. Frequencies used for ytterbium optical fiber laser treatment.
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electrolyte is supplied between the ball and the specimen during the experiments. The aim of 
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The values of normal force (N) were defined as a function of the density (ρ) of the ball material 
(AISI 316 L SS): ρ316L = 8 g ·cm−1.

The tests were conducted at t = 10 min. The sliding distance (S) was calculated based on the 
values of v = 0.1 m·s−1 and t = 10 min (t = 600 s) and was equal to 60 m.

All experiments were conducted without interruption, and the PBS solution was continuously 
agitated and fed between the ball and the specimen under a frequency of 1 drop/2 s. Both the 
normal force (N) and the tangential force (T) were monitored and registered constantly. Then, 
the friction coefficient (μ) was determined using Eq. 2:

  μ =   T __ N    (2)

2.3. Nanotribometer

The tribological behavior of the ISO 5832-1 austenitic stainless steel was also assessed by wear 
tests conducted in a nanotribometer (Anton Paar—model NTR2). The tests were performed in 
the air, at 25°C, with counterbody of chrome steel 52–100 rotating ball shape, 2 mm in diam-
eter, during 10 min, with normal force of 100.0 mN, distance equivalent to 2.4 m, and a scan 
speed of 4.0 cm.s−1. Both laser-textured and pristine materials were evaluated.

2.4. Microhardness (HV)

Vickers microhardness analyses were performed in a microdurometer coupled with optical 
microscope, Fisherscope HM 2000. The hardness values refer to the average of five measure-
ments at a distance of 50 μm between each indentation, and applied load of 25.0 mN·0−1, for 
surfaces treated with laser and also for the untreated stainless steel specimens.

Figure 2. ISO 5832-1 austenitic stainless steel textured by ytterbium optical fiber laser.

Test condition

(N) Normal force (N)—ball of AISI 316 L SS 0.25

(S) Sliding distance—(m) 8.0

(n) Ball rotational speed—(rpm) 50

(v) Tangential sliding velocity—(m/s) 0.1

(t) Test duration—(min) 10

Table 2. Test conditions selected for the ball-cratering wear experiments.
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2.5. Roughness analysis

A LEXT OLS 4100 confocal laser scanning microscope (Olympus, TM) was used in order to 
obtain the surface roughness of the laser-textured and untreated samples with a higher defini-
tion quality in the topographic analysis. The values are expressed as the mean roughness Ra.

2.6. Cytotoxicity analysis

Cytotoxicity was assessed by quantitative methodology. The test is based on the determina-
tion of viable cells after exposure of the cell population to the extract obtained from incubation 
of the samples in cell culture medium RPMI (Gibco®) supplemented with serum bovine fetal 
10% and antibiotic/antimycotic (solution Gibco®) 1% at 37°C for 9 days under constant gentle 
stirring. The long period use was chosen to mimic if the samples were implanted. The treated 
surface was carefully immersed in cell culture medium to evaluate if there was debris released 
from the samples that can lead to a cytotoxicity effect. The extract of each sample were used to 
cultivate on a cell monolayer, CHO (Chinese Hamster Ovarian) cell line for 24 hours.

The analysis of the number of viable cells was performed by the colorimetric method for 
the metabolization of supravital dye, MTS, and the electron coupling agent, PMS (Promega®) 
were used as the supplier instructions, and subsequently reading in a spectrophotometer at 
490 nm. The amount of dye metabolized by the cell population is directly proportional to the 
number of viable cells on the plate.

3. Results and discussion

3.1. Wear volume analysis

The environment of implants usually induces wear deriving from the contact between the 
biomaterial and surrounding tissues, so that when manufacturing an implant, one has to 
choose a suitable area for laser treatment. Figure 3 shows this biomaterial surface without 
texturizations (blank).

Figure 4 presents the wear volumes (V) for the untreated and laser-textured samples after 
the ball-cratering wear tests. These values were determined according to Eq. (1). It is possible 
to observe that the wear volume decreased for the laser-textured specimens with respect to 
the untreated steel. This fact is likely to be associated with an increase in the surface hard-
ness after laser texturing. As shown in Table 3, the microhardness of the laser-textured sam-
ples was higher than that of the untreated material. The highest values of wear volume were 
obtained for the untreated specimens. The wear resistance of the laser-textured surfaces was 
superior to that of the pristine material. Similar results were reported by Cozza et al. [13] 
using the same test for a different tribological system.

Microstructural and topographic modifications due to changes in some parameters of the 
laser beam were identified by Lima et al. [24]. They used a Q-switched Nd: YAG laser with 
different pulse frequencies. Similarly, they performed texturing treatment that consisted of 
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juxtaposed lines on the surface of the AISI M2 tool steel. Changes in beam energies and inten-
sities were observed. All conditions used produced metal fusion. They noticed that there was 
little roughness for the low intensities generated by the laser beam; however, there were “cra-
ters”, that is, regions with high roughness at the higher intensities.

Allsopp and Hutchings [25] have suggested that surface roughness is interesting for improv-
ing adhesion between coatings and metallic alloys, and can be produced and controlled by 
laser beam. This effect is desirable on some biomaterials’ surfaces for permanent fixture medi-
cal devices. The values of Ra shown in Table 3 reveal that the average roughness increased 
after laser texturing, scaling up with the pulse frequency.

Specimens Blank 1 2 3 4

Microhardness (HV) 199.3 204.3 215.4 226.1 239.9

Ra (μm) 0.2 1.5 5.2 9.2 11.5

Table 3. Microhardness and roughness values for the untreated and laser-textured samples.

Figure 4. Wear volumes of the untreated and laser-textured surface determined after the ball-cratering wear tests.

Figure 3. Wear test conducted on the ISO 5832-1 SS without laser treatment. Ball of AISI 316 L SS.
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3.2. Friction coefficient

Because wear is a surface phenomenon that occurs at the interface between the asperities of 
the surfaces in contact, biotribology results are strongly influenced by the surface finish pro-
duced by the laser beam texturing.

Considering the ball-cratering wear test, the highest value of the friction coefficient was obtained 
for the untreated surface as shown in Figure 5. The laser-textured specimens presented lower 
friction coefficient. The lowest value was observed for specimen 3. There was no apparent 
relationship between the friction coefficient and the laser pulse frequency. Notwithstanding, 
it is possible to infer that the hardness increase can be related to this effect. Surface roughness, 
in turn, did not increase the friction coefficient, being the hardness effect more prominent to 
the friction characteristics of the treated surface. Values of such magnitudes were reported in 
literature [25–28], with the same type of test under different tribological systems.

In the biomaterials’ field for implantable medical or dental devices, tribological assays are of 
great value in providing an estimate of the normal, tangential, and frictional forces in relation 
to the volume of material that can be detached from the surface, migration, and accommoda-
tion of some particles.

This work also analyzed the evolution of the friction coefficient by nanotribometer wear tests 
of the surfaces of these biomaterials with laser texturing treatment. The results obtained are 
presented in Figure 6, and are compared with the blank specimen (without treatment).

No direct relationship between wear volume and friction coefficient was observed; i.e., the high-
est value of wear volume was not related to the higher value of coefficient of friction [25–28].

The variation of the friction coefficient with the test time is shown in Figure 6 for the laser-tex-
tured and untreated samples. These results were obtained by means of the wear tests conducted 
in the nanotribometer. For the laser-textured surfaces, the values of friction coefficient were lower 
than those obtained for untreated surface, confirming the results of the ball- cratering wear test.

For the laser-textured surfaces, Figure 6, the values of friction coefficient obtained were lower 
than those obtained in the samples without treatment by the laser beam (blank).

Figure 5. Friction coefficient obtained by the ball-cratering wear test for untreated and textured specimens.
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The friction coefficient values for the untreated specimen showed a rapid increase in the 
beginning of the test (running-in), and practically stabilized around values close to μ = 0.5 
as the surface becomes less rough. In the case of the laser-textured samples, the friction coef-
ficient decreases up to 100 s, reaching a stabilization period up to the end of the test. For sam-
ple 2, the friction coefficient initially presented gradual increase up to 500 s reaching 0.35 and 
then drops to less than 0.2 at the end of the test. Sample 3 showed a tendency of continuous 
increment of the friction coefficient with time. For sample 4, in turn, it remained practically 
constant and at lower than that of the other conditions.

The effect of the variation of the coefficient of friction as a function of the test time was studied 
by Huang et al. [29]. They verified some tribological properties of Ti-6Al-4 V alloys with and 
without coating (“laser clad”), for a period of 3500 s in different rotation frequencies, and at 
the end of the tests, they verified that the coefficient of friction for the coatings was always 
inferior to the substrate.

3.3. Cytotoxicity analysis

The results presented in Figure 7 indicate that the austenitic ISO 5832-1 SS exhibited cytotoxic 
behavior similar to the negative control, that is, it shows no cytotoxicity. This is indicated 
by the cell viability curve for the laser-treated samples above the level IC50% of cytotoxicity. 
Table 4 shows the pH of the extracts at a concentration of 100%.

The cytotoxicity of the ISO 5832-1 stainless steel was evaluated in the present study according 
to ISO 10993-5 [30]. The absence of cytotoxicity is desired for stainless steels for medical and 
dental applications [31]. The slight decrease in the cell viability for the laser-treated samples 

Figure 6. Variation of friction coefficient as a function of the test time for the laser-textured and -untreated specimens.

Lubrication - Tribology, Lubricants and Additives72

is explained by its susceptibility to localized corrosion [5, 6, 32, 33]. According to Pieretti 
and Costa [5], the laser process affects the corrosion resistance of the laser-treated stainless 
steel biomaterials, producing a less protective passive film with areas prone to its breakdown, 
although the samples are not considered cytotoxic.

Studies on the biomaterials tribological behavior are important because they reveal unique 
aspects about the surface wear mechanisms [34]. The knowledge of wear response contrib-
utes to the understanding of other surface phenomena, which can occur simultaneously and 
potentiate one another, such as the phenomenon of corrosion.

The occurrence of both concomitantly can lead to acceleration of particle detachment, includ-
ing nonmetallic inclusions that may be housed under biomaterial surface [35], and these may 
come into contact with the bloodstream and lodge in any part of the human body causing, 
many times, harm to the patients.

Figure 7. Cell viability as a function of the extract concentration of the laser-textured and untreated samples.

Extracts pH

Control (Pure Ti) 7.50

ISO 5832-1 SS treated by laser 7.88

Table 4. Values of pH for the extracts at a concentration of 100%.
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The friction coefficient values for the untreated specimen showed a rapid increase in the 
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4. Conclusions

In this work, surface texturing of ISO 5832-1 stainless steel samples was carried out using an 
optical fiber Yb laser. The effect of the laser pulse frequency on the tribological behavior of the 
treated steel was evaluated by ball-cratering wear tests and sliding wear tests using a nano-
tribometer. The wear volume determined from the ball-cratering wear test points out that 
the laser-textured surfaces were more resistant to wear, presenting lower wear volumes than 
the untreated material. The friction coefficient decreased after laser texturing likely due to the 
increased surface hardness of the laser-treated samples as revealed by Vickers microhardness 
measurements. This effect was observed for the wear tests conducted with the ball-cratering 
apparatus and the nanotribometer. The laser texturing process did not impart any cytotoxic-
ity to the ISO 5832-1 samples, preserving the biocompatibility of the pristine surface.
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Abstract

The current topics related to the morphology and tribology of TiAlN monolayer, TiAlN/
SiNx, TiAlN/CNx and TiAlN/CNx�CNx nanoscale multilayer coatings and refer to our
recent results on the evaluation of surface morphology, and nanoscale mechanical and
tribological properties of coatings deposited on cemented carbide cutting tools and silicon
wafer substrates by reactive magnetron sputtering deposition. The surface morphology
and microstructure of the coatings were evaluated with an atomic force microscope in
dynamic friction mode together with transmission electron microscope imaging. The
tribological properties of the coatings were evaluated by pin-on-disc friction testing in
dry air, and high-frequency linear-oscillation friction testing under various lubrication
conditions. The tribological properties of the multilayer TiAlCrSiN and TiAlSiN coatings
were compared with those of a single layer TiAlN coating to evaluate their possible
applications to the surfaces of cutting tools. The machining performances of single layer
TiAlN, multilayer TiAlSiN, and TiAlCrSiN coated drills were investigated in drilling of
carbon steel.

Keywords: surface morphology, tribological property, nanoscale multilayer, atomic force
microscope, cutting tools

1. Introduction

Currently, thin hard physical vapor deposition (PVD) coatings are widely used to improve the
tribological performance of forming tools, cutting tools, and machine elements [1]. In these
applications, the surface morphology and tribology of the coated part are the most important
factors influencing the tool and equipment performance [2]. Cutting tools might be used in
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harsh machining environments without lubrication or under water-lubricated conditions. Tri-
bological applications of thin films to cutting tools have considerably extended tool life and
enabled the realization of dry machining and high-speed machining of hardened materials [3,
4]. Films of diamond-like carbon (DLC) and transition-metal and carbon nitrides (CNx), such
as titanium aluminum nitride (TiAlN) and CNx are the most widely used coatings for tribo-
logical applications, such as for forming and cutting tools. Thus, it is desirable to improve the
tribological properties of these films to enhance their performance in tool applications [5].

In this chapter, topics related to evaluation of the surface morphology and tribological proper-
ties of thin films are reviewed. Our recent results on the morphology and tribological proper-
ties of TiAlN monolayer, and TiAlN/SiNx and TiAlN/CNx multilayer coatings deposited on
cemented carbide cutting tools and silicon wafer substrates by reactive magnetron sputtering
deposition are referred in [4, 6, 7]. First, nanoscale TiAlN/SiNx multilayer films were deposited
to improve the hardness of TiAlN; we found that the mechanical properties of the multilayer
film were considerably improved compared with those of the monolayer film [4]. The intro-
duction of a SiNx layer led to the formation of hard coatings owing to suppression of the
TiAlN grain growth, grain refinement, and a decrease in surface roughness. A decrease in the
grain diameter and associated decrease in surface roughness likely led to improved mechani-
cal and tribological properties of the coatings [4]. However, the wear performance of the
TiAlN/SiNx coating under ambient or high-temperature conditions showed negligible improve-
ment because of its high friction coefficient. Second, CNx is an important tribological material
and CNx thin films feature attractive properties such as improved hardness and elasticity and a
lower friction coefficient [8, 9]. CNx thin films are currently being extensively studied for their
potential tribological applications owing to their favorable mechanical and tribological proper-
ties [10]. These materials have already found applications as protective overcoatings for hard
discs and read/write heads [11, 12]; furthermore, such materials are of interest in the field of
nanotechnology owing to their high wear resistance and low friction properties [11, 12]. It has
been found that amorphous CNx films exhibit good wear resistance with a low coefficient of
friction (COF) in the range of 0.07–0.3, which is dependent on the N/C ratio and the fraction of
the sp3-bonded carbon in the film [8, 9]. Therefore, attention has been paid for combining low
COF CNx and hard nitrides together by forming composites or multilayer coatings to achieve
the desired mechanical and tribological properties, for example, TiN:CNx composite films [13,
14], and CNx:TiN multilayer coatings [15, 16].

Several studies have indicated that multilayer coatings can exhibit high hardness and fracture
resistance with low compressive stress through control of the parameters of the layered
structure [5, 17]. The tribological behavior of carbon-based thin films is also strongly influenced
by their chemical composition, polycrystalline structure, and surface morphology [18]. However,
there remain uncertainties regarding the effects of the deposition of (Ti,Al)N, TiAlN/SiNx,
TiAlN/CNx, and CNx coatings on the surface morphology, microstructure, and tribological
properties of these coatings. The potential for low friction coefficients and high resistance to
abrasive wear are important characteristics for high-speed and hard material cutting applica-
tions. In investigations that have aimed to increase the wear resistance and tribological proper-
ties of TiAlSiN coatings for wet cutting applications, improved tribological properties have been
achieved through the incorporation of chromium (5–10 at%) into PVD TiAlSiN coatings [19–22].
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The wet (water soluble fluid) machining performance of single layer TiAlN, and multilayer
TiAlSiN and TiAlCrSiN coatings were assessed when drilling into a carbon steel workpiece
(S50C, 50-53HRC). The objective of the present study was to assess the performance of 6-mm
diameter WC–Co drills (OSG Corporation, Japan). The critical wear regions of the drills were
examined metallographically with the use of a scanning electron microscope (SEM) to identify
wear mechanisms acting at the cutting edges of the single layer TiAlN and multilayer TiAlCrSiN
coated drills.

This chapter is focused on the influence of morphology on the tribological properties of TiAlN,
TiAlN/SiNx, and TiAlN/CNx multilayer coatings with and without a CNx top layer deposited
on Si(100) and cemented carbide tool steel (WC) substrates. We also compare the performance
of the multilayer coatings with that of a TiAlN monolayer with and without a CNx top layer.
To study the friction behavior of these films, in relation to their various structures and surface
morphologies resulting from the deposition parameters, we measured the microstructure and
surface morphology of the films by transmission electron microscope (TEM) and SEM imaging
together with atomic force microscope (AFM) measurements. Vickers hardness, pin-on-disc
friction, and high-frequency linear-oscillation (SRV) friction testing were also used to study the
tribological properties and wear resistance of such coatings. Furthermore, we compared the
tribological properties of the multilayer TiAlCrSiN and TiAlSiN coatings with those of a single
layer TiAlN coating to evaluate their possible application to surfaces of cutting tools. The
machining performance of the single layer TiAlN, multilayer TiAlSiN, and TiAlCrSiN coated
drills were investigated in the drilling of carbon steel (S50C, hardness 50HRC).

2. Experimental methods

2.1. Sample preparation

Figure 1 shows a schematic illustration of the multi-target DC reactive magnetron sputtering
equipment used in this experiment. The equipment consisted of four independent target
holders and DC power was applied to both the target holders and the substrate holder. As
shown in Figure 2, in this study we prepared: a TiAlN monolayer (TiAlN), a TiAlN/SiNx
multilayer, and a TiAlN monolayer with a CNx top layer (TiAlN+CNx), a TiAlN/CNx multi-
layer with a top TiAlN layer (TiAlN/CNx+TiAlN), and a TiAlN/CNx multilayer with a CNx
top layer (TiAlN/CNx+CNx) [4, 6, 7]. All coatings were prepared on polished Si wafers and
cemented carbide tools by DC magnetron sputtering from TiAl alloy (50/50 at%, 99.99%
purity), carbon (99.99% purity), and Si (99.99% purity) targets. Alternating deposition of TiAlN
and SiNx or CNx layers was applied to realize the TiAlN/SiNx and TiAlN/CNx multilayer
coatings [4, 7]. Full details of the deposition process have been previously reported [7]. The
coating process consisted of three steps such as heating, cleaning by ion bombardment, and
multi-nanolayer coating. The system base pressure was maintained at approximately
3.5 � 10�3 Torr to produce enough Ar ions for ion bombardment cleaning of the substrate [4];
the substrate was heated at a power of 7000 W for 30 min prior to deposition and the substrate
temperature was maintained at ~420�C for the deposition. During the ion bombardment
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tions. In investigations that have aimed to increase the wear resistance and tribological proper-
ties of TiAlSiN coatings for wet cutting applications, improved tribological properties have been
achieved through the incorporation of chromium (5–10 at%) into PVD TiAlSiN coatings [19–22].
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cleaning process, Ar ions were directed at the substrate with a substrate bias of �500 V. Subse-
quently, the multi-component multi-nanolayer films were coated with a gas mixture of Ar (220
ml) and N2 (160 ml). On the basis of preliminary experiments, the optimal deposition parameters
were determined andmultilayer coatings were fabricated. To compare the frictional properties of
the monolayer and multilayer coatings, the total film thickness of the TiAlN, or TiAlN/CNx
layers was set to be 3 μm. The CNx top layer was approximately 0.5 μm. For multilayer coatings,
the layer period was set to be approximately 7 nm and the thickness of the TiAlN layer was
approximately 6 nm [4, 7].

Figure 1. Schematic of DC sputtering equipment.

Figure 2. Samples of mono- and multilayer coatings.
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2.2. Morphology and microstructure observations

The microstructures of the coatings were evaluated by TEM and SEM cross-sectional imaging.
AFM was used to observe the surface of the TiAlN, SiNx, TiAlN/SiNx, TiAlN+CNx, TiAlN/
CNx+TiAlN, and TiAlN/CNx+CNx coatings [4, 7]. The morphological characteristics of the
coatings were measured with the use of AFM in dynamic friction mode (DFM) with a carbon
nanotube tip having a radius of approximately 44 nm. The AFM system (Digital Instruments
Nanoscope III, Hysitron Inc.) was used. Calculations were performed within the scanning
probe image processor (SPIP) software, which is a standard program for processing AFM data
at the nanoscale. The grain diameter and surface roughness of the coatings were determined
by scanning an area 3 � 3 μmwith the AFM. To investigate the effects of grain diameter on the
surface morphology and the boundaries between the grains, simulations were performed to
calculate the mean grain diameter and surface roughness of the scanning area. The coating
surfaces were characterized with the use of the roughness analysis module; the values for
surface roughness, average roughness (calculated by Sa: distance between peaks), and peak-
peak roughness (calculated by Sy: height difference between the highest and lowest peaks in
the image), were obtained by analyzing the images and cross-sectional profiles and measuring
the mean grain diameter parameters.

2.3. Mechanical and tribological properties evaluation

Mechanical properties, including hardness and adhesion strength were measured by Vickers
hardness and scratch testing (CSM Instruments SA). The load used for hardness measurements
was 0.025 N. A scratch tester was used to apply an increasing load with a spherical diamond
indenter having a radius of approximately 0.2 mm. The critical load Lc, determined by acoustic
emission (AE) observations of the scratch, was used as a quantitative measurement. Full details
of the methods used in the hardness and scratch tests have been previously reported [4].

The tribological properties were evaluated from pin-on-disc friction and SRV testing methods.
The pin-on-disc wear test was performed at an air humidity of 50 � 10% and a temperature of

Figure 3. Swing type friction tester (SRV).
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25 � 3�C with the use of a pin-on-disc tribometer with a counterpart composed of SUS304
steel, placed horizontally on a turntable. The wear test was performed at a load of 0.5 N and a
linear speed of 100 mm/s for a total sliding time of 600 s (corresponding to a sliding distance of
60 m). The frictional coefficients were calculated by measuring the frictional force from the
wear scar area. In the SRV tests, the two test specimens, namely balls and discs, were installed
in the test chamber and pressed together. As shown in Figure 3, the upper specimen was
oscillated over the lower specimen at pre-programmed frequency, stroke, load, and tempera-
ture settings. In this study, the test was conducted with the use of an AISI440C ball indenter
(SUS440C, 6.0 mm diameter) without lubricant under a 10 N load, with the use of a 500-μm
stroke, a 50-Hz frequency, and 30,000 revolutions at room temperature and atmospheric
pressure (30–45% humidity). The wear profiles of the coatings were measured by the SRV test.

3. Result and discussion

3.1. Microstructure and morphology

SEM micrographs of the film fracture cross-sections are shown in Figure 4 for the TiAlN
monolayer with a thickness of approximately 3 μm and the TiAlN/SiNx and TiAlN/CNx
multilayer coatings with a total thickness of approximately 3.6 μm [7]. TiAlN has a columnar
morphology, as shown in Figure 4a. The introduction of SiNx into the coating system changed
the fracture morphology of TiAlN from a columnar microstructure to a fine-grained structure

Figure 4. Cross-sectional image of TiAlN monolayer, and TiAlN/SiNx and TiAlN/CNx multilayer coatings.
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of TiAlN/SiNx, as shown in Figure 4b. This effect could be attributed to growth of the primary
nuclei on the top layer (Figure 4b). This result indicates that growth of crystals was blocked
periodically by the development of the surface covering layer, which covered the whole
surface of the crystals and suppressed grain growth [4, 7, 23]. Figure 4c shows a SEM image
of a fracture cross-section of a TiAlN/CNx coating. The TiAlN/CNx also showed a fine-grained
structure owing to the introduction of CNx into the coating system [7].

Figure 5 shows TEM images of the microstructure of a TiAlN/SiNx multilayer film. The TiAlN/
SiNx was formed by alternation of the TiAlN and SiNx layers at a rotation speed of 3 revolu-
tion per minute (rpm) [4]. A nanolayered structure composed of sequentially alternating TiAlN
and SiNx layers was confirmed [4]. High resolution TEM images of the TiAlN/SiNx nanolayer
cross-section exhibited a bilayer period of 6–8 nm and nanometer-sized grains. The white
arrows in the figure indicate the film growth direction. The film morphology showed a dense
columnar structure.

Figure 6 shows a TEM image of the microstructure of a TiAlN/CNx+CNx multilayer film. As
shown in area I (Figure 6a, marked by an arrow), the bright dots indicate the presence of a
CNx top layer phase with a uniform amorphous structure. In areas II and III of Figure 6a
(indicated by arrows), micro-diffraction patterns featured both individual spots and continu-
ous rings that corresponded to the superposition of individual diffraction patterns of TiAlN
and CNx [7]. Figure 6b shows that the film morphology was fine-grained and that the growth
directions of the TiAlN and CNx layers alternated, as indicated by the dark and bright layers,
respectively. Figure 6c shows that the TiAlN nanolayers in the TiAlN/CNx coating were
approximately 5-nm thick and separated by a matrix of amorphous carbon [4]. This result
suggests that the TiAlN/CNx multilayer had a modulated structure with a periodicity of
approximately 7 nm, indicating that the nanolayered structure was composed of sequentially
alternating TiAlN/CNx, owing to the rotation speed of 3 rpm [4, 7, 23, 24].

Figure 5. Cross-sectional TEM images of TiAlN/SiN coating, observed at scale of (a) 500 nm and (b) 7 nm.
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The surface morphology and roughness of the films were observed by AFM in DFM and
analyzed by collecting three-dimensional surface profile data. The mean grain diameters of
the samples were determined by averaging three or more results obtained from a 3 � 3 μm
area. As shown in Figure 7, the average grain diameters for the TiAlN (Figure 7a) and TiAlN/
SiNx (Figure 7b) films were 342 and 274 nm, respectively. In Figure 7, we compared the TiAlN
and TiAlN/SiNx films, to show that the average grain diameter of TiAlN/SiNx was smaller
than that of TiAlN. Hence, the introduction of the SiNx layer contributed to a decrease in the
grain diameter [4]. The roughness of the TiAlN and TiAlN/SiNx films was determined by
measuring the grain diameter and surface peak-peak height (Sy) with the AFM, where Sy is
defined as the height difference between the highest and lowest peaks in the topology [4]. The

Figure 6. Cross-sectional TEM images of the TiAlN/CNx + CNx coating observed at scales of (a) 1000 nm, (b) 50 nm, and
(c) 5 nm.

Figure 7. Surface topography map and cross-sectional image profiles of the TiAlN (a) and TiAlN/SiNx (b) films.
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DFM measurement showed that the TiAlN coating had a Sy value of 211 nm. The Sy value for
the TiAlN/SiNx was approximately 180 nm. Thus, the Sy of the TiAlN/SiNx coating decreased
together with the grain diameter.

As shown in Figure 8, the average grain diameters for TiAlN + CNx (Figure 8a), TIAlN/
CNx + TiAlN (Figure 8b), and TiAlN/CNx + CNx (Figure 8c) films were 168, 175, and
161 nm, respectively [7]. The Sy values for the TiAlN + CNx, TIAlN/CNx + TiAlN, and TiAlN/
CNx + CNx films were 31.8, 46.9, and 28.2 nm, respectively. The mean grain diameters and Sy
value (roughness) of the multilayer TiAlN/CNx + TiAlN and TiAlN/CNx + CNx films were
smaller than that of the TiAlN film owing to the introduction of the CNx layer [7]. As a result,
the average grain diameters of the TiAlN and TiAlN/CNx film decreased owing to the depo-
sition of the CNx top layer. The TiAlN and TiAlN/CNx films consisted of an arrangement of
globular grains with fine spaces and intervals, which became filled by CNx during the

Figure 8. Surface topography map and cross-sectional image profiles of the TiAlN + CNx (a), TiAlN/CNx + TiAlN top (b)
and TiAlN/CNx + CNx top films (c).
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deposition of CNx as the top layer. Bonds formed between the CNx and TiAlN (or TiAlN/CNx)
led to an increase in the area of boundaries [4, 7]. The morphology was related to the thickness
and morphology of the top coating. The CNx top layer had a considerable effect on the surface
morphology and roughness, changing the real contact area and the friction and wear behavior.
Generally, the surface roughness decreased as the grain size decreased. This trend was accom-
panied by an improvement in the density of the morphology with a marked transition from a
columnar to a fine-grained morphology [25].

The introduction of SiNx or CNx onto the TiAlN monolayer and the apparent decrease in the
grain size could have contributed to the small increase of the hardness for the multilayer
TiAlN/SiNx and TiAlN/CNx. The first factor that we considered was the structure parameter.
When SiNx or CNx was introduced onto the TiAlN, there was a decrease in the grain size, an
increase in the compressive stress level, and an improvement in the coating density accompa-
nying the transition from a columnar to fine-grained morphology. All these factors are known
to contribute to hardening of materials [25].

Factors such as residual stress, morphology, phase composition, and grain size are usually
taken into account as hardening mechanisms and were considered here; however, we did not
identify any major changes between the ternary and binary films that could explain the
observed trend in hardness. We believed that the decrease in grain diameter might have
resulted in a decrease in surface roughness, which led to the improved mechanical and
tribological properties of the films [4, 7].

3.2. Evaluation of mechanical properties

The results from the characterization of the TiAlN, TiAlN/SiNx, TiAlN + CNx, TiAlN/
CNx + TiAlN, and TiAlN/CNx + CNx films are summarized in Table 1 [4, 7]. The hardness
measured for TiAlN was 2590 HV. The hardness values of the multilayer TiAlN/SiNx, TiAlN/
CNx + TiAlN, and TiAlN/CNx + CNx films were higher than those of the monolayer TiAlN
and TiAlN + CNx films. The increase in hardness could be attributed to the introduction of a
large number of TiAlN/SiNx and TiAlN/CNx interfaces in the cases of the TiAlN/SiNx and
TiAlN/CNx films, respectively [4, 7]. The high hardness of the multilayer coatings is related to
the role of interfaces as effective obstacles to lattice dislocation slip, which is the dominant
deformation mechanism in microscale composite coatings. Owing to these interfacial and
nanoscale effects, conventional lattice dislocation slip was prevented in the nanostructure

Table 1. Vickers microhardness, critical load, grain size and roughness (Sy) of monolayer and multilayer films.
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coatings [4, 26, 27]. Scratch tests were conducted on the coatings and the results are shown in
Table 1. The multilayer TiAlN/SiNx, TiAlN/CNx + TiAlN, and TiAlN/CNx + CNx films
showed higher critical load values than the monolayer TiAlN and TiAlN + CNx films. These
results suggest that the improved adhesion strength might be attributed to the interfaces of the
multilayer preventing extension of fractures and the multilayer structure improving the wear
resistance of the coating [4].

3.3. Evaluation of tribological properties

All the mono- and multilayer systems were investigated by a reciprocating SRV friction test
under dry conditions, and with water and polyalphaolefin (PAO) as a lubricating film to
characterize the coating frictional properties. PAO (WO-20) made by Nissan is a lubricating
oil for engines and commercially available. Since PAO has characteristics such as low pour
point, high viscosity index, evaporation characteristics, low traction, etc., it was used as a
lubricant film in this study. The Si wafer substrates (test discs) were coated with the monolayer
and multilayer systems and tested with an AISI440C ball indenter, (SUS440C, diameter:
6.0 mm). This test provided information about the cycle number dependence of the friction
coefficient, and the wear behavior of the coated substrate and of its tribological counterpart.
The wear volume was deduced from the wear depth created at the counterpart and was used
to quantify the counterpart wear. Optical microscopy and energy dispersive X-ray spectros-
copy were used to examine the wear of the coated substrate.

3.3.1. Frictional and wear properties under dry conditions

Figure 9 shows the variation of the coefficient of friction as a function of the number of sliding
cycles for the investigated mono- and multilayer systems under dry conditions at room tem-
perature. The coefficient of friction was taken as the average of four tests. Although the SiNx,
TiAlNx, and TiAlN/SiNx coatings showed similar friction coefficients (1.11, 0.93, and 0.99,
respectively) in frictional contact with a steel counterpart (Figure 9a-c), the abrasive wear of
the SiNx and TiAlN coating was greater than that of the TiAlN/SiNx coating. Investigations of
the wear after testing were performed with an optical microscope. Corresponding optical
photomicrographs and cross-sectional images of the wear marks formed on the coatings are
shown in Figure 10, comparing the monolayer SiNx, TiAlN, and multilayer TiAlN/SiNx films.
The average cross-sectional areas of the wear tracks were measured at three or more locations
after 30,000 revolutions. For the dry conditions, the wear depth of SiNx was over 29.5 μm
(Figure 10a) and that of the TiAlN was approximately 13.6 μm (Figure 10b). The TiAlN/SiNx
film had a wear depth of 9.9 μm (Figure 10c) and showed better wear resistance than that of
the SiNx and TiAlN films. Although the TiAlN film showed lower friction coefficients than
that of the TiAlN/SiNx film (Figure 9a–c), the abrasive wear of the TiAlN film was greater than
that of the TiAlN/SiNx film. The wear resistance of the TiAlN/SiNx film was enhanced owing
to its nanolayer microstructure and small grain size compared with that of the TiAlN film. We
believe that the decrease of the grain diameter might have caused a decrease of the surface
roughness, which led to the improved tribological properties of the coating. Conversely, as
shown in Figure 9c-f, the monolayer TiAlN + CNx film showed a lower friction coefficient
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deposition of CNx as the top layer. Bonds formed between the CNx and TiAlN (or TiAlN/CNx)
led to an increase in the area of boundaries [4, 7]. The morphology was related to the thickness
and morphology of the top coating. The CNx top layer had a considerable effect on the surface
morphology and roughness, changing the real contact area and the friction and wear behavior.
Generally, the surface roughness decreased as the grain size decreased. This trend was accom-
panied by an improvement in the density of the morphology with a marked transition from a
columnar to a fine-grained morphology [25].

The introduction of SiNx or CNx onto the TiAlN monolayer and the apparent decrease in the
grain size could have contributed to the small increase of the hardness for the multilayer
TiAlN/SiNx and TiAlN/CNx. The first factor that we considered was the structure parameter.
When SiNx or CNx was introduced onto the TiAlN, there was a decrease in the grain size, an
increase in the compressive stress level, and an improvement in the coating density accompa-
nying the transition from a columnar to fine-grained morphology. All these factors are known
to contribute to hardening of materials [25].

Factors such as residual stress, morphology, phase composition, and grain size are usually
taken into account as hardening mechanisms and were considered here; however, we did not
identify any major changes between the ternary and binary films that could explain the
observed trend in hardness. We believed that the decrease in grain diameter might have
resulted in a decrease in surface roughness, which led to the improved mechanical and
tribological properties of the films [4, 7].

3.2. Evaluation of mechanical properties

The results from the characterization of the TiAlN, TiAlN/SiNx, TiAlN + CNx, TiAlN/
CNx + TiAlN, and TiAlN/CNx + CNx films are summarized in Table 1 [4, 7]. The hardness
measured for TiAlN was 2590 HV. The hardness values of the multilayer TiAlN/SiNx, TiAlN/
CNx + TiAlN, and TiAlN/CNx + CNx films were higher than those of the monolayer TiAlN
and TiAlN + CNx films. The increase in hardness could be attributed to the introduction of a
large number of TiAlN/SiNx and TiAlN/CNx interfaces in the cases of the TiAlN/SiNx and
TiAlN/CNx films, respectively [4, 7]. The high hardness of the multilayer coatings is related to
the role of interfaces as effective obstacles to lattice dislocation slip, which is the dominant
deformation mechanism in microscale composite coatings. Owing to these interfacial and
nanoscale effects, conventional lattice dislocation slip was prevented in the nanostructure
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coatings [4, 26, 27]. Scratch tests were conducted on the coatings and the results are shown in
Table 1. The multilayer TiAlN/SiNx, TiAlN/CNx + TiAlN, and TiAlN/CNx + CNx films
showed higher critical load values than the monolayer TiAlN and TiAlN + CNx films. These
results suggest that the improved adhesion strength might be attributed to the interfaces of the
multilayer preventing extension of fractures and the multilayer structure improving the wear
resistance of the coating [4].

3.3. Evaluation of tribological properties

All the mono- and multilayer systems were investigated by a reciprocating SRV friction test
under dry conditions, and with water and polyalphaolefin (PAO) as a lubricating film to
characterize the coating frictional properties. PAO (WO-20) made by Nissan is a lubricating
oil for engines and commercially available. Since PAO has characteristics such as low pour
point, high viscosity index, evaporation characteristics, low traction, etc., it was used as a
lubricant film in this study. The Si wafer substrates (test discs) were coated with the monolayer
and multilayer systems and tested with an AISI440C ball indenter, (SUS440C, diameter:
6.0 mm). This test provided information about the cycle number dependence of the friction
coefficient, and the wear behavior of the coated substrate and of its tribological counterpart.
The wear volume was deduced from the wear depth created at the counterpart and was used
to quantify the counterpart wear. Optical microscopy and energy dispersive X-ray spectros-
copy were used to examine the wear of the coated substrate.

3.3.1. Frictional and wear properties under dry conditions

Figure 9 shows the variation of the coefficient of friction as a function of the number of sliding
cycles for the investigated mono- and multilayer systems under dry conditions at room tem-
perature. The coefficient of friction was taken as the average of four tests. Although the SiNx,
TiAlNx, and TiAlN/SiNx coatings showed similar friction coefficients (1.11, 0.93, and 0.99,
respectively) in frictional contact with a steel counterpart (Figure 9a-c), the abrasive wear of
the SiNx and TiAlN coating was greater than that of the TiAlN/SiNx coating. Investigations of
the wear after testing were performed with an optical microscope. Corresponding optical
photomicrographs and cross-sectional images of the wear marks formed on the coatings are
shown in Figure 10, comparing the monolayer SiNx, TiAlN, and multilayer TiAlN/SiNx films.
The average cross-sectional areas of the wear tracks were measured at three or more locations
after 30,000 revolutions. For the dry conditions, the wear depth of SiNx was over 29.5 μm
(Figure 10a) and that of the TiAlN was approximately 13.6 μm (Figure 10b). The TiAlN/SiNx
film had a wear depth of 9.9 μm (Figure 10c) and showed better wear resistance than that of
the SiNx and TiAlN films. Although the TiAlN film showed lower friction coefficients than
that of the TiAlN/SiNx film (Figure 9a–c), the abrasive wear of the TiAlN film was greater than
that of the TiAlN/SiNx film. The wear resistance of the TiAlN/SiNx film was enhanced owing
to its nanolayer microstructure and small grain size compared with that of the TiAlN film. We
believe that the decrease of the grain diameter might have caused a decrease of the surface
roughness, which led to the improved tribological properties of the coating. Conversely, as
shown in Figure 9c-f, the monolayer TiAlN + CNx film showed a lower friction coefficient
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(approximately 0.71, as shown in Figure 9e) followed by 0.93 for the monolayer TiAlN
(Figure 9b), 0.99 for the TiAlN/SiNx (Figure 9c), and 1.03 for TiAlN/CNx + TiAlN (Figure 9d)
films. Thus, the TiAlN film with the CNx top layer had the second lowest friction coefficient of
approximately 0.71. Notably, the TiAlN/CNx films with the CNx top layer had considerably
lower friction coefficients than the other coatings. Furthermore, the lowest friction coefficient
(approximately 0.62), which also showed a tendency to further decrease, was observed for the

Figure 10. Wear profiles of the SiNx (a), TiAlN (b) and TiAlN/SiNx (c) coatings after SRV testing under dry conditions.

Figure 9. Friction coefficient vs. number of sliding cycles for the SRV friction test under dry conditions for: (a) SiNx, (b)
TiAlN, (c) TiAlN/SiN, (d) TiAlN/CNx + TiAlN, (e) TiAlN + CNx, and (f) TiAlN/CNx + CNx coatings.
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multilayer TiAlN/CNx + CNx film, as shown in Figure 9f. Corresponding optical photomicro-
graphs and cross-sectional images of the wear marks formed on the films are shown in
Figures 11 and 12. The size of wear scar was calculated from the cross-sectional area of the
central portion of the wear mark. The average cross-sectional areas of the wear tracks were
obtained at three or more locations after 30,000 revolutions, and the size of wear scar of the

Figure 11. Wear profiles of (a) TiAlN, (b) TiAlN + CNx, (c) TiAlN/CNx + TiAlN, and (d) TiAlN/CNx + CNx coatings after
SRV testing under dry conditions.

Figure 12. Cross-sectional images of wear created by SRV testing under dry conditions on (a) TiAlN, (b) TiAlN + CNx, (c)
TiAlN/CNx + TiAlN, and (d) TiAlN/CNx + CNx coatings.
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(approximately 0.71, as shown in Figure 9e) followed by 0.93 for the monolayer TiAlN
(Figure 9b), 0.99 for the TiAlN/SiNx (Figure 9c), and 1.03 for TiAlN/CNx + TiAlN (Figure 9d)
films. Thus, the TiAlN film with the CNx top layer had the second lowest friction coefficient of
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lower friction coefficients than the other coatings. Furthermore, the lowest friction coefficient
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multilayer TiAlN/CNx + CNx film, as shown in Figure 9f. Corresponding optical photomicro-
graphs and cross-sectional images of the wear marks formed on the films are shown in
Figures 11 and 12. The size of wear scar was calculated from the cross-sectional area of the
central portion of the wear mark. The average cross-sectional areas of the wear tracks were
obtained at three or more locations after 30,000 revolutions, and the size of wear scar of the
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films were recorded after testing. The size of wear scar of the TiAlN films was greater than
5645 μm2 (Figures 11a and 12a), while that of the TiAlN/CNx + TiAlN film size was approxi-
mately 5347 μm2 (Figures 11c and 12c). However, the sizes of wear scar of the TiAlN + CNx
and the TiAlN/CNx + CNx films were 1169 and 331 μm2, as shown in Figures 11b and d and
12b and d, respectively. The TiAlN/CNx + TiAlN film showed better wear resistance than the
TiAlN film. The improvement in wear resistance can be attributed to the introduction of a large
number of TiAlN/CNx interfaces and refinement of the multilayer microstructure. The friction
coefficient and size of wear scar of the TiAlN + CNx and TiAlN/CNx + CNx films were small,
such that the wear resistance values were clearly improved by the deposition of the CNx top
layer because the CNx film has both wear resistance and lubricating properties [8–10].

3.3.2. Frictional and wear properties under water lubrication

The friction coefficients of the coatings were measured in the sliding system with the use of
water as a lubricant. As shown in Figure 13, the friction coefficients of the SiNx, TiAlN, TiAlN/
SiNx, TiAlN/CNx + TiAlN, TiAlN + CNx, and TiAlN/CNx + CNx films were 0.54, 0.46, 0.52,
0.45, 0.23, and 0.22 (Figure 13a-f, respectively). For the monolayer SiNx and TiAlN, and
multilayer TiAlN/SiNx, as shown in Figure 14, although a large wear track (approximately
28.1 μm deep) was observed for the monolayer SiNx (Figure 14a), no apparent wear tracks
were observed for the TiAlN (Figure 14b) and TiAlN/SiNx (Figure 14c) films under water
lubrication. This result indicates that the wear resistance of the TiAlN and TiAlN/SiNx films
was improved by water lubrication [4, 7].

For the TiAlN, TiAlN/CNx + TiAlN, TiAlN + CNx, and TiAlN/CNx + CNx samples, optical
photographs and cross-sectional images of the wear tracks formed on the coatings are shown in
Figures 15 and 16. The wear of the films was evaluated from the size of wear scar, as described
earlier. We observed that the mean sizes of wear scar were 301, 296, 203, and 184 μm2 for the
TiAlN, TiAlN/CNx + TiAlN, TiAlN + CNx, and TiAlN/CNx + CNx films, respectively. Although

Figure 13. Friction coefficients of the coatings determined by SRV testing under water lubrication.
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the TiAlN and TiAlN/CNx + TiAlN films showed similar friction coefficients, the size of wear
scar of the TiAlN film is larger than that of TiAlN/CNx + TiAlN, indicating that the wear
resistance of the TiAlN/CNx + TiAlN film was improved by the multilayered structure. How-
ever, the wear resistance and friction coefficients of the TiAlN + CNx and TiAlN/CNx + CNx
films were considerably improved owing to the deposition of CNx [7], which has both wear
resistance and lubricating properties [8–10]. This result is consistent with the reduced surface
roughness and grain diameters of the films. Notably, the lowest friction and wear depths under
the water lubrication conditions were obtained for the coatings with the CNx top layer, indicat-
ing that the wear resistance of the CNx layer is higher in humid air. Specifically, the lowest
friction coefficients were 0.23 and 0.22 for the TiAlN + CNx and TiAlN/CNx + CNx coatings,

Figure 14. Wear profiles of the SiNx, TiAlN, and TiAlN/SiNx coatings after SRV testing under water lubrication.

Figure 15. Wear profiles of (a) TiAlN, (b) TiAlN/CNx + TiAlN, (c) TiAlN + CNx, and (d) TiAlN/CNx + CNx coatings after
SRV testing under water lubrication.
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the TiAlN and TiAlN/CNx + TiAlN films showed similar friction coefficients, the size of wear
scar of the TiAlN film is larger than that of TiAlN/CNx + TiAlN, indicating that the wear
resistance of the TiAlN/CNx + TiAlN film was improved by the multilayered structure. How-
ever, the wear resistance and friction coefficients of the TiAlN + CNx and TiAlN/CNx + CNx
films were considerably improved owing to the deposition of CNx [7], which has both wear
resistance and lubricating properties [8–10]. This result is consistent with the reduced surface
roughness and grain diameters of the films. Notably, the lowest friction and wear depths under
the water lubrication conditions were obtained for the coatings with the CNx top layer, indicat-
ing that the wear resistance of the CNx layer is higher in humid air. Specifically, the lowest
friction coefficients were 0.23 and 0.22 for the TiAlN + CNx and TiAlN/CNx + CNx coatings,
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Figure 15. Wear profiles of (a) TiAlN, (b) TiAlN/CNx + TiAlN, (c) TiAlN + CNx, and (d) TiAlN/CNx + CNx coatings after
SRV testing under water lubrication.
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values which were, respectively, 49 and 51% of the friction coefficient for the coatings without the
CNx layer [7].

3.3.3. Frictional and wear properties under PAO lubrication

Figure 17 shows the variation of the coefficient of friction measured from SRV testing under
PAO lubrication. The mean values of the friction coefficients for SiNx, TiAlN, TiAlN/SiNx,
TiAlN/CNx + TiAlN, TiAlN + CNx, and TiAlN/CNx + CNx coatings were 0.18, 0.16, 0.19, 0.15,
0.15, and 0.14 (Figure 17a-f, respectively). Although the differences among the friction coeffi-
cients of the coatings was small, the TiAlN and TiAlN/CNx + TiAlN films with the CNx top
layer had lower friction coefficients than those without the CNx top layer. The wear tracks
formed on the coatings were observed by laser microscopy. Optical photographs and cross-
sectional images of the wear tracks are shown in Figure 18. The size of wear scar was markedly
reduced for all coatings measured by SRV testing under PAO lubrication compared with those
under dry and water conditions. The sizes of wear scar were 73.0, 24.0, 14.7, and 14.3 μm2 for
the TiAlN, TiAlN + CNx, TiAlN/CNx + TiAlN, and TiAlN/CNx + CNx films. The PAO
lubricant reduced the size of wear scar for the coatings with and without the CNx top layer.
For the multilayer TiAlN/CNx + TiAlN, the size of wear scar of the TiAlN/CNx + TiAlN film
was lower and similar to that of the TiAlN/CNx + CNx film when PAO was introduced as a

Figure 16. Cross-sectional images of wear created by SRV testing under water lubrication on the (a) TiAlN, (b) TiAlN/
CNx + TiAlN, (c) TiAlN + CNx, and (d) TiAlN/CNx + CNx coatings.
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Figure 17. Average friction coefficients for monolayer and multilayer films under dry conditions and water and PAO
lubrication.

Figure 18. Images and cross-sectional of wear created by SRV testing under PAO lubrication on (a) TiAlN, (b) TiAlN/
CNx + TiAlN, (c) TiAlN + CNx, and (d) TiAlN/CNx + CNx coatings.
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values which were, respectively, 49 and 51% of the friction coefficient for the coatings without the
CNx layer [7].
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Figure 17. Average friction coefficients for monolayer and multilayer films under dry conditions and water and PAO
lubrication.

Figure 18. Images and cross-sectional of wear created by SRV testing under PAO lubrication on (a) TiAlN, (b) TiAlN/
CNx + TiAlN, (c) TiAlN + CNx, and (d) TiAlN/CNx + CNx coatings.
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lubricant. This result suggests that under these lubricant conditions a beneficial tribolayer
forms on the wear surface, which provides a low coefficient of friction.

The friction coefficients of the films, as determined by SRV friction testing, are summarized in
Figure 19 for dry, water, and PAO conditions. The coatings with the CNx top layer showed a
lower friction coefficient under dry and water conditions than the coatings without the CNx
top layer. However, all the coatings showed low friction coefficients owing to the introduction
of water or PAO lubricants. This result suggests that lubricants such as water and PAO can
improve the tribological properties in terms of friction and wear control in, for example,
cutting applications.

3.4. Performance of single layer and multilayer coatings in drilling

Single layer TiAlN, and nanoscale multilayer TiAlSiN and TiAlCrSiN coatings were prepared
on cemented carbide pins and WC–Co drills by reactive magnetron sputtering deposition. The
deposition conditions are detailed in previous reports [4, 7]. The tribological characteristics of
the films were investigated with the use of a pin-on-disc friction test. The pin-on-disc wear test
was performed at an air humidity of 50 � 10% and a temperature of 25 � 3�C with a pin-on-
disc tribometer featuring a counterpart composed of cemented carbide [4]. The wear test was
performed at a load of 2 N and a linear speed of 150 mm/s for a total sliding time of 900 s
(corresponding to a sliding distance of 135 m). Figure 20 compares the friction coefficients of
the TiAlN, TiAlSiN, and TiAlCrSiN films. The TiAlCrSiN (Figure 20c) showed a stable and
low friction coefficient in the range of 0.35–0.42; the values for TiAlN and TiAlSiN were 0.53
and 0.54, respectively (Figure 20a and b). The stable frictional properties of the TiAlCrSiN film
were attributed to the nanolayer microstructure. The wear tracks formed on the films were

Figure 19. Average friction coefficients for monolayer and multilayer films under dry conditions and water and PAO
lubrication.
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observed by laser microscopy. Figure 21 shows the profile and cross-section images of the
wear tracks. The sizes of wear scar of the TiAlN (Figure 21a) and TiAlSiN (Figure 21b)
coatings were 1.6 � 105 and 7.9 � 104 μm2. The multilayer TiAlCrSiN coating (Figure 21c)
showed a lower size of wear scar (approximately 3.6 � 104 μm2) compared with that of the
single layer TiAlN and multilayer layer TiAlSiN coatings. The wear resistance of the multilayer
TiAlCrSiN coating was further improved by incorporation Cr into the TiAlSiN coating.

Friction properties and wear resistance to abrasive wear and oxidation are important charac-
teristics for high-speed and cutting application. The lifetimes of the monolayer TiAlN, and
multilayer TiAlSiN and TiAlCrSiN coated 6-mm diameter WC–Co drills (OSG Corporation,
Japan) in wet (water soluble fluid) drilling of carbon steel (S50C, 50-53HRC) are shown in

Figure 20. Friction coefficients of the coatings by pin-on-disc testing under dry conditions.

Figure 21. Wear tracks and cross-sectional images of the coatings subjected to pin-on-disc test under dry conditions.
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observed by laser microscopy. Figure 21 shows the profile and cross-section images of the
wear tracks. The sizes of wear scar of the TiAlN (Figure 21a) and TiAlSiN (Figure 21b)
coatings were 1.6 � 105 and 7.9 � 104 μm2. The multilayer TiAlCrSiN coating (Figure 21c)
showed a lower size of wear scar (approximately 3.6 � 104 μm2) compared with that of the
single layer TiAlN and multilayer layer TiAlSiN coatings. The wear resistance of the multilayer
TiAlCrSiN coating was further improved by incorporation Cr into the TiAlSiN coating.

Friction properties and wear resistance to abrasive wear and oxidation are important charac-
teristics for high-speed and cutting application. The lifetimes of the monolayer TiAlN, and
multilayer TiAlSiN and TiAlCrSiN coated 6-mm diameter WC–Co drills (OSG Corporation,
Japan) in wet (water soluble fluid) drilling of carbon steel (S50C, 50-53HRC) are shown in
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Figure 22. Outer corner wear of 6-mm diameter WC–co drills as a function of the number of holes drilled. Cutting speed:
100 m/min (5304 rpm), feed rate: 0.18 mm/rev. Workpiece: Carbon steel (S50C). Cutting fluid: Water soluble agent. Hole
depth 30 mm (5�diameter).

Figure 23. SEM images of the outer corner of worn areas of (a) TiAlN, (b) multilayer TiAlSiN, and (c) multilayer
TiAlCrSiN coated 6 mm diameter WC–co drills after 1000-hole drilling test.
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Figure 22. The performances of the multilayer TiAlSiN and TiAlCrSiN coatings were com-
pared with that of the single layer TiAlN coating, which was used as reference. The drilling
tests were performed on a drill-milling machine NH4000 (DMG MORI, Japan) at a cutting
speed of 100 m/min (5304 rpm), feed rate of 0.18 mm/rev (955 mm/min), hole depth of 30 mm
(5�diameter), and allowance of 0.2 mm. The lifetime of drills with the multilayer TiAlCrSiN
coating was 2.01 times as long as that of the tools coated with single layer TiAlN and the
multilayer TiAlSiN coatings. To investigate the differences observed in the performance of the
coatings, the morphology of the outer corner flank was examined by SEM imaging. The wear
patterns observed are shown in Figure 23. After drilling 1000 holes, the single layer TiAlN and
multilayer TiAlSiN coatings showed considerable wear at the outer corner and margin of the
drill bit (Figure 23a and b). Conversely, the multilayer TiAlCrSiN coated drill showed negligi-
ble wear at the outer corner and margin (Figure 23c). The superior drilling performance of the
multilayer TiAlCrSiN coating compared with those of the single layer TiAlN and TiAlSiN
coatings can be attributed to more favorable mechanical (high hardness) and tribological (low
friction) properties, and wear resistance. The performance was likely enhanced by the incor-
poration of Cr into the multilayer TiAlSiN coating [19–22]. The low friction coefficient suggests
that the decreased friction between the tool and chip in machining and a reduced tendency to
stick and pick up material from the counterpart material, led to the extended service life of the
cutting tool.

4. Conclusion

TiAlN monolayer, TiAlN/SiNx, TiAlN/CNx, TiAlSiN, and TiAlCrSiN multilayer coatings were
deposited on WC–Co carbide tools and silicon wafer substrates by reactive magnetron
sputtering. We show that the multilayer structure affects the surface morphology, microstruc-
ture, mechanical, and tribological properties.

1. The introduction of a SiNx or a CNx layer leads to the formation of hard coatings owing to
suppression of the TiAlN grain growth, grain refinement, and a decrease of the surface
roughness. The morphology of the coating changed from a columnar structure to a fine-
grained structure when SiNx and CNx layers were formed.

2. The wear characteristics of the TiAlN/SiNx, TiAlN/CNx, TiAlSiN, and TiAlCrSiN multi-
layer coatings described in this study were improved compared with those of the TiAlN
single layer coating. Furthermore, the tribological properties of the TiAlN and TiAlN/CNx
coatings were improved owing to the deposition of CNx as the topmost layer, and the
friction coefficients and size of wear scar of the coatings was decreased.

3. The wear of the TiAlN/SiNx, TiAlN + CNx, and TiAlN/CNx + CNx coatings in sliding
systems was considerably reduced with the use of water as a lubricant by approximately
two orders of magnitude compared with the performance under dry conditions. The wear
of the coating was considerably reduced for all coatings in SRV testing under PAO lubri-
cation conditions compared with the results obtained under dry and water conditions.
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Figure 22. Outer corner wear of 6-mm diameter WC–co drills as a function of the number of holes drilled. Cutting speed:
100 m/min (5304 rpm), feed rate: 0.18 mm/rev. Workpiece: Carbon steel (S50C). Cutting fluid: Water soluble agent. Hole
depth 30 mm (5�diameter).

Figure 23. SEM images of the outer corner of worn areas of (a) TiAlN, (b) multilayer TiAlSiN, and (c) multilayer
TiAlCrSiN coated 6 mm diameter WC–co drills after 1000-hole drilling test.
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friction) properties, and wear resistance. The performance was likely enhanced by the incor-
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that the decreased friction between the tool and chip in machining and a reduced tendency to
stick and pick up material from the counterpart material, led to the extended service life of the
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sputtering. We show that the multilayer structure affects the surface morphology, microstruc-
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grained structure when SiNx and CNx layers were formed.
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layer coatings described in this study were improved compared with those of the TiAlN
single layer coating. Furthermore, the tribological properties of the TiAlN and TiAlN/CNx
coatings were improved owing to the deposition of CNx as the topmost layer, and the
friction coefficients and size of wear scar of the coatings was decreased.

3. The wear of the TiAlN/SiNx, TiAlN + CNx, and TiAlN/CNx + CNx coatings in sliding
systems was considerably reduced with the use of water as a lubricant by approximately
two orders of magnitude compared with the performance under dry conditions. The wear
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4. The tribological properties of the multilayer TiAlCrSiN-base coatings make these coatings
effective at resisting wear and improved the cutting tool performance under wet condi-
tions. The multilayer TiAlCrSiN coated drills outperformed the single layer TiAlN and
multilayer TiAlSiN coated drills, which might be attributed to the multilayered structure
of the TiAlCrSiN coating and to the improved tribological properties of the multilayer
TiAlCrSiN coating owing to the incorporation Cr. The influence of the latter on cutting tool
performance of the TiAlCrSiN coatings requires further investigation and will form part of
our ongoing research into PVD coatings for dry machining in the automobile and aero-
space industries.
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Grit blasting is one simple but effective method to modify the morphology of material sur-
face and can improve the tribological performance. In this study, a thick TiN film was pre-
pared by arc ion plating on the steel disk treated with grit blasting, and the rough surface 
coated solid film was obtained. The tribological properties of solid film against different 
materials were evaluated under starved lubrication regime. The results showed that the fric-
tion coefficients of rough titanium nitride (TiN) films were lower than those of rough steel 
disks exclude alumina ball under starved lubrication, and the wear rates of TiN film were 
negligible due to the high hardness of TiN film and small contact area. For four kinds of balls 
including steel ball, silicon nitride, zirconia, and alumina, the wear scar diameter of steel ball 
is biggest, and the wear scar diameters of other balls are small. The hardness of steel ball is 
less than others, which results in the easy abrasion and increases the contact area to reduce 
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characteristics such as high hardness, high melting point, chemical stability, and wear resis-
tance [1]. For these reasons, TiN is extensively used on cutting blades for longer service life, 
safe medical instruments, diffusion barrier in semiconductor apparatuses and architectural 
decoration fields, and so on.

As one wear-resistant coating, the coefficient of friction and wear rate of TiN films are high 
under dry friction conditions. Efforts to improve the tribological properties of TiN have 
included changed deposition parameter and doped chemical elements during the film prepa-
ration [2–5], surface treatments, and modifications during film post-processing [6–9].

Surface treatments are applied extensively to improve the mechanical properties and tribo-
logical performance of many materials, which contain anodizing and hard anodizing, laser 
texture, mechanical rough, surface hardening, and so on. Among all the methods, blasting 
with different particles, as one kind of surface treatment technologies, is an effective low-cost 
surface-modifying method, which can be used to enhance the mechanical character in biomed-
ical [10], automotive [11, 12], aerospace sectors [13], and other industrial applications [14, 15].

Blasting with different particles can enhance mechanical properties of many materials and 
protected coatings. Lee found that the shear loads for the Al5052/CFRP composites fabricated 
with treated Al5052 sheet, of which surface roughness (Ra) values were 1.84 and 4.25 μm, 
were three and five times higher than that of the composite fabricated by using the untreated 
sheet with Ra value of 0.73 μm, and the bending stress increased from 200 to 400 MPa [12]. 
During cold rolling process, weight losses for steel sheets finished by conventional acid pick-
ling was greater than those of steel sheets finished using shot blasting [16]. Shot blasting treat-
ment can improve the steam oxidation resistance of austenitic steel compared with previous 
report [17]. Abusuilik has investigated the effects of various surface treatments on the proper-
ties and performance of the hard coating, and found that material transfer and build-up at the 
coating surface were higher for the surfaces treated by grinding and shot blasting than those 
treated by other methods [18]. During the open pore metallic foam core sandwich panels 
prepared by thermal spraying of a coating, Salavati found that the coating porosity and adhe-
sion strength were determined by the substrate surface roughness, which could be controlled 
by grit-blasting parameters [14]. Other studies of modified surface in metal substrates and 
some hard coatings on tribological properties are carried out under fully flood lubrication 
condition. Nakano investigated the effect of pattern texture by grit-blasting method for their 
tribological properties [19]. Groove pattern texture suppressed the generation of the hydro-
dynamic pressure, and the lubricating condition of the tests became boundary lubrication. 
Because the lubrication film became thicker and the hydrodynamic lubrication region was 
expanded for dimple pattern texture, the lower friction coefficient was lower than that of 
groove pattern texture. Additionally, some investigations of modified surface under starved 
lubrication are carried out in last decade, such as laser texture on steel [20, 21], copper [22], 
hard coatings [23], and piston ring-cylinder [24].

However, only limited studies can be found in the literature associated with the friction and 
wear behavior of physical vapor deposited TiN film covered the grit-blasting steel substrate 
sliding against different materials under starved lubrication regime. This paper was investi-
gated the tribological performance of different friction pairs under starved lubrication regime 
after grit blasting. And the tribological mechanism for different materials was discussed.
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2. Experimental methods

2.1. Grit blasting and TiN film prepared

AISI 440c stainless steel was chosen as substrate for sand blasting and TiN film prepared. 
Before grit blasting, the stainless steel substrate was grinded with emery papers and rinsed 
with acetone and ethanol to get rid of impurity. Grit blasting was carried by a handheld 
sand blasting machine (China, JICHAN TECH) using 60# Al2O3 particles (diamond 300 μm, 
JICHAN TECH). After then, the morphology of steel substrate was characterized by a JSM-
5600LV scanning electron microscope, which attaches with energy disperse spectrometer.

The hard titanium nitride film was prepared using ion plated technology with Hauzer 
Flexicoat 1200 coating. The deposition parameters were following: 60 A of arc current, 200 V 
of bias volt, 400 centigrade degree of steel disks, 100 min of deposition time, and 1.8 Pa of N2 
pressure.

2.2. Friction tests

Friction tests were conducted to evaluate the tribological properties of hard TiN film covered 
the grit-blasting steel substrate against four different material ball counterbodies using a ball-
on-disk tribo-tester under starved lubrication regime. The four different upper balls were 
made of bearing steel, silicon nitride, alumina, and zirconia, which diameter is 8 mm. And the 
hardness of bearing steel was lower than those of TiN film and other materials. The diameter 
of the lower disk covered with TiN film was 24 mm. The surface roughness of the test sample 
was measured with the Micro-Map surface mapping microscope. The initial average surface 
roughnesses (Ra) of all the upper balls are less than 0.03 μm, and the roughness of lower disk 
covered TiN film was 8.2 μm which was much higher than upper balls. Friction tests were car-
ried out in ambient temperature and atmospheric environment for 120 min of duration under 
5 N of normal load and sliding speed of 31 m/min. The coefficient of friction was recorded 
automatically during the friction test.

In order to obtain the starved lubrication regime, the small amount of lubricating oil was 
injected the surface of lower TiN film-covering disk. The calculated thickness of oil film was 
lower to 3 μm. After friction tests, all the balls and disks were cleaned with acetone by ultra-
sonic washer for three times. The typical surface morphologies and chemical compositions of 
friction tracks in lower disks and wear scars in upper balls were analyzed by scanning elec-
tron microscopy (SEM), which attached an energy dispersive spectrometer.

3. Results and discussion

3.1. Morphology and roughness

After grit blasting, the substrate surface is nonmetal shiny and matte-like. The surface mor-
phology of as-obtained grit-blasting steel substrate was shown in Figure 1. It can be seen that 
surface roughness of the steel substrate was enlarged obviously than the polished samples. 
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However, there are not clearly defects and concave pits in the substrate surface. The average 
Ra value of steel substrate and polished samples are 7.5 and 0.03 μm. Grit-blasting substrate 
was larger than that of polished sample.

The surface morphology of ion plating TiN film covered a grit-blasting substrate is shown 
in Figure 2. Compared with the surface morphology before covered TiN films, there is not 
notable difference for surface morphology of TiN-covered samples. The average Ra value of 
as-prepared TiN film covered grit-blasting steel substrate was 8.2 μm, which is similar to that 
of grit-blasting substrate. The film thickness of TiN film is 4 μm, which is measured with the 
profile meter.

3.2. Friction test results

The histogram of average friction coefficient of grit-blasting steel substrate and TiN films 
sliding against with different upper balls was shown in Figure 3. Because of the shorter fric-
tion duration for only few minutes, the average friction coefficient of alumina ball is not pre-
sented in the figure. For three other different balls, the average friction coefficient of silicon 
nitride ball against grit-blasting steel substrate is as same as that of silicon nitride ball sliding 
against TiN films. The average friction coefficients of TiN films were lower than those of grit- 
blasting steel substrate for steel ball and zirconia ball under the same lubrication conditions. 

Figure 2. Surface morphology of ion plating TiN film covered the grit-blasting substrate.

Figure 1. The morphology of grit-blasting steel substrate.
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The  average friction coefficients of TiN film and grit-blasting steel substrate sliding against 
steel ball were 0.125 and 0.135, respectively, which reduced by 7%. For zirconia ball, the aver-
age friction coefficients of TiN film and grit-blasting steel substrate were 0.125 and 0.155, 
respectively, which reduced by 19%.

The tribological properties of grit-blasting steel and TiN film against four different upper balls 
were carried out by a rotating tribometer with ball-on-disk of configuration. The coefficient of 
friction of grit-blasting steel substrate was shown in Figure 4. For different upper balls, their 
friction behaviors are different. The friction duration of alumina balls is worse than steel, zirco-
nia, and silicon nitride balls. The friction duration was only 2 min when the coefficient of fric-
tion is over the limited value. During the alumina ball sliding against grit-blasting steel disk, 
its coefficient of friction was 0.13 and increased drastically after 1 min. Its friction duration was 
very shorter than other balls. For other different upper balls of steel, silicon nitride and zirco-
nia balls, they exhibited the similar trend that the coefficient of friction elevated gradually and 
reached the steady value of 0.17. However, the friction duration of three different upper balls 
is as long as 120 min, the reaching time of steady-state friction coefficient is different. The coef-
ficient of friction raised to steady state for steel ball after 50 min. For silicon nitride and zirconia 
balls, the times to reach the steady-state friction coefficient are 10 and 25 min, respectively.

The real-time friction coefficients of TiN films covered grit-blasting steel substrate against 
four different upper balls are shown in Figure 5. The friction coefficient of TiN film against 
alumina ball elevated drastically and over the limited value of friction coefficient for a very 
short time, which was similar with the trend of grit-blasting steel substrate against alumina 
ball. For three other upper balls, the friction duration of TiN films can last with a steady-state 
friction coefficient until friction experiment ended up. However, the undulations of friction 
coefficient of TiN films sliding against silicon nitride, steel, and zirconia balls are smaller than 
those of grit-blasting steel disks.

Figure 3. Histogram of average friction coefficient of grit-blasting steel substrate and TiN film sliding against with 
different upper balls.
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3.3. Surface analysis

Figure 6 shows the surface morphology of wear track in TiN film and upper steel ball under 
the starve lubrication regime. It is not seen that there is notable wear trace in the track from 
the low-resolution figure, which amplification is 100. However, there is some smooth pit in the 
wear track from the high-resolution figure, which amplification is 500. It can be attributed to 
the transfer phase from the upper steel ball and the plastic deformation of micro-bulge in the 
lower steel substrate. Because TiN is much hard than the soft steel ball, so the TiN film cov-
ered the grit-blasting steel substrate plays a similar role of sandpaper for upper steel ball. It is 
confirmed from the surface morphology of upper steel ball that there is a round wear scar with 
the diameter of 0.63 mm in the upper steel ball. The bigger wear scar of steel ball can result in 
reduced normal pressure, so the friction coefficient of TiN film against steel ball was steady.

Figure 4. The coefficient of friction of grit blasting steel-disk sliding against different upper balls.

Figure 5. The coefficient of friction of TiN films sliding against different upper balls.
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The surface morphology of wear track in TiN film and wear scar in upper silicon nitride ball were 
shown in Figure 7. It is seen that there is not obvious wear and more smooth pits in the wear track 
of TiN film. There is a wear scar with the diameter of 0.37 mm in the upper silicon nitride ball. 
Although both titanium nitride and silicon nitride are very hard materials, the micro-bulge in the 
lower rough disk could be deformed under high pressure. This resulted in the bigger real contact 
area, which means the friction force of among all the micro-bulge with upper ball increased. It is 
confirmed that the real-time friction coefficient raised during the later stage of the friction tests.

The surface morphology of wear track in TiN film and wear scar in upper zirconia ball are 
shown in Figure 8. It is also seen that there is not obvious wear and more smooth pits in the 
wear track of TiN film, which is similar with the wear track of TiN film sliding against silicon 
nitride ball. There is a wear scar with the diameter of 0.32 mm in the upper zirconia ball. Very 
small pores can be found in the wear scar of upper ball. These pores could absorb the lubricat-
ing oils on the surface of lower disk. During the sliding process, the absorbed oils in the pores 
can improve tribological properties by avoiding the direct contact of rubbing surface. So, the 
friction coefficient of TiN film against ZrO2 was steady.

The surface morphology of wear track of TiN film and wear scar in upper alumina ball is 
shown in Figure 9. Compared with the negligible wear of other different ball, there is obvi-
ous wear trace from the low-resolution figure and bigger smooth contact area from the high-
resolution figure in the TiN film. The bigger the contact area is, the bigger the friction force 
between the contact  interface. So, the friction coefficient increases during the sliding process. 
There is a very small wear scar in the alumina ball as compared to the wear scars in the other 
different upper balls. It means that the material in the smooth contact area is from the lower 
disk and lubricating oil, not upper ball.

Figure 6. The morphology of wear track in TiN film and wear scar in upper steel ball after friction tests under the starve 
lubrication regime.
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3.3. Surface analysis

Figure 6 shows the surface morphology of wear track in TiN film and upper steel ball under 
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Figure 4. The coefficient of friction of grit blasting steel-disk sliding against different upper balls.

Figure 5. The coefficient of friction of TiN films sliding against different upper balls.
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Figure 8. The morphology of wear track in TiN film and wear scar in upper zirconia ball after friction tests under the 
starve lubrication regime.

Figure 7. Morphology of wear track in TiN film and wear scar in upper silicon nitride ball after friction tests under the 
starve lubrication regime.
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The tribological performance of friction pairs is attributed to many factors, such as the natural 
lubricating characteristic, the physic-chemical properties of different materials, the content of 
lubricating oil, experiment conditions, and so on. In this paper, however, the average oil thick-
ness is 3 μm before the test, the real oil content about the contact area is more as compared to 
before the test because of the aggregation effect of lubricating oil caused by the surface free 
energies of different materials.

For the four kinds of upper balls, the lubricating abilities are different. Both zirconia and sili-
con nitride could exhibit better self-lubricating performance than alumina and steel. So, the 
friction durations of zirconia and silicon nitride are longer than alumina when they slid with 
TiN film under starved lubrication conditions. For one steel ball, its hardness is much smallest 
in all of the test balls. And the steel ball was worn in the sliding process.

4. Conclusion

One thick TiN film was prepared by ion-plated technology on the grit-blasted steel substrate. 
The tribological performance was evaluated with four upper balls made up of different mate-
rials under the starved lubrication regime. Compared with their higher friction coefficients 
for grit-blasting steel against different balls, the friction coefficients for TiN films on the grit-
blasting steel were lower and steady. It was due to the hardness of TiN film and small contact 

Figure 9. The morphology of wear track in TiN film and wear scar in upper aluminia ball after friction tests under the 
starve lubrication regime.
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Figure 7. Morphology of wear track in TiN film and wear scar in upper silicon nitride ball after friction tests under the 
starve lubrication regime.
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area in the contact zone. During the sliding process, the strong load capacity of TiN films 
ensures the negligible wear rate, and the small contact area between of the friction pairs plays 
an important role in the steady friction coefficient.
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area in the contact zone. During the sliding process, the strong load capacity of TiN films 
ensures the negligible wear rate, and the small contact area between of the friction pairs plays 
an important role in the steady friction coefficient.
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Abstract

In order to address poor lubrication of porous bearings due to the seepage flow of oil
into the porous medium, multi-layered sintered composite bearings have been devel-
oped. Multi-layered bearings achieve a combination of high strength and good lubri-
cation. Lubrication model of the porous multi-layer materials in polar coordinates was
established based on Darcy’s law. And the effect of surface Darcy flow and porous
structure on the lubrication capacity were discussed by using the finite difference
method. In the end, the tribology experiments of the multi-layer materials were
presented on the end face tribo-tester to verify the simulation results. Results show
that the lubrication performance of the multi-layer materials is better than that of the
single layer materials. With the decrease of the surface porosity, the lubrication per-
formance becomes better in the given range of surface layer. Also, it can be signifi-
cantly improved if considering the surface Darcy flow. Within a certain range, the
effects of surface Darcy flow on lubrication performance are more obviously with
higher speed. There is a good agreement between the numerical analysis and the
measurement. Research work provides a theoretical basis for analysis and design of
multi-layer sintering bearing material.

Keywords: lubrication, friction, porous bearing, multi-layer materials, Darcy law

1. Introduction

Oil bearings with porous matrix have been widely used in industrial applications for its low
manufacturing cost and oil self-lubricating properties [1]. As the counterpart picks up speed,
the oil impregnated in the porous bearing exuded to the surface and the hydrodynamic oil film
formed. Therefore, the oil storage capacity and lubrication performance have an important
influence on the operating characteristic of oil bearing [2]. Over the past decades, a consider-
able number of theoretical models have been proposed on the lubrication characteristic
by several researchers. The hydrodynamic theory of porous journal bearings was studied
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influence on the operating characteristic of oil bearing [2]. Over the past decades, a consider-
able number of theoretical models have been proposed on the lubrication characteristic
by several researchers. The hydrodynamic theory of porous journal bearings was studied
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originally by Morgan and Cameron, who gave a solution for a short bearing based on Darcy
model [3]. Later, Darcy’s equations were extensively used in the study of the lubrication
characteristic of oil bearing. The unsteady state, non-Newtonian effect and rough surface were
coupling to the lubrication model to improve the numerical accuracy [4–9]. These studies were
all focused on single-layer bearing materials, without considering the change porosity in the
thickness direction. Meurisse [10] and Usha [11] found that reducing the porosity can prevent
the oil leaking into the porous medium and improve the bearing strength and hydrodynamic
capacity. But the decreased porosity leads to the decrease of oil content and then will deterio-
rates the self-lubrication performance. Therefore, it can be concluded that the coexistence of
high strength and good lubrication characteristics of the porous bearing are difficult to
achieve. This is the biggest problem that oil bearing has encountered in the industrial applica-
tion. Hence, adjusting the permeability of bearing reasonably is the key to improve the lubri-
cation property. Based on the above studies, Naduvinamani [12] and Rao [13] discussed the
effect of the multi-layer structure parameters on the lubrication property, which promoted the
theoretical development of the oil bearing. This multiple-layer structure is useful, as it would
not only increase the load capacity of the bearing because of reduced oil seepage into its wall
but would also help to bring oil between the surfaces, thereby improving the bearing perfor-
mance when saturated with oil Inadequately. But for now, there is no systematic research on
the multi-layer oil bearing materials compared with the single-layer sintered materials. Espe-
cially, most researchers ignored the surface Darcy flow to simply the boundary condition in the
previous work. It did not coincide with the homogeneity and isotropy hypothesis, which will
undoubtedly have a bad effect on the analysis accuracy. In this paper, the multi-layer oil
bearing composites with different porosities were made to achieve the unification of high
strength and good lubrication property. Hydrodynamic lubrication model of the porous bear-
ing in polar coordinate system was established based on Darcy’s law. The effect of surface
Darcy flow and porous structure on the lubrication property were also discussed. In the end,
the tribology experiments of the multi-layer materials were presented on the end face tribo-
tester to verify the simulation results.

2. Lubrication model of the multi-layer sintered material

The physical configuration of the multi-layer bearing system is shown in Figure 1. As shown in
Figure 1, the porous disk bearing (f34 � 4 mm) prepared by powder metallurgy is fixed. And
the counterpart rotates at the angular velocity ω. T1 and T2 are the thicknesses of the surface
and bottom layers. Similarly, k1 and k2 are the permeability of the two layers respectively. The
o-x-y-z coordinate system is built on the surface of the porous bearing. Assuming that the
counterpart surface is smooth. While the bearing surface has a sinusoidal roughness. The fluid
film thickness h can be shown as

h ¼ h0 þ δ0 sin 2bπrð Þ sin cθð Þ (1)

where the minimum film thickness h0 equal to 10 μm, and the height of the roughness asperity
δ0 equal to 2 μm. The characters b and c represent rough peaks in radial and circumferential
directions, respectively.
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If take b equal to 2 and take c equal to 8, the film thickness is show in Figure 2.

Suppose the porous matrix is homogeneous and isotropic. That means the permeability is
equal in any coordinate direction. The flow in porous matrix is governed by the Darcy’s law.

U0 ¼ k1
η
∂p
∂x

; V0 ¼ k1
η
∂p
∂y

;W0 ¼ � k1
η

T1 þ k2
k1

T2

� �
∂2p
∂x2

þ ∂2p
∂y2

� �
(2)

where η is the fluid viscosity, and p is the fluid pressure in porous matrix.

Owing to the fluid continuity in the porous bearing, the pressure p satisfies the Laplace equation

∂2p
∂x2

þ ∂2p
∂y2

þ ∂2p
∂z2

¼ 0 (3)

Integrating the continuity Eq. (3) over the fluid film thickness and using the Eq. (2) as the
velocity conditions, the general Reynolds equation can be obtained. By the coordinate trans-
form technology, the Reynolds equation under the polar coordinate shown as

∂
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rλ
∂p
∂r

� �
þ ∂
r∂θ

λ
∂p
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� �
¼ �6ηωr

dh
dθ

(4)

where λ ¼ h3 � 6hk1 � 12k1T1 � 12k2T2. And the surface Darcy flow in the three coordinate
directions are all considered.

Similarly, the Reynolds equation without surface Darcy flow shown as
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rξ
∂p
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� �
þ ∂
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ξ
∂p
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� �
¼ �6ηωr

dh
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(5)

where ξ ¼ h3 � 12k1T1 � 12k2T2.

As we all know, the internal powder particles are sintered at high temperature during the
preparation of the oil bearing by powder metallurgy technology. The pores between the
spherical particles are connected with each other to form the porous channels of the oil
bearing, which is consistent with the modeling idea of the Kozeny–Carman equation. So the

Figure 1. Two rotary parallel disc samples.
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relationship between pore structure and fluid pressure drop is often represented by Kozeny–
Carman equation. Supposing that the porous bearing material is composed of tiny spherical
particles with an average diameter of Dc, the permeability of the bearing can be described as

ki ¼ D2
cwi

3

180 1� wið Þ2 (6)

where wi is the porosity of surface and substrate layers of the porous bearing.

The boundary condition shown as.

pjr¼a ¼ 0; pθ¼0 ¼ pθ¼2π (7)

where a is the outer radius of the disc bearing.

3. Results and analysis

In the present study, the lubrication model of the multi-layer porous bearing under polar
coordinate system was established. The combined effects of the roughness, surface Darcy flow
and porous structure on the lubrication performance have been studied. The following data
given as: wi = 8 or 10%, Dc ¼ 1� 10�4 � 5� 10�4m, Ti = 0.002 m, η = 0.02 Pa � s.

3.1. Effect of surface Darcy flow on lubrication property

Figure 3 shows the effect of the surface Darcy flow on the hydrodynamic pressure. The
pressure distributions with surface Darcy and without surface Darcy flow are shown in
Figure 3(a) and (b), respectively. The effect of surface Darcy flow on pressure distribution
under different speeds are shown in Figure 3(c) and (d). As can be seen from Figure 3, the

Figure 2. Film thickness.
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pressure also presents a sine form, similarly to the film thickness distribution. The maximum
pressure occurs at the center of the porous circle surface, and the minimum occurs at the outer
circle. In addition, the oil film pressure increases with the increase of speed, and the pressure is
higher if take the rough surface Darcy flow into consideration in every instantaneous speed.
As shown in Figure 3(d), the pressure amplification increases with the increase of speed along
the radius direction. And it is more obvious that the effect of the surface Darcy flow on the
pressure amplification with the increase of speed. The maximum pressure amplifications in
three speeds are 1.92 � 104, 3.84 � 104, 5.78 � 104 Pa, respectively.

Figure 4 illustrates the variation of the load capacity and friction coefficient with the speeds. It
is observed that the surface Darcy flow has obvious significance to the lubrication property.
The property turns better when considering the surface flow. And its effect becomes obvious
with the increase of speed. For example, when the speed is 1500 r/min, the load capacity
caused by surface Darcy flow increases by 11.64%. Moreover, the lubrication property of single

Figure 3. Effect of surface flow on pressure and its amplification in varied speeds. (a) Pressure with no surface flow (b)
Pressure with surface flow (c) Pressure distribution (d) The pressure amplification.
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and double layer oil bearings is improved with the increase of velocity. And the property of the
multi-layer bearing is better than that of the single layer. In the single layer oil bearing, the oil
driven by the hydrodynamic pressure penetrates into the porous medium easily, which
weaken the oil thickness and the lubrication property. In the multi-layer oil bearing, the dense
surface could prevent the fluid seepage into the porous bearing. Therefore, a thicker lubricant
film can be formed between the friction pairs. And the multi-layer bearing with dense surface
has better property than that of the single layer bearing.

3.2. The experimental verification

Figure 5 shows the variation of the dimensionless load capacity and friction coefficient with the
aperture for different porosities of the two layers. It is observed that negatively increasing values
of the dimensionless load capacity increase the aperture of the two layers, whereas positively
increasing values of the friction coefficient increase the aperture of the two layers. Thus raising
the aperture of the two layers has a negative effect on the lubrication performance. Moreover,
the lower surface porosity is beneficial to improve the lubrication performance when the total

Figure 4. Effect of surface Darcy flow on the friction coefficient in different speeds. (a) Carrying capacity (b) Friction
coefficient. Note: 1 denote monolayer material ignored Darcy flow; 2 denote multi-layer material ignored Darcy flow; 3
denote multi-layer material included Darcy flow.

Figure 5. Effect of pore structure on oil slick bear capacity and friction coefficient.
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porosities of the bearing are constant. On the one hand, when the total porosities of the bearing
are larger, lubricant between the contact surfaces is more likely to seepage into the porous
matrix. So that the oil film lubrication performance is poor. On the other hand, when the total
porosities of the bearing are constant, the lower surface porosity can prevent the oil leaking into
the porous matrix. Therefore the oil will be kept in the contact surfaces and the lubrication
performance will be improved.

The Fe-C-Cu-based multi-layer bearing materials were prepared by powder metallurgy
method. The wax-based lubricant as a densification agent was added into the surface layer to
Increase the density. And an appropriate amount of TiH2 as a pore-forming agent was added
into the bottom layer to increase the oil content properly. The porosities were measured by
drainage method. And the porosity of the bottom layer was about 20%, the porosity of surface
layer changed within 10–20%. Note that the multi-layer bearing becomes monolayer when the
porosities of the two layers are equal.

The tribological properties of the porous samples were tested on a face-to-face contact
tribometer under oil lubrication condition. The initial load is 50 N for 10 min as run-in period.
And then the load will be added 50 N every 10 min. And the total test time is 30 min. When the
experiment tested with sufficient oil supply, the oil bearing materials can work in hydrody-
namic lubrication state under the proper speeds and loads. This lubrication state is consistent
with the numerical simulation. When the load exceeds a certain limit, the friction coefficient
rises sharply. The test machine has a slight noise and vibration, which shows that the oil film
cracks. And scratches and adhesion maybe existed in the friction surface. The limit load of the
oil film rupture is the load capacity of the oil film.

The results of the friction test are shown in Figure 6. As shown in Figure 6, the friction
coefficients of the multi-layer samples are significantly lower than that of the single layer
sample (when the surface porosity is 20%) under the fluid lubrication condition. When the
surface porosity is 10%, the friction coefficient of the multilayer material is the smallest. And
the friction coefficients gradually increased when the surface porosities changed from 10–20%.
The multi-layer materials with dense surface layers have better lubrication property than the
single layer materials. The reason is that the dense surface can prevent the oil flow into the

Figure 6. Friction coefficients of samples in variational load under fluid lubrication condition.
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porous material, which could ensure a thicker oil film. When the surface layer has a higher
porosity, the lubricant is not easy to exist between the friction pairs. So the lubricant is not
sufficient. And the lubrication property is poor. In summary, when design the composite
sintered material under the condition of fluid lubrication, the low surface porosity can effec-
tively improve the material lubricating property. These experimental results are consistent
with the results of the numerical simulation.

4. Conclusions

(1) The lubrication performance of the multi-layer materials is better than that of the single
layer materials. Also, it can be significantly improved if considering the surface Darcy flow.
Within a certain range, the effects of surface Darcy flow on the lubrication performance are
more obviously with higher speed.

(2)The lower permeability surface is beneficial to improve the lubrication property of the
multi-layer porous bearing when the total porosity is certain. There is a good agreement
between the numerical analysis and the measurement. Therefore, when design the multi-layer
oil bearing, the surface porosity should be reduced as far as possible if the oil content is
guaranteed. This work is beneficial for the analysis of the tribological property and the struc-
tural design of multi-layer bearing.
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porous material, which could ensure a thicker oil film. When the surface layer has a higher
porosity, the lubricant is not easy to exist between the friction pairs. So the lubricant is not
sufficient. And the lubrication property is poor. In summary, when design the composite
sintered material under the condition of fluid lubrication, the low surface porosity can effec-
tively improve the material lubricating property. These experimental results are consistent
with the results of the numerical simulation.

4. Conclusions

(1) The lubrication performance of the multi-layer materials is better than that of the single
layer materials. Also, it can be significantly improved if considering the surface Darcy flow.
Within a certain range, the effects of surface Darcy flow on the lubrication performance are
more obviously with higher speed.

(2)The lower permeability surface is beneficial to improve the lubrication property of the
multi-layer porous bearing when the total porosity is certain. There is a good agreement
between the numerical analysis and the measurement. Therefore, when design the multi-layer
oil bearing, the surface porosity should be reduced as far as possible if the oil content is
guaranteed. This work is beneficial for the analysis of the tribological property and the struc-
tural design of multi-layer bearing.
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