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ABSTRACT: The  synergistic  effect  of  nanoparticles  (NPs)  with  alkyl
polysulfides  represents  a  promising  avenue  for  enhancing  extreme
pressure  (EP)  performance  in  lubricants,  potentially  reducing  the
reliance  on  sulfur-containing  additives.  However,  the  underlying
synergistic  mechanism  remains  unclear.  In  this  study,  oleic  acid-
modified  titanium  dioxide  (TiO2-OA)  NPs  and  dialkyl  pentasulfide
(DPS)  formed  a  mechanically  interlocked  EP  tribo-film  with  a
maximum  thickness  of  approximately  1.4  μm,  demonstrating
excellent  load-bearing capabilities  of  up to 7,256 N (6.1 GPa).  Under
conditions  of  EP  friction,  the  addition  of  TiO2-OA  NPs  facilitates  the
development of a robust tribo-film of substantial thickness, which in
turn bolsters the load-bearing capability of the lubricating oil. Surface
analysis  of  EP  wear  scars  using  scanning  electron  microscopy  (SEM),  energy  dispersive  X-ray  spectroscopy  (EDS),  and  X-ray
photoelectron  spectroscopy  (XPS)  revealed  that  TiO2-OA  NPs  were  rapidly  deposited  and  enriched  at  the  friction  interface  with
increasing load (3,530‒7,256 N)  and friction time (0–10 s),  which in  turn compensated for  the in  situ wear  generated by extreme
shear.  Cross-sectional  analysis  of  EP  wear  scars  revealed  that  the  preferential  formation  of  ferrous  sulfide  (FeS)  and  subsequent
rapid enrichment and mechanical interlocking of TiO2-OA NPs are essential for preventing welding and improving EP performance.
This  study  presents  novel  insights  into  the  synergistic  mechanisms  of  NPs  with  sulfur-containing  additives,  advancing  the
widespread implementation and progress of NPs in the field of tribology.
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1  Introduction
Friction  and  wear  inevitably  occur  and  can  lead  to  significant
energy  dissipation  and  mechanical  component  failure  [1−5].  In
particular, under extreme conditions of severe load, swift motion,
and  elevated  temperature,  mechanical  components  are  highly
susceptible to lubrication failures that result in severe wear [6−9].
Therefore,  to  ensure  the  normal  operation  of  bearings,  gears,
metal cuttings,  hydraulic systems, etc.,  under extreme conditions,
it  is  necessary  to  utilize  appropriate  extreme  pressure  (EP)
lubricants  to  prevent  lubrication  failure  [5, 10−12].  The  EP
performance  is  largely  attributable  to  additives,  including  zinc
dioctyl dithiophosphate (ZDDP), isobutylene sulfide (SIB), dialkyl
pentasulfide  (DPS),  or  other  sulfur-containing  additives.  At  the
friction interface, sulfur-containing additives and the steel friction
partner generate a protective ferrous sulfide (FeS) film through a

tribochemical  reaction  [5, 13−15].  This  film  effectively  prevents
direct metal-to-metal friction, thereby maintaining lubrication and
preventing  severe  wear  and  welding  [16].  EP  performance  is
dependent  on  the  rapid  regeneration  of  FeS  due  to  its  poor
mechanical  properties  and  susceptibility  to  wear  under  extreme
shear  [17−19].  This  implies  that  a  quantity  of  sulfur-containing
additives  must  be employed to ensure lubrication under extreme
pressure  conditions.  However,  the  excessive  utilization  of  sulfur-
containing additives  has  given rise  to  environmental  concerns  in
recent  years  [4, 14, 20, 21].  For  example,  their  ecotoxicity
represents  a  threat  to  the  air,  water,  and  soil  [14, 22].
Consequently,  the  utilization  of  sulfur-containing  additives  must
be  decreased  while  ensuring  that  the  EP  performance  of  the
lubricant is not diminished.

Nanoparticles  (NPs)  have  been  demonstrated  to  exhibit
superior  friction-reduction  and  anti-wear  (AW)  characteristics
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[23−29].  Moreover,  they  can  be  compounded  with  sulfur-
containing  additives  to  further  enhance  their  EP  performance,
allowing  for  a  reduction  in  the  amount  of  lubricant  or  sulfur-
containing  additives  used.  For  example,  Shen  et  al.  [17]
demonstrated  that  the  synergistic  effect  of  SIB  with  ceria  oxide
(CeO2) NPs resulted in a notable enhancement in the AW and EP
performance  of  lubricants.  X-ray  photoelectron  spectroscopy
(XPS) analysis of AW wear scars indicated that synergistic effects
could  be  attributed  to  physisorption,  chemisorption,  and
tribochemical  reactions.  Similarly,  Lei  et  al.  [22]  found  that  the
synergistic  interaction  between  CeO2 NPs  and  ZDDP  promoted
both  the  formation  of  ultrathick  nanocomposite  tribo-films
(1.17 μm) and improved the maximum seizure-free load (PB) and
load-carrying  capacity  of  the  lubricant.  The  focused  ion  beam-
transmission electron microscopy (FIB-TEM) results indicate that
the  AW  tribo-film  is  a  nanocomposite  tribo-film  comprising  an
amorphous  phosphate  binder  and  CeO2 NPs  as  a  filler  phase.
Guan  et  al.  [30]  introduced  DPSs  into  multiwalled  carbon
nanotubes  (MWCNTs).  This  not  only  reduced  the  degree  of
sliding  friction  but  also  resulted  in  the  formation  of  a  protective
film  at  the  interface,  which  reduced  the  cutting  resistance  and
increased the tool life by 22%. Our previous results demonstrated
that  the  synergistic  effect  of  TiO2 NPs  with  SIBs  could  enhance
AW  performance, PB,  and  the  welding  load  (PD)  [31, 32].
Nevertheless,  the  mechanism  by  which  TiO2 NPs  enhance  EP
performance remains unclear. Notably, despite the exceptional EP
performance of ZDDP and SIB when utilized independently or in
conjunction  with  other  additives,  including  NPs,  existing  studies
have  frequently  overlooked  comprehensive  analyses  of  EP  wear
scars, which are pivotal for elucidating the underlying mechanism
of EP performance [6, 14, 16, 17, 22, 30−33].

Although  the  evaluation  of  AW  and  EP  performance  is
frequently  conducted  using  a  four-ball  machine,  notable
discrepancies  exist  in the conditions of  the two standard tests,  as
illustrated in Table 1. In fact, EP testing has been observed to elicit
more  pronounced  wear  phenomena  and  generate  more  distinct
friction  chemistry  than  AW  testing.  For  example,  under  EP
conditions,  oxygen  deficiency  occurs  at  the  friction  interface,
significantly  increasing  the  FeS  ratio  [34, 35].  Conversely,  more
sulfate  is  produced  in  the  AW  test  [6, 14, 16, 20, 32, 36, 37].
However,  few  studies  have  analyzed  EP  tribo-films  containing
NPs  and  sulfur-containing  additives.  This  may  explain  why  the
relationship between the composition and formation mechanism
of  EP  tribo-films  containing  nanoadditives  remains  unclear.
Consequently, it is imperative to explore the relationship between
the  EP  tribo-film  structure  and  EP  performance  and  to
understand  the  synergistic  mechanism  of  NPs  and  sulfur-
containing  additives  under  EP  conditions  by  analyzing  EP  wear
scars.

TiO2 NPs  [29, 38−42]  and  DPSs  [43−45]  have  attracted
considerable research interest because of their superior tribological
performance.  In  this  work,  the  synergistic  effect  and  mechanism
of  TiO2-OAs  and  DPS  in  400SN  base  oil  were  investigated.  The
deposition and enrichment of  TiO2 in EP wear scars were found
to enhance the shear resistance and hardness of the tribo-film, as
evidenced  by  scanning  electron  microscopy  (SEM),  energy
dispersive spectrometry (EDS), XPS, and nanoindentation. An EP
tribo-film  with  a  maximum  thickness  of  approximately  1.4  μm

was observed in the EP wear scars using FIB-TEM. Furthermore,
FeS  was  preferentially  formed,  followed  by  mechanical
interlocking and nonuniform mixing of TiO2-OA with FeS, which
resulted  in  the  creation  of  micrometer-scale  tribo-films.  This
observation provides  direct  support  for  the  understanding  of  the
synergistic  mechanism  of  TiO2-OA  and  DPS,  as  well  as  the  EP
tribo-film formation process.

2  Experimental

2.1  Materials
Tetrabutyl  titanate  (TBT;  99%)  and  oleic  acid  (OA;  90%+)  were
obtained  from  Shanghai  Titan  Scientific  Co.,  Ltd.,  China.  400SN
mineral  oil  was  supplied  by  Dalian  Petrochemical  Corporation
(Table  S1  in  the  Electronic  Supplementary  Material  (ESM)).
Dialkyl  pentasulfide  (DPS)  was  purchased  from  Shanghai  Starry
Chemical  Co.,  Ltd.,  China.  All  reagents  were  used  without
additional  purification,  and  the  water  used  was  deionized  (DI)
water.

2.2  Sample preparation
As  shown  in Fig.  1(a),  the  sol–gel  method  was  used  to  prepare
oleic  acid-modified  TiO2 (TiO2-OA)  NPs  [28].  Specifically,  a
mixture  of  50.0  g  TBT  (147  mmol)  and  41.5  g  OA  (147  mmol)
was  prepared,  which  was  then  heated  to  60  °C  and  vigorously
stirred  for  1  h.  Subsequently,  5.3  g  of  DI  water  was  added
dropwise,  the  temperature  was  maintained  at  60  °C,  and  the
mixture  was  vigorously  stirred  for  6  h.  Finally,  the  viscous  oleic
acid-modified TiO2 (TiO2-OA) is obtained by vacuum distillation
to remove water and n-butanol.  TiO2-OA NPs with molar ratios
of 1:0.5, 1:1, 1:1.5, 1:2, and 1:3 were synthesized by maintaining a
constant amount of TBT while varying the quantity of oleic acid.
Test  sample  oils  were  obtained by  adding  TiO2-OA (0–3.0  wt%)
and  DPS  (0–4.0  wt%)  to  400SN  followed  by  mechanical  stirring
and ultrasonication. TiO2-OA, DPS, and the combination of TiO2-
OA  and  DPS  were  added  to  the  400SN,  which  were  denoted  as
400SN+TiO2-OA,  400SN+DPS,  and  400SN+DPS+TiO2-OA,
respectively.

2.3  Tribological tests
The  friction-reduction,  EP  and  AW  performances  of  the
lubricants were tested using a four-ball tribometer (Xiamen Tianji
Automation  Co.,  Ltd.).  GCr15  steel  balls  with  a  diameter  of
12.7 mm, an elastic modulus of 210 GPa, and a Poisson’s ratio of
0.30 were used as the friction pair for the above tests. The PD and
PB values, which serve as crucial indicators of EP performance, are
measured in accordance with the standard methods ASTM D2783-
21 (Table 1) and GB/T 12583-98 (ASTM D2783-98), respectively.
Furthermore,  minor  adjustments  were  made  to  the  standard
method to  ascertain  more  accurate  welding loads.  Specifically,  to
guarantee  the  dependability  and  reproducibility  of  the
experimental  outcomes,  the  load  was  incremented  by  196  N  at
each  stage  until  the  desired  welding  load  was  attained.  Friction
reduction and AW performance were evaluated by comparing the
coefficient of friction (COF) and wear scar diameter (WSD) under
conditions of friction at 196 N, 1,200 r/min, and 75 °C for 60 min,
respectively.  WSD  was  quantified  using  optical  microscopy,  and
the  COF  was  continuously  monitored  by  a  four-ball  tribometer.
Each  test  was  conducted  in  triplicate,  and  the  repeatability  was
performed  in  accordance  with  the  standard  method.  The
tribological  performance  and  load-carrying  capacity  of  the
lubricant were also evaluated on a ball-plate reciprocating friction

 

Table 1    Comparison of AW and EP test standards

Test type Load (N) Friction time Temperature (°C)
AW test [46] 147–392 30–60 min 75
EP test [47] 784 or more 10 s 18–35
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machine (TE77). The balls and plates are made of GCr15 bearing
steel. The friction parameters were as follows: 250 N, 50 °C, 20 Hz,
and 60 min. In a four-ball tribometer or TE77, the top ball rotates
or  reciprocates,  whereas  the  lower  three  balls  or  plates  remain
stationary.  All  tribopairs  were  ultrasonically  cleaned  with
petroleum ether both before and after the analysis.

2.4  Material characterization
The structural characteristics and particle size distributions of the
TiO2-OA  NPs  were  observed  using  a  transmission  electron
microscope  (TEM;  2100F,  JEOL).  The  crystal  structure  data  of
TiO2-OA  were  obtained  with  a  Bruker  X-ray  diffractometer
(XRD;  D8  Advance).  The  dispersion  stability  of  TiO2-OA  in
400SN was evaluated by optical microscopy and ultraviolet–visible
spectroscopy,  employing  the  Lambert–Beer  law.  The  thermal
stability  of  TiO2-OA  under  nitrogen  conditions  was  evaluated
using  a  thermogravimetric  analyzer  (TGA;  TGA55,  TA).  The
water  contact  angle  of  the  steel  plate  after  lubricant  wetting  was
measured using the seated drop method. Specifically,  the cleaned
steel plates were immersed in lubricating oil for 1 h, gently rinsed
with  toluene,  dried  with  nitrogen,  and  then  subjected  to  water
contact  angle  measurements.  The  FT-IR  spectra  of  the  samples
were  acquired  using  an  FT-IR  spectrometer  (Spectrum  Two,
PerkinElmer).  The  particle  size  distribution  and  zeta  potential  of
the sample (dispersed in base oil at approximately 0.1 wt%) were
measured  at  25  °C  using  dynamic  light  scattering  (DLS)  and
electrophoretic light scattering (ELS) with a Zetasizer Nano ZS90
(Malvern).  The  chemical  structure  and  composition  of  the
samples were determined by an X-ray photoelectron spectroscope
(ESCALAB 250xi, Thermo). The surface morphology of the wear
scars on the steel balls was examined by a field emission scanning
electron  microscope  (GeminiSEM 300,  Zeiss),  and  the  types  and
distributions of the elements in the friction zone were analyzed by
EDS.  The  wear  surfaces  and  trajectories  were  investigated  using

two-dimensional  images acquired by a white-light interferometer
(WLI; ContourGT-K, Bruker), along with the corresponding cross-
sectional profile images. Nanoindentation tests were performed on
a  nanoindenter  (NanoTest  Vantage,  MML,  MechAction).  A
focused  ion  beam  (FIB;  Helios  NanoLab  600i,  FEI)  system  was
employed  to  extract  the  cross-sectional  profile  of  the  tribo-film
situated  in  the  center  of  the  steel  ball  wear  trace.  To  ensure  the
structural integrity of the wear surface, a platinum (Pt) protective
layer was applied to the surface of the wear point prior to the use
of  the  FIB  system.  The  microstructure  of  the  tribo-film  was
investigated  using  a  transmission  electron  microscope  (Titan
Cubed Themis G2300, FEI).

3  Results and discussion

3.1  Characterization of TiO2-OA NPs
Ultrafine  oil-soluble  TiO2-OA  NPs  were  prepared  using  the
sol–gel  method  (Fig.  1(a)).  As  shown  in  the  TEM  image
(Fig.  1(b))  and  particle  size  distribution  (Fig.  1(c)),  the  prepared
TiO2-OA  NPs  exhibited  no  discernible  agglomeration
phenomenon,  with  an  average  particle  size  of  15.4  nm.  This
conclusion  is  corroborated  by  the  results  of  dynamic  light
scattering  (Fig.  S1(a)  in  the  ESM).  A  limited  number  of  lattice
fringes  were  discernible  in  the  high-resolution  transmission
electron microscopy (HRTEM) image (Fig. 1(b)). The presence of
TiO2 nanocrystals,  which  are  surrounded  by  amorphous  TiO2,
was observed in only a limited region of the TiO2-OA sample. The
lattice spacing of 0.19 nm corresponds to the (200) crystal plane of
anatase TiO2 [48, 49]. Nevertheless, lattice fringes are not observed
in  the  majority  of  regions  and  show  an  amorphous  structure,
which is consistent with the XRD results (Figs. S1(b) and S1(c) in
the ESM). This outcome is in accordance with previous studies in
Refs.  [49−51].  The FT-IR spectra,  XPS spectra,  TGA curves,  and

 

Fig. 1    Preparation and characterization of TiO2-OA NPs. (a) Schematic of preparation and application of TiO2-OA. (b) TEM and HRTEM images (inset). (c) Particle
size distribution image. (d) Relative concentration curve of TiO2-OA in lubricant and photographs of dispersion stability (inset).
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zeta  potential  clearly  demonstrate  that  the  TiO2 surface  was
successfully  modified  with  OA,  conferring  oil-soluble
performance and stability (Fig. S1 in the ESM and Fig. 1(d)). The
dispersion stability of TiO2-OA in 400SN is satisfactory, despite its
relatively  low  absolute  zeta  potential.  This  suggests  that  the
dispersion  stability  may  be  attributed  primarily  to  steric  or
electrosteric  stabilization  rather  than  solely  electrostatic
stabilization  [52, 53].  These  results  are  consistent  with  our
previous  studies  and  indicate  the  potential  of  TiO2-OA  as  a
lubricant  additive  [31, 32].  Moreover,  the  addition  of  TiO2-OA
and DPS did not significantly alter the water contact angle of the
steel plate after lubricant wetting or the kinematic viscosity of the
base oils (Fig. S2 in the ESM).

3.2  Extreme pressure performance of TiO2-OA and DPS
The PB and PD values  represent  key  indicators  of  the  EP
performance  of  a  lubricant  and  are  employed  to  assess  the
potential of that lubricant to form an EP tribo-film under extreme
conditions  [17, 22, 54].  As  illustrated  in Fig.  2(a),  the  wear  scar
diameter  (WSD) increases  with  increasing load,  particularly  after
the  load  exceeds  the  critical  value  (PB value),  where  a  notable
increase  in  WSD  is  observed.  This  is  due  to  the  boundary  film
being broken down when the load exceeds the PB value, causing a
notable increase in wear [17]. The regions below and above the PB
value are typically defined as the AW and EP regions, respectively.
The addition of  TiO2-OA not  only  serves  to  reduce  the  WSD of
both  400SN  and  400SN+DPS  but  also  broadens  the  EP  region.
This  suggests  that  a  strong  chemical  tribo-film  is  formed  at  the
friction  interface,  resulting  in  favorable  EP  performance.  As
illustrated in Figs. 2(b) and 2(c), the lubricants exhibited different
EP performances. The addition of TiO2-OA led to an increase in
both  the PB and PD values  of  400SN  and  400SN+DPS.  In
particular,  TiO2-OA can increase the PD value of 400SN+DPS by
29%  (Fig.  2(c)).  Although  the PD values  with  400SN+TiO2-OA
were  not  as  favorable  as  those  observed  with  400SN+DPS,  the
addition of TiO2 did increase the PD values of 400SN (Fig. 2(c)), a
result  that  is  similar  to  those  of  previous  studies  [27, 28].

Furthermore,  continuously  increasing  load  experiments  in
reciprocating mode were conducted at TE77 to evaluate the load-
bearing  capability  of  lubricants.  As  illustrated  in  Fig.  S3  in  the
ESM,  400SN+DPS+TiO2-OA  exhibited  superior  load-bearing
capacity  and  tribological  behavior  compared  with  either  DPS  or
TiO2-OA alone. This finding is consistent with the data presented
in Figs.  2(b)  and 2(c).  Compared  with  400SN+DPS,  400SN+
DPS+TiO2-OA  notably  increased  the PD value  and  load-bearing
capacity, which suggests that TiO2 NPs and DPS synergize to form
a  stronger  tribo-film.  Unexpectedly,  the  contact  potential  of
400SN+TiO2-OA  increased  significantly  during  friction,  but  the
contact potentials of 400SN+DPS and 400SN+DPS+TiO2-OA did
not  increase  (Fig.  S3(b)  in  the  ESM).  This  may  be  due  to  the
difference in electrical conductivity between TiO2 and iron sulfides
[55, 56].  TE77  utilizes  a  Lunn–Furey  electrical  contact  resistance
circuit, whereby an increased contact potential indicates increased
resistance within the contact area, which might be associated with
the  development  of  a  tribo-film.  This  phenomenon  was  also
observed by Wu et al. [57].

A  modification  of  the  standard  method  (ASTM  D2783)  has
been  utilized  to  determine  more  accurate  welding  loads  and  to
investigate  the  synergistic  mechanism  of  TiO2-OA  and  DPS.
Specifically, the load was increased gradually to 196 N/test before
the weld load (modified PD) was reached. As illustrated in Fig. 2(d),
the  modified PD is  positively  correlated  with  the  DPS  content.
Moreover, TiO2-OA has the potential to enhance the modified PD
at  varying  contents  of  DPS,  with  the  effect  being  particularly
pronounced above 3%, which can be increased by approximately
21%. Importantly,  the DPS content of 2.5% is deemed to lack an
enhancement effect on the PD value.

Following the confirmation of the synergistic effect of TiO2-OA
and  DPS,  further  studies  were  conducted  to  clarify  the  effects  of
TiO2 NPs  on  the  EP  performance  of  lubricants.  This  involved
examining  the  ratio  of  the  surface  modifier  OA  to  TBT  and  the
impact  of  the  TiO2-OA  content  on  the  modified PD value.  The
evidence in Fig. 2(e) suggests that an increase in the molar ratio of
OA may result in a reduction in the modified PD value. According

 

Fig. 2    EP performance of 400SN base oils and oils containing DPS and TiO2-OA (four-ball tribometer). (a) Wear scar diameter versus load. (b) PB values and (c) PD

values according to standard method (3% DPS+1% TiO2-OA). (d) Modified PD values for different DPS contents (1% TiO2-OA), (e) modified PD values for different OA
and TBT molar ratios (3% DPS+1% TiO2-OA), and (f) modified PD values for different TiO2-OA contents (3% DPS) according to adjusted ASTM D2783 (196 N or
20 kgf per grade). Standard grade is around dotted line.
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to  the  standard  method,  an  OA:TBT  mole  ratio  of  0.5–1.5  is
associated  with  an  enhancement  effect.  However,  this  is  not  the
case  when  the  ratio  is  equal  to  2.0.  Notably,  when  the  OA:TBT
ratio reached 3, the modified PD values of 400SN+DPS+TiO2-OA
were identical to those of 400SN+DPS, indicating the absence of a
synergistic  effect. Figure  2(f)  shows  that  the  modified PD value
initially increases and subsequently decreases with increasing TiO2-
OA content. Its optimal content is 0.6%, with a modified PD value
of  7,453  N,  which  is  an  enhancement  of  approximately  36%
relative  to  400SN+DPS.  Further  studies  have  shown  that  the
addition  of  additional  OA  to  400SN+DPS  leads  to  a  definitive
decrease  in  the  modified PD value  (Fig.  S4  in  the  ESM).  These
results  exclude  the  possibility  that  excess  OA  in  TiO2-OA
enhances  the PD value,  further  corroborating  the  contribution  of
TiO2-OA  to  the  synergistic  effect.  Furthermore,  the  addition  of
only  0.1  wt%  TiO2-OA  increased  the PD from  6,080  to  7,845  N
(29% improvement) when the DPS content was 3% in accordance
with the standard method (Fig. 2(f)).

3.3  Surface  characterization  of  EP  wear  scars  on  preweld
balls
The additives in lubricants have the potential to produce chemical
tribo-films  at  the  contact  surface  through  three  mechanisms:
adsorption,  chemical  reactions,  and  deposition  [1]. Figure  3
illustrates  the  chemical  tribo-film  and  synergistic  mechanism  of
DPS  and  TiO2-OA  under  EP  conditions  on  the  wear  scars
following 10 s of friction at loads ranging from 3,530 to 7,256 N.
SEM  images  (Fig.  3(a))  reveal  that  deep  grooves  are  present  in
both  lubricants  in  the  sliding  direction.  However,  there  is  a

notable  difference  in  the  distribution  of  these  grooves.  The  deep
grooves  of  400SN+DPS  are  distributed  on  the  two  sides  of  the
wear  traces,  whereas  those  of  400SN+DPS+TiO2-OA  are
concentrated on the upper side of the sliding direction. EDS maps
(Fig.  3(b))  reveal  that  regions  without  deep  grooves  in  the
400SN+DPS+TiO2-OA  lubricated  wear  scars  exhibit  an
enrichment  of  Ti  and  O  elements,  with  nearly  overlapping
distributions.  Notably,  the  appearance  of  deep  grooves  is  not
indicative of weakness in the Ti-containing tribo-film with respect
to  shear  in  the  400SN+DPS+TiO2-OA  lubricated  wear  scars.
Conversely,  this  may indicate  that  the  Ti-containing tribo-film is
highly  resistant  to  extreme  shear.  The  percentage  of  Ti  increases
with increasing applied load in the central region of the wear scars
(Fig.  3(b)  and Table  2),  and  the  relative  content  of  Ti  increases
with  increasing  rubbing  period  in  the  central  region  of  the  wear
scars  (Figs.  S5  and  S6  in  the  ESM).  As  shown  in Fig.  3(b),  the
distribution  of  S  is  relatively  uniform,  with  no  large  blank  areas.
This  finding  indicates  that  the  coverage  of  the  tribo-film  is
generally  uniform.  Concurrently,  the  tribo-film  maintains  its
protective effect under a load of 7,256 N, which indicates that its
adhesion  strength  remains  robust.  As  might  be  expected,  the
WSD  exceeds  1  mm  within  0.5  s  under  EP  conditions,  thus
supporting  the  view  that  boundary  film  failure  causes  a  surge  in
wear (Table S2 in the ESM). Further observation revealed that the
lubricant 400SN+DPS produced a finer tribo-film with exfoliation,
whereas  the  lubricant  400SN+DPS+TiO2-OA was  able  to  form a
denser  tribo-film  (Fig.  S7  in  the  ESM).  Additionally,  the
nanoindentation  results  demonstrated  that  the  hardness  of  the
tribo-film formed by 400SN+DPS+TiO2-OA was greater  (Fig.  S8
and Table S3 in the ESM). The results indicate that the chemical

 

Fig. 3    SEM images and EDS maps of EP wear scars (3% DPS+0.6% TiO2-OA; arrow shows direction of sliding).

 

Table 2    Percentage elemental content of wear scar surface (XPS)

Sample Load (N)
Element percentage content (%)

C 1s O 1s Fe 2p S 2p Ti 2p
400SN+DPS 5,295 56.2 30.5 6.6 6.6 0.0

400SN+DPS+TiO2-OA 5,295 59.2 26.7 6.6 6.5 1.0
400SN+DPS+TiO2-OA 6,472 60.4 27.2 5.6 4.9 1.9
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tribo-film formed by  400SN+DPS+TiO2-OA is  more  resistant  to
cutting  and  high  temperatures  and  has  a  higher  load-bearing
capacity than the tribo-film formed by 400SN+DPS. This finding
provides evidence that TiO2-OA can compensate for the EP tribo-
film and increase the PD value.

To  gain  further  insight  into  the  relationships  among  the
constitutive  elements  and  state  of  the  tribo-film,  XPS  spectra  of
the EP wear scars of 400SN+DPS and 400SN+DPS+TiO2-OA are
presented  in Fig.  4.  The  signals  observed  at  161.4,  162.7,  and
164.0  eV  in  the  S  2p  spectrum  indicate  the  presence  of  a  metal
sulfide (FeS) and thiols, respectively (Fig. 4(b)) [6, 16, 17, 36]. The
signal  at  ~169  eV  in  the  S  2p  spectrum  is  believed  to  originate
from metal sulfate (FeSO4/Fe2(SO4)3), a result of further oxidation
of sulfide in the AW test  [6, 14, 16, 20, 32, 36, 37].  However,  no
evidence  of  metal  sulfates  was  observed  on  the  wear  scars,  while
the  characteristic  peaks  of  the  metal  sulfides  were  quite  distinct.
This  indicates  that  FeS  becomes  the  predominant  form  of  S
present in the tribo-film in the EP test, and there is no formation
of metal sulfate. The cause of this event may be associated with the
brief duration of the EP test and the insufficient supply of oxygen
at  the  friction  interface,  which  resulted  in  the  lack  of  further
oxidation  of  FeS  to  metal  sulfates  [34, 35].  As  illustrated  in
Fig. 4(c), the characteristic peak of C 1s at 284.8 eV is indicative of
the  C–C  bond  [22].  The  presence  of  Ti  2p3/2 (458.5  eV)  and
Ti  2p1/2 (464.5  eV)  on  the  wear  scars  of  400SN+DPS+TiO2-OA
lubrication can be attributed to the adsorption and deposition of
TiO2 at  the  contact  surface  (Fig.  4(d))  [58].  As  illustrated  in
Fig.  4(e),  the  O  1s  spectra  of  all  three  wear  scars  exhibit  signal
peaks at 532.2, 531.4, and 530.0 eV, which are attributed to C–O
bonds,  C=O  bonds,  and  metal  oxides,  respectively  [59, 60].
Nevertheless,  the  metal  oxide  signal  peaks  are  more  pronounced
in  400SN+DPS+TiO2-OA  than  in  400SN+DPS.  It  is  conceivable
that the presence of TiO2 within the tribo-film may have resulted
in  the  observation  of  relatively  strong  metal  oxide  signals  in  the
O 1s spectrum of 400SN+DPS+TiO2-OA. The characteristic peak
present at  707.4 eV in the Fe 2p spectrum indicates the presence
of  FeS  (Fig.  4(f))  [16, 17].  The  signals  observed  at  710.5  and
712.5  eV in the Fe 2p spectrum are  indicative  of  the  presence of
FeO, Fe3O4, Fe2O3, and/or FeOOH, respectively [22, 61, 62]. These

oxidized  iron  species  are  produced  primarily  by  chemical
reactions between Fe and O2 at  the friction interface.  The results
show  that  the  EP  test  resulted  in  stronger  FeS  and  metal  oxide
signals  on  the  wear  scars,  indicating  significant  differences  in
friction  chemistry  and  tribo-film  compared  with  the  AW
test [34, 35].

3.4  Cross-sectional  analysis  of  EP  tribo-films  on  preweld
balls
To  explore  the  microstructure  of  the  tribo-film  produced  under
EP  conditions,  a  FIB  system  was  used  to  obtain  cross-sectional
samples of wear scars on the surface of steel balls lubricated with
400SN+DPS+TiO2-OA. Figures  5(a)  and 5(b1)  demonstrate  the
presence  of  a  tribo-film  of  varying  thickness  between  the  Pt
protective  layer  and  the  substrate  (steel  ball).  The  tribo-film
thickness  ranges  from  0.6  to  1.4  μm,  which  significantly  exceeds
the approximately 0.1 μm thickness of the tribo-film produced by
ZDDP  [22].  This  increased  thickness  is  attributed  to  the
aggregation of TiO2 NPs. Notably, the sintering load of steel balls
under  EP  conditions  is  significantly  influenced  by  the  cutting
resistance  and regeneration rate  of  the  tribo-film [18].  The  TEM
images  and  EDS  maps  (Figs.  5(b1)–5(b5)  and 5(c1)–5(c5))
demonstrate  that  the  elements  Fe  and  S  significantly  overlap,
whereas  the  regions  enriched with Ti  and O are  nearly  identical.
The EDS maps indicate that the light and dark areas in Figs. 5(b1)
and 5(c1)  correspond  to  enriched  regions  of  FeS  and  TiO2,
respectively.  The  elemental  content  (Table  S4  in  the  ESM)
indicates that the TiO2-enriched region in the tribo-film contains a
significantly  lower  amount  of  carbon  than  titanium  does.  This
phenomenon  may  be  attributed  to  the  high  temperature
generated by friction under EP conditions. The high temperature
causes  the  breakage  of  the  TiO2-OA  ester  bond,  leading  to  the
aggregation  of  TiO2 NPs  into  larger  clusters.  The  tribo-film  is
clearly  a  nonuniformly  mixed  composite  layer  comprising  FeS
and TiO2,  which  differs  from the  AW tribo-film reported  by  Lei
et al. [22]. CeO2 NPs were observed to be distributed uniformly in
the AW tribo-film, which was produced by the synergistic action
of ZDDP and CeO2 [22]. Furthermore, it has been demonstrated
that  nanodiamonds  (NDs)  are  uniformly  distributed  within  the

 

Fig. 4    XPS analysis of AW wear scar surface elements (I: 400SN+DPS_5,295 N, II: 400SN+DPS+TiO2-OA_5,295 N, III: 400SN+DPS+TiO2-OA_6,472 N).
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ZDDP  tribo-film,  which  results  in  mechanical  interlocking  and
enhances  the  retention  of  the  tribo-film,  thereby  reducing  the
COF [63]. This observation suggests a structural disparity between
the EP and AW tribo-films. Figures 5(c1)–5(c5) demonstrate that
the filamentous region of the tribo-film is principally composed of
FeS,  whereas  the  dense  portion  is  primarily  TiO2.  The  HRTEM
findings reveal the presence of nanograins within the amorphous
phase (Fig. 5(d)). The measured lattice spacing of 0.26 nm can be
attributed to the FeS (101) crystal plane [64−66]. The contact area
of the tribo-film with the substrate in Fig. 5(e) reveals that FeS is
located closest to the substrate and is approximately 50 nm thick.
TiO2 and  FeS  then  follow  closely.  This  suggests  that  the  DPS
preferentially  reacts  with  the  steel  ball,  whereas  TiO2 and  FeS
swiftly  compensate  for  and  fill  in  defects,  ultimately  forming  a
mechanically interlocked EP tribo-film.

The thickness of the tribo-film is subject to various influencing
factors,  including  the  type  of  friction  sub,  the  base  oil,  and  the
additives,  in addition to external conditions such as load, friction
time, and contact pressure. Figure 5(f) presents the statistical data
regarding the maximal thickness of the tribo-film extracted using
FIB. The maximal thickness of the tribo-film for the combination
of  ZDDP  and  NPs  is  significantly  greater  than  that  of  ZDDP  or

NPs alone at varying contact pressures. However, both tribo-films
were obtained under low load or low contact pressure conditions
rather  than under  EP conditions.  In  this  work,  the  EP tribo-film
thickness  was  observed  to  range  from  0.6  to  1.4  μm  under  an
ultrahigh load of 7,256 N (initial contact pressure of 6.1 GPa) and
a  friction  time  of  10  s.  Considering  the  severe  wear  that  occurs
during  EP  testing,  a  thicker  tribo-film  may  offer  advantages  in
enhancing  EP  performance  (PD value).  However,  this  does  not
imply  that  the  maximum  tribo-film  thickness  can  be  used  as  a
very  suitable  indicator.  Future  research  should  focus  on  the
thickness  range,  average  thickness,  coverage,  and  adhesion
strength of the tribo-film and conduct more in-depth analysis.

It  has  been  demonstrated  that  FeS  has  weaker  mechanical
properties  than  steel  does  and  is  readily  sheared  [17, 78].
Moreover, the melting point of FeS (1,193 °C) is much lower than
that of TiO2 (1,854 °C) [79−81]. It can be assumed that the tribo-
film composed of TiO2 and FeS is capable of withstanding higher
shear and higher temperature than the FeS tribo-film. The growth
of  the  EP  tribo-film  seems  to  be  the  direct  cause  of  TiO2-OA
enhancing  the PD value  of  400SN+DPS.  This  provides  further
evidence that the combined use of sulfur-containing additives and
NPs can result in enhanced EP performance of the lubricant.

 

Fig. 5    Cross-sectional analysis of EP tribo-films on preweld balls lubricated with 400SN+DPS+TiO2-OA (7,256 N, 10 s). (a) Cross-sectional SEM image of tribo-film.
(b1–b5) and (c1–c5) Cross-sectional TEM images and EDS maps of tribo-films at different scales (c1–c5: a region in (b1)). (d) TEM image of contact area between tribo-
film and steel ball substrate (B region in (b1)). (e) HRTEM image of tribo-film of C region in (b1). (f) Comparison of maximum tribo-film thickness in this work with that
in other studies [22, 67−77].
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3.5  Friction-reduction  and  AW  performance  of  TiO2-OA
and DPS in 400SN
To  clarify  the  interaction  between  DPS  and  TiO2-OA,  the
reduction  in  friction  and  the  AW  performance  of  the  lubricants
were  investigated  using  a  four-ball  tribometer  and  TE77.  As
shown  in Fig.  6,  400SN+DPS  exhibits  the  lowest  average  COF,
while  the  WSD  is  analogous  to  that  of  400SN.  These  results
indicate that sulfated olefins exhibit inadequate AW performance,
which  is  consistent  with  the  findings  of  Zhang  et  al.  [16].  This
deficiency can be attributed to the insufficient adhesion and shear
strength  of  the  FeS  tribo-film,  rendering  it  prone  to  peeling  and
ultimately resulting in poor AW performance [78]. Figure 6 shows
that  the  WSD  and  COF  of  400SN+DPS+TiO2-OA  are  42%  and
15%  lower  than  those  of  400SN,  respectively.  As  illustrated  in
Fig. 6 and Fig. S9 in the ESM, the addition of free OA results in a
reduction in the WSD of both 400SN and 400SN+DPS. Notably,
the WSD of 400SN+DPS+TiO2-OA is distinctly lower than those
of 400SN+DPS and 400SN+DPS+OA (Fig. 6(b) and Fig. S9 in the
ESM).  Following  the  friction  process,  400SN+DPS+TiO2-OA
maintains satisfactory dispersion stability (Fig. S9(c) in the ESM).

These  results  suggest  that  TiO2-OA  effectively  remedies  the
limitations  of  the  FeS  tribo-film.  The  TE77  friction  results  are
similar  to  the  four-ball  friction  results,  demonstrating  that  the
synergistic  effect  of  DPS  and  TiO2-OA  NPs  is  beneficial  for
enhancing the friction-reduction and AW performance of 400SN
base oil (Fig. S10 in the ESM). While the WSD of AW in Table S5
in  the  ESM  is  smaller  than  that  of  EP  in  Table  S2  in  the  ESM,
suggesting distinct lubrication mechanisms, the AW test relies on
the boundary film for lubrication, whereas the EP test utilizes the
EP  film  to  prevent  sintering.  This  difference  is  attributed  to  the
rapid  breakdown  and  significant  wear  of  the  boundary  film
during the EP process.

3.6  Surface characterization of AW wear scars
As illustrated in Fig. 7, the 3D profiles demonstrate that the wear
surfaces  of  400SN and 400SN + DPS are rather inhomogeneous,
exhibiting distinct striped and concave areas. In contrast, the wear
surfaces  of  the  lubricant  containing  TiO2-OAs  are  significantly
flatter.  The  EDS  maps  show  that  the  wear  surfaces  of  both
400SN+DPS  and  400SN+DPS+TiO2-OA  are  enriched  in

 

Fig. 6    Friction-reduction and AW tests under conditions of friction at 196 N, 1,200 r/min, and 75 °C for 60 min (3% DPS and 0.6% TiO2-OA. (a) Real-time COF curve
and (b) WSD.

 

Fig. 7    3D profiles, SEM images, and EDS maps of AW wear scars (196 N, 1,200 r/min, and 75 °C for 60 min).
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elemental  S,  whereas  400SN+DPS+TiO2-OA  is  also  enriched  in
elemental  Ti.  However,  the  lower  Ti  enrichment  on  the  wear
surface  of  400SN+DPS+TiO2-OA  than  on  that  of  400SN+TiO2-
OA  is  in  line  with  our  previous  results,  possibly  due  to  the
competing  adsorption  of  sulfur-containing  additives  and  TiO2
NPs [32].  A comparison of  the XPS spectra of  the wear scars  on
AW  (Fig.  8)  and  EP  (Fig.  4)  revealed  a  distinct  difference,
particularly  in  the  S  2p  spectra.  This  observation  is  in  line  with
previous  investigations,  highlighting  the  oxidation  of  FeS  to  iron
sulfate  during  the  AW  test  due  to  extended  operational  periods
and exposure to oxygen [6, 14, 16, 20, 32, 36, 37]. In contrast, iron
sulfates  were  not  evident  in  the  relative  EP  test,  suggesting
differences in the chemical reactions and resulting products from
interfacial friction between the AW and EP tests.

3.7  Formation mechanism of EP tribo-films
The  synergistic  effect  of  ZDDP  in  combination  with  NPs,
including  CeO2,  WS2,  SiO2,  TiO2,  Ti3C2,  and  NDs,  has  been
demonstrated  in  several  studies  [22, 63, 71, 82−84].  These
synergistic effects are widely attributed to NPs filling the tribo-film
formed  by  ZDDP,  which  in  turn  produces  a  stronger
nanocomposite  tribo-film  (i.e.,  a  mechanically  interlocked  tribo-
film).  Furthermore,  the  majority  of  NPs  remain  in  their  initial
chemical  state  within  the  tribo-film.  Our  findings  are  consistent
with prior research indicating that TiO2 filling of the matrix (FeS)
formed by DPS enhances the mechanical  properties of the tribo-
film  (Fig.  5 and  Fig.  S8  in  the  ESM).  Although  the  synergistic
effect  of  NPs  with  ZDDP  was  mainly  observed  in  the  AW  test,
which  differs  from  the  EP  conditions,  as  shown  in Fig.  5,  the
results in Fig. 6 also demonstrate a synergistic effect between TiO2-
OA NPs and DPS in the AW test.  Importantly, the dispersion of
NPs in the tribo-film generated under EP conditions may not be
homogeneous,  which  is  notably  different  from  the  state  of
dispersion  observed  in  the  AW  test.  Therefore,  the  synergistic
effect  of  NPs with sulphur-containing additives can be attributed
to  the  formation  of  mechanically  interlocked  tribo-films,  in
addition to effects related to tribo-chemical reactions.

On  the  basis  of  the  analyses  provided  and  our  early
investigations  [31, 32],  a  mechanism  for  the  synergistic
enhancement of PD values in 400SN by TiO2-OA and DPS can be

postulated.  As  depicted  in Fig.  9,  during  the  initial  phase  of
friction, DPS and TiO2-OA, which contain S–S and C=O groups,
respectively,  swiftly  adhere  and  accumulate  on  the  steel  surface,
creating  an  adsorbent  film  via  S–Fe  and  O–Fe  coordination
bonds. This adsorption film initially functions as a lubricant upon
the  commencement  of  friction.  With  increasing  load,  the
temperature  increases,  prompting  the  DPS  to  release  more
reactive  sulphur,  perpetuating  the  production  of  FeS  films.  Once
the temperature exceeds 1,000 °C at the friction interface, the FeS
film fails, leading to corrosion of the metal by the reactive sulphur.
In the above process, the deposition of TiO2-OA was coupled with
the regeneration of FeS. TiO2-OA helps form an EP tribo-film at
the  friction  interface,  increasing  high-temperature  resistance,
strength, and micron-sized dimensions, thereby compensating for
the wear resulting from the destruction of the FeS film due to high
temperatures and extreme shear forces. Ultimately, a mechanically
interlocked  tribo-film  is  formed.  Therefore,  the  key  factors  for
optimizing  the  EP  performance  of  lubricants  are  facilitating  the
rapid  generation  of  FeS  and  the  prompt  aggregation,  deposition,
and enrichment of TiO2 at the friction interface.

4  Conclusions
In  conclusion,  we  conducted  a  comprehensive  evaluation  of  the
EP,  friction  reduction,  and  AW  performance  of  TiO2-OA  NPs
and DPS. The EP and AW wear scars were meticulously analyzed
to explore the underlying mechanisms of the observed synergistic
effects. The principal conclusions are summarized below.

(1)  The  synergistic  effect  of  oil-soluble  TiO2-OA  NPs  and  the
sulfur-containing additive  DPS improved the  EP performance  of
DPS-containing lubricants by 29%.

(2)  Analysis  of  AW  and  EP  wear  scars  revealed  notable
differences  in  WSD,  elemental  distribution,  and  chemical  state,
indicating  the  presence  of  distinct  synergistic  mechanisms.
Additionally,  TiO2-OA can be  rapidly  and effectively  enriched at
the friction interface,  subsequently  mitigating the wear  generated
by extreme shear forces.

(3)  A  cross-sectional  analysis  revealed  that  TiO2 and  FeS
collectively formed a mechanically interlocked EP tribo-film with
a maximum thickness of approximately 1.4 μm. The preferentially

 

Fig. 8    XPS analysis of AW wear scar surface elements lubricated by 400SN+DPS+TiO2-OA (196 N, 1,200 r/min, and 75 °C for 60 min).
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formed  tribo-film  was  dominated  by  FeS,  followed  closely  by  a
composite tribo-film consisting of aggregated TiO2 and FeS as the
friction time increased.

(4)  The  preferential  formation  of  FeS  and  subsequent  rapid
enrichment  and  mechanical  interlocking  of  TiO2-OA  NPs  are
both  crucial  for  preventing  welding  and  enhancing  EP
performance. This study provides novel perspectives and insights
into the application and synergistic mechanism of NPs and sulfur-
containing  additives,  which  are  expected  to  foster  the  broad
application and development of NPs in the field of tribology.
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