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ABSTRACT: The  energy  crisis  and  environmental  pollution  are
worsening.  Therefore,  water-based  hydraulic  fluids,  i.e.,  aqueous
ethylene  glycol-based,  fire-retardant  hydraulic  fluid  concentrates
(HFCs),  are  becoming  increasingly  common.  However,  seawater
intrusion  inevitably  occurs  under  marine  conditions,  generating
hazards,  such  as  corrosion  and  friction,  within  hydraulic  system
components,  pipelines,  and  materials.  Moreover,  HFCs  have  several
drawbacks,  including  low  viscosity,  inadequate  lubrication,  and  high
corrosivity. Therefore, the tribological characteristics and corrosivity of
HFCs  must  be  improved  and  reduced,  respectively.  This  can  be
achieved  using  additives.  Herein,  we  summarize  the  fundamental
characteristics  of  HFCs  and  their  modifications  for  use  in  the  marine
environment, focusing on the optimal water–ethylene glycol proportion and its influence on the physicochemical, lubricating, and
tribological  properties  of  this  HFC  under  varying  conditions.  We  discuss  the  latest  progress  on  the  effects  of  seawater  on  the
tribological corrosion of HFCs and the reduction in corrosivity in the presence of different additives. Finally, we highlight challenges
and propose future research to improve performance in the marine environment.
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1  Introduction
Commonly  used  hydraulic  oils  include  minerals,  vegetables,  and
flame-retardant  variants  [1, 2].  These  hydraulic  fluids  can  be
categorized  based  on  their  respective  benefits,  drawbacks,  and
future  development  (Table  1).  In  particular,  the  environmental
impact  of  oil-based  lubricants  has  drawn concern  because  of  the
energy  crisis  and  increasing  environmental  pollution.  The
aromatic  hydrocarbons  in  oil-based  hydraulic  fluids  are  primary
pollutants  characterized  by  high  melting  and  boiling  points,  low
solubilities,  low  vapor  pressures,  and  high  toxicity  (including
mutagenicity)  [3].  Notably,  the  extensive  use  of  petroleum  oil
since  1980  has  caused  severe  marine  pollution  and  reduced
biodiversity  [4, 5].  Furthermore,  as  industrial  technology  has
advanced,  hydraulic  equipment  is  evolving  toward  the  use  of
higher pressures,  speeds,  and temperatures,  increasing the risk of
hydraulic  oil  leaks  from  pipelines,  pumps,  and  valves  [6].  In
addition, the use of high pressures and speeds with traditional oil-

based  lubricants  increases  service  temperatures,  potentially
resulting  in  an  explosion  or  fire,  posing  a  safety  risk  to  both
humans and infrastructure [7].

Water-based hydraulic oils are eco-friendly alternatives, having
excellent flame resistance and stability and making them an ideal
hydraulic medium that addresses environmental concerns and the
safety  issues  of  oil-based  hydraulic  fluids.  Water–ethylene  glycol
(EG) flame-retardant hydraulic fluid concentrates (HFCs) are the
most  important  type  of  water-based  hydraulic  fluid  and  have
advantages  such  as  efficient  heat  transfer,  compatibility  with
rubber, and shear and storage stability [8]. HFC comprises water,
EG  (or  its  derivatives),  and  additives  [9].  Compared  with
traditional  mineral  oil-based  hydraulic  oil  components,  EG  is
biodegradable,  has lower toxicity and a higher threshold,  making
it relatively environmentally friendly. However, the water content
significantly  affects  the  hydrogen-bonding  structure  and
adsorption of EG on friction surfaces, impacting the break-in time
and  lubrication  performance  [10].  Characterized  by
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environmental  sustainability,  compatibility  with  multiple
materials,  and  cost-effectiveness,  HFCs  have  been  widely  applied
in  various  fields.  In  aviation,  they  are  used  in  starting  hydraulic
pumps,  aircraft  landing  gear,  and  braking  systems  [11, 12].
Additionally, they are applied in mining equipment [13] and have
potential  uses  in  multiple  industrial  [14−16]  and  other
applications [17].

Hydraulic  systems  are  essential  for  the  exploitation  of  marine
resources  (Fig.  1)  because  their  high  pressure,  high  power,  and
precise control characteristics make them a key component of the
core equipment [24]. In offshore oil and gas exploration, hydraulic
systems  drive  the  lifting  mechanisms  of  drilling  platforms  and
subsea  production  valves  to  ensure  stable  platform  positioning
and  reliable  wellhead  control,  enabling  the  management  of
complex  high-pressure  conditions  in  the  deep  sea  [25].  In  deep-
sea  mining,  hydraulic-driven  mining  machines  and  slurry

conveying  systems  efficiently  break  down  and  collect  minerals,
significantly  improving  mining  efficiency  and  enabling  the  long-
distance  transport  of  slurry  via  pipelines  [26].  With  respect  to
marine  renewable  energy,  hydraulic  systems  convert  wave
oscillations  into  stable  mechanical  energy,  providing  continuous
power output for tidal-energy converters [27].  These applications
not  only  demonstrate  the  high  reliability  and  adaptability  of
hydraulic  systems  in  extreme  environments  but  also  highlight
their  potential  for  the  sustainable  development  of  marine
resources.

To  effectively  manage  the  challenges  arising  from  lifting
hydraulic  systems  operating  in  high-salinity  and  high-humidity
marine  environments,  the  pressure  resistance,  sealing,  wear
resistance, and corrosion resistance of hydraulic components must
be improved. Thus, the correct choice of hydraulic oil is crucial for
improving  operational  efficiency,  extending  equipment  service
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COF Coefficient of friction TEM Transmission electron microscopy
EG Ethylene glycol WSD Wear-spot diameter

HFC Water–ethylene glycol flame-retardant hydraulic fluid XPS X-ray photoelectron spectroscopy
SEM Scanning electron microscopy δ Wear rate

 

Table 1    Classification of hydraulic fluids [18−23]

Oil-based hydraulic fluid Water-based hydraulic fluid

Classification Mineral-oil-based
hydraulic fluid [18]

Plant-oil-based
hydraulic fluid [19]

High-water-based
hydraulic fluid [20]

Oil-in-water
hydraulic fluid [21]

Water–EG hydraulic
fluid [22]

Ester-type fire-
resistant hydraulic

fluid [23]

Advantage
High viscosity;

excellent tribological
properties

Good biodegradability,
low ecological toxicity,
excellent tribological

performance

High safety,
convenient storage
and transportation,

and no pollution

Excellent
lubrication

performance and
good anticorrosion

behavior

Good flame resistance,
environmentally friendly, low
cost, convenient storage and

transportation, and high safety

High autoignition
point, low

volatility, and
excellent fire

resistance

Insufficient

High ecological
toxicity, low

biodegradability, high
flammability and

explosivity

Poor hydrolysis
resistance, poor
oxidation and

corrosion resistance,
poor low-temperature
performance, and high

cost

High cost, low
boiling point, low

viscosity, poor
lubricity

Unstable and
environmentally

unfriendly Poor lubrication performance

Poor hydrolysis
stability, and the

hydrolysis products
are highly toxic

Development
trend

Poor environmental
performance;

gradually being
replaced

Environmentally
friendly but costly;

lacks economic benefits
and universality

Domestic industries
focus on cost-

effectiveness, leading
to low acceptance

Instability poses
significant security
risks; gradual loss
in market share

Good safety and economy

It has been
replaced by fatty

acid ester type fire-
resistant hydraulic

oil

 

Fig. 1    Practical applications of marine hydraulic systems.
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lifetime, enhancing environmental protection, and contributing to
sustainable development [28, 29].

To understand HFCs and their  performance  optimization,  we
focused  on  mitigating  friction  and  corrosion  of  HFCs  and
associated derivatives. In Section 1, we discuss the influence of the
water  content  (the  main  HFC  component)  on  the  physical  and
chemical  properties,  break-in  process,  and  tribological  properties
of  EG-based  HFCs.  Next,  the  optimal  water-to-EG  ratio  for
aqueous  EG  is  determined,  followed  by  the  mechanism  through
which  its  binding  affects  the  tribological  properties.  Section  2
summarizes findings regarding the influence of seawater on HFC
friction and corrosion, as well as the mechanism behind the loss of
lubrication.  These  results  were  obtained  by  simulating  seawater
infiltration  into  an  HFC  prepared  with  the  optimal  water-to-EG
ratio.  Section  3  summarizes  findings  regarding  existing  additives
and  proposes  solutions  to  address  the  degradation  of  the
lubrication  performance  of  HFCs  in  the  marine  environment  to
expand HFC applications further. All three sections of this review
are  related  to  the  friction  and  anticorrosion  properties  of  HFCs
and their derivatives.

2  Effects of water content on EG performance as
an HFC
Because  HFCs  are  water-based  hydraulic  media,  their
performance depends directly on their composition, and the water-
to-EG  ratio  plays  a  decisive  role.  Although  high  water  contents
significantly improve the fire resistance of an HFC, excessive water
content  reduces  the  viscosity  and  degrades  the  lubrication
performance, thereby increasing the risk of increased friction with
and  corrosion  of  metal  components.  In  contrast,  increasing  the
EG content  improves  the lubrication and antifreeze performance
of  an  HFC  but  reduces  its  fire  resistance  and  increases  costs.
Because of this complex trade-off, the investigation of the optimal
water-to-EG  ratio  is  central  to  the  development  of  high-
performance  HFC  products.  Therefore,  the  systematic
investigation  of  the  changes  in  the  physicochemical  properties,
bonding  interactions,  and  tribological  behavior  of  aqueous  EG-

based  HFCs  with  different  water-to-EG  ratios  and  the
establishment  of  a  quantitative  component–performance
relationship are crucial, both theoretically and practically.

In  recent  decades,  the  effect  of  water  content  on  HFC
performance has been extensively investigated, with a focus on its
hydrophilicity.  Both  EG  and  water  are  polar  compounds
containing –OH  bonds  (Fig.  2(a))  [30].  Therefore,  hydrogen
bonds  between  electropositive  hydrogen  and  electronegative
oxygen form. Thus,  EG has a strong affinity for water,  and these
two compounds are miscible in any proportion. Crucially, for use
as  HFCs,  water–EG  mixtures  adsorb  on  friction  surfaces  as  a
result  of  the  hydrogen-bonding  network  between  EG and  water,
thus  reducing  friction  and  wear.  Notably,  the  strengths  of  the
hydrogen  bonds  between  water  and  EG  with  different  water-to-
EG  ratios  vary  significantly.  For  example,  Wang  et  al.  [31]
examined  hydrogen-bonding  interactions  in  aqueous  EG
solutions with varying concentrations using Raman spectroscopy.
They  observed  that,  for  water  contents  <  50  wt%,  the  primary
hydrogen-bonding  interactions  were  between  EG  and  water.
However,  when  the  water  content  exceeded  0.5,  intermolecular
water–water hydrogen bonds began to dominate [31]. In addition,
hydrogen bonds (EG–H2O) are more common in mixtures  than
in a single medium (EG–EG) and (H2O–H2O), and in most cases,
protons  are  transferred  via  the  O  atom  in  EG  (Figs.  2(b)–2(d))
[32−34].  As  the  water  content  decreases,  the  hydrogen-bonded
water  clusters  break  down,  forming  more  stable  EG‒H2O
interactions and increasing the viscosity [33]. Furthermore, when
the concentration of EG is greater than 43 wt%, the rotation rate
of  the  hydrogen-bonded  EG–H2O  clusters  decreases,  leading  to
decreased  proton transfer  and a  conductivity  close  to  that  of  EG
alone [34]. Zhang et al. [35] used theoretical calculations to show
that  the  hydrogen-bonding  ability  of  EG  (via  its –OH  groups)
mainly results from intra- and intermolecular interactions and its
binding  ability  with  H2O  increases  with  increasing  EG  content.
These results indicate the substantial impact of the water content
on  hydrogen  bond  formation  in  this  mixture.  In  addition,  the
water  content  significantly  affects  the  physicochemical  properties
of  EG  solutions,  such  as  the  water  activity  [34, 36],  thermal

 

Fig. 2    (a) Structure of EG and interactions between water and EG. Reproduced with permission from Ref. [30], © IOP Publishing Ltd. 2005; from Ref. [44], © American
Chemical  Society  2011.  (b)  Fourier  transform infrared  spectra  of  aqueous  EG solutions  with  different  concentrations.  Reproduced  with  permission  from Ref.  [32],
© Science Press 2008. (c) Viscosity and specific resistivity. Reproduced with permission from Ref. [33], © Pleiades Publishing, Ltd. 2019. (d) Dynamic viscosity in the
Arrhenius region. Reproduced with permission from Ref. [34], © Pleiades Publishing, Ltd. 2021.
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properties  [37],  viscosity–temperature  characteristics  [34],
dielectric properties [38], and mechanical effects [39]. As the water
content increases, the water activity and thermal properties of EG
solutions  degrade  [34, 37].  In  a  previous  work,  we  evaluated  the
impact of the water content on the viscosity and wetting of an EG
solution  using  a  rheometer  and  contact-angle-measuring
instrument  (Fig.  3)  [40].  As  the  water  content  increased,  the
viscosity and adsorption of the mixture notably decreased, and the
hydrogen-bonding  strength  of  the  mixed  system  changed
markedly,  which is  consistent  with the results  of  Ref.  [31].  These
changes  could  affect  the  properties  of  EG  solutions  used  as
solvents  in  catalytic  reactions  [41],  hydrothermal  synthesis  [42],
forced-convection  heat  transfer  [43],  and  grinding  processes  for
mechanical equipment components [44].

The  water  content  not  only  affects  the  physical  and  chemical
properties  and  hydrogen  bonding  mechanism  of  water–EG
solutions  but  also  has  an  impact  on  macroscopic  friction,  wear,
and  corrosion  protection.  Therefore,  systematic  studies  on  the
lubrication and anti-wear  properties  of  aqueous  EG solutions  on
alloys, as well as the anticorrosion mechanism, have been carried
out  [45−49].  For  example,  a-CNx coating  containing  sp2

C=N/C=C and sp3 C–N bonds was prepared by ion-beam-assisted
deposition.  The  static  contact  angle  of  the  EG  solution  on  the
surface  decreased  with  increasing  EG  concentration,  and  the
coefficient of friction (COF) was the lowest at 10% EG, only 0.019
(Fig.  4(a))  [45].  Furthermore,  Li  et  al.  [46]  achieved  an  ultralow
COF (0.004) for an EG solution with a water content < 50% via H+

break-in  in  a  Si3N4–SiO2 system  (Fig.  4(b)).  Crucially,  they
identified the stable adsorption of H+ on the friction surface. The
formation  of  a  hydration  layer  and  elastohydrodynamic
lubrication  film  from  EG  solution  are  two  key  factors  for
achieving  macroscopic  superlubricity.  Recently,  Kudo  et  al.  [47]
further elucidated the mechanism behind the improvement in the

load-bearing  capacity  of  Si3N4 in  aqueous  EG  solutions  using
neural-network-based molecular dynamics (Fig. 4(c)). Theoretical
calculations revealed that the chemical reaction between H2O and
Si3N4 under friction generates SiO2 particles, whereas that between
EG  and  Si3N4 generates  C‒N  compounds  with  ring  or  chain
structures composed of C and N atoms. At higher loads, with the
failure  of  the  SiO2 lubricant,  the  C‒N  friction  film  effectively
suppressed a sharp increase in COF, thereby improving the anti-
wear performance of the Si3N4–Si3N4 system.

In addition, previous studies have shown that EG decomposes
into acids, such as oxalic, glyoxylic, and glycolic acids, between 80
and 110 °C, which accelerates metal corrosion (Fig. 5(a)) [48]. In
particular,  increases  in  temperature,  water  content,  and  acid
concentration  lead  to  faster  H2 evolution  and  more  severe
corrosion  at  the  alloy  cathode.  However,  inorganic  corrosion
inhibitors  adhere  to  metal  surfaces  by  forming  precipitates,
reducing  the  contact  between  metals  and  the  corrosive  medium.
In  addition,  organic  small-molecule  corrosion  inhibitors  have
polar and nonpolar groups and form organic corrosion inhibition
films on metal surfaces through chemical adsorption. In contrast,
composite inorganic–organic small-molecule corrosion inhibitors
can  form  denser  and  more  stable  corrosion  inhibitor  films,
effectively inhibiting metal corrosion. For example, Liu et al.  [48]
prepared  micro/nano  hierarchical  structures  on  smooth  liquid-
injected porous surfaces through plasma electrolytic oxidation and
hydrothermal  treatment,  achieving  good  high-temperature
resistance and oil film stability (Fig. 5(b)). After modification with
low surface  energy  materials  and the  injection of  silicone oil,  the
surface  showed  excellent  lubrication  performance,  allowing  the
aqueous EG solution to slide off  a  surface tilted by 1.1°  easily.  In
addition,  the  surface  showed  excellent  corrosion  resistance  in
aqueous  EG,  with  a  corrosion  current  rate  four  orders  of
magnitude lower than that of a smooth substrate.

 

Fig. 3    (a) Viscosity, (b) wetting, (c) hydrogen-bonding structures, and (d) Raman spectra of EG solutions with various water contents. Reproduced with permission
from Ref. [31] for (c, d), © Elsevier B.V. 2021; from Ref. [40] for (a, b), © the authors 2023.
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Fig. 4    (a) Lubrication and wear properties of EG solutions with different water contents in a SiC–a-CNx system. Reproduced with permission from Ref. [45], © John
Wiley & Sons, Ltd. 2010. (b) Lubrication properties and mechanism of action of EG solutions with different water contents after H+ break-in in Si3N4–SiO2 system.
Reproduced with permission from Ref. [46], © The Author(s) 2014. (c) Kinetic analysis of chemical reactions of H2O/EG solutions in Si3N4–Si3N4 system under friction.
Reproduced with permission from Ref. [47], © The Author(s) 2024.

 

Fig. 5    (a)  Conversion  of  EG into  acids  at  high  temperatures  and  the  corrosion  inhibition  mechanism of  inorganic–organic  inhibitors  on  alloys.  Reproduced  with
permission  from  Ref.  [48],  ©  Walter  de  Gruyter  GmbH,  Berlin/Boston  2023.  (b)  Wetting  and  electrochemical  properties  of  EG  solution  on  porous  surfaces  with
lubricating properties and schematic of anti-corrosion mechanism on the surface of an alloy. Reproduced with permission from Ref. [49], © Elsevier B. V. 2024.
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Recently,  our  research  team  utilized  a  universal
microtribometer  (UMT)  multifunctional  friction  and  wear  tester
to  investigate  the  friction  and  wear  behaviors  of  a  Si3N4
ball–TiAlN  disk  system  with  water–EG  solutions  with  varying
concentrations. At a 50 wt% concentration, the water–EG solution
showed stable superlubricity after 800 s of operation with minimal
wear  (Fig.  6)  [40].  Furthermore,  the  strongest  hydrogen-bonding
interaction  between  water  and  EG  was  obtained  at  this  water
content. The results revealed a significant change in the hydrogen-
bonding  interactions  between  the  water  and  EG  with  increasing
water content [31]. This enhancement might arise from the ability
of  higher EG concentrations to disrupt hydrogen bonds between
water  molecules,  thus  forming  a  strong  hydrogen-bond  network
between  water  and  EG  [50].  Under  the  same  experimental
conditions,  the  wear  rate  (δ)  of  Si3N4 balls  decreased  by  80.71%,
and that of TiAlN disks decreased by 92.69% [40] in an aqueous
EG solution containing 50 wt% water relative to that in pure EG;
thus,  long-lasting,  efficient  lubrication  was  achieved.  Subsequent
analysis of water–EG solutions with varying water contents using
Raman spectroscopy revealed that the greatest hydrogen-bonding
strength between water and EG occurred at an EG concentration
of  50  wt%,  which  yielded  a  more  stable  [H2O]m–[EG]n binding
structure  [40].  This  structure  showed  good  resilience  under

specific loads and shear forces, enabling improved adhesion to the
contact  area  of  the  friction  pair,  increasing  the  load-bearing
capacity,  preventing  direct  contact  between  rough  regions,
reducing  the  shear  resistance,  minimizing  the  running-in  time,
and  enhancing  the  frictional  performance  of  the  water–EG
solution.

Although  extensive  research  has  focused  on  water–EG
solutions,  limited  research  has  been  carried  out  using  these
solutions  as  HFCs.  To  investigate  the  friction,  lubrication,  wear,
and  corrosion  characteristics  of  HFC  for  practical  engineering
applications, we examined the friction and wear performance of a
commercial  HFC  under  varying  conditions  using  a  four-ball
friction  and  wear  testing  system  [51].  With  increasing  load,  the
COF initially decreased and then increased. The lowest COF and δ
of  the  HFC  were  recorded  under  a  392-N  load  (Fig.  7).  With
increasing  rotational  speed,  the  HFC  viscosity,  shear  resistance,
and  COF  decreased.  The  minimum  COF  was  observed  at  a
rotational  speed  of  1,200  r/min.  A  further  increase  in  rotational
speed  reduced  the  oil  film  thickness  and  load-bearing  capacity,
resulting in a significant decrease in the anti-friction and anti-wear
performance  of  the  HFC.  Furthermore,  at  temperatures  below
55  °C,  no  significant  changes  in  the  HFC  COF  and δ were
observed.  This  stability  can  be  attributed  to  the  thermal  energy

 

Fig. 6    Friction- and wear-resistant properties of water–EG solutions at varying concentrations. (a) Schematic of the three-dimensional morphology and comparison of
(b) surface roughness, (c, d) wear depth, and (e, f) δ. Reproduced with permission from Ref. [40], © the authors 2023.
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generated by the sliding friction force upon contact of the friction
pair,  resulting  in  a  localized  increase  in  temperature  at  the
steel‒ball  contact  area.  As  the  temperature  increased,  the  HFC
viscosity  decreased;  thus,  the  HFC  lubrication  performance
decreased, whereas the COF and δ increased [51].

In summary, the water content influences the physicochemical
properties  of  EG  solutions.  As  the  water  content  increases,  the
viscosity,  adsorption performance,  and surface tension of  the EG
solution decrease. The optimal ratio of a water–EG mixture is 1:1,
which  yields  the  most  stable  [H2O]m–[EG]n structure.  This
structure has the strongest  hydrogen bonds,  highest  load-bearing
capacity,  and  improved  tribological  properties,  enabling  stable
superlubricity  within  a  short  run-in  period  and  significantly
reducing  friction-pair  wear.  Thus,  HFCs  comprising  water–EG
solutions  prepared  at  the  optimal  ratio  with  additives  exhibit
excellent  friction  performance  and  are  widely  used.  However,
limitations have been identified, such as unsuitability for high-load
conditions (> 490 N) and high-temperature operations (> 70 °C).
The findings summarized in this section provide an experimental
and  theoretical  foundation  for  optimizing  operating  conditions
and enhancing the performance of commercial HFCs.

3  Effects of seawater on friction and corrosion
In  this  section,  the  friction  and  corrosion  performance  of  HFCs
with a  water-to-EG ratio  of  1:1  is  evaluated considering practical
engineering applications. As the maritime power strategy of China
has developed, the demand for high-performance hydraulic oil for
use  in  various  types  of  marine  equipment,  including  deep-sea
probes,  hydraulic  systems  for  marine  platforms,  and  naval  ship
machinery, has increased. Seawater is highly saline and corrosive,
and  the  marine  environment  has  high  humidity.  Therefore,
hydraulic systems have particularly stringent requirements. In this
section,  we  summarize  research  simulating  ocean  operating
conditions  to  evaluate  key  HFC  performance  indicators  in  the
marine  environment,  including  physicochemical  properties,

lubrication  properties,  wear  properties,  and  corrosion  resistance,
systematically.  The  reported  results  provide  an  experimental  and
technical  basis  for  engineering  applications  of  HFCs  in  marine
equipment.

HFCs  are  widely  utilized  in  marine  equipment,  such  as  ship
propulsion,  hydraulic  lifting,  and  underwater  detection  systems
[52−54]. During ship operations, leakage from marine equipment
(such as pumps, hydraulic drive systems, and blades) is common.
Thus, hydraulic oil mixes with seawater, increasing the COF of the
hydraulic fluid and energy loss. This leads to accelerated wear and
corrosion  of  friction  pairs,  ultimately  reducing  their  service  life.
Seawater  intrusion  can  also  induce  severe  corrosion  in  hydraulic
equipment  [30−32].  Since  1978,  a  significant  proportion  of  ship
engine  failures  have  been  found  to  result  from  the  corrosion  of
lubricating  oil  systems  following  seawater  intrusion.  Notably,
seawater  contamination  of  lubricants  can  induce  pipeline
corrosion,  and  the  produced  rust  particles  can  migrate  to  the
bearings  and  cause  substantial  wear  on  their  surfaces  [55].
Therefore, in recent decades, the impact of seawater on hydraulic
oil  has  been  studied  extensively  [56−58].  The  primary
components  of  seawater  are  NaCl,  MgCl2,  and  Na2SO4.
Furthermore,  water  has  unique  properties,  including  a  low
viscosity and high vapor pressure. Thus, when hydraulic fluids are
mixed  with  seawater,  their  physicochemical  properties  are
significantly  affected;  for  example,  the  viscosity  of  the  hydraulic
fluid is reduced. Moreover, in the marine environment, significant
changes  in  pressure  and  temperature  occur  with  increasing
seawater depth (Figs. 8(a)–8(c)) [15, 59]. For example, at a depth
of  2,000  m,  the  temperature  drops  to  275  K.  Furthermore,  the
pressure  increases  proportionally  with  depth.  When the  viscosity
of hydraulic oil within a hydraulic system increases, more energy
is required to counteract the shear force of the hydraulic oil during
operation;  thus,  energy  consumption  increases.  Crucially,  the
viscosity of  hydraulic fluid increases with decreasing temperature
and  increasing  pressure  [15].  Consequently,  in  deep-sea

 

Fig. 7    Friction and wear performance of a commercial HFC under different operating conditions. Reproduced with permission from Ref. [51], © Editorial Office of the
journal Tribology 2023.
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exploration,  HFC  viscosity  increases  exponentially  with  pressure,
substantially  affecting  O-ring  compression  and  structure.  These
changes further impact the lubrication and wear characteristics of
hydraulic systems (Figs. 8(d) and 8(e)) [60]. Schatzberg and Felsen
[61]  reported  that  seawater  infiltration  exacerbated  hydrogen
embrittlement  in  equipment,  manifesting  as  microcracks  in  the
working area of the bearing, causing crack propagation to critical
dimensions, and ultimately resulting in equipment failure.

The impact of seawater on the anti-friction and anti-corrosion
performance  of  EG  has  also  been  investigated.  For  example,  a
decrease  in  lubrication  by  EG  solutions  after  seawater  exposure
has  been  reported  [62],  as  well  as  a  reduction  in  corrosion
resistance  [63].  When  seawater  infiltrates  a  hydraulic  system  in
large quantities, the increased water content thins the hydraulic oil
film in the sliding bearing. This change significantly decreases the
bearing  capacity  and  lubrication  performance  of  hydraulic  oil,
increasing  energy  consumption  and  decreasing  service  lifetime
[64−66].  In  addition  to  the  viscosity,  the  thermal  properties  of
hydraulic  oil  are  affected  by  seawater  ingress,  altering  the
lubricating film and impacting the friction and wear performance.
Notably,  the  reduced  viscosity  of  hydraulic  oil  complicates  the
formation  of  an  effective  liquid  adsorption  film  between  friction
pairs,  reducing  lubrication  and  increasing  friction  [11, 40, 67].
Zhuo  et  al.  [68]  investigated  the  effect  of  seawater  mixed  with
water-based hydraulic oil on lubrication performance using a high-

frequency  reciprocating  friction-testing  machine.  A  significant
increase in the COF and δ of  the system was observed following
mixing with seawater [68]. Additionally, the research on the wear
behavior  of  bearings  in  artificial  seawater  has  demonstrated  that
seawater  can  induce  the  wear  and  corrosion  of  friction  pairs
(Fig.  9) [68].  Xiao et  al.  [69] also examined the effect of seawater
on  hydraulic  systems  through  ring–block  experiments  using
rubber alloy bushings and copper bearings as friction pairs. They
observed  corrosion  on  the  friction-pair  surface,  accompanied  by
adhesive  wear  [69].  Thus,  when  seawater  infiltrates  an  HFC,  it
triggers  corrosion  and  adhesion  wear  on  the  associated  friction
pairs,  causing  increased  wear-and-tear  of  the  overall  hydraulic
equipment and a significant reduction in service lifetime, directly
affecting costs [70].

Research  into  the  corrosion  behavior  of  these  three  materials
following the  combination of  EG with  seawater  has  been carried
out.  Generally,  the  addition  of  seawater  strongly  affects  the
corrosion  resistance  of  316L  stainless  steel  and  cobalt  tungsten
carbide;  specifically,  both  materials  show  signs  of  severe
electrochemical  corrosion  [72].  Seawater  can  also  induce
corrosion in friction pairs via cavitation [71, 73−75]. For example,
blending a 50% EG solution with seawater was found to increase
the corrosion of 316L stainless steel [76]. Furthermore, the severity
of  corrosion  increased  with  increasing  temperature,  which  was
related to the increased Cl− concentration. A previous examination

 

Fig. 8    (a) Temperature and pressure variation with seawater depth, and hydraulic-fluid viscosity with respect to (b) temperature and (c) pressure. Reproduced with
permission from Ref. [15], © American Chemical Society 2023; from Ref. [59], © Elsevier B.V. 2023. (d) Radial deformation of shell size under different environmental
pressures, and (e) O-ring contact pressure distribution. Reproduced with permission from Ref. [60], © Elsevier Ltd. 2022.
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of  the  corrosion  surface  morphologies  of  pieces  after  the  use  of
an  HFC at  20,  50,  and  70  °C  revealed  relatively  smooth  surfaces
with minimal corrosion pits [76]. However, after the introduction
of  50%  seawater  to  the  HFC  (Fig.  10),  substantial  corrosion  pits
were  evident  at  all  temperatures  and  became  increasingly  severe
at  higher  temperatures.  This  observation  highlights  the
detrimental  impact  of  seawater  on  the  corrosion  behavior  of
hydraulic fluids [76].

We  have  also  studied  the  effect  of  seawater  content  on  the
frictional properties of a commercial HFC. We observed that with
increasing seawater  content,  the frictional  and wear properties  of
the  HFC  gradually  decreased  [77].  At  40  wt%  seawater,  more
severe  electrochemical  corrosion  occurred  on  the  friction-pair
surface.  Overall,  a  higher  COF  and δ were  observed  with
increasing  seawater  concentration. Figure  11 shows  the
microstructures  and  elemental  analysis  results  obtained  for  the
friction-pair surface following the friction experiment involving a
mixture of HFC and 50 wt% seawater [78]. The analysis revealed
the generation of  numerous corrosion products  outside the wear
area.  Furthermore,  energy-spectrum  analysis  identified  elements
such  as  Mg  and  Cl  in  the  corrosion  products  from  seawater,  as
well  as  significant  increases  in  the  C  and  O  contents.  This
indicates that severe oxidative corrosion reactions occurred on the
friction-pair surface.

Thus, seawater can decrease the viscosity of hydraulic fluids and
cause  significant  corrosion  of  friction  surfaces.  However,  under
specific  conditions,  seawater  can  also  enhance  the  lubrication
effectiveness  of  hydraulic  fluids.  For  a  friction  pair  of
tetrafluoroethylene  and  GCr15  steel,  a  more  stable  COF  was
observed in the presence of seawater, and the surface roughness of
the  friction  pair  was  greater  after  the  friction  experiments.  This
phenomenon  is  attributed  to  the  formation  of  a  mixed
corrosion/friction product of MgOH and CaCO3 on the friction-
pair surface resulting from Mg2+ and Ca2+ ions present in seawater.
This  product  effectively  prevents  direct  contact  between  friction

pairs  [79].  Similarly,  in  a  study  investigating  the  impact  of
seawater concentration on the tribological properties of HFCs, we
discovered  that  an  HFC  solution  containing  50  wt%  seawater
formed  a  friction  reaction  film  in  the  wear  region  of  the  GCr15
steel. This film prevented direct contact between the rough peaks
of the friction pair,  resulting in anti-friction and anti-wear effects
(Fig.  12).  Initially,  the  samples  were  tested  in  a  50  wt%
seawater–HFC  solution  and  a  pure  HFC  solution.  The  samples
were subsequently tested under identical conditions. The findings
revealed notable anti-wear performance following exposure to an
HFC  solution  containing  50  wt%  seawater.  The  seawater  may
promote the formation of a friction reaction film on the friction-
pair  surface,  thereby enhancing the  frictional  performance of  the
system. However, the specific compositions and structures of these
reaction films remain unclear.

Inspired  by  earlier  research,  we  used  a  four-ball  friction  and
wear  testing  machine  to  evaluate  the  effect  of  seawater  on  a
commercial  HFC,  THIF707  (Yantai  Hengxin  Chemical
Technology  Co.,  Ltd.).  With  increasing  seawater  concentration,
the  COF  and  wear-spot  diameter  of  the  HFC  initially  decreased
and then increased. For a 35–45 wt% seawater concentration, the
smallest COF and wear-spot diameter were obtained, as shown in
Fig. 13. Subsequent comprehensive investigations revealed that the
seawater  produced  a  Mg-containing  friction  reaction  film within
the  friction-pair  wear  region.  This  film  effectively  reduced  the
shear resistance, thereby enhancing the anti-friction and anti-wear
properties  of  the  HFC.  Consequently,  seawater  does  not  entirely
compromise  the  frictional  properties  of  hydraulic  fluids,  and  the
inorganic salts present in seawater may precipitate on the friction-
pair  surface,  forming  a  friction  reaction  film  that  further  boosts
the anti-friction and anti-wear attributes of the hydraulic fluid.

Therefore,  the mixing of  seawater with HFCs yields a  mixture
with  lower  viscosity,  resulting  in  a  thinner  lubricating  film  and
reduced  load-bearing  capacity,  which  degrades  the  lubrication
performance. Seawater can also reduce HFC corrosion resistance,

 

Fig. 9    (a) COF, (b) δ, and (c, d) wear morphologies of coating, substrate, and copper alloy under complex working conditions involving seawater and silt. Reproduced
with permission from Ref. [68], © Elsevier B.V. 2023.
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promoting  the  oxidative  corrosion  of  friction  pairs  and
exacerbating  wear  in  hydraulic  equipment,  significantly  reducing
service  lifetime.  As  mentioned,  under  specific  conditions,
inorganic salts  in seawater can generate a corrosion product film
containing  Mg  on  the  friction  pair  surface.  This  film  prevents
direct  contact  between  the  friction  pair,  thereby  enhancing  the
anti-friction and anti-wear performance of the HFC. However, the
microscopic  formation  and  transformation  mechanisms  of  the
friction  corrosion  product  films,  along  with  their  macroscopic
mode of action, remain unclear.

4  Enhanced  resistance  to  damage  and  corrosion
using HFC additives
Compared  with  traditional  oil-based  hydraulic  oils,  HFCs  have
superior  fire  resistance,  stability,  environmental  friendliness,  heat
transfer,  material  compatibility,  and  cost  effectiveness;  however,
there  are  also  disadvantages.  Most  notably,  the  lubrication
performance,  anti-wear  performance,  and corrosion resistance  of
HFCs  are  inferior  to  those  of  oil-based  hydraulic  fluids.  In
addition,  HFC  wear  and  corrosion  resistance  degrade  further  in
marine  environments,  significantly  limiting  HFC  applications.
High-salinity  conditions  not  only  reduce the lubrication between
friction  pairs  but  also  accelerate  electrochemical  corrosion  in
friction-pair  contact  areas.  This  decreased  friction  corrosion
performance  directly  affects  the  transmission  efficiencies  of
hydraulic systems and greatly reduces the service lifetimes of  key
components  of  marine  equipment.  Therefore,  improving  the

overall  performance  of  HFC  in  the  marine  environment  by
optimizing  additive  formulations  and  technological
transformation strategies has become an important research focus
in the field of hydraulic transmission.

Many  studies  have  focused  on  improving  the  lubrication
properties  of  HFC  bases,  that  is,  water–EG  solutions.  Additives
can  significantly  enhance  the  anti-friction  and  anti-wear
capabilities, yielding exceptional lubrication performance [80−82]
and  enabling  operation  under  extreme  conditions  for  extended
periods [16, 83−86]. At present, additives for water–EG solutions
can  be  broadly  categorized  into  three  groups:  ionic  liquids,
nanoparticles, and organic additives (Table 2).

Ionic liquids have distinctive physical and chemical properties,
such as high thermal stability, nonvolatility, nonflammability, and
high  conductivity  [112].  These  properties  make  ionic-liquid
additives  for  hydraulic  fluids  rich  in  hydrogen  bonds,  polar
groups,  and  negative  charges  useful.  Crucially,  these  additives
enhance  the  adhesion  of  hydraulic  fluids  to  friction  surfaces
[82, 94, 113, 114],  thereby  improving  their  friction  and  wear
performance.  In  terms  of  the  structure–activity  relationship  with
respect  to  performance,  the  cations  in  ionic  liquids  do  not
markedly  affect  the  high-pressure  or  anti-wear  performance.  In
contrast,  anions  have  a  greater  effect  on the  frictional  properties,
mainly by affecting the hydrogen bonding, van der Waals forces,
electrostatic adsorption, solvation, and other interactions between
molecules  at  the  surface  interface,  which  affect  their  frictional
behavior  at  the  sliding  peak  [82].  Gelatin,  which  contains
abundant  carboxylic  acid  groups,  can  form  strong  hydrogen

 

Fig. 10    (a) Cyclic potentiodynamic polarization curves and (b) breakdown potential. Corrosion-area morphologies of friction pairs at different temperatures: (c) HFC
and (d) hydraulic oil mixed with 50% seawater. Reproduced with permission from Ref. [76], © NACE International 2009.
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bonds  with  hydrophilic  surfaces,  enhancing  the  adsorption
performance  of  hydraulic  fluids  and  reducing  friction  and  wear
[115]. Furthermore, an environmentally friendly diamine–stearate
ionic liquid was added to a water–EG solution, and point-contact
experiments  were  conducted  on  sapphire  stainless-steel  discs
under  a  load  of  1  N;  the  COF  and δ were  reduced  by  76%  and
80%,  respectively  (Fig.  14(a))  [83].  In  addition,  Jiang  et  al.  [116]
tested  the  frictional  properties  of  phosphate  ionic  liquids  as
additives in aqueous EG solutions using an SRV high-temperature
friction  and  wear  tester.  Their  experiments  demonstrated  that
phosphate  ionic  liquids  can  effectively  enhance  the  anti-friction
performance  of  water–EG  solutions  under  a  200-N  load.
Additionally,  X-ray  photoelectron  spectroscopy  (XPS)  analysis
revealed  that  the  ionic  liquid  formed  a  friction  reaction  film

containing  phosphorus,  effectively  reducing  the  shear  resistance
and  achieving  anti-friction  and  anti-wear  effects,  as  shown  in
Fig.  14(b).  In  addition,  Dong  et  al.  [117]  developed  and
synthesized  an  ionic  liquid  additive  based  on  thiadiazole
derivatives  and  confirmed  its  significant  anti-friction  and  anti-
wear  effects  through  SRV  friction  and  wear  testing.  TEM-based
analysis of the friction-pair cross section revealed the formation of
a 2-μm ultrathick friction reaction film in the wear area (Fig. 14(c)).
Owing  to  their  unique  physical  and  chemical  properties  [118],
ionic  liquids  are  widely  used  as  lubricating  additives.  However,
there  are  disadvantages,  such  as  significant  differences  in  their
solubilities  in  hydraulic  oils  with  different  polarities  and,
potentially,  high  corrosiveness  [119].  These  areas  will  be  a  key
focus of future research.

 

Fig. 11    (a) Effects of various seawater contents on HFC COF, (b) average COF and average wear-spot diameter under different seawater concentrations, (c) side and
(d)  sectional  views  of  the  four-ball  friction  corrosion  test  device  (the  friction  test  rotates  counterclockwise),  (e–j)  microscopic  morphologies,  and  (k–m)  elemental
composition results for different regions of the friction pair. Reproduced with permission from Ref. [78], © The Authors 2024.
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Fig. 12    Comparison of tribological properties of HFC samples with varying seawater contents after operation: (a) 0 and (b) 50 wt%. Reproduced with permission from
Ref. [78], © The Authors 2024.

 

Fig. 13    (a) Average COF, (b) average wear-spot diameter (WSD), and (c) X-ray photoelectron spectroscopy (XPS) and (d) transmission electron microscopy (TEM)
results for friction pairs following experiments involving HFC with 35–45 wt% seawater.
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Table 2    Effects of additives on tribological properties of EG solutions [16, 80−111]

Type Additive name Additive
concentration Condition Effect Author (year) Limitation

Ionic liquid
additive

Phosphonate ionic
liquid 1 wt% Ceramic–steel; 20 N Effectively improve anti-wear

performance
Khanmohammadi et

al. (2023) [81]
Poor anti-wear

performance at high
loads

Ammonium/quater
nary phosphonium

salt functional
ionic liquid

1 wt% GCr15 steel–steel;
100 N

Effectively improve anti-wear
performance Xu et al. (2024) [82]

The load-bearing
capacity is relatively

poor

Stearic acid salt
ions 0.5 wt% Sapphire ball–steel

disc; 1 N
Reduce friction and increase
friction reduction effect by
76% and 80%, respectively

Avilés et al. (2022)
[83]

Only applicable to
working conditions

with small loads

Phosphorus-free
ionic liquids 0.5 wt% AISI52100 steel–steel;

100 N
Certain anti-corrosion and
lubrication characteristics

Zheng et al. (2022)
[84]

The load-bearing
capacity is relatively

poor

[Choline][Proline] 50 wt% Si3N4–100CR6 steel;
2 N

Effectively improve anti-wear
performance Hua et al. (2021) [85]

Poor anti-wear
performance at high

loads

PDMAn 2% GCr15 steel–GCr15
steel; 300 N

Achieve COF ＜ 0.01 at high
speed

Zheng et al. (2022)
[86]

The shorter the alkyl
chain is, the worse the
performance will be

[Choline][Proline] 3 wt%
AISI52100

steel–100CR6 steel;
2 N

Achieving superlubricity
under low humidity Hua et al. (2022) [87]

Poor anti-wear
performance at high

loads

DMAP4 15 wt% GCr15 steel–GCr15
steel; 196 N Achieve COF ＜ 0.01 Zheng et al. (2022)

[88]
Applicable only under
specific conditions (＜
250 N, ＞ 1,200 r/min)

Li(PEG)PF6 0.8 wt% GCr15 steel–GCr15
steel; 1–4 N COF = 0.008 Ge et al. (2023) [89] The applied load is

relatively low

Ser–CA/CQDs 2.0 wt% AISI 52100 steel–AISI
52100 steel; 100-300 N

The wear scar volume
decreases by 51.97% Yang et al. (2025) [90] COF is high

SiO2/TiO2 1.5 wt% SiC ring–Si3N4 ring;
500 N COF as low as 0.0005 Xu et al. (2025) [80]

Only applicable to
working conditions

with low loads

Nano-
additive

Protic ionic liquids
(PILHB) 0.1 wt% Steel–steel; 50–300 N

Effectively improve anti-
corrosion and anti-wear

performance
Su et al. (2021) [91] The friction reduction

effect is not significant

Nanodiamond 0.55 wt% Steel–steel; 100 N COF decreased by 31% Elomaa et al. (2013)
[92]

The anti-wear effect is
not significant

Graphene oxide 0.083–0.332 wt%
Silicon nitride

ball–diamond-like
carbon coating; 3 N

COF decreased by 94.7% Yi et al. (2021) [93]
Only applicable to

working conditions
with small loads

Silica/graphene
oxide 0.125 wt% Steel–steel; 68.9 N COF decreased by 38% Singh et al. (2014) [94]

The friction and wear
performance shows no

significant
degradation

Granular γ-
AlOOH/h-

BN nanoparticles
0.03–0.15 wt% GCr15 steel–steel;

100 N COF decreased by 55.46% Liu et al. (2025) [95]
Only applicable to

working conditions
with low loads

6NP-CDs and
eNP-CDs

0.2 wt% 6NP-CDs and
0.5 wt% eNP-CDs

GCr15 steel–steel;
392 N

COF decreased 51.73 and
59.9%, respectively

Wang et al. (2025)
[96]

Poor extreme pressure
performance

Graphene 0.125 wt% Steel–steel; 68.9 N
The COF and wear volume
decreased by 38% and 31%,

respectively
Gao et al. (2022) [97]

The friction and wear
performance shows no

significant
degradation

MPEGOCS2K-CuS 2 wt% GCr15 steel–GCr15
steel; 98–490 N COF decreased by 59% Hua et al. (2024) [98]

Poor anti-wear
performance at high

loads
Aqueous graphene

oxide 0.1% SiC–SiC steel; 40 N COF = 0.020 Gui et al. (2024) [99] Low bearing capacity

U-MoS2 0.1 wt%
AISI E52100

steel–AISI 4130 low-
carbon steel; 5 N

COF (0.057) was
reduced by 84%

Kabir et al. (2025)
[100] Low bearing capacity

Graphene-oxide
nanoflakes
(GONFs)

5% Si3N4–SiO2; 2–4 N Achieve COF ＜ 0.01 Yang et al. (2025)
[101] Low bearing capacity

Organic
additives

Sulfur-containing
triazine derivatives 2 wt% Steel–steel; 98–392 N Effectively improve extreme

pressure performance Wu et al. (2017) [16] The anti-wear effect is
not significant
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Owing  to  their  unique  physical  and  chemical  properties,  such
as surface, quantum size, low volume, and macroscopic quantum-
tunneling  effects,  nanoparticles  have  been  widely  utilized  in
tribological  studies  [80, 91−96, 120−122].  In  particular,  the
incorporation of nanodiamond particles as additives can enhance
the  anti-friction  and  anti-wear  performance  of  the  lubricating
medium [92, 123−126]. For example, Elomaa et al. [92] found that
nanodiamonds were incorporated into a film on the application of

friction, significantly improving the tribological properties of EG-
based  HFC.  Similarly,  Guzman  Borda  et  al.  [127]  further
improved  the  anti-friction  and  anti-wear  performance  of
hydraulic  oil  using copper nanoparticles  deposited in the friction
contact  area  during  mechanical  action.  Liu  et  al.  [128]  used
graphene  oxide  quantum  dots  as  nanosized  additives  in  a
water–EG  solution  to  achieve  enhanced  lubrication,  reducing  its
running-in  time  and  wear  rate  by  95.7%  and  90%,  respectively

(Continued)
 

Type Additive name Additive
concentration Condition Effect Author (year) Limitation

Organic
additives

Lithium citrate 0.5 wt%
Silicon nitride

sphere–amorphous
carbon film; 1–11 N

Realize super lubrication with
almost zero wear Sun et al. (2023) [102]

Only applicable to
working conditions

with small loads

Fructose 50 wt% AISI 52100 steel–steel;
3–8 N

Realize super lubrication with
almost zero wear Ma et al. (2021) [103]

Only applicable to
working conditions

with small loads
Plant oil-based

phosphate esters 2 wt% Steel–steel; 200 N Increased friction reduction
effect by 72.6%

Ding et al. (2019)
[104]

The anti-wear effect is
not significant

Ibuprofen
compounds 2 wt% AISI 52100 steel–steel;

392 N

Effectively improving
corrosion resistance, with

certain anti friction and anti-
wear properties

Wang et al. (2017)
[105]

The anti-wear effect is
not significant

Eichhornia
crassipes

carboxymethyle
cellulose (EC-

CMC)

1.5 wt% AISI 52100 steel–steel;
40–100 N COF = 0.0547 Opia et al. (2021)

[106] Low bearing capacity

Soybean Oil 1% SAE-AMS 6440
steel–steel; 2 N

COF = 0.135, WSD was
reduced by 39.42%

Zetra et al. (2021)
[107] Low bearing capacity

Cu-BTC@Ag
MOF nanocrystals 0.5 wt% GCr15 steel–GCr15

steel; 60 N
Lubricant decreased by 18.8%,
and its wear volume decreased

by 32.7%
Wang et al. (2023)

[108] Low bearing capacity

DDACe
((C12H25)2N+(CH3)2

[CeCl4]−)
35.43 wt% Steel–steel; 10 N COF = 0.006 Chen et al. (2023)

[109] Low bearing capacity

Glycerol 40% Steel–steel; 3–6 N COF = 0.0057–0.0087 Ma et al. (2024) [110] Low bearing capacity
Polymer-based

proton ionic liquid 1 wt% AISI 52100 steel–steel,
Si3N4/glass; 100 N COF ≈ 0.08 Duan et al. (2025)

[111] Low bearing capacity

 

Fig. 14    (a) Lubrication performance of stearic acid ionic liquid in water–EG solution. Reproduced with permission from Ref. [83], © the authors 2022. (b) XPS profiles
showing formation of friction reaction film promoted by a phosphate ionic liquid. Reproduced with permission from Ref. [116], © Emerald Group Publishing Limited
2013. (c) TEM images of ultrathick friction reaction film generated by thiadiazole-derivative ionic liquid. Reproduced with permission from Ref. [117], © Elsevier B.V.
2024.
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(Fig.  15(a)).  During  the  friction  process,  the  oxidized  graphene
quantum  dots  adhere  to  the  contact  surface,  forming  a  friction
reaction film that  increases the lubricating effect.  In addition,  Xu
et  al.  [80]  exploited  the “fluid  lubrication” and “ball  bearing”
effects  of  SiO2 and  TiO2 nanoparticles  in  a  ceramic  EG  solution
system  to  shorten  the  break-in  time  and  achieve  macroscopic
superlubricity  (Fig.  15(b)).  Overall,  nanoscale  additives  can
effectively enhance the viscosity and lubrication of  hydraulic  oils,
exert a ball-bearing effect in lubricating media, significantly reduce
equipment  wear,  and  serve  as  efficient  and  environmentally
friendly  lubricating  additives.  However,  the  dispersibility  of
nanosized additives remains a fundamental problem that has not
yet been resolved.

In  addition  to  ionic  liquids  and  nanosized  additives,  organic
additives are commonly used to enhance the anti-friction and anti-
wear  properties  of  water–EG  solutions  [16, 102−105].  Organic
solvents  can  enhance  the  adsorption  of  water–EG  solutions,
enabling the formation of a more stable and dense lubricating film
on  the  friction  surface,  thus  enhancing  the  friction  and  wear
performance. Figure 16(a) shows that the addition of ibuprofen to
a  water–EG  solution  significantly  enhances  the  solution
adsorption  and  contact  angle,  yielding  a  favorable  anti-friction
effect  under a  load of  400 N [105].  By introducing vegetable-oil-
based additives to a water–EG solution, Ding et al. [104] achieved
reductions  of  72.6%  and  27.2%  in  the  COF  and δ,  respectively.
XPS  analysis  confirmed  that  the  additive  created  an  adsorption
film  comprising  carbon  and  esters,  which  enhanced  the
tribological  properties  of  the  water–EG  solution  (Fig.  16(b)).
Organic solvents can also improve the anti-friction and anti-wear
properties  of  water–EG  solutions  by  producing  friction  reaction
films. For example, the lubrication performance of sodium sulfate
as an additive in a water–EG solution was examined using a four-
ball  friction  and  wear  tester  [129],  revealing  that  sodium  sulfate
increased  the  final  nonseizure  load  of  the  water–EG  solution.
Subsequent  scanning  electron  microscopy  (SEM)  and  XPS
analyses  confirmed  that  reactions  with  sodium  sulfate  generated
compounds,  including Na2O, Na2SO4,  and FeSO4, on the friction
pair  surface,  effectively  preventing  direct  contact  between  the

friction pair and reducing wear. The formation of friction reaction
films prevents  direct  contact  between the rough peaks of  friction
pairs and enhances the anti-friction and anti-wear performance of
hydraulic  oils.  However,  organic  solvents  are  often  highly  toxic
and contribute to environmental pollution.

Although  many  single  additives  have  been  used  in  water–EG
solutions, each has limitations. A single additive can improve the
anti-friction  and  anti-wear  effects  of  a  water–EG  solution  under
low-load  conditions  but  shows  reduced  effectiveness  under
extreme conditions. Furthermore, the use of additives in HFC has
not been validated sufficiently. Therefore, to broaden the scope of
HFC  applications  under  extreme  operating  conditions,  we  have
conducted a series of screening studies on compound additives.

First,  the  use  of  benzotriazole  and  an  organic  molybdenum
compound  (TM-104)  as  combined  additives  in  a  water–EG
solution  significantly  improved  the  anti-friction  and  anti-wear
performance of the lubricating medium. This compound additive
reduced the  COF and δ of  the  water–EG solution by  more  than
60%  and  90%,  respectively.  This  improvement  was  attributed
primarily to the synergistic effect of the benzotriazole and organic
molybdenum.  That  is,  the  additives  formed  a  Mo-containing
friction reaction film in the wear area of the friction pair. The film
exhibited  low  nano-hardness  and  a  low  elastic  modulus,  which
enhanced  the  extreme  pressure  performance  and  load-bearing
capacity  of  the  flame-retardant  hydraulic  fluid.  Additionally,  a
combination  of  ammonium  phosphate  salts  and  organic
molybdenum was found to significantly enhance the anti-friction
and  anti-wear  properties  of  water–EG  solutions.  The
microstructures  and  elemental  compositions  of  the  friction-pair
wear areas after friction experiments with different solutions were
analyzed using SEM. The use of composite additives resulted in a
smoother  wear  area  and  the  formation  of  a  Mo-containing
friction reaction film. This effectively reduced the shear resistance,
further enhancing the anti-friction and anti-wear performance of
the water–EG solution.

Although  HFCs  have  been  extensively  utilized  in  marine
equipment,  current  additives  for  HFC are  ineffective  at  reducing
friction  and  anti-wear  properties  in  the  marine  environment.

 

Fig. 15    (a) Friction and wear performance of graphene oxide as an additive in water–EG solution. Reproduced with permission from Ref. [128], © Elsevier Ltd. 2022.
(b) SiO2 and TiO2 nanoparticle enhancement of the tribological properties of water–EG solutions, enabling superlubricity. Reproduced with permission from Ref. [80],
© Elsevier B.V. 2025.
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Therefore, we have conducted further testing to assess the efficacy
of  compound  additives  in  seawater. Figure  17(a)  shows  a
significant  increase  in  the  HFC  COF  when  HFC  is  mixed  with
seawater. Subsequently, upon adding the compound additive, the
COF significantly decreased. Compound additive 2 also exhibited
good anti-wear effects (Fig. 17(b)). Thus, compound additives can

effectively  improve  the  tribological  properties  of  water–EG
solutions, providing a more reliable HFC for use under the harsh
working conditions of the marine environment.

The most recent research results show that compound additives
can  effectively  improve  HFC’s  anti-friction  and  anti-wear
performance.  However,  nonflammable  hydraulic  fluids  must  not

 

Fig. 16    (a) Lubrication performance of ibuprofen as an additive. Reproduced with permission from Ref. [105], © Springer Science Business Media New York 2017.
(b) Plant-oil-based additives promote formation of friction reaction films (XPS characterization). Reproduced with permission from Ref. [129], © Tech Science Press
2019.

 

Fig. 17    Friction reduction, anti-wear properties, and corrosion resistance of composite additives in seawater environment.
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only  meet  friction  and  wear  requirements  but  also  achieve  the
necessary  viscosity,  corrosion  resistance,  and  thermal
performance.  Currently,  characterization  and  validation  of  the
additional  physicochemical  properties  of  additives  employed  in
flame-retardant  hydraulic  fluids  are  ongoing.  However,  further
investigation  is  needed  to  elucidate  the  formation  and
development processes of the friction reaction films produced by
these additives. Additionally, their mechanisms of action must be
explored further.

5  Conclusions and prospects
In  this  review,  we  summarize  the  fundamental  characteristics  of
HFCs  and  their  modifications.  The  following  conclusions  are
drawn.

(1)  The water  content  strongly  influences  the physicochemical
properties  of  water–EG  solutions,  including  viscosity,  friction,
lubrication,  and  wear  behavior.  Therefore,  the  optimal  ratio
should  be  determined.  As  the  water  content  increases,  the
viscosity  and  adsorption  decrease,  whereas  the  wetting  and
lubricating  properties  increase  significantly.  At  an  EG
concentration  of  50  wt%,  a  [H2O]m–[EG]n structure  forms,
significantly improving lubrication and anti-wear properties. This
enhancement  is  attributed  primarily  to  the  formation  of  a  more
stable  hydrogen-bond  network  between  water  and  EG  upon
mixing,  enabling  superlubricity  within  a  shorter  running-in
period.  Furthermore,  a  decrease  in  the  friction  performance  of
commercial  HFCs  under  extreme  operating  conditions  (load  >
490  N,  speed  >  2,400  r/min,  and  temperature  >  70  °C)  was
observed.  At  present,  limitations  remain  regarding  HFC
applications.

(2)  Seawater  alters  the  physical  and  tribological  properties  of
HFCs,  including  their  physicochemical  behavior.  It  also  affects
friction, wear, and oxidation-induced corrosion. Notably, seawater
infiltration modifies  the viscosity  and thermal  properties,  directly
impacting  the  adsorption  characteristics.  The  effect  of  seawater
infiltration  on  tribological  properties  is  complex.  When  the

seawater  content  exceeds  40  wt%,  severe  electrochemical
corrosion occurs on the friction pair surface, degrading lubrication
and  increasing  wear.  However,  Mg2+ and  Ca2+ ions  in  seawater
readily  generate  a  friction–corrosion  reaction  film  during  the
running-in  process.  This  film  reduces  direct  contact  between
rough regions on the friction pair surface and minimizes wear.

(3)  Improvements  in  the  tribological  properties  of  water–EG
solutions  by  additives  and  compound  additives  are  discussed,
along  with  their  respective  mechanisms.  Ionic,  liquid,  nanoscale,
and organic additives enhance lubrication to varying degrees, but
their  effects  are  limited  under  extreme  conditions.  Notably,  the
synergistic  use  of  benzotriazole  and  organic  molybdenum
effectively  enhanced  the  anti-friction  and  anti-wear  performance
of  water–EG solutions.  The  COF and δ decreased  by  more  than
60%  and  90%,  respectively.  These  improvements  increase  the
potential  for  commercial  HFC  applications  under  extreme
operating conditions and in the marine environment.

Overall,  this  review  provides  a  valuable  reference  for  future
research  on improving  the  friction  and wear  properties  of  HFCs
in  marine  environments  and  expanding  their  applications  under
extreme  operating  conditions.  Future  research  directions  are
summarized in Fig. 18.

5.1  Multiscale  numerical  simulations  and  mechanism
investigation
Future  studies  should  employ  advanced  multiscale  simulation
methods  (e.g.,  molecular  dynamics,  first-principles  calculations,
and  finite  element  analysis)  to  establish  refined  models  of  HFC
systems.  Key  research  priorities  include  investigations  of  (1)  the
interfacial  behaviors  of  green  additive  formulations  under
complex  conditions  (high  pressure,  high  speed,  and  variable
temperature),  (2)  the  dynamic  formation  mechanisms  and
evolution  of  tribofilms,  (3)  friction-reduction  and  anti-wear
mechanisms  at  the  microscopic  scale,  and  (4)  the
structure–performance  relationships  between  additive  molecular
structures  and  tribological  properties.  These  approaches  will

 

Fig. 18    Research prospects regarding lubrication, wear, and corrosion related to HFC applications in the marine environment.
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overcome the limitations of traditional experimental methods and
provide  novel  theoretical  perspectives  on  HFC  lubrication
mechanisms.

5.2  Engineering applications and technological innovation
Practical  engineering  solutions  should  be  developed  from
fundamental  insights  into  additive  lubrication  mechanisms.
(1)  Surface  modification  technologies  should  be  advanced.  In
particular,  break-in  parameters  should  be  optimized  to  promote
the in  situ generation  of  high-performance  tribofilms,  and
functional coatings (e.g., diamond-like carbon and nanocomposite
coatings)  should  be  developed.  (2)  System  energy  efficiency
should be optimized by establishing predictive models of frictional
energy consumption and developing intelligent lubrication control
systems.  (3)  Associated  economic  benefits  should  be  assessed,
including  quantification  of  energy-saving  benefits  and  evaluation
of  carbon-reduction  potential.  These  innovations  could
significantly  reduce  frictional  energy  losses  and δ,  thereby
extending  equipment  service  lifetimes  and  improving  energy
efficiency.

5.3  Development of additive systems
Targeted additive formulations should be designed for specialized
applications.  (1)  In  the  marine  environment,  high-efficiency
corrosion-inhibitor  blends  and  seawater-stable  additive  systems
are  needed.  (2)  For  extreme  conditions,  wide-temperature-range
(from −50 to 200 °C) stabilizers and high-load anti-wear additives
are  needed.  (3)  For  eco-friendly  applications,  biodegradable
formulations  and  low-toxicity  alternatives  should  be  explored.
These  developments  will  expand  HFC  applications  to  aerospace,
deep-sea equipment, and polar exploration.

5.4  Smart technology and sustainable development
(1)  Smart  monitoring  systems  should  be  developed,  including
internet-of-things-based  real-time  lubrication  status  monitoring
and intelligent early-warning systems.  (2)  Recycling technologies,
such  as  HFC  regeneration  and  novel  waste-fluid  treatment
processes,  should  be  investigated.  (3)  Standardization  should  be
established  through  the  development  of  industry-standard
formulations  and  the  commercialization  of  technological
achievements.

These  research  avenues  have  scientific  importance  and  will
provide  essential  technological  support  for  the  green  transition
and “dual  carbon” goals  of  the  manufacturing  industry.  Cross-
disciplinary innovation will  drive HFC technology toward higher
efficiency, environmental sustainability, and smarter technologies.
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