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ABSTRACT: Friction  pair  coatings  are  highly  susceptible  to
failure  in  corrosive  marine  environments.  To  enhance  their
service  performance,  this  study  focuses  on the  friction  pairs
in the main shaft transmission of offshore wind turbines and
investigates  the  wear  and  corrosion  resistance  of  different
surface  treatment  processes.  A  wear  theory  model  is
developed  on  the  basis  of  dynamic  changes  in  the  contact
area  to  predict  wear  under  dry  friction  and  corrosive
conditions.  The  results  indicate  that  the  Interzinc  B  coating
results  in  the  best  overall  performance  in  terms  of  friction,
wear,  and  corrosion  resistance.  Rough  and  high-hardness
surfaces increase the friction coefficient, whereas Zn powder
and ZnO adhesive not only produce less abrasive debris but
also  form  a  micro/nanoparticle  self-lubricating  mechanism,
reducing  surface  wear.  Compared  with  the  traditional  zinc
spraying process, the friction coefficient can be increased by
28.4%, whereas the wear amount can be reduced by 76.2%.
The  release  of  Zn2+ and  the  oxidation  reaction  mechanism
enhanced  the  self-healing  ability  of  the  passive  film,
improving its anticorrosion ability. The maximum error between the finite element analysis of coating wear and the test results is
only  6.26%,  which  verifies  the  accuracy  of  the  wear  theory  model  and  provides  guidance  for  the  precise  design  of  wind  turbine
transmission friction pairs.
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1  Introduction
Given  the  extreme  conditions  of  high  salt  spray,  high  humidity,
and  corrosive  environments  in  marine  environments,  the
application of  wear-resistant and anticorrosion coatings is  one of
the  main  measures  used  to  prevent  the  failure  of  transmission
friction  pairs  [1−3].  This  study  focuses  on  the  transmission
connection  friction  pairs  of  offshore  wind  turbines.  With  the
growing global demand for clean energy, offshore wind power has
played  an  increasingly  important  role  as  a  sustainable  energy
solution  [4]. Figure  1 shows  the  structural  diagram  of  the  main
shaft  transmission  friction  pair  of  a  specific  model  of  a  wind
turbine.  The  main  shaft  transmits  torque  through  friction
interfaces (threaded connection surfaces) with the coatings of the
hub and gearbox. The coatings on these friction interfaces provide
wear  resistance  and corrosion protection to  withstand the  highly

corrosive  conditions  of  the  marine  environment  [5].  Therefore,
excellent  wear  and  corrosion  resistance  are  necessary  while
meeting the required friction forces on the friction pairs. Research
on  friction-wear  and  wear  prediction  for  surface  coatings  of
transmission connection friction pairs of offshore wind turbines is
crucial [6].

The main types of surface coatings for transmission connection
friction pairs in offshore wind turbines include zinc coatings (zinc-
spraying, zinc-plating) and paint-spraying (epoxy zinc-rich paint)
[7].  Many  scholars  have  explored  the  wear  resistance  and
anticorrosion behavior of surface coatings on key components of
wind turbines. Lee [8] investigated the effects of substrate surface
roughness  on  the  corrosion  and  wear-corrosion  resistance
properties  of  electroless  Ni–P  (ENP)  coatings  on  glass  fiber-
reinforced  plastic  (GFRP)  composites  in  wind  turbine  blades
through  wear  and  corrosion  tests.  The  results  show  that
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improving the surface roughness of the substrate can improve the
corrosion  and  wear  resistance  of  ENP  coatings.  Wei  et  al.  [9]
revealed  the  influence  of  tungsten  carbide  (WC)  on  the
microstructure  and  wear  resistance  of  iron-based  coatings
prepared  by  laser  cladding  on  the  surface  of  wind  power  gears,
and  the  results  revealed  that  increasing  the  WC  content  can
improve the wear resistance of laser-fused cladding. In a study of
wear-resistant  and  anticorrosion  zinc  coatings  on  steel  surfaces,
Souza  et  al.  [10]  conducted  friction  and  wear  tests  on  thermally
sprayed zinc coatings and Zn‒Fe electrodeposited coatings in a 3%
NaCl  solution.  These  findings  suggested  that  the  wear-corrosion
resistance of the zinc-sprayed coatings was superior to that of the
Zn‒Fe electrodeposited coatings. Pinger et al. [11] investigated the
wear behavior of zinc-plated coatings by varying the friction roll,
load,  and  total  number  of  cycles  during  the  wear  process.  Their
results  demonstrated  the  effective  wear  resistance  of  zinc-plated
coatings  containing a  hard intermetallic  Zn‒Fe compound phase
and  an  external  pure  Zn  phase.  Liu  et  al.  [12]  analyzed  the
influence  of  environmental  factors  on  the  anticorrosion
performance of thermally sprayed zinc coatings through salt spray
and  electrochemical  corrosion  tests.  The  results  showed  that  the
corrosion protection of zinc-sprayed coatings is limited in extreme
environments  and  under  conditions  of  increased  pollution.
Therefore,  in  anticorrosion  coating  systems  designed  for  metal
cathodic protection, epoxy zinc-rich paint has gradually become a
widely  used and effective  anticorrosion coating [13].  To research
the  wear  resistance  and  anticorrosion  properties  of  epoxy  zinc-
rich coatings on metal surfaces, Gerengi et al. [14] compared and
analyzed the corrosion characteristics of epoxy zinc-free and zinc-
rich  coatings  in  a  5% NaCl  solution.  They  concluded that  epoxy
zinc-rich coatings have superior anticorrosion properties. Lin et al.
[15]  studied  the  anti-wear  properties  of  coatings  under  the
synergistic  effect  of  shot  peening  and  zinc-rich  epoxy  coatings.
Shot  peening  provided  mechanical  support,  whereas  the  epoxy
coating acted as a cushion against friction, thereby enhancing the
wear  resistance  of  the  coating  as  a  whole.  In  addition  to  other
studies  on  the  behavior  of  wear-resistant  and  anticorrosive
coatings,  Özkan  et  al.  [16]  investigated  the  wear  and  corrosion
resistance  of  graphene  oxide  coatings  via  tests,  and  the  results
demonstrated that the graphene oxide coatings exhibited excellent
anticorrosion  properties  in  extremely  corrosive  media,  reacted
with  zinc  dialkyl  dithiophosphates  (ZDDPs),  and  formed  a
friction film, which provided additional wear resistance. Wu et al.
[17]  concluded  that  CoCrFeNi  HEA/WC  composite  coatings
(HEACC)  have  greater  wear  and  corrosion  resistance  than  H13
steel  substrates  do  by  investigating  the  phase  transformation,
organizational  evolution,  and  wear  corrosion  resistance  of  the
coatings. However, there is a lack of systematic research on wear-
resistant  and  anticorrosion  coatings  for  the  transmission
connection friction pairs of offshore wind turbines.

In  research  on  the  theory  of  wear  prediction  for  friction  pair
surfaces,  Velten  et  al.  [18]  proposed  a  wear  prediction  method

based on artificial neural networks as early as 2000. Although this
method  calculates  the  amount  of  wear  with  a  significant  error
when  a  large  number  of  randomly  selected  test  datasets  are
considered,  even  relatively  uncertain  predictions  contribute  to
advancements in tribology. In 2004, Hsu and Shen [19] developed
multiple wear models to predict the wear of ceramics, achieving a
model accuracy within ±1 order of magnitude. Later,  Abdelgaied
et  al.  [20]  established  a  wear  prediction  model  for  artificial  knee
joints on the basis of new wear patterns and formulas. While this
computational model has been widely utilized for wear prediction
and optimization of artificial knee joint designs, it does not apply
to other polymer materials and lacks generalizability. Liu et al. [21]
proposed a numerical calculation method for railway wheel wear
that combines Archard’s equation with spatial statistical methods,
providing  a  more  realistic  prediction  of  wear  than  traditional
methods  do.  Friction  and  wear  models  have  been  greatly
developed and improved during the grinding process. Zhang et al.
[22−24]  proposed  a  novel  model  that  accurately  predicts  the
maximum  undeformed  chip  thickness  in  grinding  processes.
Moreover,  a  new  single-grit  grinding/scratching  method  was
developed,  with  speeds  increasing  by  4–7  orders  of  magnitude.
Finally,  breakthroughs  in  grinding  theory  have  promoted  the
development  of  new  grinding  methods,  significantly  improving
the  efficiency  and  effectiveness  of  traditional  grinding  processes.
With  the  continuous  advancement  of  wear  theory  research  and
innovations  in  finite  element  technology,  Cao  et  al.  [25]
established  a  physical  model  for  wear  prediction  in  grinding
machines on the basis of the finite element method and numerical
simulation.  This  model  enables  numerical  prediction  and  trend
analysis  of  the  grinding  temperature,  surface  morphology,  and
amount  of  wear,  achieving  a  relative  error  of  9.84% between  the
theoretical  and  actual  wear  values.  Wang  et  al.  [26]  developed  a
wear  prediction  model  for  U-rings  by  studying  their  wear
characteristics  in  strong  wind  environments.  The  simulation
results for the wear depth are closely aligned with the test values,
with  an  error  of  only  1.56%.  Necpal  and  Vozár  [27]  utilized
DEFORM software  in  conjunction with  a  wear  model  to  predict
tool  wear  during  lathe  machining,  optimizing  the  cutting
parameters  and  improving  tool  life.  Currently,  methods  for
predicting  wear  in  wear-resistant  and  anticorrosion  coatings  for
transmission  connection  friction  pairs  in  offshore  wind  turbines
remain unclear.

Taking the transmission connection friction pairs for the main
shaft  of  offshore  wind  turbines  as  the  research  object,  this  study
investigates the wear resistance and anticorrosion behavior of the
machining  and  coating  process  of  the  friction  pair  surface,
especially  analyzing  the  friction  coefficient,  wear  pattern,  wear
amount,  and  electrochemical  characteristics  of  the  corrosive
medium in detail, as well as the preferred coating on the surface of
the friction pairs on the basis of the wear mechanisms of various
coatings. To predict coating wear under dry and corrosive friction
conditions,  a  theoretical  model  of  ball-disc  wear  is  proposed,  in
which the change in the real contact area during the wear process
leads to a change in the contact area. In addition, the wear amount
of  different  coating  processes  are  dynamically  simulated  via  the
Fortran language for finite element secondary development, which
is  proposed  to  provide  theoretical  guidance  and  a  technical
reference for the coating design of wind turbines.

2  Materials preparation and testing methods

2.1  Materials preparation and coating process
Taking the transmission connection friction pairs of offshore wind

 

Fig. 1    Transmission connection friction pairs for main shaft of a certain model
wind turbine.
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turbine main shafts as the study objects and using 34CrNiMo6 as
the  base  material,  the  samples  were  all  obtained by  cutting  them
from  a  solid  main  shaft,  and  the  size  was  20  mm  ×  10  mm  ×
3  mm.  The  sample  was  processed  according  to  the  surface
treatment  process  of  the  friction  pairs  of  the  main  shafts  of  the
wind  turbine. Figure  2 shows  the  process  flow  chart  of  surface
treatment for friction pairs.

Ra 1.6–6.3 are determined on the basis of the general machining
requirements for wind turbine transmission friction pairs.  Before
coating,  the  metal  surface  is  thoroughly  cleaned  to  remove  dirt,
grease, rust, and other impurities [28]. Sandblasting is needed, and
the  surface  should  achieve  a Sa 2.5  grade  (ISO  8501)  with  a
roughness of Ry = 60–100 µm before zinc spraying (Zs).  Pickling
must  be  performed  prior  to  zinc  plating  (Zp)  to  remove  oxides
and other surface contaminants,  thereby improving the adhesion
of the coating.  The zinc spraying process was conducted with an
air pressure of 0.5–0.6 MPa, a spray angle of 75°–80°, and a spray
distance  of  100–120  mm.  Zinc  plating  involves  immersing  the
sample  in  a  zinc‒acid  salt  solution  to  achieve  zinc  adhesion
through  electroplating.  The  coating  thickness  for  zinc  spraying
exceeds 100 µm, whereas  the thickness  for  zinc plating is  greater
than 20 µm. Three types of epoxy zinc-rich coatings—Interzinc B,

Hempel  C,  and  Interzinc  D—were  selected  for  surface  paint
spraying,  referred to as  Pb,  Pc,  and Pd,  respectively.  Before paint
spraying,  the  surface  must  undergo  shot  peening,  achieving  a Sa
2.5  grade  (ISO  8501).  The  film  thickness  of  Pb  and  Pc  after
spraying  should  reach  75–100  µm,  whereas  the  film thickness  of
Pd  should  be  greater  than  50  µm  but  not  exceed  100  µm.  The
macroscopic  and  microscopic  diagrams  of  the  different  surface
treatment processes are shown in Fig. 3.

2.2  Characterization
The  surface  profile  and  roughness  were  measured  via  a  surface
roughness  tester  (SJ-420,  Mitutoyo,  Japan),  which  has  a
measurement  accuracy  of  0.001  μm.  Three  measurements  were
taken  for  each  sample  to  obtain  the  average  value.  The  surface
hardness  was  tested  via  a  Vickers  hardness  tester  (MHVS-10V,
Shanghai Aolong, China), with each sample measured five times,
and the average value was recorded. The test results are shown in
Fig.  4,  HV is the unit of Vickers hardness.  Compared with those
of the machining process, the hardness values of the zinc coating
(zinc  spraying  and  zinc  plating)  and  paint-spraying  processes
increased  by  1.44%  and  9.54%,  respectively.  This  increase  is
primarily  because  the  zinc  coatings  underwent  surface

 

Fig. 2    Surface treatment process flow chart of friction pairs.

 

Fig. 3    Macro- and micrographs of different surface treatment processes.
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sandblasting, whereas the paint-spraying process involved surface
shot  blasting.  Both  sand  blasting  and  shot  blasting  are  forms  of
surface  cold  work  hardening.  Cold  work  hardening  generates
significant internal stress and plastic deformation on the surface of
metal materials, leading to an increase in surface hardness [15].

After the friction-wear test was complete, the samples were left
in  their  original  state  to  observe  the  morphology  of  the  abrasive
debris  and  corrosive  substances.  The  samples  were  then
ultrasonically  cleaned  using  an  alcohol  solution.  Once  dried,  the
surface and wear morphology of the samples were examined, and
the  microzone  elemental  distribution  was  measured  to  evaluate
the  coating  wear  behavior  via  a  super  depth-of-field  3D  display
system  (VHX-2000C,  Keyence,  Japan)  and  a  scanning  electron
microscope (S-4800, Hitachi, Japan).

2.3  Wear and corrosion tests
In  general,  the  main  factors  affecting  the  wear  of  materials  are
load,  frequency,  temperature,  pH,  salinity,  and  conductivity  in
corrosive  solutions  [29].  This  study  investigated  the  effects  of

different  surface  treatment  processes  on  wear  under  dry  friction
and corrosion conditions. As shown in Fig. 5, the schematic of the
friction and wear test setup (MS-M9000, Lanzhou Huahui, China)
included a friction ball with a diameter of 6 mm made of SiN. The
applied  loads  were  10,  15,  and  20  N,  with  a  reciprocating
movement  frequency  of  2  Hz  and  a  displacement  amplitude  of
5  mm.  These  test  parameters  were  determined  comprehensively
on the basis of the actual working conditions of the wind turbine
transmission  friction  pair  and  the  pretests  of  the  samples.  In  the
pretests,  no  obvious  scratches  were  observed  on  some  coatings
under a load of 5 N. Under a load of 10 N, all treated friction pairs
exhibited  noticeable  measurable  scratches  on  their  surfaces.  At  a
load  of  20  N,  paint  C  experienced  delamination.  Therefore,  a
starting  load  of  10  N  was  chosen,  with  test  loads  of  10,  15,  and
20  N  selected  accordingly.  Similarly,  the  determination  of
reciprocating  frequency,  displacement  amplitude,  and  test
duration  also  comes  from  pretesting.  The  test  time  was  40  min,
and  a  3.5  wt%  NaCl  solution  was  used  as  the  medium  for  the
corrosive friction interactive test. In the corrosive friction test, the
lower  sample  was  immersed  in  artificial  seawater  [30]  with  an
exposed area of 2 cm².  Before the test,  the sample was left  in the
solution for  40  min to  allow the  open-circuit  potential  (OCP) to
stabilize. During the OCP test, the first 20 min before friction and
the  20  min  after  friction  were  set  aside  to  stabilize  the  current
transient  and monitor  changes  in  the  OCP on the surface  of  the
samples.  The  middle  40  min  of  the  test  were  set  to  monitor  the
changes in the OCP and friction coefficient at the same time, and
the  total  test  time  was  110  min.  Throughout  the  test,  the  room
temperature was maintained at  26 °C.  The test  parameter  design
table is shown in Table 1.

3  Results and discussion

3.1  Friction coefficient
By applying the same load, the variation in the friction coefficient
for  different  surface  treatment  processes  can  be  observed
systematically.  The  results  show  that  the  friction  coefficients  for

 

Fig. 4    Hardness of different surface treatment processes.

 

Fig. 5    Schematic diagram of friction‒wear test: (a) physical diagram of dry friction conditions, (b) schematic diagram of dry friction conditions, (c) physical diagram of
corrosive friction conditions, and (d) schematic diagram of corrosive friction conditions.
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various  surface  treatments  follow  the  mechanism  of  transition
from the running-in stage to the stable wear stage. In the running-
in  stage,  the  oxide  film  formed  on  the  base  material  in  the  air
medium  smooths  the  contact  surface,  with  friction  occurring
primarily at the peaks of contact. As the base material is gradually
exposed,  the friction coefficient  increases.  During the stable  wear
stage,  the  surface  smoothness  continues  to  deteriorate,  and  an
oxide film forms continuously. The synergistic effect of these two
factors keeps the friction coefficient in a relatively stable state.

As  shown  in Fig.  6(a),  the  curves  of  the  friction  coefficient
versus time for different surface treatment processes indicate that
all the curves exhibit an increasing trend followed by stabilization.
During the interaction of the friction pairs, the contact type of the
surface  is  elastic‒plastic.  The  friction  coefficient  decreases  as  the
surface  roughness  decreases,  reaching  a  minimum friction  factor
when the surface roughness is Ra 1.6.

The  friction  coefficient  variation  curve  of  the  coating  process
shows  that  the  friction  coefficients  of  the  different  coatings
significantly differ. In the zinc-spraying and zinc-plating processes
in the run-in phase, the overall trend first increases then decreases,
and then increases, and the fluctuation in the process of change is
violent.  For  the  curve  of  the  friction  coefficient  obtained  via  the

zinc-plating  process,  the  friction  coefficient  tends  to  be  stable  at
approximately 20 min, reaching a stable wear stage,  with a stable
friction  coefficient  in  the  range  of  0.463–0.475.  The  friction
coefficient change curve of the zinc-spray process tends to stabilize
at  approximately  25  min  and  then  enters  the  stable  wear  stage,
with  the  friction  coefficient  stabilizing  between  0.515  and  0.548.
During  the  spraying  process,  the  zinc  powder  forms  an
inhomogeneous cover layer such that the friction coefficient of the
surface  of  the  coating  increases.  Additionally,  the  distribution  of
the  microconvexities  on  the  surface  is  not  uneven,  resulting  in
many  abrasive  chips  being  generated  during  the  friction-wear
process, and the discharge of abrasive chips is accompanied by the
vibration  and  jumping  phenomenon  of  the  friction  pairs,  which
makes  the  real  contact  area  change,  thus  leading  to  a  large
fluctuation in the friction coefficient in the stable wear stage of the
zinc-spraying process.

For the paint-spraying process, the friction coefficient variation
curves of Pb and Pd are roughly the same as those of machining,
with the run-in stage completed in a relatively short time, and the
friction  coefficient  stabilized  between  0.667–0.681  and
0.577–0.599  in  5  min,  respectively.  Compared  with  that  of  the
traditional zinc spraying process, the friction coefficient of the Pb
coating  increased  by  28.4%.  The  fluctuation  of  the  friction
coefficient  curve  of  Pc  is  relatively  special,  increasing  and  then
stabilizing. Next, it enters the next rise stage and repeats in a cycle;
then,  until  30  minutes,  it  tends  toward  stable  wear,  with  the
friction  coefficient  finally  stabilizing  at  0.69–0.7.  This
phenomenon is mainly due to the occurrence of microexfoliation
of the Pc surface during the wear process.

 

Table 1    Test parameter design table

Grouping 1 2 3
Load FN (N) 10 15 20

Frequency (Hz) 2
Environment Dry friction/3.5% NaCl solution

 

Fig. 6    Friction coefficient variation curve and average friction coefficient: (a) friction coefficient variation curve for dry friction conditions under 15 N load; (b) friction
coefficient variation curve for corrosive friction conditions under 15 N load; (c) average friction coefficient for dry friction conditions; (d) average friction coefficient for
corrosive friction conditions.
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As  shown  in Fig.  6(b),  the  friction  coefficient  variation  curves
for  different  surface  treatment  processes  in  a  corrosive
environment  under  a  15  N  load  indicate  that  the  friction
coefficient  is  significantly  affected  by  the  liquid  medium  and
corrosion  products.  Generally,  the  friction  coefficient  for  each
process in the corrosive medium is reduced. This phenomenon is
attributed  to  the  formation  of  corrosion  products  and  an  oxide
film on the friction surface.  Notably,  after  treatment with a  3.5%
NaCl  solution,  many  Cl− and  NaCl  microcrystals  formed  on  the
friction  surface.  These  microcrystals,  which  can  reach  nanoscale
diameters,  are  abraded  during  the  wear  process  and  act  as  solid
lubricants [31]. Under the influence of the corrosive medium, the
zinc  plating  process  results  in  the  largest  change  in  the  stable
friction coefficient, reaching a reduction of 45.5%. In contrast, the
smallest  change  occurred  in  the  Pd  process,  which  decreased  by
only 4.2%,  followed by the Pb process,  with a  decrease  of  13.8%.
This  variation  may  be  due  to  the  zinc-plating  process  forming  a
relatively  dense  oxide  film under  corrosive  conditions  [5],  which
provides a certain lubricating effect [11].

Figures  6(c)  and 6(d)  show  the  effects  of  different  load
conditions and various surface treatment processes on the average
friction coefficient under dry and corrosive friction environments,
respectively.  The  results  indicate  that  the  order  of  friction
coefficient  levels  in  the  stable  state  remains  consistent  across  10,
15,  and  20  N  load  conditions.  Further  analysis  reveals  that  the
stable friction coefficient for each process generally decreases with
increasing load. This trend may be attributed to the compression
of  micro  convexities  on  the  surface  as  the  load  increases,  which,
on  the  one  hand,  leads  to  a  reduction  in  surface  roughness  and
frictional  resistance.  On  the  other  hand,  the  larger  load  during
continuous  friction  increases  the  frictional  heat  of  the  material’s
surface, resulting in softening of the base material and an increase
in  the  real  contact  area.  The  combined  effects  of  decreased
tangential resistance and increased real contact area contribute to
the reduction in the friction coefficient.

On  the  basis  of  the  analysis  of Fig.  6,  the  order  of  friction
coefficient  grades  for  different  surface  treatments  is  as  follows:
Pb > Pc > Pd > Zs > Ra 6.3 > Ra 3.2 > Ra 1.6 > Zp. According to
previous studies [5], the reason for the highest friction coefficient
of Pb is the combined effect of high roughness and high hardness.

3.2  Surface morphology and wear
Figure 7 shows the effects of different loads and surface treatment
processes  on  the  wear  morphology.  The  results  show  that  the
surfaces  of  the  samples  exhibited  varying  degrees  of  plastic
deformation,  with  abrasive  chip  accumulation  observed  at  the
ends  of  the  wear  marks  [32].  A  comparison  of  the  surface
morphology  during  the  machining  process  (Ra 1.6–Ra 6.3)
revealed  that  the  surface  hardness  increased  after  machining  [6],
making  it  difficult  to  remove  machining  marks  during  the  wear
process.  The  greater  the  surface  roughness  is,  the  deeper  the
machining  marks.  Owing  to  the  reduced  amount  of  abrasive
debris generated during the wear process, which is dominated by
the  effect  of  the  friction  pairs,  the  wear  marks  formed  on  the
machined surface are relatively flat and predominantly exhibit V-
shaped characteristics.

As  shown  in Fig.  7,  the  width  and  depth  of  the  wear  marks
from  the  zinc-spraying  process  are  greater  than  those  from  the
zinc-plating  process,  particularly  in  corrosive  media.  Notably,
compared with those in the machining process, the bottoms of the
wear marks in these two coating processes  exhibit  a  pronounced
microconvex  phenomenon.  This  may  be  due  to  the  abrasive
debris  dislodged from the coating during the  wear  process  being

pushed  to  the  sides  of  the  wear  marks,  causing  concentrated
friction at the edges and resulting in reduced friction in the central
part  of  the  wear  mark,  which  leads  to  the  formation  of  a
microconvex structure. The same phenomenon is observed in the
paint-spraying process.

Compared with the other processes, the paint-spraying process
results in a complex and variable wear profile curve, indicating an
uneven  microconvex  structure.  With  the  exception  of  Pb,  the
widths of the wear marks for the other two paints are larger, and
the edges of the wear marks show a vertical downward trend. This
may be due to the adhesive action that causes the paint to peel off
in  chunks  during  the  wear  process.  Compared  with  those  of  Pc
and Pd,  the  surface  characteristics  of  Pb are  bumpy.  This  can be
attributed  to  the  fact  that  Pb  is  more  viscous  and  forms
undulating pits during the spraying process. These pits lead to an
uneven distribution of friction, exacerbating the unevenness of the
surface and contributing to its higher friction coefficient.

In addition, during the wear process, Pc and Pd exhibit varying
degrees of flaking around the wear marks. Notably, for Pc, under
dry friction conditions, the loads of 10 and 15 N do not result in
any obvious flaking. However, under a load of 20 N, a small area
of  flaking  of  the  lacquer  layer  appears  on  the  surface,  which
becomes even more pronounced under the influence of corrosive
media,  causing  the  lacquer  to  collapse  around  the  wear  marks.
This  phenomenon indicates  that  Pc  is  not  suitable  for  use  under
larger load conditions and that both Pc and Pd are not suitable for
prolonged exposure to a corrosive environment.

Figure 8 compares the changes in the wear amount for different
surface  treatment  processes  under  dry  and  corrosive  friction
conditions.  For  the  transmission  connection  friction  pairs  of
offshore  wind  turbine  main  shafts,  the  classical  surface  coating
primarily  utilizes  the  zinc-spraying  process,  with  the  amount  of
wear caused by zinc-spraying serving as a reference in this study.
The  dry  friction  conditions  are  shown  in Fig.  8(a).  Quantitative
analysis  reveals  that  the Ra 1.6  surface  exhibits  the  best  wear
resistance,  with  only  5.00%  of  the  wear  occurring  during  zinc
spraying.  The Ra 3.2  and Ra 6.3  surfaces  also  demonstrate  good
wear resistance,  with wear amounts of 8.90% and 11.50% for the
zinc-sprayed  samples,  respectively.  Zinc  plating  accounts  for
38.20%  of  the  wear  caused  by  zinc  spraying,  which  is  not  as
effective  as  the  machining  process  but  still  performs  reasonably
well  among  the  coating  processes.  The  paint-spraying  processes
(Pb, Pc, and Pd) yield variable results, with the wear resistance of
Pb being the best, the wear amount is only 23.80% that of the zinc
spraying  process,  and  the  wear  amount  is  reduced  by  76.20%,
whereas  Pc  and  Pd  demonstrate  relatively  poor  wear  resistance.
Notably, Pc has the worst wear resistance, with a wear amount as
high as 55.70% for zinc spraying.

The test data indicate that the zinc-spray process results in the
greatest  amount  of  wear.  This  phenomenon  is  primarily  due  to
the  thicker  coating  formed  by  the  zinc-spraying  process  and  the
uneven coating layer on the surface [33]. Compared with the zinc-
spray  process,  the  smoother  surface  texture  and  lower  friction
coefficient of the zinc-plating process are key factors contributing
to  its  lower  degree  of  wear.  Additionally,  the  machining  process
results  in  the  least  amount  of  wear,  which  is  attributed  to  the
hardened  layer  produced  during  machining  and  its  low  friction
coefficient. In contrast, the paint-spraying process (Pb), despite its
high  friction  coefficient,  results  in  less  wear  than  both  the  zinc-
spraying and zinc-plating processes  do.  This  can be attributed to
its  higher  surface  hardness  and  the  synergistic  effect  of  zinc
powder and paint adhesives.

Figure  8(b)  shows  the  relationships  among  the  wear  amount,
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Fig. 7    Wear morphology and wear profile curves for different loads and surface treatment processes.
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different  loads,  and  various  surface  treatment  processes  under
corrosive  conditions.  Similarly,  the  amount  of  wear  during  the
zinc-spraying  process  under  a  15  N  load  is  taken  as  a  reference.
The quantitative  analysis  revealed that  the Ra 1.6  surface  exhibits
the  best  wear  resistance,  with  only  14.08%  of  the  wear  amount
during the zinc-spraying process. This is followed by Ra 3.2 and Ra
6.3, with wear amounts of 23.79% and 31.25% of the zinc-spraying
wear amount,  respectively.  The wear amount for the zinc-plating
process  is  29.04%  of  that  of  the  zinc-spraying  process.  The  wear
amount  of  Pb  is  51.90%  that  of  zinc-spraying,  whereas  the  wear
amount  of  Pd  is  76.23%  that  of  zinc-spraying.  Pc  exhibits  the
worst  wear  resistance,  with  a  wear  amount  as  high  as  215.22%
after  zinc  spraying,  which  is  consistent  with  dry  friction
conditions.  Analysis  indicates  that  the  influence  of  corrosive
media leads to significant flaking and paint ulceration of Pc, which
contributes to the noticeable increase in the amount of Pc worn in
the corrosive environment.

Figure  9 shows  the  effects  of  corrosive  media  on  the  wear
amount of different surface treatment processes. The results show
that  the  wear  amount  of  Pc  in  corrosive  media  significantly
increases by 60% to 100% compared with that under dry friction
conditions.  This  phenomenon is  primarily  due to  surface  flaking
and the fouling of Pc in the corrosive environment. In contrast, Pb
is more stable under corrosive conditions, with wear changing by
only  3.60%  to  13.10%  compared  with  dry  friction.  Additionally,
the corrosive medium negatively affects Ra 1.6, Ra 3.2, Ra 6.3, and
Pb  (10  N),  as  well  as  Pc  and  Pd.  Specifically,  under  corrosive
conditions,  the  degree  of  wear  of  these  processes  is  greater  than
that under dry friction conditions.

Although the data in Fig. 6 suggest that the friction coefficients
decrease  in  corrosive  environments,  one  might  expect  the  wear
amount  to  be  reduced  as  well.  However,  the  results  show  the
opposite  trend,  indicating  that  the  effect  of  corrosion  outweighs
the  benefits  of  reduced  friction  coefficients.  For  the  zinc-plating,
zinc-spraying,  and  Pb  (15,  20  N)  processes,  the  corrosive  media
exhibit  a  positive  effect,  as  the  wear  amount  decreases  compared
with  that  of  dry  friction  conditions.  This  suggests  that  the
reduction  in  the  friction  coefficient  contributes  more  to  the
increase  in  wear  resistance  than  does  the  negative  impact  of  the
corrosive  media.  Therefore,  the  zinc-plating,  zinc-spraying,  and
Pb  (15,  20  N)  processes  can  maintain  a  good  level  of  wear
resistance in a corrosive environment.

According  to  the  analysis  of Figs.  8 and 9,  on the  basis  of  the
different surface treatment methods of the friction pairs, the order
of the wear resistance levels is as follows: Ra 1.6 > Ra 3.2 > Ra 6.3 >
Zp > Pb > Pd > Zs > Pc.

3.3  Electrochemical analysis
Since offshore wind turbines work in high salt spray and corrosive

marine  environments,  this  study  also  stimulates  the  seawater
environment  and  analyzes  the  effects  of  different  surface
treatment processes on the change in the OCP of metal samples in
a  simulated  seawater  environment  in  detail.  The  test  results  are
shown  in Fig.  10.  The  OCP  test  is  first  performed  before  the
friction  test  to  ensure  the  stability  of  the  surface  potential  of  the
sample. The OCP measured during friction represents the mixed
potential of the unworn and worn areas.

The  OCP  is  an  important  parameter  for  evaluating  the
oxidation resistance and corrosion tendency of metallic materials.
According  to  previous  studies  [34, 35],  a  higher  OCP  of  metal

 

Fig. 8    Comparison of the wear amounts for different loads and different surface treatment processes: (a) dry friction conditions and (b) corrosive friction conditions.

 

Fig. 9    Wear  amount  change  rates  before  and  after  corrosion  with  different
surface treatment processes.

 

Fig. 10    Variation curves of OCP for different surface treatment processes.
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indicates  that  it  is  less  susceptible  to  oxidation  reactions  in  its
natural state and shows a lower tendency to corrode. Conversely,
when the OCP is  low, the metal  is  more susceptible to oxidation
reactions and tends to corrode more readily.

The test results show that the OCP in the balanced area of the
machining  process  (Ra 1.6–Ra 6.3)  is  stable  at  approximately
−0.55 V, and the OCP of Ra 6.3 is lower than those of Ra 1.6 and
Ra 3.2.  This  suggests  that  the  anticorrosion  properties  of  the
machining  process  are  affected  by  different  surface  roughness
levels. The higher the roughness is, the lower the OCP, indicating
a  greater  tendency  toward  corrosion  and  weaker  anticorrosion
performance. The anticorrosion levels are ranked as Ra 1.6 > Ra 3.2 >
Ra 6.3.

The  OCP  in  the  balanced  area  of  the  zinc-spraying  and  zinc-
plating  processes  is  relatively  consistent,  remaining  stable  at
approximately −1  V,  indicating  that  the  anticorrosion  properties
of the samples treated by these two processes are not significantly
different. However, there is a notable difference in the OCP of the
paint-spray process, with the OCP values for Pb, Pc, and Pd being
−0.72, −0.78,  and −1 V, respectively.  These findings indicate that
the  type  of  paint  has  a  greater  effect  on  the  anticorrosion
properties  of  the  samples.  The  anticorrosion levels  for  the  paint-
spraying process are ranked as Pb > Pc > Pd.

After the OCP stabilizes for 20 min, a load is applied for sliding
friction.  The  test  data  show  that  the  OCP  of  the  wear  region
decreases  sharply.  This  occurred  because  the  applied  load
destroyed  the  original  passivation  film  on  the  sample  surface,
exposing  the  fresh  active  surface  to  the  corrosive  solution  and
triggering  galvanic  coupling  corrosion.  Moreover,  damage  to  the
passivation  film  increases  the  anodic  reaction,  causing  the
surrounding surfaces to undergo organizational polarization [36].
As  wear  intensifies,  the  OCPs  of  the  other  processes,  with  the
exception of the spray painting process, slowly decrease. This may
be  due  to  continuous  friction  increasing  the  active  area  of  the
worn track, leading to an electric potential imbalance and causing
changes in the OCP.

For  the  paint-spraying  process,  after  an  initial  decrease  to  a
specific  value,  the  potential  tends  to  increase  as  wear  continues.
This  indicates  that  during  the  wear  process,  the  rate  of  fresh
surface production on the coating is lower than the rate of surface
passivation,  and  the  passivation  film  plays  a  role  in  corrosion
prevention.  Especially  for  Pb,  during  the  wear  process,  its  OCP
decreases and quickly recovers, indicating that the passivation film
of  this  coating  has  good  self-healing  ability,  making  the  surface
more  stable  and  less  prone  to  oxidative  corrosion.  The  potential
change  results  from  the  dynamic  equilibrium  between  the
destruction  and  repair  of  the  passivation  film  on  the  sample
surface  [37].  After  the  end of  sliding  friction,  each sample  enters
the passivation area, and the OCP increases rapidly within a short
period,  reaching  a  relatively  stable  state  due  to  the  repassivation
reaction occurring on the surface of the sample.

In this study, after different surface treatments, the equilibrium
potentials  of  the  samples  are  highest  for  the  machining  process,
followed  by  the  paint-spraying  process  and  zinc-coating  process
(zinc spraying and zinc plating). Both the paint-spraying and zinc-
coating processes are based on zinc powder. Since the OCP of zinc
is  more  negative  than  that  of  steel,  after  coating  treatment,  zinc
will  form  a  more  negative  anodic  potential  on  the  steel  surface.
Therefore,  in  a  corrosive  environment,  these  coatings  are  more
likely  to  corrode,  thereby  protecting  the  steel  base  material  from
corrosion. Although the surfaces of the machining process exhibit
high  OCPs  and  theoretically  have  a  lower  tendency  to  corrode,
offshore  wind  turbines  are  subjected  to  extreme  conditions  such

as  high  salt  spray,  high  humidity,  and  corrosive  atmospheres,
which increase the susceptibility of  the base material  to oxidative
corrosion.  This can potentially lead to the failure of  transmission
components;  therefore,  treating  friction  pairs  with  machining
alone will not be sufficient to provide long-term protection.

3.4  Wear mechanism
As shown in Fig. 11(a), the oxygen (O) atom content in the Ra 1.6
abrasive chip accumulation area is greater than that in the abrasive
scar  area.  This  may  be  due  to  the  base  material  reacting  with
oxygen  atoms  in  the  air  during  the  wear  process,  forming  fine
oxides.  With relative motion,  these fine oxides accumulate at  the
end  of  the  wear  marks,  resulting  in  oxide  build-up.
Simultaneously, the abrasive particles create fine scratches and pits
in the wear area. This suggests that the main form of wear on the
Ra 1.6  surface  is  abrasive  wear  [38]. Figure  11(b)  shows
phenomena such as plastic tearing, spalling pits, and fine scratches
on the abraded surface of Ra 3.2, possibly due to the formation of
larger wear particles during the wear process. The primary forms
of wear on the Ra 3.2 surface are abrasive grain wear and adhesive
wear [39]. Figure 11(c) indicates that the elemental content in the
area of abrasive build-up on the Ra 6.3 surface is similar to that of
Ra 1.6,  but  the  scratches  are  more  pronounced.  This  may  be
caused by larger  wear  particles  forming during the  wear  process,
leading to plowing and more prominent cutting craters. The main
forms  of  wear  on  the Ra 6.3  surface  are  abrasive  and  adhesive
wear.

The  wear  surfaces  during  the  zinc-plating  and  zinc-spraying
processes are shown in Figs. 11(d) and Fig. 11(e), respectively. The
wear surface of the zinc-plating process clearly exhibits flaking pits
and numerous  wear  particles,  which mainly  consist  of  Zn atoms
and  partially  formed  ZnO  particles.  Additionally,  plowing  and
cracking phenomena occur due to the action of abrasive particles,
so the primary forms of surface wear for the zinc-plating process
are abrasive and fatigued wear [40].  In contrast,  the wear surface
of  the  zinc-spray  process  does  not  exhibit  obvious  spalling  pits,
and the scratches are finer;  however,  numerous cracks and white
oxide  layers  are  present.  Moreover,  during  the  wear  process,  the
oxides are not discharged promptly with relative motion, resulting
in  oxide  bumps.  The  analysis  indicates  that  the  wear  forms  for
both the zinc-spraying and zinc-plating processes are similar.

The ESD images of the wear areas of the paint-spraying process
are  shown  in Figs.  11(f)–11(h).  As  depicted  in Fig.  11(f),  the
surface  of  the  wear  marks  on  Pb  is  relatively  smooth.  The  wear
marks are characterized mainly by plowing, and the primary wear
mechanism  for  Pb  is  abrasive  grain  wear.  In  contrast,  the  wear
surface of Pc clearly exhibits cracks and varying degrees of plastic
tearing, indicating that both the hardness and adhesion of Pc are
poor.  The  main  wear  mechanisms  of  Pc  are  abrasive  wear,
adhesive  wear,  and surface  fatigue  wear.  As  shown in Fig.  11(h),
the wear area of Pd is dominated by Fe, which suggests that most
of the coating has worn off, leaving only a few Zn atomic particles
on the surface, while oxidation of the base material has occurred.
Compared  with  the  other  two  types  of  paint-spraying  processes,
Pd has the poorest adhesion and wear resistance. The main wear
mechanisms  of  Pd  include  abrasive  grain  wear,  adhesive  wear,
surface fatigue wear, and erosive wear.

Figures 12(a)–12(c) show the ESD images of the wear areas of
the  surface  machining  processes  under  corrosive  friction
conditions.  From  the  observations,  it  can  be  concluded  that,
compared  with  dry  friction  conditions,  the  presence  of  corrosive
media results in flatter wear areas, with fine scratches evolving into
more  pronounced  plowing  and  pitting  craters  appearing  to
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varying degrees. Notably, more severe oxide attachment occurs on
the  surface  of Ra 3.2,  forming  oxide  fragments,  and  the  primary
wear mechanisms are abrasive wear and corrosion wear.

As  shown  in Figs.  12(d)  and 12(e),  the  wear  morphologies  of
the  samples  subjected  to  the  zinc-plating  and  zinc-spraying
processes under corrosive conditions are compared. In contrast to
dry friction conditions, the zinc-plating process does not result in
obvious spalling craters, possibly due to a lubrication effect, which
allows  wear  particles  to  be  discharged  from  the  wear  area  more
easily,  preventing  severe  physical  damage.  However,  the  surfaces
of  the  wear  marks  exhibit  more  severe  oxide  build-up  and
pockmarks. For the zinc-spray process, the corrosive environment
leads  to  the  formation  of  a  white  oxide  layer,  which  is  more
pronounced  than  that  under  dry  friction  conditions,  and  the

surface displays more pitting.  The primary wear mechanisms for
both  the  zinc-spraying  and  zinc-plating  processes  are  abrasive
wear and corrosive wear.

Figures 12(f)–12(h) show the ESD images of the wear areas of
the paint-spraying process under corrosive conditions. Figure 12(f)
shows  that,  due  to  the  corrosive  medium,  flaking  occurs  on  the
surface of Pb, and both the flaked area and the normal wear area
appear  as  fault  zones.  At  the  same  time,  the  normal  wear  area,
similar  to  the  dry  friction  conditions,  exhibited  plowing  and
microcracks  but  formed  more  lumpy  oxidized  regions  with  a
darker surface color. Through analysis, it can be observed that the
wear forms of Pb are primarily abrasive wear, surface fatigue wear,
and  corrosion  wear.  From  the  analysis  of  the  elemental  content
map on the surface of the wear marks, it is evident that the Pc and

 

Fig. 11    ESD scanning images of different surface treatment processes and distributions of important elements under dry friction conditions with a 15 N load.
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Pd  processes  experience  large  areas  of  spalling  during  wear.  The
wear surfaces show large spalling craters, accumulation of internal
abrasive debris, prominent oxide layers, and cracks. Therefore, the
main wear forms of  Pc and Pd are abrasive wear,  surface fatigue
wear, corrosion wear, and erosive wear.

3.5  Wear resistance and anticorrosion mechanism
The  wear  resistance  and  anticorrosion  mechanisms  of  the
different  surface  treatment  processes  are  illustrated  in Fig.  13.  In
terms of  tribological  properties,  surface hardness,  roughness,  and
abrasive debris are key factors influencing the wear resistance of a
material. A high-hardness surface effectively resists external forces,
reducing  plastic  deformation  and  material  spalling,  thus
minimizing  wear.  The  micro-protrusions  on  surfaces  with  high
roughness,  when  subjected  to  concentrated  loads,  lead  to  an

increase  in  local  contact  stresses,  which  accelerates  the  plastic
deformation and fracture of the material, resulting in more severe
wear. Furthermore, abrasive particles, such as hard debris, form a
three-body wear mechanism with friction pairs, causing increased
microcutting, plowing, and surface scratches, thereby intensifying
the wear process [41].

The  machining  process  achieves  optimal  wear  resistance  by
increasing the hardness of the base material [6]. According to the
hardness  results  in Fig.  4,  the  hardness  values  of Ra 1.6  to Ra 6.3
are  similar.  Combined  with  the  wear  statistics  in Fig.  8,  it  is
evident  that  the  difference  in  wear  resistance  among  the  various
machining processes primarily depends on surface roughness. The
lower the roughness is, the less wear occurs, leading to better wear
resistance.  The surface  hardnesses  of  the  zinc-spraying and zinc-
plating  processes  are  similar;  however,  the  sprayed  surface  is

 

Fig. 12    ESD scanning images and distribution of important elements of different surface treatment processes under corrosive friction conditions with a 15 N load.
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uneven  and  has  greater  roughness,  whereas  the  electroplated
surface is smoother and has lower roughness,  resulting in poorer
wear resistance for zinc-spraying. The wear resistance of the paint-
spray  process  mainly  depends  on the  type  of  adhesive  used.  The
adhesives in Pc and Pd are predominantly Al2O3 and SiO2, which
generate  a  significant  amount  of  hard  abrasive  debris  during  the
wear  process.  This  abrasive  debris  forms  a  three-body  wear
mechanism  with  friction  pairs,  resulting  in  poor  wear  resistance
for  Pc  and Pd.  In  contrast,  the  adhesive  in  Pb  is  primarily  ZnO,
which  works  synergistically  with  Zn  powder,  producing  less
abrasive debris  and forming a micro/nanoparticle  self-lubricating
mechanism  [42],  thus  enhancing  the  wear  resistance  of  the
coating.

In  terms  of  anticorrosion,  the  protection  of  the  base  material
surface  is  effectively  enhanced  by  sacrificial  anodes.  Zinc,  as  an
active  metal,  preferentially  reacts  in  corrosive  environments  and
forms  a  dense  oxide  layer  (passivation  film)  that  isolates  the
corrosive  medium,  providing  protective  benefits.  The  zinc-
spraying,  zinc-plating,  and  paint-spraying  processes  all
significantly  reduce  the  corrosion  rate  of  the  base  material.
Additionally,  under  corrosive  conditions,  Pb  undergoes  an
oxidation  reaction,  generating  ZnO  from  Zn2+,  which  promotes
the redeposition and recrystallization of the ZnO adhesive, thereby
forming  a  self-healing  mechanism  for  the  passivation  film.  The
passivation  protection  capability  of  the  Pb  passivation  film  is
stronger than that of other coatings, leading to a rapid increase in
potentiometric  equilibrium,  which  reduces  the  occurrence  of
corrosion reactions and enhances anticorrosion performance.

As  shown  in Table  2,  to  determine  the  optimal  surface

treatment  process,  the  recommended  order  for  treating  the
transmission  connection  friction  pairs  of  offshore  wind  turbine
main  shafts  is  presented.  This  order  integrates  the  wear
morphology, friction coefficients, wear amounts, changes in wear
rates  before  and  after  corrosion,  electrochemical  properties,  and
wear mechanisms identified from the friction-wear tests: Pb > Zs >
Pc > Pd > Zp > Ra 1.6 > Ra 3.2 > Ra 6.3.

The  machining  process  (Ra 1.6–Ra 6.3)  results  in  good  wear
resistance;  however,  its  friction  coefficient  and  anticorrosion
properties  are  lacking.  Therefore,  it  is  not  advisable  to  rely  solely
on  machining  for  the  surface  treatment  of  the  transmission
connection  friction  pairs.  The  wear  resistance  of  zinc  plating  is
comparable to that of machining, but its lower friction coefficient
fails  to  meet  the  operational  requirements  for  transmitting  large
torques  in  wind  turbines,  making  it  unsuitable.  Additionally,  Pc
and Pd are not recommended as surface coatings for friction pairs
because  of  their  poor  adhesion,  shear  resistance,  and  significant
flaking  under  corrosive  conditions,  leading  to  inadequate  wear
resistance.  In contrast,  Pb not  only has a  high friction coefficient
that  meets  the  requirements  for  large  torque  transmission  in
offshore  wind  turbines  but  also  offers  good  wear  and  corrosion

 

Fig. 13    Wear resistance and anticorrosion mechanisms of different surface treatment processes.

 

Table 2    Order of friction behavior levels

Behavior Preferred grade order

Friction coefficientPb ＞ Pc ＞ Pd ＞ Zs ＞ Ra 6.3 ＞Ra 3.2 ＞Ra 1.6 ＞ Zp

Wear-resistance Ra 1.6 ＞Ra 3.2 ＞Ra 6.3 ＞ Zp ＞ Pb ＞ Pd ＞ Zs ＞ Pc

Anti-corrosion ≥Pb ＞ Pc ＞ Zp  Zs ＞ Pd ＞Ra 1.6 ＞Ra 3.2 ＞Ra 6.3
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resistance.  Considering  the  environmental  pollution  associated
with the zinc-spraying process, the use of Pb instead of traditional
zinc-spraying  as  the  preferred  coating  for  the  transmission
connection  friction  pairs  of  offshore  wind  turbine  main  shafts  is
recommended.

4  Wear prediction

4.1  Theoretical model of ball-and-disc wear
Considering  the  poor  anticorrosion  properties  of  the  machining
process,  this  study  focuses  on  the  wear  prediction  of  coating
processes,  including  zinc  spraying,  zinc  plating,  and  paint
spraying.  Through  the  analysis  of  the  wear  mechanisms  of  these
coating  processes,  the  main  wear  forms  of  the  friction  pairs  are
identified  as  abrasive  wear,  adhesive  wear,  fatigue  wear,  and
corrosion wear.

The presence of  a  certain degree of  roughness on the material
surface  of  the  friction  pair  indicates  that  the  real  contact  area  is
smaller  than  the  nominal  contact  area.  From  the  microscopic
perspective of abrasive wear, adhesive wear, and fatigue wear, each
micro  convexity  influences  the  macroscopic  wear  behavior.  The
size and distribution of the real contact area play a decisive role in
wear.  As wear progresses,  the real contact area changes,  resulting
in  changes  in  the  contact  pressure.  Therefore,  the  theoretical
model  of  ball‒disc  wear  is  established  by  considering  that  the
contact of the friction pair surfaces occurs on conical microconvex
surfaces  of  their  respective  unique  height h,  cone‒bottom
diameter 2r, and same cone‒bottom angle θ, whereas the number
of  contacts  at  the  contact  points  on  each  of  the  contact  surfaces
under consideration is n,  and each of these microconvex surfaces
forms a conical wear chip as it slides.

On the basis of the above, the geometric relationship gives the
microconvex  height h  =  rtanθ;  the  smoother  the  surface  is,  the
smaller  the θ angle  and  the  smaller  tanθ is.  The  load  on  each
contact point is w = Πr2σs, where σs is the yield strength. The total
wear  amount V and  total  load W can  be  expressed  as  Eqs.  (1)
and (2) [43]:

V= Lq (1)

W= ∑w= nπr2σs (2)

where L is the sliding distance of the conical microconvex and q is
the volumetric wear rate of a microbump over a distance of 2r in
diameter at the base of the cone.

When the sliding distance is  2r,  the volume Δv of  the sheared
conical microconvex and the volumetric wear rate q are as Eqs. (3)
and (4) [44]:

Δν = 1/3πr2h (3)

q= Δν/2r= πrh/6 (4)

The  total  amount  of  wear V at  a  distance  of  sliding L is  as
Eq. (5):

V= Lq= ∑πrhL/6= nπLr2 tanθ/6 (5)

From  Eqs.  (2)  and  (5),  the  total  amount  of  wear V about  the
load at the sliding L distance can be obtained (Eq. (6)):

V= L∑n

0
q= nπLr2 tanθ/6=WL tanθ/6σs (6)

Here, the yield strength σs is replaced by the material hardness

H,  assuming  that H = k0σs. k0 is  the  scale  factor  of  material
hardness and yield strength. Then, Eq. (6) can be changed to Eq. (7):

V= L∑n

0
q= nπLr2 tanθ

6
=

WL
6k0H

tanθ (7)

In  the  actual  friction-wear  process,  the  microconvex  contact
does not always produce abrasive debris;  thus,  it  can be assumed
that  the  microconvex  contact  with  probability  constant k1
produces abrasive debris. Moreover, in the friction corrosion test,
the addition of corrosive media affects the amount of wear, so the
corrosion coefficient  is  introduced to represent the impact  of  the
corrosive  media  on  the  degree  of  wear.  Assuming  that  the
corrosion wear coefficient is kc, then:

V= k1kcL∑n

0
q= k1kc

nπLr2 tanθ
6

= k1kc
WL
6k0H

tanθ (8)

For  the  convenience  of  data  processing  and  simulation
calculations,  all  the coefficients  are simplified to wear coefficients
K, which can be obtained as

V= k1kc
WL
6k0H

tanθ = KWL
H

(9)

The  wear  coefficient K is  related  mainly  to  the  surface
roughness,  surface  conditions  of  the  material,  and  corrosive
media; under dry friction conditions, the corrosive wear factor kc
does not contribute to the volumetric wear, so it can be assumed
that kc =  1,  and  the  wear  coefficients  under  dry  and  corrosive
friction conditions are K1 and K2, respectively.

Equation  (9)  is  consistent  with  the  form  of  the  ARCHARD
adhesive  wear  theory  model  [45].  To  simulate  the  evolution
process  of  the  contact  surface  with  wear  time,  it  is  necessary  to
identify the wear depth at each contact node of the contact surface
of the finite element model and convert the wear amount into the
wear depth. When the contact area ΔA and the time increment dt
are  infinitesimal,  the  differential  form  can  be  expressed  as
Eqs. (10) and (11):

dV= Adh= KW
H

dL=
KP
H

νdt (10)

dh= KP
H

vdt (11)

where dh is the wear depth in dt time, A is the real contact area, P
is the contact pressure, and v is the sliding speed.

During  wear  simulation,  the  need  for  constant  iterative
computation  results  in  a  large  time  increment,  so  the
computational  efficiency  can  be  improved  by  using  appropriate
incremental  techniques.  An  automatic  variable  increment
technique is used here after considering the threshold wear depth
for  the  maximum  allowable  local  wear  increment,  i.e.,  the  wear
depth  is  calculated  on  the  basis  of  the  current  increment  time
automatically  selected  by  the  finite  element  software.  If  the  wear
depth is  greater  than a  predefined threshold,  the  algorithm stops
the  current  increment  and  uses  it  to  select  another  increment
time.  The  local  wear  depth  for  increment i is  obtained  from
Eq. (11):

dhi =
KP
H

vdti (12)

Considering  dhmax as  the  maximum  permissible  local  wear
increment, dhi must be less than dhmax. If dhi ＞ dhmax, then dhi =
dhmax. Therefore, the new increment time dtin is as Eq. (13):
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dtin = dti
dhmax

dhi
(13)

As  the  contact  surface  wears,  the  real  contact  area  changes,
resulting  in  the  contact  pressure  also  changing.  Therefore,  a
sufficient  number  of  increments  must  be  considered  to  obtain  a
more  realistic  wear  model,  and  the  total  wear  depth  for  the ith
increment is as Eq. (14):

hi = hi−1+dhi = ∑i−1

0

KP
H

vdt+ KP
H

vdti (14)

where hi is  the  total  wear  depth  of  the  ith  increment, hi−1 is  the
total wear depth of the ith increment, and dhi is the wear depth of
the current increment.

4.2  Finite element modeling and analysis of results
A  ball-disc  model  is  established  via  ABAQUS  finite  element
software,  and  several  steps,  such  as  material  setting,  load
application,  boundary  condition  setting,  and  meshing,  are
completed.  The  3D  assembly  model  is  shown  in Fig.  14(a).  To
simulate  the  wear  process  more  accurately,  the  ALE  adaptive
mesh  technique  is  introduced.  As  shown  in Fig.  14(b),  the  total
number  of  grids  is  44,160,  with  the  size  of  the  mesh  refinement
area  meeting  the  requirements  of  2  mm ×  10  mm ×  3  mm;  the
number  of  grids  in  this  area  is  9,600.  Real-time  updating  of  the
model mesh through the created ALE adaptive mesh is achieved,
ensuring that during the simulation process, the stress is updated
before the amount of  wear for each load increment is  calculated.

Moreover, the UMESHMOTION subroutine is developed, which
is based mainly on the wear theory model of the ball–disc friction
pair proposed in the previous section. Finally, the amount of wear
is measured through testing, and the wear coefficient is calculated
on the basis of the theoretical model.

The  wear  coefficient  considers  the  influence  of  actual  contact
coating surface roughness, the environment, and corrosion on the
amount of wear. The influencing factors are simplified as the wear
coefficient  for  finite  element  calculations,  effectively  solving  the
problem  of  difficult  convergence  of  fluid‒structure  coupling  in
finite  element  simulations  under  corrosive  media  and improving
the calculation efficiency. In the actual test,  the wear time was 40
min.  To  ensure  the  calculation  efficiency  and  accuracy  of  the
simulation,  the incremental  step time is  set  to  24 s,  and the total
wear  depth  is htot =  100  ×  ΔΣh,  which  can  be  obtained  from  a
wear depth of 40 min.

Finite  element  simulation  of  the  wear  depth  is  conducted  via
the  ball-disc  wear  model  established  above,  with  the  wear
direction  set  to  U3.  By  simulating  the  removal  of  material  from
the surface of the coating and measuring the displacement in the
U3  direction  after  wear,  the  depth  of  wear  on  the  surface  of  the
coating  can  be  obtained.  On  the  basis  of  the  arbitrary
Lagrangian–Eulerian  (ALE)  adaptive  grid  and  the
UMESHMOTION  subroutine,  real-time  updates  of  the  contact
pressure  and  wear  depth  are  achieved.  Combined  with  the
simulation step size, the overall wear amount is solved iteratively.

4.2.1  Dry friction conditions

As  shown  in Fig.  15,  under  dry  friction  conditions,  the  wear
amounts  obtained  from  the  finite  element  simulation  compared
with  the  test  wear  amounts  indicate  that  zinc-spraying  has  the
greatest amount of wear, whereas Pb has the smallest amount. The
trends  are  consistent.  Under  the  10  N  loading  condition  for  Pb,
the minimum error between the simulated and test wear results is
0.5%, which indicates that the simulation data can be considered
equivalent  to  the  test  data.  In  contrast,  under  the  10  N  loading
condition for Pc, the maximum error between the simulated and
test results is 5.8%.

 

Fig. 14    3D assembly model with ALE adaptive mesh region.

 

Fig. 15    Test and simulated wear under dry friction conditions.
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4.2.2  Corrosive friction conditions

The  simulation  analysis  for  the  corrosive  friction  conditions  is
based  on  the  same model  as  that  for  the  dry  friction  conditions,
with  the  key  difference  being  the  adjustment  of  the  wear
coefficient.  According  to  the  analysis  of  the  wear  mechanism,
owing  to  the  influence  of  corrosive  media,  the  wear  mechanism
includes  not  only  abrasive,  adhesive,  and  fatigue  wear  but  also
corrosive  wear.  By  analyzing  the  wear  theory  model,  this  study
considers  the  influence  of  corrosive  media  on  wear  through  the
corrosion  coefficient kc.  Then,  according  to  the  specific  situation
in the corrosive environment, the wear coefficient kc is introduced
to adjust the wear coefficient K of the model, and it is written into
the  UMESHMOTION subroutine  to  simulate  the  wear  behavior
of the model under corrosive conditions.

The  specific  data  for  the  corrosive  conditions  are  shown  in
Fig. 16, where it can be observed that for Pc under a 10 N load, the
maximum error of 6.26% is recorded between the simulated and

test  wear.  Notably,  Pc  has  the  maximum error  value  under  both
dry  and  corrosive  friction  conditions.  According  to  the  surface
wear  morphology  in Fig.  7,  during  the  test,  Pc  shows  varying
degrees of paint peeling and festering phenomena, which accounts
for the significant discrepancy between the simulation results and
the  test  results.  Pd  achieves  a  minimum  error  of  0.93%  between
the  simulated  and  test  wear  amounts  at  a  15  N  load.  The
comparison  indicates  that  the  difference  between  the  simulated
and test  wear  is  greater  for  the  corrosive  conditions  than for  the
dry friction conditions, suggesting that the corrosive environment
increases  the  uncertainty  between  the  simulation  and  testing.
Moreover, in establishing the simulation model, the influences of
actual contact surface roughness, the environment, and corrosion
on  the  volume  of  wear  are  considered  through  the  wear
coefficients.  Compared with dry friction conditions,  more factors
influence  the  amount  of  wear  in  corrosive  environments,  which
may  explain  the  significant  error  between  the  simulation  results
and the test results.

 
 

Fig. 16    Test and simulated wear under corrosive friction conditions.
 

In  summary,  under  both  dry  friction  and  corrosive  friction
conditions,  the  maximum  error  in  wear  between  the  finite
element  calculation  and  experimental  test  results  is  only  6.26%,
which verifies the accuracy of the wear theory model, thus guiding
the precise design of transmission friction pairs for wind turbines.

5  Conclusions
Using  the  transmission  connection  friction  pairs  for  the  main
shaft of offshore wind turbines as a case study, the wear resistance
and anticorrosion mechanisms of the friction pairs with different
surface  treatment  processes  are  examined.  The main conclusions
are as follows:

(1)  Interzinc  B  paint  has  comprehensive  friction-wear  and
anticorrosion behavior, among which a rough and high-hardness
surface  increases  the  friction  coefficient  and  ensures  high  torque
transmission requirements. The wear resistance benefits from the
synergistic  effect  of  the  Zn  powder  and  ZnO  adhesive,  which
produces less abrasive debris and forms a micro/nanoparticle self-

lubricating  mechanism.  The  anticorrosion  effect  is  attributed  to
the  self-healing  mechanism  of  the  passivation  film,  where  Zn2+

undergoes oxidation to generate ZnO, promoting the redeposition
and recrystallization of the ZnO adhesive. This self-healing coating
reduces corrosion reactions.

(2) The machining process achieves optimal wear resistance by
increasing the hardness of the base material. The surface hardness
of the zinc-plating and zinc-spraying processes is similar; however,
the  uneven  coating  layer  on  the  zinc-spraying  surface  leads  to
reduced  wear  resistance.  The  adhesives  Al₂O₃  and  SiO₂  in  the
paints  of  brands  Hempel  C  and  Interzinc  D  form  a  three-body
wear  mechanism  with  friction  pairs,  resulting  in  poor  wear
resistance for both paints.

(3) Instead of the classical zinc-spraying process, paint from the
brand Interzinc B is recommended as the coating material for the
transmission  connection  friction  pairs  of  offshore  wind  turbine
main  shafts.  This  coating  not  only  meets  the  high  friction
coefficient requirements of friction pairs but also results in better
wear resistance and anticorrosion properties.
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(4) To predict coating wear, a theoretical ball‒disc wear model
with dynamic changes in the contact area during the wear process
is  established.  The  wear  amounts  of  different  coatings  under  dry
and  corrosive  friction  conditions  are  dynamically  simulated  via
finite  element  secondary  development.  The  maximum  error
between  the  comparative  test  results  is  controlled  at  6.26%,
verifying the feasibility of the theoretical wear model.
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