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ABSTRACT: Studies  have  focused  on  the  significant  impact  of  contact
wire  damage  on  the  abnormal  wear  of  pantograph  contact  strips.
Initially,  on  the  basis  of  field  data  analysis,  the  most  common  types  of
contact  wire  damage  were  identified.  The  experiments  and  wear
performance analysis of contact strips in contact with damaged contact
wires were subsequently conducted at high and low humidities. Finally,
correlation  analysis  was  employed  to  explore  the  influence  of  various
factors  on  strip  wear  performance.  The  results  indicate  that  excessive
wear  occurs  on  the  contact  strip  with  the  pitted  contact  (PC)  wire,
particularly  under  low  humidity,  where  the  strip  wear  rate  is  2.2  times
greater than that of the contact strip with the normal contact (NC) wire.
While in contact with a PC, the primary wear mechanisms of the contact strip include material transfer and arcing ablation under
high  humidity  but  involve  material  transfer,  arcing  ablation,  and  microcutting  under  low  humidity.  Correlation  analysis  revealed
that  under  low  humidity,  the  parameters  related  to  PC  had  the  greatest  impact  on  the  wear  rate  of  the  contact  strips,  with  a
significant  increase  in  the  mechanical  wear  proportion.  On  the  basis  of  these  findings,  both  contact  wire  damage  and  reduced
humidity contribute to more severe abnormal wear of the contact strip, with the influence of PC conditions being more excessive
than that of reduced humidity on wear performance.
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1  Introduction
The pantograph and catenary system (PCS) is  the only means of
energy  collection  for  electrified  trains  and  is  one  of  the  key
subsystems  for  ensuring  safe  and  stable  train  operations.  In
contemporary  electrified  railway  systems,  the  primary  structures
of  the  train  current  collection  include  an  overhead  flexible
catenary, a rigid catenary, and contact rails. The rigid catenary has
become  the  preferred  choice  for  urban  rail  trains  because  of  its
economic benefits and operational conditions [1]. The pantograph
is  mounted  on  the  roof  of  the  train,  and  the  contact  wire  is
arranged in a  sinusoidal  pattern along the centerline of  the  track
to prevent continuous wear at a certain point on the contact strip.
The  pantograph,  under  the  lift  of  vertical  forces,  collects  the
current  transmitted  through  the  contact  strip  by  sliding  contact
with  the  contact  wire,  as  illustrated  in Fig.  1.  The  dynamic
interaction of the PCS is highly complex with high relative sliding
speeds,  resulting  in  excessive  wear  of  the  contact  surface,  which

greatly increases the operational and maintenance costs as well as
the  risks  associated  with  train  operations.  Therefore,  research  on
the evolution of contact pair wear performance and its impact on
the dynamic interaction of the PCS after contact wire damage has
become urgent.

The  wear  performance  of  contact  pairs  is  influenced  not  only
by their intrinsic properties but also by the tribological system and
its specific structure and wear mechanisms [2−4]. The contact pair
of  the  PCS  operates  under  high  sliding  speeds  and  excessive
current  densities  over  extended  periods,  resulting  in  numerous
factors  affecting  wear  performance;  notably,  as  previously
mentioned, the tribological system and its specific structure have a
more  pronounced  impact.  According  to  current  research,  the
influencing factors can be categorized into four main types: system
structure  and  materials,  service  environment,  contact  interface
characteristics,  and  operating  parameters.  A  critical  aspect
concerns  the  structure  and  materials  of  the  PCS,  which  includes
the material properties of the contact pair [5−9], the stiffness and
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mass of the components [10], the length and diameter of the rods
[11], the unevenness of the contact wire [12], and the arrangement
of  the  contact  wire  stagger  values  [13, 14].  Ongoing  field
monitoring  and  in-depth  research  have  gradually  revealed  the
influence  of  humidity,  given  the  complex  and  variable  railway
environment encountered during train operations, such as sudden
adverse  weather,  altitude  pressure  variations,  and  fluctuations  in
environmental  temperature  and  humidity  [15−18].  In  research
addressing  the  sliding  friction  behavior  of  contact  pairs  under
various  humidity  levels,  Moberly  and  Johnson  [19]  conducted
targeted  experiments  on  carbon  brushes,  identifying  the  critical
humidity  level  that  leads  to  catastrophic  wear  of  the  brushes.
Building on this,  Hu et al.  [20] performed tests under conditions
of  both  high  and  low  humidity  relative  to  this  critical  humidity
and  discussed  the  reasons  for  excessive  wear  of  the  carbon
brushes, attributing it to the difficulty in forming a cuprous oxide
protective  film  under  low  humidity  conditions.  Furthermore,
ongoing  research  has  also  demonstrated  that  environmental
humidity  significantly  affects  the  contact  resistance,  friction
coefficient, arcing energy, and even the wear mechanism [21, 22].
This leads to contact surface damage and affects the dynamic and
tribological  properties  of  the  material,  which  causes  abnormal
contact pair wear [23]. Therefore, to address the issue of changes
in  the  contact  state,  Ren  et  al.  [24]  investigated  the  wear
performance  of  contact  pairs  under  different  damage  forms,
namely,  normal,  pitted,  and  oblique  contact  wires.  The  results
showed  that  the  oblique  contact  wire  results  in  the  most  severe
deterioration  in  wear  performance  due  to  increased  electrical
wear. On the other hand, understanding the evolution of the wear
performance  of  the  contact  pair  under  different  operational
parameters  is  crucial,  as  it  directly  impacts  maintenance  and
parameter  adjustments.  These  adjustments  include  variations  in
the  operating  speed  [25−27]  and  static  normal  force  [28−33],
which affect both electrical and mechanical wear [1].

Through the aforementioned investigations and prior research
analyses,  a  significant  correlation  between  environmental
humidity  and  the  occurrence  of  abnormal  wear  was  found,  and
detailed  experiments  and  discussions  were  conducted.  However,
current  studies  rarely  associate  abnormal  wear  with  ambient
humidity.  Furthermore,  the  experimental  conditions  do  not
sufficiently  replicate  actual  operational  scenarios.  For  example,
there  can  be  a  discrepancy  of  5–10  times  in  sliding  speed  and
hundreds  of  times  in  current  density,  which  is  likely  to  lead  to

deviations in wear mechanisms from those observed under actual
conditions.  Additionally,  the  effect  of  actual  contact  pair  damage
on wear performance appears to have been insufficiently studied,
highlighting  a  critical  direction  in  this  research.  In  previous
studies,  the  causes  of  PCS  contact  pair  abnormal  wear  were
preliminarily  investigated,  particularly  concerning  ambient
humidity. It was confirmed that humidity significantly impacts the
wear rate and leads to variations in parameters such as the friction
coefficient  and  contact  resistance,  which  damage  the  surface
profile of the contact strip and contact wire [20−23]. Given that it
is  impractical  to  repair  the  contact  wire  after  every  operation  in
actual  maintenance  and  to  quantify  the  differences  in  the  wear
performance  of  strips  before  and  after  damage  under  varying
environmental humidities, a series of experiments and correlation
analyses  were  carried  out,  which will  enhance  the  understanding
of  the  wear  mechanisms  and  abnormal  wear  evolution  laws  of
PCS  contact  pairs.  Ultimately,  this  research  provides  valuable
insights into the causes of abnormal wear in the PCS and serves as
a  theoretical  basis  for  improving  the  wear  performance  and
dynamic interaction.

The remainder of this paper is organized as follows. In Section
2,  a  data  tracking  analysis  was  conducted,  revealing  a  significant
correlation  between  abnormal  PCS  wear,  environmental
humidity, and contact wire damage, and an experimental scheme
was  carried  out.  In  Section  3,  a  series  of  experiments  were
conducted to replicate contact wire damage under both high- and
low-humidity  conditions.  Additionally,  an  analysis  of  the
performance evolution law and wear mechanisms was performed.
In  Section  4,  a  relational  analysis  was  conducted  to  assess  the
factors  influencing  wear  performance,  comparing  the  effects  of
different  humidities  and  damaged  contact  wires.  Section  5
integrates  the  findings  from  the  previous  sections  to  further
elucidate  the  causes  of  abnormal  wear.  Finally,  the  main
conclusions are summarized in Section 6.

2  Field  tests  of  the  contact  wire  and  test
preparations
This  section  discusses  the  long-term  tracking  results  of  the  wear
rate  on  the  contact  strip  of  the  pantograph,  focusing  on  the
relationship between the  wear  rate  and environmental  humidity/
contact  wire  damage.  It  also  provides  a  statistical  analysis  of  the
types and percentages of damaged contact wires observed during

 

Fig. 1    Sliding friction and current collection diagram of PCS contact pair.
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this  period,  as  well  as  the  design  of  the  experimental  conditions,
which serve as the foundation for this study.

2.1  Field  tests  of  the  contact  wire  and  contact  strip  wear
rates
In  the  past  several  years  of  continuous  monitoring,  a  significant
inflection  point  was  observed  when  the  environmental  humidity
decreased, leading to a sharp increase in the wear rate of the strip,
as  illustrated  in  Condition  1  of Fig.  2.  However,  high  strip  wear
rates  were  also  noted  under  conditions  of  elevated  humidity,  as
shown  in  Condition  2  of Fig.  2.  To  further  investigate  these
phenomena,  detailed  tracking  and  surveys  of  actual  field

conditions  were  conducted. Figure  3 presents  the  macroscopic
surface of  the contact  wire (counterbody of  the strip),  which can
be  categorized  into  five  types  on  the  basis  of  the  observed
conditions.  Types  A–D  represent  four  categories  of  damage,
whereas  Type  E  indicates  a  contact  surface  with  a  well-formed
smooth  oxide  layer.  Following  the  occurrence  of  Condition  2,  a
sampling  statistical  analysis  was  performed  on  the  field  contact
wire surface across several abnormal wear sections (approximately
240  m),  as  shown  in Fig.  4,  where  a  high  percentage  of  severe
surface damage to the contact wire was evident. This suggests that
the abnormal wear observed in Condition 1 likely deteriorated the
contact  wire  surface,  leading  to  significant  impacts  on  the  strip
wear  rate  once  the  damage  accumulated  beyond  a  certain
threshold,  triggering  Condition  2.  Furthermore,  following  this
situation,  further  damage  to  the  contact  wire  surface  occurred
because  of  inadequate  maintenance.  As  the  environmental
humidity  continued  to  decrease,  the  wear  rate  of  the  strip
increased  to  catastrophic  levels,  leading  to  the  emergence  of
Condition 3. Therefore, further research is urgently needed.

2.2  Test preparations and methods
The test uses a pantograph‒catenary contact pair friction and wear
testing  machine.  Figures 5(a) and 5(b) show  the  schematic
diagram and data acquisition system of the machine, respectively.
To  maintain  stable  environmental  humidity,  an  external
environmental  control  room was added to the test  machine,  and
an industrial-grade dehumidifier was used to control the humidity
levels.  An  investigation  and  analysis  of  the  wear  performance  of
subway  lines  in  multiple  locations  revealed  that  the  wear  rate

 

Fig. 2    Tracking results of humidity and strip wear rate.

 

(a) Surface sampling diagram (b) Type A: pitted surface (c) Type B: adhesion copper

(d) Type C: eccentric surface (e) Type D: ablation surface (f) Type E: smooth surface

Fig. 3    Types of contact wire surface damage.

 

Fig. 4    Quantity percentage of contact wire surface damage.
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increases sharply when the humidity drops below 30%. Therefore,
the humidity was maintained at  20%–25% for low humidity and
50%–55%  for  high  humidity  (to  simulate  the  actual  situation)
during  the  tests.  The  wear  volume  of  the  strip  is  determined  by
measuring  the  mass  difference  before  and  after  the  wear  process
via a balance with an accuracy of 0.001 g. The wear rate is defined
as  the  wear  volume  divided  by  the  sliding  distance.  In  the
experiment,  Hall  sensors  are  used  to  measure  the  voltage  and
current. The friction coefficient, current, and voltage are collected
by the data acquisition system and stored in the computer system,
with  a  sampling rate  of  1,000 Hz.  The specific  parameters  of  the
test machine can be found in Ref. [23].

According  to Fig.  4,  the  contact  wires  of  Type  A  exhibit  the
highest  proportion  of  damaged  contact  wires.  Therefore,
experiments  were  conducted  using  Type  A  contact  wires  with
pitted  (PC)  and  normal  contact  (NC)  wires  under  different
humidity conditions. The surfaces of the contact wires used in the
experiments are illustrated in Fig. 6. For the NC, each experiment
involved  sanding  the  contact  wires  both  longitudinally  and
transversely  (relative  to  the  direction  of  rotation)  with  800#  and
1500#  sandpaper  in  sequential  order.  After  each  sanding,  the
surfaces  were rinsed and wiped with 95% alcohol  to remove any
residual  debris  or  foreign  particles.  For  the  PC,  actual  damaged
contact  wires  (Type  A,  as  shown  in Fig.  3)  were  embedded  into
the  test  machine.  The  experimental  conditions  were  designed  to
closely  simulate  actual  operational  scenarios,  with  parameters  set
to a current of 0–300 A, a normal force of 20–40 N, and a sliding
speed of 60–80 km/h, as detailed in Table 1.

The experiments utilized Cu‒Ag alloy contact wires and metal-
impregnated carbon strip samples measuring 135 mm × 30 mm ×
24 mm as the friction pair, both of which are materials employed
in  actual  railway  operations.  The  elemental  compositions  of  the
samples are presented in Tables 2 and 3.

3  Wear  tests  of  strips  that  contact  damaged
contact wires under different humidities
To  investigate  the  effects  of  parameters  such  as  current,  sliding
speed,  and  normal  force  on  the  wear  evolution  law  of  contact
strips  that  contact  damaged  contact  wires,  multiple  sets  of  wear
experiments  were  conducted,  considering  the  influence  of
humidity.  This  section  primarily  compares  the  effects  of  PC and
NC on strip wear performance, as well as the effects of humidity,
which  are  discussed  in  two  separate  subsections.  These  findings
provide  valuable  insights  for  operational  and  maintenance

guidance.  Additionally,  the  differences  in  the  microstructures  of
the strips in contact with PC and NC, as well as the variations in
the  microstructures  under  high- and low-humidity  conditions  in
contact with PC, were compared.

3.1  Experimental results of the wear tests

3.1.1  Evolution law of the wear rate under different humidities

The damaged contact wire observed in the field is  likely to cause

 

(a) Test machine (b) Data acquisition system

Fig. 5    (a) Test machine and (b) data acquisition system. Note: 1. test machine construction frame, 2. variable-frequency motor, 3. contact pairs, 4. insulator, 5. vertical
reciprocating frame, 6. pulley, 7. normal force loading device 8. temperature and humidity detector, 9. mercury, 10. industrial grade dehumidifier, and 11. environmental
room.

 

Fig. 6    Contact wire surface state of test machine.
 

Table 1    Test conditions under high and low humidities

Current (A) 0, 100, 200, and 300
Normal force (N) 20 30 40

Sliding speed (km/h) 60 60 70 80 60

 

Table 2    Chemical composition of the contact wire

Component part Weight (%)
Cu Everything else
Ag 0.08–0.12

Bi ≤ 0.0005

O ≤ 0.003

Others ≤ 0.03

 

Table 3    Chemical composition of the strips

Component part Weight (%)
C 88.3

Cu 11.4

Others ≤ 0.3
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more  excessive  wear  on  the  strip.  The  experimental  results
addressing  this  issue  are  presented  in Fig.  7,  facilitating  a  better
understanding of the wear evolution law.

Figures 7(a)–7(c) show the contact strip wear rates under high
humidity  with  NC  and  PC  as  the  counterbody,  respectively.
Under  identical  operating  parameters,  the  wear  rate  in  contact
with  the  PC  significantly  exceeds  that  in  contact  with  the  NC,
with  the  wear  rate  ranging  from  approximately  1.2  to  1.6,  and
the  absolute  difference  reached  a  maximum  increase  of
174.25×10−4 g/km. Additionally, the wear rate for both conditions
increases rapidly with increasing current due to the Joule heating
effect and tends to increase with increasing sliding speed, which is
attributable  to  the  increase  in  mechanical  and  electrical  wear
caused by vibration. Notably, the wear behavior slightly differed in
response  to  changes  in  the  normal  force  between  the  two
conditions.  In  contact  with  NC,  the  wear  rate  decreases  with
normal  force  due  to  the  reduced  proportion  of  electrical  wear.
Conversely, when the current is 100 and 200 A, a critical point is
observed  at  a  normal  force  of  30  N,  where  the  wear  rate  first
decreases  and  then  increases  with  the  normal  force.  Previous
studies have indicated that the wear performance of contact strips
is influenced primarily by electrical and mechanical wear. At lower
normal forces,  electrical wear dominates,  leading to a decrease in
the wear rate with increasing force. However, as the normal force
continues to rise, a positive correlation between the wear rate and
normal force emerges, driven by the predominance of mechanical
wear [28−31]. In this study, the increased surface roughness of the
PC  contact  wire  increased  the  degree  of  mechanical  wear  of  the
strip. Consequently, a lower normal force is sufficient to reach the
wear rate critical threshold. Thus, the wear rate initially decreases
and  then  increases  with  increasing  normal  force.  Ref.  [31]  has
examined the critical threshold of wear rate changes with normal
force  under  varying  conditions,  highlighting  the  competitive
relationship  between  mechanical  and  electrical  wear  at  different
operating  parameters.  As  the  current  increases,  this  critical
threshold  gradually  increases,  which  explains  why,  at  300  A,  the

wear rate still decreases with increasing normal force. Figures 7(d)–
7(f) present the contact strip wear rates under low humidity with
NC  and  PC  as  counterbodies,  respectively.  Similar  to  a  high-
humidity  environment,  it  is  evident  that  the wear rate  in contact
with  PC  significantly  exceeds  that  in  contact  with  NC  under
identical operating parameters. However, the relationship between
the  wear  rate  and  normal  force  exhibits  a  critical  threshold  only
when  the  current  is  100  A,  specifically  between  20  and  40  N,
which  is  attributed  to  the  increased  proportion  of  electrical  wear
resulting from the PC condition.

Figure  8 shows  the  contact  strip  wear  rate  under  various
humidity  levels.  This  comparison  facilitates  an  analysis  of  how
damage  to  the  contact  wire  influences  the  wear  performance  of
strips under different humidity conditions.

Figures 8(a)–8(f) show the contact strip wear rates with NC and
PC as counterbodies under low and high humidities, respectively.
Under  identical  operating  parameters,  the  wear  rate  under  low
humidity  clearly  significantly  exceeds  that  under  high  humidity,
with the wear rate increasing by a maximum of approximately 2.2
times and the absolute difference reaching a maximum increase of
181.5×10−4 g/km,  which  is  particularly  pronounced  at  higher
currents, leading to significant wear at the contact interface.

3.1.2  Evolution  law  of  the  friction  coefficient  under  different
humidities

The  friction  coefficient  (μ)  of  the  contact  pairs  of  the  contact
interface  primarily  depends  on  the  deformation  components  of
the  microcontact  interacting  at  the  contact  surfaces  (plowing
deformation) and the adhesion components between the adhesion
of the microcontact [3, 34]. In this study, the proportions of these
two  components  further  contribute  to  several  variations  due  to
damage  to  the  contact  wire,  resulting  in  differences  in μ,  as
illustrated in Fig. 9.

Figures  9(a)–9(c)  illustrate  the  evolution  law  of μ under  high
humidity  with  NC  and  PC  as  the  counterbody,  respectively.
Under identical  operating parameters,  the μ that contacts the PC

 

Fig. 7    Evolution law of wear rate under different humidities.
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is consistently lower than that that contacts the NC. Furthermore,
μ, which is in contact with the NC and PC, tends to decrease with
increasing  normal  force,  current,  and sliding  speed,  regardless  of
the humidity level.

The  process  by  which  contact  strips  collect  current  from
contact  wires  is  characterized  as  sliding  electrical  contact  under
high  electrical  load  contact,  which  is  often  accompanied  by

mechanical,  thermal,  and  electrical  effects  (including  electric
sparks  and  arcing).  As  the  normal  force  increases,  the  actual
contact area between the contact pair surfaces also increases [35, 36].
Furthermore, the microbulges on the rough surface penetrate the
oxide  film and other  contaminant  film,  resulting  in  an  increased
metallic contact area and conductive contact area, which leads to a
reduction  in  contact  resistance  and  arcing.  In  this  process,  the

 

Fig. 8    Evolution law of the wear rate with different counterbodies.

 

Fig. 9    Evolution law of μ with different counterbodies.
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adhesion  component  of  the  friction  process  is  significantly
dominant.  However,  as  the  normal  load  increases,  the  contact
behavior of the rough microbulge peaks transitions from elastic to
elastoplastic and ultimately to plastic deformation, which reduces
the adhesion component and decreases μ. A comparison between
the performance contact with NC and PC, regardless of humidity
levels  (Figs.  9(a)–9(f)),  reveals  that  the  PC  contact  surfaces  are
rougher, with larger peak heights and smaller radii of curvature at
the peaks, resulting in a reduction in the adhesion component, as
to  decrease μ.  Additionally,  owing  to  the  roughness  of  the  PC
surface,  the  arcing  energy  is  greater  [24],  leading  to  a  significant
temperature  rise  in  the  contact  pair,  which  further  provides  a
lubricating effect that results in μ being lower than that in contact
with NC under equivalent conditions. Moreover, the temperature
of the contact pair can vary to different extents due to the increase
in  sliding  speed  and  load  current,  which  creates  a  complex
mapping relationship  between μ and the  operational  parameters.
On the one hand, as the current and operating speed increase, the
temperature rise in the contact pair softens the material, reducing
the adhesion component of friction and leading to a decrease in μ.
On  the  other  hand,  the  increase  in  temperature  enhances  the
lubrication  effect  of  the  graphite  particles  within  the  strip  and
promotes the formation of an oxide film within the contact pair,
further contributing to the reduction in μ.

Figures 10(a)–10(f) illustrate the evolution law of the μ contact
with  the  NC  and  PC  as  counterbodies  under  low  and  high
humidities, respectively. Under identical operational parameters, μ
under  low-humidity  conditions  is  consistently  lower  than  that
under  high-humidity  conditions,  which  aligns  with  previous
research  results  [16, 22, 23].  However,  under  noncurrent
conditions, μ is  lower  at  high  humidity  because  of  water  film
formation, and the significant temperature rise in the contact pair
under  excessive  current  conditions  renders  the  influence  of  the
water  film  negligible.  The  greater  contact  pair  temperature
increase under low humidity leads to a lower μ. Furthermore, the
change  in μ for  contact  with  PC  under  low  humidity  is  always

greater  than  that  for  contact  with  NC,  which  is  attributed  to  the
greater  temperature  increase.  This  effect  further  deteriorates  the
electrical contact performance and tribological performance of the
contact pair, potentially impacting their dynamic interaction.

3.1.3  Evolution  law  of  the  contact  resistance  under  different
humidities

Contact  resistance  (Rc),  a  critical  parameter  in  electrical  contact
performance, primarily consists of contraction resistance and film
resistance.  Contraction  resistance  arises  from  the  resistance
encountered  by  a  current  as  it  flows  through “a spot”,  as
illustrated  in Fig.  11.  Film  resistance,  on  the  other  hand,  is
generated by the presence of a “contaminant film” formed due to
surface  oxidation  or  external  intrusion. Figure  12 presents  the
evolution  law  of  the  contact  resistance  observed  in  this
experiment.

Figures 12(a)–12(c)  illustrate the Rc under high humidity with
NC  and  PC  as  the  counterbody,  respectively.  Under  identical
operating parameters, the Rc in contact with the PC is significantly
greater  than  that  in  contact  with  the  NC.  Additionally, Rc is
negatively  correlated  with  the  normal  force  and  current  but
positively  correlated  with  the  sliding  speed,  regardless  of  the
humidity level.

On the basis of a series of assumptions from the Greenwood–
Williamson  (GW)  contact  model,  the  approximate  calculation
formula  for  contact  resistance  is  presented  in  Eq.  (1)  [35].  As
discussed in Section 3.1.2, with increasing normal force, the actual
contact area of the contact surface increases, whereas the number
of  microbulges  also  increases,  leading  to  a  reduction  in  contact
resistance.  The  increase  in  the  value  of  parameter  (a)  in  Eq.  (1)
further  supports  this  conclusion.  A  comparison  of  the
performance  of  the  NC  and  PC  contact  pairs  under  both  high-
and  low-humidity  conditions,  as  shown  in Figs.  12(a)–12(f),
reveals that the PC contact surface is rougher, with a greater rough
microbulge  peak  height  and  a  smaller  radius  of  curvature  at  the
peaks. This results in a smaller actual contact area and conductive

 

Fig. 10    Evolution law of μ with different counterbodies.
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contact  area  for  the  PC  case  than  for  the  NC  case  (which  could
also be equivalent to the parameter “a” in Eq. (1)), which explains
why the Rc in contact with PC is greater than that in contact with
NC under identical operating conditions.

The  process  of  current  passing  through  the  contact  surfaces
affects  the  formation of  surface  films and the morphology of  the
interface and induces heating at the contact surfaces. It also alters
the  structure  of  the  regions  near  the  surface  and  generates
microarcing,  ultimately  leading  to  significant  changes  in  contact
resistance [2].  As the current increases,  the resulting temperature
increase  in  the  contact  pairs  causes  material  softening,  which
reduces the peak roughness of  the microbulges and increases the
parameter a.  Additionally,  the  distance  between  contact  spots  or
clusters,  denoted  as sij,  decreases.  Together,  these  factors
contribute to a reduction in Rc.

Rc =
ρ

∑2ai
+

ρ
πn2 ∑ 1

sij
(1)

where ρ is the resistivity, a is the radius of a contact spot, s is the
distance  between  two  contact  spots,  and n is  the  number  of
contact spot.

Figures 13(a)–13(c) illustrate the evolution law of Rc in contact

with NC and PC as counterbodies under low and high humidities,
respectively. Under identical operational parameters, μ under low-
humidity  conditions  is  consistently  lower  than  that  under  high-
humidity  conditions,  which  aligns  with  previous  research  results
[22, 23]. Additionally, parameter a increases due to the increased
temperature rise under low humidity, resulting in a lower Rc.

3.2  Wear mechanism analysis of the contact strips

3.2.1  Contact strip wear mechanism for contact with PC

Previous studies have confirmed that material transfer and arcing
ablation are the primary wear mechanisms for metal-impregnated
carbon strips [37], regardless of humidity level [23]. However, the
persistent  excessive  wear  of  strips  that  slide  in  contact  with
damaged  contact  wires  necessitates  further  investigation  into  the
wear mechanisms of the PCS. Although the Ref. [24] suggests that
the  continued  increase  in  electrical  wear  of  the  contact  strip  in
contact  with  the  damaged  contact  wire  is  the  main  cause  of  the
increase in the wear rate  of  the strip,  a  deeper exploration of  the
underlying  wear  submechanisms  is  essential  for  constructing
wear  models  and  understanding  the  mechanisms  involved.
Furthermore,  there  is  still  a  lack  of  relevant  research  on  wear
mechanisms  that  contact  damaged  contact  wires  under  low-
humidity conditions.

Figures  14(a)–14(c)  illustrate  the  microstructural  morphology
of  the  strip  in  contact  with  PC.  The  central  area  of  the  carbon
substrate remains relatively intact under high humidity, and there
are  some  adhesion  pits  and  wear  debris,  as  shown  in Fig.  14(a).
Focusing on Area-1, distinct thermal stress cracks are observed in
the  central  area,  which  originate  from  localized  thermal  stress
concentrations induced by the instantaneous high temperatures of
arcing impacts.  These  stresses  exceed the fracture  strength of  the
material  substrate,  leading  to  crack  initiation  and  propagation  in
the surrounding areas [3]. Additionally, irregular shapes resulting
from solidification shrinkage cause variations in the height of the

 

Fig. 11    Contraction resistance diagram [36].

 

Fig. 12    Evolution law of Rc under different humidities.
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Fig. 13    Evolution law of Rc with different counterbodies.
 

Fig. 14    Micromorphology of strip with PC counterbody.
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cracks. Under the same operating conditions at low humidity, the
contact  surfaces  also  exhibit  adhesion  pits,  wear  debris,  and
thermal stress cracks. Notably, a microcutting length of 168.02 μm
is observed, which is attributed to the deformation effects of rough
contact surfaces due to damage to the carbon substrate caused by
increased  mechanical  wear  [24].  When  the  current  is  further
increased to 300 A, as depicted in Fig. 13(c), severe arcing ablation
marks  appear  on  the  strip  surface,  with  a  concentration  of
spherical  particles  at  the  ablation  area,  which  are  distinct
characteristics  of  arcing  ablation  [37].  Surrounding  the  ablation
area, numerous spatters are dispersed, contributing to the surface
roughness  of  the  strip  and  increasing  the  likelihood  of  abrasion,
also known as mechanical wear. On the other hand, the roughness
induced  by  arcing  ablation  further  increases  the  temperature,
enhancing  both  arcing  ablation  and  adhesion  while
simultaneously increasing both electrical and mechanical wear.

Sampling of  the  characteristic  areas  on the surface  of  the  strip
revealed  adhered  debris  and  embedded  spherical  particles,  as
shown  in Fig.  15.  The  primary  elements  identified  include  O,

indicating an oxidation reaction,  whereas  Points  1  and 2 contain
significant  amounts  of  Cu,  at  65.6%  and  65.1%,  respectively,  far
exceeding the Cu content of the substrate, suggesting that material
transfer  has  occurred.  Compared  with  the  analysis  results  from
NC [23], the traces of arcing ablation are more pronounced, with
substantial  evidence  of  adhesion  and  abrasion.  Therefore,  under
low humidity, the primary wear mechanism involves contact with
PCs  under  a  lower  current,  including  material  transfer,  arcing
ablation, and microcutting, whereas at higher currents, there is an
increase  in  material  transfer  and  arcing  ablation  due  to  elevated
Joule heating.

3.2.2  Contact  strip  abnormal  wear  mechanism  in  contact  with  a
PC counterbody

To compare the severe damage caused by contact with the PC on
the  strip,  a  micromorphology  analysis  was  conducted. Figure  16
shows the micromorphology of the strip under a normal force of
30 N, a sliding speed of 60 km/h, and currents of 200 and 300 A
for  both  the  NC  and  PC  under  high  humidity.  Under  identical

 

Fig. 15    EDS sample points and analysis results of strip contact with PC counterbody.
 

Fig. 16    Comparison of micromorphology of strips with NC and PC counterbodies.
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operating conditions, the size and coverage of adhesion pits on the
surface in contact with PC are greater than those in contact with
NC.  Furthermore,  at  a  current  of  300  A  (Fig.  16(d)),  a  greater
density  of  thermal  stress  cracks  formed  due  to  uneven  thermal
expansion that  contacted  the  PC.  This  finding  indicates  that  PC,
when used as a counterbody, leads to more severe surface damage
on  the  strip  surface  than  does  NC.  Consequently,  there  is
increased material transfer between the contact surfaces, as well as
increased  electrical  and  mechanical  wear,  resulting  in  greater
material loss from the strip [29].

Figure  17 presents  a  comparison  of  the  strip  contact  with  PC
under high and low humidities.  A comparison of Fig.  17(a) with
Fig.  14(b)  reveals  that  under  identical  operating  parameters,  the
strip morphology under low humidity results in more cracks, with
microcutting  around  the  cracks.  The  surface  smoothness  of  the
strip  decreases,  indicating  that,  compared  with  high  humidity
conditions,  both  electrical  and  mechanical  wear  increase  under
low  humidity  conditions.  This  is  one  of  the  reasons  for  the
increased wear rate of  the strip.  Analysis  of Figs.  17(b) and 17(c)
reveals that at a current of 300 A, arcing ablation marks are nearly
ubiquitous across the entire strip surface. This is because the high
temperatures  generated  during  arcing  lead  to  the  formation  of
oxidized  material  spatter,  as  shown  in Figs.  18 and 19.  O
accounted for the highest proportion at 39.9%, followed by C and
Cu.  Furthermore,  a  comparison  between Figs.  17(c)  and 19(c)
indicates that the distribution of spatter on the surface in Fig. 16(c)
closely  matches  that  of  O,  with  a  significant  overlap  in  the
distributions of O and Cu. This suggests that the spatter resulting
from arcing ablation is  primarily  from the interaction of  Cu and
O.  The  spatter  from  arcing  ablation  adheres  to  the  strip  surface,
which  increases  surface  roughness  and  consequently  enhances
mechanical  wear.  Additionally,  the  low  conductivity  of  copper
oxide  impedes  current  transmission,  reducing  the  actual  contact
area of the microbulges that normally make contact. This can lead

to  the  occurrence  of  arcing  breakdown  gaps,  increasing  the
likelihood of arcing and further exacerbating both the mechanical
and  electrical  wear  of  the  strip.  Another  notable  phenomenon,
compared  with  NC,  is  the  presence  of  numerous  thermal  stress
cracks  at  lower  currents,  as  shown  in Fig.  17(d).  This  finding
indicates that under low humidity conditions, when PC is used as
a  counterbody,  uneven  thermal  expansion  occurs  at  the  contact
surface,  potentially  leading  to  arcing  discharges  or  other  failure
phenomena  that  cause  material  degradation,  thereby  increasing
strip wear.

4  Correlation analysis of strip-influencing factors
To investigate the extent and differences in the impact of various
operating parameters and wear performance parameters on strips
under different counterbody and humidity conditions, this section
employs  a  relational  analysis  to  compare  the  correlation  values
and weights between the strip wear rate and its influencing factors.
Gray  relational  analysis  (GRA) is  a  multifactor  statistical  analysis
method.  If  a  certain  indicator  is  known  to  be  related  to  other
factors,  the  relative  strength  of  a  project  affected  by  the  other
factors  can  be  calculated  via  the  GRA.  Specific  steps  include
analysis  sequence  selection,  data  preprocessing,  and  numerical
calculation [23].

Figure 20 presents the analysis results of the correlation values
and weights,  comparing the strips in contact with NC and PC at
different  humidity  levels.  Larger  correlation  values  indicate  a
stronger  correlation  between  each  subsequence  and  the  parent
sequence,  implying  a  more  excessive  influence  on  the  parent
sequence and, consequently, a more excessive impact on the wear
rate.  Additionally,  a  higher  correlation  weight  suggests  that  the
influencing  factor  has  a  more  significant  proportionate  effect  on
the wear rate.

This  section  first  examines  the  impact  of  different  damaged

 

Fig. 17    Micromorphology of strip that contact with PC under different humility.
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contact wires. The analysis results reveal that the correlation values
for various parameters under PC conditions are greater than those
under NC conditions, regardless of humidity level. These findings
indicate that these parameters contribute more significantly to the
wear rate,  resulting in more excessive wear. Notably, the increase
in  correlation  values  is  more  pronounced  under  low  humidity,
suggesting that contact wire damage leads to more excessive wear

under these conditions.  In summary,  both low humidity and PC
conditions  exacerbate  wear,  including  both  mechanical  and
electrical  wear.  Furthermore,  the  analysis  of  correlation  weights
indicates that after contact wire damage, the weights of the normal
force,  sliding  speed,  and  friction  coefficient  increase,  which
suggests  that  the  proportion  of  mechanical  wear  in  the  contact
pair  has  increased,  leading  to  more  severe  material  transfer  and
microcutting.  Additionally,  the  results  show  that,  across  various
operating  conditions,  the  influence  of  current  remains  the  most
significant,  indicating  that  severe  electrical  wear  is  consistently
present during the sliding friction process of the PCS.

With  respect  to  the  influence  of  humidity,  the  correlation
values  for  all  the  parameters  are  greater  than  those  under  high
humidity,  indicating  an  increased  contribution  of  these
parameters to the wear rate and resulting in more excessive wear.
Similarly,  under  low  humidity,  the  influence  weights  of  the
normal  force,  sliding  speed,  and  friction  coefficient  increase,
leading  to  a  greater  proportion  of  mechanical  wear  during  the
wear process.

ξcw1

Figure  21 shows  the  differences  in  correlation  values  under
various operating conditions. where  represents the difference

 

Fig. 18    EDS sample  element  weight  analysis  results  of  strip  that  contact  with
PC.                     

 

Fig. 19    EDS sample element distribution analysis results of strip that contact with PC.

 

Fig. 20    Analytical results of correlation analysis.
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ξcw2

ξRh1

ξRh2

in correlation values between PC and NC conditions under high
humidity,  whereas  represents  this  difference  under  low
humidity.  Additionally,  denotes  the  difference  in  correlation
values  under  low  humidity  compared  with  high  humidity  for
contact with PC, and  represents the same contact with NC.

ξcw2
ξcw1

ξRh1 ξRh2

ξRh2

ξRh1 ξRh2

ξcw2
ξcw1

ξcw2

ξcwi

ξRhi

Based  on  the  calculations,  the  following  relationship  is
established:  ＞   ＞   ＞  .  The  smallest  value  is

,  indicating  that  while  humidity  can  exacerbate  wear  rates
under  normal  contact  wire  conditions,  this  effect  is  relatively
limited. Specifically, the condition  ＞   demonstrates that
when in contact with PC, low humidity significantly amplifies the
impact  on  wear.  Furthermore,  the  relationship  ＞  
suggests that low humidity exacerbates the effects of PC on wear.
The highest value, , indicates that the wear performance of the
strip  is  the  worst  when  it  is  in  contact  with  PC  under  low
humidity  conditions.  Comparatively,  is  consistently  greater
than , highlighting that the impact of PC on wear rates is more
significant  than  that  of  humidity.  In  brief,  the  conclusion  is  that
the  worst  wear  performance  occurs  when  both  PC  and  low
humidity are present simultaneously. When PC and low humidity
act  separately,  the strip wear performance is  worse with PC than
with low humidity.

5  Further  discussion  on  the  causes  of  abnormal
wear
In  previous  research,  preliminary  conclusions  regarding  the
abnormal wear of  PCSs were drawn on the basis  of  variations in
the  wear  rate, μ,  microstructural  morphology,  etc.  This  section
integrates findings from the current study to further elucidate the
causes of the continuous increase in the wear rate and to explore
the underlying mechanisms of abnormal PCS wear.

The contact pair wear undergoes three stages throughout time:
run-in, stability, and degradation, with the stability stage typically
being  the  longest  under  normal  conditions.  However,  the
occurrence  of  abnormal  wear  significantly  shortens  the  stability
stage,  potentially  reducing  its  duration  by  several  orders  of
magnitude.  Understanding  the  wear  mechanisms  behind  this
phenomenon  is  complex  yet  crucial.  Factors  contributing  to  this
include  variations  in  operating  parameters,  environmental
changes,  degradation  of  structure  and  parameters,  and
deterioration  of  dynamic  and  electrical  contact  performance.
Additionally, damage at the friction interface also plays a role. On
the  basis  of  recent  field  analyses,  parameter  matching  studies,

statistical  data,  and  analyses  of  the  wear  mechanism,  it  has  been
determined  that  environmental  factors  and  friction  interface
damage  significantly  contribute  to  abnormal  wear  in  the  PCS.
This  study  indicates  that  when  contact  with  a  damaged  contact
wire—most  notably  the  PC  contact  wire  used  in  this  work—the
wear  performance  of  the  contact  pair  deteriorates,  with  more
pronounced effects under low humidity. The combined impact of
low humidity and PC results in different wear mechanisms of the
strip.  Microcutting  occurs  under  lower  current  conditions,
alongside  material  transfer  and  arcing  ablation.  As  the  current
increases,  material  transfer  and  arcing  ablation  become  more
severe  because  of  the  deteriorating  contact  state.  Importantly,
when  contact  wire  damage  occurs,  a  decrease  in  humidity
exacerbates  the  impact  of  various  factors  on  wear  performance,
leading to more excessive wear.

This  section  provides  further  discussion  on  the  causes  of
abnormal wear. As the constant sliding friction of the contact pair,
when the environmental humidity falls below a critical threshold,
the contact pair surface of the PCS becomes abnormal, which can
be  observed  both  macroscopically  [23]  and  microscopically
(Figs.  14, 16,  and 17),  affecting  both  the  dynamic  interaction
[38, 39]  and  wear  performance.  The  damage  to  the  strip  is
characterized primarily by the disappearance of the oxide film and
uneven  distribution  of  arcing  ablation  [20],  as  shown  in Fig.  22;
noticeable scratches and arcing ablation pits are evident. However,
measures  such  as  replacement  or  polishing  can  restore  better
current collection quality. The damage to the contact wire and its
types  are  illustrated  in Fig.  3.  Considering  that  the  contact  wire
can extend for tens or even hundreds of kilometers, the difficulty
in  locating  and  maintaining  this  damage  renders  it  nearly
irreversible.  Consequently,  when  abnormal  wear  due  to
environmental  humidity  leads  to  contact  wire  damage,  the
situation is quite severe, and the effects of this damage surpass the
reduction in humidity (Fig. 21). Although subsequent increases in
humidity may occur,  this irreversible damage to the contact wire
continues  to  increase  the  wear  rate  of  the  strip,  resulting  in
persistently high wear rates. If damage occurs to the contact wire
while  the  environmental  humidity  remains  below  the  critical
threshold,  it  can  inflict  catastrophic  damage  on  the  contact  pair,
exponentially increasing both electrical  and mechanical wear and
leading  to  even  more  severe  abnormal  wear,  as  displayed  in
Condition  3  in Fig.  2.  Therefore,  in  daily  operations  and
maintenance,  in  addition  to  maintaining  a  proper  temperature
and  humidity  environment  within  the  tunnel,  urgent  measures
should  be  taken  for  the  damaged  contact  wire  (Fig.  3),  such  as
polishing and reshaping. If feasible, shorter anchor sections should
be installed to facilitate easier replacement of the contact wire. In
addition,  the  next  phase  of  work  should  focus  on improving  the
identification and management of contact wire damage.

 

Fig. 21    Correlation value differences.

 

Fig. 22    Damage morphology of the strips.
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6  Conclusions
In  conclusion,  this  study  investigated  the  wear  performance  of
strips  in  contact  with  damaged  contact  wires  through  a  series  of
experimental  studies  and  data  analyses  conducted  under  both
high- and low-humidity conditions. The wear mechanisms under
different operating conditions were analyzed via scanning electron
microscopy  (SEM)  and  energy-dispersive  X-ray  spectroscopy
(EDS).  Finally,  the  correlation  analysis  method  was  employed
to  determine  the  correlation  values  and  weights  of  the
aforementioned tests. The specific conclusions are summarized as
follows:

(1)  When  contact  with  PC,  a  greater  amount  of  material
transfer and arcing ablation occurs on the strip surface under high
humidity  than  under  NC.  However,  under  low  humidity
conditions,  when  the  current  is  relatively  low,  the  primary  wear
mechanisms  are  material  transfer,  microcutting,  and  arcing
ablation.

(2)  When  in  contact  with  PC,  the  strip  wear  rate  and Rc
significantly  increase  compared  with  those  of  NC,  whereas  the
μ decreases,  both  under  high  and  low  humidity.  The
micromorphology  damage  of  the  strip  is  severe,  exhibiting
numerous  signs  of  arcing  ablation,  thermal  stress  cracks,  and
adhesion  pits  under  low  humidity,  which  dramatically  increase
both  the  electrical  and  mechanical  wear  of  the  contact  pair,
resulting  in  a  2.2-fold  increase  in  the  wear  rate  under  the  same
operating parameters.

ξcwi
ξRhi

(3)  Among  all  the  influencing  factors,  current  has  the  most
significant impact, particularly under low humidity conditions for
contact  with  PCs.  The  correlation  value  for  contact  with  PC  is
noticeably  greater  than  that  for  contact  with  NC.  Similarly,  the
correlation  value  under  low  humidity  conditions  is  greater  than
that under high humidity, which both cause excessive wear on the
strip  and  result  in  an  increased  proportion  of  mechanical  wear.

 is  consistently  greater  than ,  indicating  that  contact  wire
damage has a more pronounced effect on the wear rate than does
humidity.  Therefore,  it  is  essential  to  implement  corrective
measures  promptly  after  any  contact  wire  damage  to  mitigate
wear.

(4)  When  the  humidity  falls  below  the  critical  threshold,  the
contact  state  of  the  friction  pair  becomes  abnormal,  leading  to
surface  damage  that  deteriorates  the  dynamic  interaction  and
wear  performance  of  the  PCS.  This  results  in  severe  mechanical
wear  and  electrical  degradation,  causing  abnormal  wear  and  a
dramatic increase in the wear rate.
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