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Wear Mechanism of Current Collecting Materials
under Electric Current Flowing Condition in Electric Railway

Chikara YAMASHITA

One of the most important technologies in electric railway is to supply electric power for a vehicle stably, and
the technology is called "current collection system”. At present, the current collecting system that is able to
accommodate a high-speed and a high-density railway such as Japanese Shinkansen adopts only a sliding contact
method using an overhead contact line and a pantograph. One of the most important maintenance technologies
for current collection system is a wear management of current collecting materials such as a contact wire and a
contact strip. Therefore, in order to improve the reliability of equipments and to reduce maintenance cost, it is
essential to reduce the wear of current collecting materials. In addition, there is a tendency to increase the
collected current because of enhancement of the power of traction motors with increasing the vehicle speed, and
a tendency to decrease number of pantograph for decreasing aerodynamic noise. Since such tendencies will
make the use condition of current collecting materials more severe, the wear reduction measure based on wear
mechanism is eagerly required.

Up to now, numerous researches and developments on wear of current collecting materials have been reported,
and most of them have focused on the relationship between a wear and an arc discharge caused by contact loss.
As the background of those researches, there is the strong recognition that wear modes under electric current
flowing condition are classified into two types called "the mechanical wear mode" and "the electric wear mode",
and the electric wear mode which increases the wear of current collecting materials significantly is caused by an
arc discharge. Therefore, the conventional wear reduction measure has been mainly to suppress the contact loss
by improving the dynamic interaction between an overhead contact line and a pantograph. In the field, however,
it is not possible to prevent the contact loss completely even in the present vehicle speed, and then it is fully
conceivable that the contact loss should increase if the vehicle speed increases much more in future.

On the other hand, according to the previous investigations on wear of contact wire in the field and several
wear test results, the relationship between wear properties of contact wire and arc discharge is not a simple
proportional one. This relationship indicates the existence of another electric factor besides the arc discharge
which increases wear of contact wire when the contact loss occurs, and shows the possibility of another measure
for reducing the electric wear of contact wire in addition to suppressing the arc discharge due to contact loss.
However, no study on clarification of the generation mechanism and dominant parameters of the electric wear
mode of contact wire has been reported yet.

In this study, the author focused on the wear mode of current collecting materials under electric current flowing
condition, and clarified the wear mechanism and dominant parameters of wear mode by investigation of the
transition phenomena between the wear modes. Also, the author verified the possibility that the wear mode
which maximizes the wear rate of contact wire could be suppressed by controlling the dominant parameters of

wear mode.
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Outlines of the respective chapters of which constitute this study are described as follows.

Chapter 1 is the introduction. The author describes the historical background of the current collection system in
the electric railway and the outline of an overhead contact line and a pantograph. In addition, the author
summarizes the previous developments of current collecting materials and researches on the wear of those
materials. Lastly, the author points out the issues of the previous researches and show the positioning of this
study.

In Chapter 2, the author investigates the components of wear test apparatus used to classify and observe the
wear modes under electric current flowing condition, and describes a newly developed linear wear test apparatus.
In addition, the author describes the performance of the developed linear wear test apparatus.

In Chapter 3, the author carries out the wear tests with material combination of a hard-drawn copper contact
wire and an iron-based sintered alloy contact strip by changing the electric current with four steps to clarify the
influence of the electric current on wear properties. Based on the wear properties obtained from wear test results
and microscopic observations, the author classifies the wear modes into three types and considers the transition
condition among those wear modes.

In Chapter 4, the author carries out the wear tests with material combination of a hard-drawn copper contact
wire and an iron- based sintered alloy contact strip by changing the apparent contact area of contact strip with
four steps to clarify the influence of the apparent contact area on wear properties. Based on wear properties
obtained from wear test results and microscopic observations, the author clarifies the phenomena that the wear
mode which maximizes the wear rate of contact wire will be changed depending on the apparent contact area.

In Chapter 5, the author newly proposes the electric contact model considering the film resistance such as wear
particle and oxide film to explain the wear phenomena observed in Chapter 3 and 4 theoretically, and describes
the analysis method for the electric potential distribution and the temperature distribution near the contact point.
From the results of analysis, the author finds several laws governing the relationship between the electric
potential and temperature, and newly proposes the wear mode map which shows the transition condition between
wear modes. In addition, the author identifies the dominant parameters of wear mode, and clarifies the wear
mechanism of current collecting materials under electric current flowing condition.

In Chapter 6, the author classifies the material combination into eight regions by proposing correlation
diagram between the material combinations and generating condition of wear modes based on the wear mode
map proposed in Chapter 5. In addition, the author selects three sets of combination of current collecting
materials, and predicts the wear modes and each transition condition which might be generated, and carries out
wear test with those material combinations. Based on wear properties obtained from wear test results and
microscopic observations, the author compares the predicted wear mode and transition condition with the
measured ones and the author verifies the validity of the wear mode map. Finally, the author suggests the
possibility of deductive wear mode control method by the material combination.

In Chapter 7, the author describes the main conclusions obtained in each Chapter.
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Figure 1.1.2  Overhead contact line — bugel system (Tram)



Figure 1.1.3  Overhead contact line — pantograph system (Electric railcar)
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Figure 1.1.4  General structure of overhead contact line
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Figure 1.1.5 General cross-sectional shape of Japanese contact wire®
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Figure 1.1.7 General shape of metal contact strip
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Table 1.2.1 Characteristics of Japanese contact wires

Nominal Minimum Electric
Material Cross-s((re]rq:g%] al area m:]séstep)rer braking load | condudtivity | Authority
0,
(kg/m) (KN) (%IACS)
Hard-drawn copper 1111 0.988 38.2 97.5
contact wire (14)
170 1511 57.8 97.5
Copper-cadmium alloy .
contact wire 110 45.2 85.0 (16)
Copper-silver alloy .
contact wire 110 40.2 97.0
Copper-tin alloy 110.5 0.982 40.2 70.0
contact wire 169.4 1.506 58.8 70.0
; . Alminium: Steel
Steel reinforced glmlnlum 0.758 68.6 465
contact wire = 152: 44
Copper: Steel
0.935 65.1 60.0 (14)
Steel reinforced copper =61:50
contact wire Copper: Steel
1.473 67.7 80.0
=133: 37
Precipitation hardened copper 111.1 0.991 53.0 80.0
alloy contact wire
(PHC contact wire) 170 1.516 785 80.0

Note: Tensile load and the conductivity in the table is the minimum value of the specification

(a) Hard-drawn copper (b) Steel rainforced alminium () Steel reinforced copper
contact wire contact wire contact wire
(Nominal cross-sectional (Nominal cross-sectional (Nominal cross-sectional
area= 110mm?) area= 200mm?) area= 110mm?)

Figure 1.2.1 Cross-sectional shape of contact wire 4
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Table 1.2.2 Characteristics of European contact wires 2

Nominal Nominal Minimum .
. . Maximum
Material Designation cross-sectional mMass per breaking resistivit
g y
area meter load (10°Qm)
(mm?) (kg/m) (kN)
80 690-733 275
cil-JEERLPc 100 862-916 345
Normal strength copper Cu-HCP 107 923-980 36.3 1.777
Cu-OF 120 1035-1099 384
150 1293-1374 45.1
Cu-ETP 80 690-733 29.1
High strength copper and Cu-FRHC 100 862-916 36.4
high strength copper-silver Cu-HCP 107 923-980 374 1.777
alloy Cu-OF 120 1035-1099 41.9
CuAg0.1 150 1293-1374 52.4
80 690-733 28.3
Normal strength 100 862-916 34.9
copper=silver alloy CuAg0.1 107 923-980 36.3 1.777
120 1035-1099 40.7
150 1293-1374 50.9
80 690-733 35.7
100 862-916 43.7
Copper-magnesium alloy CuMg0.2 107 923-980 45.7 2.240
120 1035-1099 50.1
150 1293-1374 61.1
80 690-733 404
100 862-916 495
Copper-magnesium alloy CuMg0.5 107 923-980 51.9 2.778
120 1035-1099 57.0
150 1293-1374 68.4
80 — 35.7
100 865-919 43.7
Copper-tin alloy CuSn0.2 107 926-983 44.6 2.395
120 1038-1103 48.9
150 1298-1378 61.1
80 — 35.7
100 865-919 43.7
Copper-tin alloy CusSn0.4 107 926-983 44.6 2.155
120 1038-1103 48.9
150 1298-1378 61.1
80 694-737 33.4
100 868-921 41.7
Copper-cadmium alloy CuCdo.7 107 928-986 44.6 2.005
120 1041-1106 50.1
150 1301-1382 62.6
80 694-737 35.3
100 868-921 43.2
Copper-cadmium alloy CuCd1.0 107 928-986 46.2 2.115
120 1041-1106 51.8
150 1301-1382 64.7
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Table 1.2.3 Mechanical characteristics required for contact strip 7

Tensile strength | Bending strength Charpy absorbed Electric resistivity
FHYA material
(MPa) (MPa) energy (J) (nQm)
Copper-based
Over 120 — Over 4.9 Over 0.4
sintered alloy
1
iron-based sintered
Over 170 — Over 9.8 Over 0.8
alloy
2 Single metal Over 180 — — Over 0.2
3 Carbon — Over 25 — Over 40
4 Carbon composite — Over 70 Over 0.3 Over 3
1880 2000 1920 1940 1960 1980 2000
DC conventionalline ‘ﬁ
(JR/JNR) i
AC conventionalline ﬁ
(JR/INR) ’
Japan
conventionalline
(Private railway)
Shinkansen
ACsection
Europe
DCsection

Pure copper

mmmmm) Pure carbon
mmmmmm) Copper-sintered alloy

Iron-sintered alloy

mmmmms) Carbon composite

Figure 1.2.2 History of material transition of contact strip
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Diameter decrement of contact wire (mm)

Wear rate of contact wire

—_—

Runningdirection After 13 months

After 6 months

After 1.6 months

i 2 Hardspot 3 L

Distance (m)

Figure 1.3.1 Wear history of contact wire at hard spot ¢

¥ Pantograph passage: 32.4 X 103

With current

Withoutcurrent

- A

—10cm*=— ~]'

< Hard spot

Runningdirection

Figure 1.3.2 Wear of contact wire after hard spot ©8)
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Figure 1.3.3 Wear rate of contact wire against remaining diameter (9
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Figure 1.3.4 Influence of running speed and electric current on average wear rate of contact wire 49
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Wear surface I Approximately 62mm

Darkening

Figure 1.3.5 Undulating wear of contact wire in conventional line 4%

Wavelength of undulating wear

(unit : mm)
64

Contact wire

Running direction

Arc discharge

Contact strip Solid lubrication

Figure 1.3.6 Relationship between undulating wear of contact wire and placement of contact strip 1)

Side

Concave part ~ Convex part

Wear surface [ 7

Approximately 20cm Running direction

—_—
7

Figure 1.3.7 Undulating wear of contact wire in Shinkansen 2
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Type Height structure Wear Diagram
I Horizontal cros good \/
LineA = LineB
il Pull up cross bad M
LineA = LineB
il Line B is higher than lineA. good
LineA = LineB
v Line B is lower than lineA. bad

LineA = LineB

Figure 1.3.8 Classification of structure of overlap *7)
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Figure 1.3.9 Relationship between wear rate of sintered alloy pin and load in each current ©3)
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Figure 1.3.10 Relationship between wear rate of copper ring and load in each current 2
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S.M/Cu, - Slidingspeed 0.10m/s
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2.0

Specific wear rate, mm?/kgf
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Figure 1.3.11 Relationship between specific wear amount of sintered alloy pin and
total electrical quantity by discharge ¢%
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Figure 1.3.12 Relationship between specific wear amount of copper ring and
total electrical quantity by discharge ¢%
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Figure 1.3.13 Relationship between wear rate of copper ring and sliding speed in each current ¢4
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Figure 1.3.14 Wear rate map of contact wire 9
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Figure 2.4.1 Schematic diagram of linear wear test apparatus
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Figure 2.4.2 Detail of contact strip pressing mechanism
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Figure 2.4.3 Appearance picture of linear wear test apparatus
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Figure 2.4.4 Wear test specimen of contact wire (GT110)
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Scannlng direction '

Figure 2.4.5 Measurement situation of cross-section profile of contact wire by using roughness tester

—after test - before test

Figure 2.4.6 Cross-section profile example of contact wire before and after wear test
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Figure 2.4.7 Three dimentional shape example of contact strip before and after wear test
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Clean specimen surface with acetone

Pre-operation with non-energized

Clean specimen surface with acetone

Set up wear test condition

(Current, contact force, sliding speed, sliding distance, sliding cycle)

Measure profile of contact wire and contact strip

Move contact strip on start point

Press contactstrip to contact wire until

Energized test

contact force reaches predetermined value

Non-energized test

Repeat predetermined
number of sliding cycle

Turn on switch

Energized test

Slide contact strip

Non-energized test

Pull contact strip to contact wire until
contact force reaches 0

Continue wear test

Finish wear test

Turn off switch

Measure profile of contact wire and contact strip
Collect wear particle

Figure 2.4.8 Flowchart of wear test procedure
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Table 2.5.1 Sort and physical properties of wear test specimens

Specimen Mass Electric Melting
P Sort component density Hal\r/ldg:ss resistivity point
g/mm3 uQm K
Contact
) GT170 Cu(99.9%) 8.91x10°3 895 1.77x10? 1334
wire
Contact Fe(78.6%), Cr(16.5%),
] TF5A 7.10x10°3 960 0.40 1646
strip S(0.9%)

Table 2.5.2 Energized sliding test conditions

Contct force, N 2~80
Sliding speed, mm/s 0 20 200 1000
Sliding distance, mm 0 50 250 1000
Voltage, V DC 100
Current, A 100
One cycle
A
Press sliding Pull return

contact strip contact strip

Sliding speed

Contact force

Friction force

Current

Contact voltage

30 32 34 36 a8 40 42

Time, s Xscale= 0.4s/div

Figure 2.5.1 Measured waveform example (Contact force: 50N, sliding speed: 200mm/s, current: 100A)
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10!

Contact wire: Hard-drawn copper -O-0mm/s
Contactstrip: Iron-based sintered alloy ==20mm/s

Current: 100A {F+200mm/s

m ~<~1000mm/s
100

101 W

Standard deviation of contact force, N

102
1 10 100
Average contactforce, N

Figure 2.5.2 Influence of contact force and sliding speed on standard deviation of contact force

103
© Contactwire: Hard-drawn copper
X Contactstrip: Iron-based sintered alloy

c 0\\ Current: 100A
o 2
S 10 .
§ g -0-0mm/s
Blo -=20mm/s
-5 |-
"é E {F200mm/s
g g 10! [\ =<=1000mm/s| |
_— 9
Xl o
S | b0
E®
ol
>
2% 100 N
E ‘U\D
n

107

1 10 100

Average contact force, N

Figure 2.5.3 Ratio of statistic maximum fluctuation of contact force for average contact force
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120 1.0

Current
100
VAVAVAVAVAVAVAVAVER®
80 >
< 1 06 &
= =
g 60 | S
= ]
3 1 04 &
40 | Contactvoltage 8
41 0.2
2 WF\M
0 0.0
0 0.005 0.01 0.015 0.02 0.025 0.03
Time, s
(a) Static state (Sliding speed: Omm/s)
120 1.0
Current
100 |
80 >
< 0.6 &
= =
g 60 | S
= S
a Contactvoltage 0.4 g
40 S
0.2
20 |
0 0.0
0 0.005 0.01 0.015 0.02 0.025 0.03

Time, s

(b) Sliding state (Sliding speed: 200mm/s)

Figure 2.5.4 Measured waveform of current and contact voltage (Contact force: 50N, current: 100A)

47



0.8
Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy

\ Current: 100A

-O-0mm/s
-20mm/s

=<~1000mm/s

M

1 10 100
Average contactforce, N

o
o

o
(N)

Average contactvoltage, V
o
S

0.0

Figure 2.5.5 Influence of contact force and sliding speed on average contact voltage

0.4
Contactwire: Hard-drawn copper

>. Contactstrip: Iron-based sintered alloy
o
o0 Current: 100A
2
o 0.3
5 -O-0mm/s
£ ~+20mm/s
S <F+200mm/s
[T
e02 -0-1000mm/s| |
K]
=
8
S E\L
(]
o
T 0.1
©
o
c
8
»n

0.0

1 10 100

Average contact force, N

Figure 2.5.6 Influence of contact force and sliding speed on standard deviation of contact voltage
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Statistic maximum contact voltage, V

Arcoccurrence ratio, %

2.0

1.5

1.0

0.5

0.0

25

20

15

10

Figure 2.5.8 Influence of contact force and sliding speed on arc occurrence ratio

Current: 100A

Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy

-O-0mm/s

T

=x20mm/s
<{200mm/s
=<=1000mm/s| |

1 10
Average contactforce, N

Figure 2.5.7 Statistic maximum contact voltage in each sliding speed

100

Contactwire: Hard-drawn copper
Contact strip: Iron-based sintered alloy
Current: 100A

-0-0mm/s
==20mm/s
3200mm/s
<~=1000mm/s

BN N N &

1 10
Average contactforce, N
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Resistance (R,)

Loy =
V;:E ‘:;' = Ve
.’"J’ \\\
) % Enlargedview  Contactresistance (R;)
T . Rc:—_i"
V- 2 Ea,‘
Static contact

2ai-1 2a (p: resistivity, a;: radius of real contact area)

c

Ve

O
‘ ]E R :_p“ -_-_-2&;]6(_- Vc)
T 2ai
o W°W 04/

Opening start L 2 ai Opening start , )/ ) ‘Arc discharge
banad y / I . .
p . Ves F“‘“T’“‘“ -Boiling point (Gy,)

Break bridge
R A U 5 +=Melting point (6rp)

Opening progress

Veeb———mmmm e Power supply voltage

® Arc discharge Veu Arcdischarge

I
I
'
I
|
|

tm ta i

Figure 2.5.9 Opning contact ©
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Table 3.2.1 Sort and physical properties of wear test specimens

Mass Electric Melting
Specimen Sort component density, Hardness, resistivity, point,
3 MPa
g/mm uQm K
Contact
) GT170 Cu(99.9%) 8.91x1073 895 1.77x107? 1334
wire
Contact Fe(78.6%), Cr(16.5%),
] TF5A 7.10x10°3 960 0.40 1646
strip S(0.9%)
Table 3.2.2 Wear test conditions
Apparent contact area, mm? 100
Contact force, N 2~80
Sliding speed, mm/s 200
Friction interval, sec Approximately 5.0
Sliding cycle 3000
Sliding distance, mm 250
Voltage, V DC 100
Current, A 0 50 80 100
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o Contactwire: Hard-drawn copper -0A
©° Contactstrip: Iron-based sintered alloy
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Figure 3.3.1 Relationship between wear rate of contact wire and contact force in each current
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Figure 3.3.2 Relationship between specific wear rate of contact strip and contact force

in each current
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1.4

Contactwire: Hard-drawn copper -0-0A
1.2 |- Contactstrip: Iron-based sintered alloy -~50A | |
Sliding speed: 200mm/s +80A
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Figure 3.3.3 Relationship between friction coefficient and contact force in each current
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g -

(a) Wear surface of contact wire

(c) Wear particle

Figure 3.3.4 SEM-EPMA pictures of wear surface and wear particle
(Contact force: 27 N, sliding speed: 200mm/s, current: 0A)

Arrows in this figure show the sliding direction of the contact strip.
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(a) Contact (b) Internal flucture

s

—-\,C/—
-

-

___....__/v\ P e

() Generation of wear element (d) Cohesion and deposition of wear element

-
- - -

(e) Formation of wear element
(f) Growth of wear element

Figure 3.3.5 Growth model of wear particle )
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(a) Wear surface of contact wire

< Sliding direction

(c) Wear particle

Figure 3.3.6 SEM-EPMA pictures of wear surface and wear particle
(Contact force: 46 N, sliding speed: 200mm/s, current: 80A)

Arrows in this figure show the sliding direction of the contact strip.
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(c) Wear particle

Figure 3.3.7 SEM-EPMA pictures of wear surface and wear particle
(Contact force: 9.3 N, sliding speed: 200mm/s, current: 100A)

Arrows in this figure show the sliding direction of the contact strip.

66



.

< Sliding direction

< Sliding direction

@8 25pm

(b) Wear surface of contact strip

(c) Wear particle

Figure 3.3.8 SEM-EPMA pictures of wear surface and wear particle
(Contact force: 2.7 N, sliding speed: 200mm/s, current: 100A)

Arrows in this figure show the sliding direction of the contact strip.

67



0.5

Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
0.4 { Sliding speed: 200mm/s |
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Figure 3.3.9 Relationship between arc occurrence ratio and contact force in each current

Contact strip

Figure 3.3.10 Situation of arc discharge between contact wire and contact strip
(Contact force: 2.7 N, sliding speed: 200mm/s, current: 100A)
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Contactwire: Hard-drawn copper -©O-0A
Contactstrip: Iron-based sintered alloy -~50A
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Figure 3.3.11 Relationship between wear rate of contact wire and total electrical quantity

by arc discharge in each current
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Figure 3.3.12 Relationship between specific wear rate of contact strip and total electrical quantity

by arc discharge in each current
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(¢) Closed contact (Numerous load bearing area)

Film

(a) ¢-0 relation

¢: Electric potential difference

0: Temerature difference

(b) Opening contact (Finally one a-spot)
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Figure 3.4.1 Opening contact model and ¢-6 relation ¢3)

Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy

Sliding speed: 200mm/s —
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Figure 3.4.2 Relationship between statistic maximum contact voltage and contact force

in each current
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O Mechanical wearmode A Contactwire melting wear mode Maximum
[ Contact strip melting wear mode temperature, K

Melting point of Melting point of 2400

contact strip 1646K \ contact wire 1334K
100 — 2200
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€
g 50 - 11400
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© - 11200
25
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2 20 80
Contactforce, N

Figure 3.4.3 Correlation between wear mode and maximum contact temperature
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Contactwire: Hard-drawn copper
c ) i Contactstrip: Iron-based sintered alloy
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Figure 3.4.4 Histogram of contact voltage
(Contact force: 2.7 N, sliding speed: 200mm/s, current: 100A)
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Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
25 Sliding speed: 200mm/s 8
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Figure 3.4.5 Relationship between Cu bridge occurrence ratio and contact force in each current
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Contactwire: Hard-drawn copper
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Figure 3.4.6 Relationship between Fe bridge occurrence ratio and contact force in each current
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Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy

8 | Slidingspeed: 200mm/s
,g O Mechanical wearmode
]
5 < A Contact wire melting wear mode
c Y g
c > O Contact strip melting wear mode
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Figure 3.4.7 Relationship between wear rate of contact wire and total electrical quantity
by Cu bridge in each wear mode
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G Contactstrip: Iron-based sintered alloy
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£ O Mechanical wear mode
'8 A Contact wire melting wear mode
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Figure 3.4.8 Relationship between specific wear rate of contact strip and total electrical quantity

by Fe bridge in each wear mode

76



WE TR DEEM B OBERZRELZ I 50T 5 <, 8 v U g & SRR ST 0 ik
DB HOWT, EEVRIEEFERRE 2 WV CEERRBR 2 FEli L7z, £ ORR, BETICBT 5
BEFEREDN R E S B DI TEL Z L AWM O Lz, i, #AEE XY BrkmiLE 2
EL, HEAREIRLE & EEM B OO ERPEBER R OWTERL, 7V v URENE
FERRROER X5 Z LW o L.

55 NI BRI 22 mIZU T D LB TH 5.

(1) BERREIREDEH b U LOBRBEM G ST VIROBARE CTH L5E, tr Uitk
F O 0 BRI RE TR BEREIE IR & e o 7. Z OFEEREURBIZ 01T D B - BEAFERFIEIT
MEETERE & RS20, BRI EEFERITEIOHEAR (KAF L in o7z,

(2) HR s v U O@ELL L, BRREERR S ST WV ROBARE CH 256, Mo
UBMDHDPERT 2 o U SSREFZRE L e o 7o, ZOEFFREICIEWT, b r U BRERE
WEBEBRFBUIF L HINL, Fr UBERERIICU T ) v VEREICHAIL.

() AR EIRENBRIEE S & T VROMAULETH 556, T VROLBDERT 590 s
RUEFEIZRE L 7o 7. ZOBEREEREICEWNT, 30 BRI EIIZE L EINL, Fe 7Y v
VEREIZWHI L., —5T, TORBBEREETIET -2 AT, Fr UROR
RUIBLZR ST, be U BRI L

(4) BERRIEERFIT b o U BEEREEREDS AT 2 FEIRE, EREA DN TS 7 — 7 HFETIT A
<, hrUBBEROEBIZES 7Y vV ThHo.

77



& X Ek

() A, N s T T7HEE L EEFEN), ShEENTIEEE, 217 (1961).
() WEFRZ IS, KEURHE, G mEs, EEAMEOBERIC KT TR T — 27 O
EEB LS EgE6—, M, 27, 4(1982) 283-287.
(3) I, KESHE, s, LENMBOBEREIC KT THRR Y — 7 08 (2 —&
Ea b S A—, HiE, 27, 7(1982) 527-532.
(4) SERFIEE, N2 77 73 0 ROEERE, ¥, 22, 1(1977) 11-16.
(5) M HFZ e, KEoE, M, EEAMEIOBERICB LT mEEORE, M, 26, 8(1981)
562-567.
(6) RUULKE, #TtkE, fERMKEX T 5 b UEREERE, ShEiimimt, 2, 4(1988)
46.
(7) RFPEA, ZRHEE], REER, BENEEMEOBREICEZ 508, F A Ar YA R, 52,
10 (2007) 737-743.
(8) ARt —, S FE 7o I TSR BB A UNR LI RFBN 2 75 T VRO T — 7 U T O EERER
HOBFZE, HALRF AR SC,  (1999) 47-50.
(9) BUULRHE, Cr-Zr B8 &4 h v U T OEERERFE DL, SR T 705 3, (1996) 30-37.
(10) JB\Ek =K1, FERHEAIS L OBHMAER -, &R, (1962) 197.
(11) TeHE, FEERE, REH, (2008).
(12) R. Holm, Electric Contacts Theory and Applications, Springer (1967) 60-64.
(13) mAMH, BREROT — 7 EBS, 2w, (1995) 56-58.
(14) ‘&, SEEHIMNT - 7 - BV b, B, (1998) 20-25.

E R L) —

i

78



Vaxal X
4

=6

EEMHOEFEEFEICRIFT
ENTOEMEROZE

4.1 #E

B3 FTIE, %2 TS LImE R ERRURERIC & 5 BERGBR ORE R, @ T 5 Bk
JERBIIRE L 3D HETE LI 2B L. Fiz, #Al) LBROZEMIC K> THiRK
EILENZ L L, BRREIRENREM B ORSICET L R CEREVENER T L2 L2 b
Mz LTz,

BRABEOHRGMHEIZSNT, Hx RERPERICEERL KT T EBMoN TS, HHO
(2 XD EERREREMEOR R, BEFRIZLD o UBERFEEORBITIEY, b r U BROBEFER
PHRTDHZEEHLNIL TS, Fr UROWTERIZMETH Y, BAFEEOEIT N Y
%ﬁb@ﬁﬁﬁﬁﬁﬁm%ﬁ%ﬁé Tbb, buURE T DL O RDT OB FEA ERE

B EZRIZLTWD Z L2 BKRT 5. BT oSfmfid b e VLT VRO « ~HEE
ﬁmfét@@ﬁ%ﬁ%%f%é#, EATEI O BERERFIE & LN ORI O BRI BT % 52
BRAVERES 13T & A E RSB0,

ZZTARETIE, 53 EOMMREAEE R, WETICHIT DEEM B QBRI XIZ S AT

DRI OREZ W LT D720, 30 REEAITEZ 4 BRI S BT EREABR 2 R 5.

(4

4.2 HERAE

421 HEBREE
BRI W EEE Y, 52 BB L BV CH 5.

422 HEH

BERERBRICAL L7 b UM E T 0L, FEI3FEL RO b VRE L OSRERASSTD
mf@é AR OB L OWMIMEEZ K 421 17T, AECTHIRERSSEST O RE®RE LT-FE
HIX, % 3T LA, ROOITIC L 2BEMOHR 2RI TH20THD.

423 HEREH
ARER ORGSR 2 3 422 18T, AT OREfRmEfEZ 4 BREEE L, @E T CHfil 221
S CEERERRR A I L7, BRSO ERA & LI ISR RS,

79



(1) RT osEflimE s

EIFOOEFEFETIE, Fr RO Ly 5 BimEENZEIT 5 2 & TR oBtmEgR 2k L
To. LnL7eM s, 52 5 242 BiCilk 7z L O ICE BRI CIX, br UROBEREZNE
T5720, brUBRLY SBEELZTORO LG HIEBRLY b RESTIMLERDH L. £ T,
ARETIXT W IROBfERE 2 2L S8 5 2 & TR ORitEfE 2 2 S ¥ 7.

T ROBAEFFIZ OV TIE, BERHERBRORBEOBLENORE Lz, T 0RO E N K X
WIEE, TOROEmAS b VREET S 2 LITNEIc Ay, BEES LS. £, Y
720 /2 < T OM@EE R CAEIRORFR S RS 22V, IERRTH L. £2T, 0o
MfifE 2 9mm?, 50mm?2, 70mm2, 100mm? @ 4 BPEIZERE L, f T oftmiEz 12k S 7.
T HEER T O E K 4.2.1 1R

(2) #fiks)
Pefit ) OREBHICOWTIIHE 3 EL[A—TH Y, 2~80N & L7-.

(3) Lw HEhuliE
L@ 9 #ElEOREHBICOWTIIE IELFE—THY, 200mm/s & L7=.

4) LwodEAf & —r3L
Lw @A v Z— L OBREHAICONWTITEIEZLF—THY, 5L LT

(5) Lw 5 EhE%L
L@ 9P OFREEBICOWTIEEIZELFR—-THD, 3000EE L. 72720, 7T—7 R4
70 ECT D O BEFEDN AR S A AT, 3000 [BIRTH CHREBR 21213 5.

(6) Lw > EhifRE
L ) EREEOREEBICOWTIEE I ELF—THY, 1A 27100 L o BhEEEA 250mm
L.

(7) WEEL
BEELEBIOEEFRORTEEBICOWTIIHEIELF—THY, EIRELEZ 100V, #EEH
A e U AR, 0 R AEMm S LTz,

3 EOBEFERBR O R, BERERFEICRT 5 W %@%é %k%%%M%ﬁil%Af%o
7. BREREROEBRSGIRARSICT D280, KETILEESE%Z 100A L1 5.

424 BIEEEHLVHIEAE
(1) BT
03w LARE, BERBRANCHIH AT e VMR e 7 7 A L E2REL, 2 Kol —

80



—ZNLEHTT VRO 3RITTIIR A HET S

@)
FERERABAF ORI A 12 L > B, SRS, BEES, MW, BMEETHY, MEFER
2 ELF—-Thb.

(3) Btk

3 EmLERE, BRHRBBICHIGERAWE b UBEim T e 7 A LV ERIEL, 2 Kot —

—ZBNLFFTT VRO 3 R ZRET S, 2L Y b VMBI O 0 ROEERERZ HH
T5.

Fio, EHERIERERBHEO b URBI T ORERV AL, BRR 28T 5. b
% A E AT (SEM : Scanning electron microscope) z IV THEIZL L, X #%74’ rua7FIA4Y
(EPMA : Electron probe X-ray microanalyzer) %z Fi\» Coo 0 Aitg & k59

425 REEFIE
EEREEABRTFNEY, F2EmTRRZLDOLFE—TH .

81



Table 4.2.1 Sort and physical properties of wear test specimens

Specimen Mass Electric Melting
P Sort component density Hardness resistivity point
3 MPa
g/mm uQm K
Contact
) GT170 Cu(99.9%) 8.91x1073 895 1.77x107? 1334
wire
Contact Fe(78.6%), Cr(16.5%),
) TF5A 7.10x10° 960 0.40 1646
strip S(0.9%)
Table 4.2.2 Wear test conditions
Apparent contact area, mm? 9 50 70 100
Contact force, N 2~80
Sliding speed, mm/s 200

Friction interval, sec

Approximately 5.0

Sliding cycle 3000
Sliding distance, mm 250
Voltage, V DC 100
Current, A 100

Sliding
direction

Figure 4.2.1 Four types of shape of contact strip
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Figure 4.3.1 Relationship between statistic maximum contact voltage and contact force

in each apparent contact area

104
) -O-9mm?
S
o ++50mm?
NE 10° +70mm’> ||
£ 2
€ <>-100mm
o
=
2 10
Q
8
c
o
(8]
L
o
% 107 |- Contactwire: Hard-drawn copper
b Contactstrip: Iron-based sintered alloy
b Sliding speed: 200mm/s
= Current: 100A
108

1 10 100
Contactforce, N

Figure 4.3.2 Relationship between wear rate of contact wire and contact force

in each apparent contact area
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Friction coefficient
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Figure 4.3.3 Relationship between specific wear rate of contact strip and contact force

in each apparent contact area

1.4

-O0-9mm 2 Contactwire: Hard-drawn copper
12 L Contactstrip: Iron-based sintered alloy |

) -+~50mm? Sliding speed: 200mm/s
Current: 100A

1.0 || ++70mm2 oS

~-100mm? /A
0.8 |
0.6
0.4
0.2
0.0 :

1 10 100
Contactforce, N

Figure 4.3.4 Relationship between friction coefficient and contact force

in each apparent contact area
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(c) Wear particle

Figure 4.3.5 SEM-EPMA pictures of wear surface and wear particle
(Contact force: 49N, sliding speed: 200mm/s, current: 100A, apparent contact area: 70mm?)

Arrows in this figure show the sliding direction of the contact strip.
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(a) Wear surface of contact wire

£ Sliding direction

A

(c) Wear particle

Figure 4.3.6 SEM-EPMA pictures of wear surface and wear particle
(Contact force: 10N, sliding speed: 200mm/s, current: 100A, apparent contact area: 70mm?)

Arrows in this figure show the sliding direction of the contact strip.

91



Sliding direction

o e o o o

(c) Wear particle

Figure 4.3.7 SEM-EPMA pictures of wear surface and wear particle
(Contact force: 2.7N, sliding speed: 200mm/s, current: 100A, apparent contact area: 70mm?)

Arrows in this figure show the sliding direction of the contact strip.
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10

Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
Sliding speed: 200mm/s

Current: 100A

10—6 -

Average wear rate of contact wirein
mechanical wear mode, mm2/N* cycle

107

0 20 40 60 80 100 120
Apparent contact area, mm?

Figure 4.3.8 Relationship between average wear rate of contact wire and apparent contact area

in mechanical wear mode
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Figure 4.3.9 Relationship between average specific wear rate of contact strip and apparent contact area

in mechanical wear mode
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Contactstrip: Iron-based sintered alloy
Sliding speed: 200mm/s

Current: 100A
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Figure 4.3.10 Relationship between average friction coefficient and apparent contact area

in mechanical wear mode
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(a) Wear surface of contact wire

£ Sliding direction

(c) Wear particle

Figure 4.3.11 SEM-EPMA pictures of wear surface and wear particle
(Contact force: 9.8N, sliding speed: 200mm/s, current: 100A, apparent contact area: 50mm?)

Arrows in this figure show the sliding direction of the contact strip.
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Arcoccurrence ratio, %
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Fig. 4.3.12 Correlation between wear mode and maximum contact temperature
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Figure 4.3.13 Relationship between arc occurrence ratio and contact force

in each apparent contact area
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Figure 4.3.14 Relationship between wear rate of contact wire and total electrical quantity

by arc discharge in each apparent contact area
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Figure 4.3.15 Relationship between specific wear rate of contact strip and total electrical quantity

by arc discharge in each apparent contact area
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Cu bridge occurrence ratio, %

Fe bridge occurrence ratio, %

45

Q Contactwire: Hard-drawn copper

40 Contactstrip: Iron-based sintered alloy |

Sliding speed: 200mm/s
35 \ Current: 100A N
30 \

-0-9mm?
\\ =+~50mm

2 ]

20 <70mm
15 \\\ =-100mm?
. AN

: ~A
1 10 100
Contactforce, N

Figure 4.3.16 Relationship between Cu bridge occurrence ratio and contact force

in each apparent contact area
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Figure 4.3.17 Relationship between Fe bridge occurrence ratio and contact force

in each apparent contact area
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Figure 4.3.18 Relationship between wear rate of contact wire and total electrical quantity
by Cu bridge in each wear mode
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Figure 4.3.19 Relationship between specific wear rate of contact strip and total electrical quantity

by Fe bridge in each wear mode
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Figure 5.2.1 Schematic diagram of analysis model with film resistance
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Figure 5.2.2 Schematic diagram of electric connection
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Figure 5.2.3 Size of analysis element

Table 5.2.1 Physical properties of electrods

Electrode Contact wire Contact strip
Material Hard-drawn copper Iron-based sintered alloy
Electric resistivity, pQm 1.77x107 0.40

Heat conductivity, J/msK 373 25.3

Melting point, K 1334 1646

Film ressistance factor 1~100 1~100
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Contactwire: Hard-drawn copper
6 | Contactstrip: Iron-based sintered alloy
Radiusof electrode: 300um

o Film resistance factor: f;=f,=1

5 -
g -O-Theoritical value
S <\ Analytical value
c 4 |
©
g
(7]
fr
£3
Q
©
)
S
82|

1 -

0

0

a/D

Figure 5.2.4 Comparison of theoretical value with analytical value of contact resistance

obtained by changing radius of contact spot

(0]
o

Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
Radius of electrode: 300um

Radiusof contact spot: 100um

Film resistance factor: f;=f,=100

~
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<xAnalytical value
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o o
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Figure 5.2.5 Comparison of theoretical value with analytical value of contact resistance

obtained by changing thickness of film resistance
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Current:|

dz/ dx
L—  ~_
dy e _—
Temperature : 6, ; 6, 6,41
Electric potential : ¢, Py Qi1
q)x-l cDx+l

Figure 5.2.6 One-dimensional heat conduction analysis model

Current: 50A

Radius of contactspot: 100um
I Thickness of film resistance : Ouym

Contactwire
Electnc
potential Contactstrip

(a) Electric potential distribution

'1350K Current: 50A

Radius of contact spot: 100um
| Thickness of film resistance : Oum

Contactwire
300K
Temperature
Contactstrip

(b) Temperature distribution

Figure 5.2.7 Analysis result (Contact voltage: 0.4V)

111



2000

Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
Contactvoltage: 0.4V

~
o 1500 Thickness of resistance factor: d;=d,=10pm
E
o
o
£
@ 1000
£
5
E
x
© 500 f
S
0

fi=hH=1 f1=f,=100 fi=f=1 f,=£,=100

Theoritical a/D=0.3 a/D=0.7
value

Figure 5.2.8 Comparison of theoretical value with analytical value of maximum temperature
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1.2
Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
Radiusof electrode: 300um

Thickness of film resistance: Oum

=
o

=08

S --50A
(Vs

= -+-80A
S 0.6

8

g +100A
c

[e]

(O]

©
N

o
N

0.0
0 20 40 60 80 100

Radius of contact spot, um

Figure 5.3.1 Relationship between radius of contact spot and contact voltage in each current

Current: 50A 1800K Current: 50A
Radius of contact spot: 20um Radius of contact spot: 20um
Thickness of film resistance : Oum Thickness of film resistance : Oym

Contactwire Contactwire
Electric Temperature
potential Contactstrip Contactstrip

(@) Electric potential distribution (b) Temperature distribution
Figure 5.3.2 Analysis result (Current: 50A)
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Current: 80A 1800K Current: 80A
Radius of contact spot: 20um Radius of contact spot: 20um
Thickness of film resistance : Oum Thickness of film resistance : Oym

Contactwire Contactwire

0 300

Electric Temperature
potential Contactstrip Contactstrip

() Electric potential distribution (b) Temperature distribution
Figure 5.3.3 Analysis result (Current: 80A)

Current: 100A 1800K Current: 100A
Radius of contact spot: 20um Radius of contact spot: 20um
Thickness of film resistance : Oum Thickness of film resistance : Oym

Contactwire Contactwire
Electric Temperature
potential Contactstrip Contactstrip

(@) Electric potential distribution (b) Temperature distribution
Figure 5.3.4 Analysis result (Current: 100A)
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5000

Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
Thickness of film resistance: Oum
4000 I ¢ rrent: 50A Radiusof
contact spot
~
@ 3000 | ~-10um
g —=—20um
qé- 2000 o
B Contact strip ——
ﬁ Contact boundary 60um
- —-80um
1000 ~-100um
Contact wire
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Electric potential, vV

Figure 5.3.5 Relationship between electric potential and temperapure in each radius of contact spot
(Current: 50A)

5000
Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
2000 | Thickness of film resistance: Oum
Current: 80A Radius of
contact spot
~
@ 3000 | ~-10um
g —=—20um
g_ Contact strip Contact —D—40um
£ 2000 boundary
o ——60um
|—
—-80um
—-—100um
1000 Contact wire

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Electric potential, vV

Figure 5.3.6 Relationship between electric potential and temperapure in each radius of contact spot
(Current: 80A)
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5000

Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
4000 Thickness of film resistance: Oum
Current: 100A Radius of
contact spot
b4 —o—
@ 3000 | 10pm
2 —=—20um
© Contact
2 boundary -o-40um
€H | Contact strip
—-80um
1000 ~-100um
Contact wire
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Electric potential, V

Figure 5.3.7 Relationship between electric potential and temperapure in each radius of contact spot
(Current: 100A)

4000

Contactwire: Hard-drawn copper
3500 | Contactstrip: Iron-based sintered alloy "
Thickness of film resistance: Oum

x_ 3000 || Current | Contactwire | Contactstrip

< s0A O ° ¢-Bvalue 5

® 2500 || soa A A \

8 100A O ]

€2000 |

= - 1646K
E - O
3 1500 A/

%

5]

S

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Contactvoltage, V

Figure 5.3.8 Relationship between contact voltage and maximum temperature of respective electrodes
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Contactwire: Hard-drawn copper -O-10mm?2
Contactstrip: Iron-based sintered alloy 5
1.0 | Current: 100A ==50mm
Thickness of film resistance: Oum F70mm?2
3 08 | ~-100mm?
)
©
=
So06 |
L od
Q
8
S
S04
0.2 |
0.0 7 i ¥
0 50 100 150 200 250 300

Radius of contact spot, um

Figure 5.3.9 Relationship between radius of contact spot and contact voltage

in each apparent contact area

2.0

-0-10mm? Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
) Current: 100A

+F70mm Thickness of film resistance: Oum
~-100mm?

==50mm?

=
()]
T

o =
(0] N

©
>

Difference ratio of contact voltage against
apparent contactarea10mm?,%

0.0
0 50 100 150 200
Radius of contact spot, um

250 300

Figure 5.3.10 Difference ratio of contact voltage against apparent contact area
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400

350

w

o

o
T

Radius of contact spot, um
S
o

150 |
100 |
50 |
0
0 10 15 20 25
Number of elements
Element size, um Radius of contact spot, um
Number
of 10mm? 50mm? 70mm? | 100mm? | 10mm? 50mm? 70mm? | 100mm?
element
1 1784 3989 4720 5642 17.8 39.9 47.2 56.4
2 1784 3989 4720 5642 35.7 79.8 94.4 112.8
3 1784 3989 4720 5642 53.5 119.7 141.6 169.3
4 1784 3989 4720 5642 71.4 159.6 188.8 225.7
5 1784 3989 4720 5642 89.2 199.5 236.0 282.1
6 1784 3989 4720 5642 107.0 239.4 283.2 338.5
7 1784 3989 4720 5642 124.9 279.3 330.4 394.9
8 1784 3989 4720 5642 142.7 319.2 377.6 451.4
9 1784 3989 4720 5642 160.6 359.0 424.8 507.8
10 1784 3989 4720 5642 178.4 398.9 472.0 564.2
12 1784 3989 4720 5642 214.1 478.7 566.4 677.0
14 1784 3989 4720 5642 249.8 558.5 660.8 789.9
16 1784 3989 4720 5642 285.5 638.3 755.3 902.7
18 1784 3989 4720 5642 321.1 718.1 849.7 1015.5
20 1784 3989 4720 5642 356.8 797.9 944.1 1128.4

Figure 5.3.11 Number of elements required for radius of contact spot in analysis model
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Contactvoltage: 0.45V Contactvoltage: 0.45V

Radius of contact spot: 285um Radius of contact spot: 285um
Radius of electrode: 1780um Radius of electrode: 1780um
Thickness of film resistance: Ouym Thickness of film resistance : Ouym

Contactwire Contactwire

0 300
Electric

Temperature
potential

Contact strip Contactstrip

D — S 151U [ <— > 535um

() Electric potential distribution (b) Temperature distribution
Figure 5.3.12 Analysis result (Apparent contact area: 10mm?)

Contactvoltage: 0.45V Contactvoltage: 0.45V

Radius of contact spot: 280um Radius of contact spot: 280um
Radius of electrode: 3990um Radius of electrode: 3990um
Thickness of film resistance: Oum Thickness of film resistance : Ouym

Contactwire Contactwire

0 300
Electric
potential

Temperature

Contactstrip Contactstrip

<> 1196um <«——> 1196um

(@) Electric potential distribution (b) Temperature distribution

Figure 5.3.13 Analysis result (Apparent contact area: 50mm?)
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Contactvoltage: 0.45V Contactvoltage: 0.45V

Radius of contact spot: 283um Radius of contact spot: 283um
Radius of electrode: 4720um Radius of electrode: 4720um
Thickness of film resistance: Ouym Thickness of film resistance : Ouym

Contactwire Contactwire

0 300
Electric

Temperature
potential

Contact strip Contactstrip

<« > 1416um <« > 1416pm

() Electric potential distribution (b) Temperature distribution
Figure 5.3.14 Analysis result (Apparent contact area: 70mm?)

Contactvoltage: 0.45V Contactvoltage: 0.45V

Radius of contact spot: 282um Radius of contact spot: 282um
Radius of electrode: 5640um Radius of electrode: 5640um
Thickness of film resistance: Oum Thickness of film resistance : Ouym

Contactwire Contactwire

0 300
Electric
potential

Temperature

Contactstrip Contactstrip

<—> 1692pm <—> 1692pm

(@) Electric potential distribution (b) Temperature distribution

Figure 5.3.15Analysis result (Apparent contact area: 100mm?)
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2000
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Temperature, K

400
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[EEN
w
o
o

Maximum temperature, K
=
o
o
o

500

Contact boundary
i Contact Contact
strip wire
Apparent
contactarea
--10mm?
—--50mm?
i --70mm?
* Contactwire: Hard-drawn copper —~—100mm?
Contactstrip: Iron-based sintered alloy
Radiusof contact spot: Approximately 280um
Contactvoltage: 0.45V
Thickness of film resistance: Oum
| |
0.0 0.1 0.2 0.3 0.4 0.5
Electric potential, vV
Figure 5.3.16 Relationship between electric potential and temperature
in each apparent contact area (Contact voltage: 0.45V)
Contactwire: Hard-drawn copper O Contact wire
Contactstrip: Iron-based sintered alloy ]
Radius of contact spot: Approximately 280um B Contactstrip
Contactvoltage: 0.45V oval
Thickness of film resistance: Oum $-Bvalue

10

50 70
Apparent contact area, mm?

100

Figure 5.3.17 Maximum temperature comparison of respective electrodes

in each apparent contact area
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0.45V Contactvoltage: 0.45V 1550K Contactvoltage: 0.45V
) Bulk temperature of contact strip: 300K Bulk temperature of contact strip: 300K

I Radius of contact spot: 100um Radius of contact spot: 2100um

Thickness of film resistance : Oum Thickness of film resistance : Oum

Contactwire Contactwire

"
0 300

Electric Temperature

potential Contact strip Contact strip

() Electric potential distribution (b) Temperature distribution

Figure 5.3.18Analysis result (Bulk temperature of contact strip: 300K)

Contactvoltage: 0.45V Contactvoltage: 0.45V

Bulk temperature of contact strip: 400K 1550K Bulk temperature of contact strip: 400K
Radius of contact spot: 200um Radius of contact spot: 100um
Thickness of film resistance : Opm Thickness of filmresistance : Oum

0.45v

7 z
Contactwire Contactwire
r r
0 300
Electrip I Temperature
potentia Contact strip Contact strip

(@) Electric potential distribution (b) Temperature distribution

Figure 5.3.19Analysis result (Bulk temperature of contact strip: 400K)
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Contactvoltage: 0.45V Contactvoltage: 0.45V

0.45V Bulk temperature of contact strip: 500K 1550K Bulk temperature of contact strip: 500K
Radius of contact spot: 100um Radius of contact spot: 100um
Thickness of film resistance : Oum Thickness of film resistance : Oum

Contactwire Contactwire

0 300

Electric Temperature
potential Contact strip Contact strip

() Electric potential distribution (b) Temperature distribution
Figure 5.3.20 Analysis result (Bulk temperature of contact strip: 500K)

2000
Contact boundary
1600 Contact Contact
strip | wire
<>
x | Bulk temperature of
@ 1200 contact strip
2
o --300K
2
L —-=-500K
[ Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
400 Radiusof contact spot: 100um
Contactvoltage: 0.45V
Thickness of film resistance: Oum
0
0.0 0.1 0.2 0.3 0.4 0.5

Electric potential, vV

Figure 5.3.21 Relationship between electric potential and temperature

in each bulk temperature of contact strip
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Maximum temperature, K

2500

2000

1500

1000

500

<O-Contact wire | Contactwire: Hard-drawn copper
. Contactstrip: Iron-based sintered alloy
i +=Contact strip Radius of contact spot: 100um
{+¢-Bvalue Contactvoltage: 0.45V
Thickness of film resistance: Oum
[ =T = = 0
D
300 350 400 450 500

Bulk temperature of contact strip, K

Figure 5.3.22 Relationship between bulk temperature of contact strip and

maximum temperature of respective electrodes
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0.45V Contactvoltage: 0.45V 1550k Contact voltage: 0.45V
Thickness of film resistance : d;=10um Thickness of film resistance :d;=10um
Filmresistance factor: f;=1 Filmresistance factor: f;=1

Contactwire Contactwire

r r

Electric

potential Temperature

Contact strip Contactstrip

() Electric potential distribution (b) Temperature distribution

Figure 5.3.23 Analysis result (Film resistance factor: f;=1)

0.45V Contactvoltage: 0.45V 1550K Contactvoltage: 0.45V
' Thickness of film resistance :d;=10um Thickness of film resistance :d;=10um
Filmresistance factor: f;=10 Film resistance factor: f,=10

Contactwire Contactwire

r r

Electric
potential

Temperature
Contact strip Contactstrip

(@) Electric potential distribution (b) Temperature distribution

Figure 5.3.24 Analysis result (Film resistance factor: f1=10)
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0.45V Contactvoltage: 0.45V 1550K Contactvoltage: 0.45V
' Thickness of film resistance :d;=10um Thickness of film resistance : d;=10um
Filmresistance factor: f;=100 Film resistance factor: f,=100

Contactwire Contactwire

r r

Electric

potential Temperature

Contact strip Contactstrip

() Electric potential distribution (b) Temperature distribution
Figure 5.3.25 Analysis result (Film resistance factor: f1=100)

045y Contactvoltage: 0.45V 1550k Contactvoltage: 0.45V
' Thickness of film resistance : d;=10um Thickness of film resistance :d;=10um
Filmresistance factor: f;=1000 Film resistance factor: f,=1000

Contactwire Contactwire

r r

Electric
potential

Temperature
Contactstrip Contactstrip

(@) Electric potential distribution (b) Temperature distribution

Figure 5.3.26 Analysis result (Film resistance factor: f;=1000)
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2000

Contact boundary
Contact Contact
1600 strip | wire
&>
~
o 1200
L)
3
=3
o
o
£ 800
QE, Contactwire: Hard-drawn copper %)
= Contactstrip: Iron-based sintered alloy '-.__
Radiusof contact spot: 100um "-3
400 Contactvoltage: 0.45V Y
Thickness of film resistance: d;=10um ®
Film resistance factor: f;=1
0
0.0 0.1 0.2 0.3 0.4 0.5
Electric potential, V

Figure 5.3.27 Relationship between electric potential and temperature (Film resistance factor: f1=1)

2000
Contact boundary
1600 Cont.act ; Con.tact
strip wire
4
o 1200
L)
3
=3
e
o
£ 800 )
QE, Contactwire: Hard-drawn copper 2
= Contactstrip: Iron-based sintered alloy )
Radiusof contact spot: 100um '=__;
400 Contactvoltage: 0.45V Y
Thickness of film resistance: d;=10um ®
Film resistance factor: f,=10
0
0.0 0.1 0.2 0.3 0.4 0.5
Electric potential, V

Figure 5.3.28 Relationship between electric potential and temperature (Film resistance factor: f;=10)
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2000

Contact boundary
Contact Contact

1600 | strip wire

[y

N

o

o
T

800 |

Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
Radiusof contact spot: 100um

400 Contactvoltage: 0.45V

Thickness of film resistance: d;=10um
Film resistance factor: f,=100

Temperature, K

0.0 0.1 0.2 0.3 0.4 0.5
Electric potential, V

Figure 5.3.29 Relationship between electric potential and temperature (Film resistance factor: f;=100)

2000
Contact boundary
Contact Contact
1600 | strip 1 wire
<~ >
4
o 1200 |
L)
3
=3
e
o
£ 800 |
§ Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
; Radiusof contact spot: 100um
400 Contactvoltage: 0.45V
‘ Thickness of film resistance: d;=10um
| Film resistance factor: f,=1000
0 1 ‘
0.0 0.1 0.2 0.3 0.4 0.5

Electric potential, V

Figure 5.3.30 Relationship between electric potential and temperature (Film resistance factor: f;=1000)
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Maximum temperature, K

Voltage drop, V

o
o0

Contactwire: Hard-drawn copper -
. . E Contactwire

0.7 | Contactstrip: Iron-based sintered alloy )

Radius of contact spot: 100um O Contactstrip
0.6 | Contactvoltage:0.45V

Thickness of film resistance: d;=10um
0.5 |
04 | [ O )
03 |
0.2
0.1

0
1 10 100 1000

Film resistance factor f;

Figure 5.3.31 Relationship between film resistance factor f; of contact wire and

voltage drop of respective electrodes

3000

Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
2500 | Radiusof contact spot: 100pum

-O-Contact wire

-~Contact strip

Contactvoltage: 0.45V oval
Thickness of film resistance: d;=10um Tr¢-Ovalue
2000 |
1500
1000
500 |
0
1 10 100

Film resistance factor f;

Figure 5.3.32 Relationship between film resistance factor f; of contact wire and

maximum temperature of respective electrodes
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Contactvoltage: 0.45V Contactvoltage: 0.45V

Thickness of film resistance: Thickness of film resistance:
dl=d2=10pm dl=d2210pm

Film resistance factor: f,=100, f,=1 Film resistance factor: f,=100, f,=1

Contactwire Contactwire

r r

Temperature
Contact strip Contactstrip

Electric \

potential

Film resistance Film resistance

() Electric potential distribution (b) Temperature distribution
Figure 5.3.33 Analysis result (Film resistance factor: f;=100, f,=1)

Contactvoltage: 0.45V Contactvoltage: 0.45V

Thickness of film resistance: Thickness of film resistance:
dl=d2210pm d1=d2=10pm

Filmresistance factor: f;=100, f,=10 Filmresistance factor: f;=100, f,=10

Contactwire Contactwire

r r

Electric \\ \\ Film resistance

potential Filmresistance Temperature

Contact strip Contactstrip

(@) Electric potential distribution (b) Temperature distribution

Figure 5.3.34 Analysis result (Film resistance factor: f;=100, f,=10)
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Contactvoltage: 0.45V

Thickness of film resistance:
d1=d2=lOpm

Film resistance factor: f,=100, f,=100

Contactvoltage: 0.45V 2050K
Thickness of film resistance:

dl=d2=10pm
Film resistance factor: f,=100, f,=100

Contactwire Contactwire

r r

\\ \\ Film resistance

Electric Film resistance
Temperature

potential
Contactstrip

Contact strip

() Electric potential distribution (b) Temperature distribution

Figure 5.3.35 Analysis result (Film resistance factor: f;=100, f,=100)

2050K Co_ntactvoltag_e: O.45_V
Thickness of film resistance:
dl=d2210pm
Film resistance factor: f;=100, ,=1000

Contactvoltage: 0.45V

Thickness of film resistance:
dl=d2=lO|Jm

Filmresistance factor: f;=100, f,=1000

Contactwire Contactwire

r r

Electric \\ Film resistan ce Temperature Film resistance

potential
Contactstrip

Contact strip

(@) Electric potential distribution (b) Temperature distribution

Figure 5.3.36 Analysis result (Film resistance factor: f;=100, f,=1000)
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2500

Contact boundary
2000

¥ :
g 1500 | Contact | Contact
§ strip wire
o S e——
g |
qg) 1000 | Contactwire: Hard-drawn copper
- Contactstrip: Iron-based sintered alloy

Radiusof contact spot: 100um

Contactvoltage: 0.6V

500 Thickness of film resistance: d;=d,=10pum
Film resistance factor: f;=100, f,=1
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Electric potential, V

Figure 5.3.37 Relationship between electric potential and temperature (Film resistance factor: f;=100, f,=1)

2500
Contact boundary
Contact Contact
2000 strip | wire
¥
g 1500
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©
]
Q.
g 1000
= Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
Radius of contact spot: 100um
500 Contactvoltage: 0.6V
Thickness of film resistance: d;=d,=10um
Film resistance factor: f;=100, f,=10
0 . . .
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Electric potential, V

Figure 5.3.38 Relationship between electric potential and temperature
(Film resistance factor: f,=100, f,=10)
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2500

|
Contact boundary
Contact Contact
2000 strip | wire
<>
¥
g 1500 |
=]
©
]
Q.
g 1000 |
= Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
Radius of contact spot: 100um
500 Contactvoltage: 0.6V |
Thickness of film resistance: d;=d,=10um \
Film resistance factor: f,=100, f,=100
0 . . .
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Electric potential, V
Figure 5.3.39 Relationship between electric potential and temperature
(Film resistance factor: f1=100, f,=100)
2500 |
Contact boundary
Contact Contact
2000 | strip wire
¥
g 1500 |
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©
]
Q.
g 1000 |
= Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
Radius of contact spot: 100um
500 Contactvoltage: 0.6V
Thickness of film resistance: d;=d,=10pum
Film resistance factor: f;=100, f,=1000
0 . . .
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Electric potential, V

Figure 5.3.40 Relationship between electric potential and temperature
(Film resistance factor: f;=100, f,=1000)

139



1.2

Voltage drop, V

0.0

. Radiusof contact spot: 100um

Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy

@ Contactwire

O Contactstrip

Contactvoltage: 0.6V
Thickness of film resistance: d;=d,=10um
Film resistance factor: f;=100

1 10

100

Filmresistance factor f,

1000

Figure 5.3.41 Relationship between film resistance factor f, of contact wire and

4000
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Maximum temperature, K
= = N N w
o Ul o u o
o o o o o
o o o o o

500

voltage drop of respective electrodes

Contactwire: Hard-drawn copper
- Contactstrip: Iron-based sintered alloy
Radiusof contact spot: 100um
- Contactvoltage: 0.6V
Thickness of film resistance: d;=d,=10um
u Film resistance factor: f,=100

7 {}

-O-Contact wire
-~Contact strip

r¢-Bvalue

1 10

100

Film resistance factor f,

Figure 5.3.42 Relationship between film resistance factor f, of contact wire and

maximum temperature of respective electrodes
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Figure 5.4.1 Electric potential-temperature curve organized by ¢/V, in each contact voltage

Contact wire: Hard-drawn copper
Contact strip: Iron-based sintered alloy
Thickness of film resistance: d,= d,= 10uym

i
100 1000

Figure 5.4.2 Relationship between film resistance factor and contact boundary factor o
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Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
Contactvoltage: 0.3V

Thickness of film resistance: d;= d,= 10um

Maximum
temperature
of 1
contactwire 10 100 1000

h

(@) Contact wire

Contactwire: Hard-drawn copper
Contact strip: Iron-based sintered alloy
Contactvoltage: 0.3V

Thickness of film resistance: d;= d,= 10um

Maximum

temperature
of 1
contact strip 10 100 1000

h

(b) Contact strip

Figure 5.4.3 Relationship between film resistance factor and maximum temperature
(Contact voltage: 0.3V)
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Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
Contactvoltage: 0.45V

Thickness of film resistance: d;= d,= 10um

f>
300 10

Maximum
temperature
of 1 .
contactwire 10 100 1000

h

(@) Contact wire

Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
Contactvoltage: 0.45V

Thickness of film resistance: d;= d,= 10um

100
f2

300 10

Maximum
temperature
of 1
contact strip 10 100 1000

h

(b) Contact strip

Figure 5.4.4 Relationship between film resistance factor and maximum temperature
(Contact voltage: 0.45V)
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Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
Contactvoltage: 0.6V

Thickness of film resistance: d;= d,= 10um

f2

300 10

Maximum
temperature ,
of 1 -
contactwire 10 100 1000

h

(@) Contact wire

Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
Contactvoltage: 0.6V

Thickness of film resistance: d;= d,= 10um

100
f

300 10

Maximum
temperature
of 1
contact strip 10 100 1000

h

(b)  Contact strip

Figure 5.4.5 Relationship between film resistance factor and maximum temperature
(Contact voltage: 0.6V)
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Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy

300

Maximum 0.2
temperature
of 0
contactwire 0 02 04 06 08 1.0
a

(@) Contact wire

Contactwire: Hard-drawn copper
Contact strip: Iron-based sintered alloy

300

Maximum 0-2
temperature
of 0]
contact strip 0O 02 04 06 08 10
a

(b) Contact strip
Figure 5.4.6 Relationship between contact boundary factor & and maximum temperature
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->-Melting boundary of contact wire
1.0

—+~Melting boundary of contact strip

0.8 Mixed melting wear mode i C.ontact strip
' melting wear mode

= i
06 | :
% Contact wire i
2 melting wear mode M A 7\
Q 1
S04 !
c i
o i
© ' 0,0=0.96

0.2 Mechanical wear mode i/

0.0 H

0 0.2 0.4 0.6 0.8 1

Contactboundary factor a

Figure 5.4.7 Wear mode map for combination of hard-drawn copper contact wire and

iron-based sintered alloy contact strip

O Mechanical wearmode

[ Contactstrip melting wear mode

A Contactwire melting wear mode

100

75

Current, A
Ul
o

25

Contact
voltage

1.00

Contactforce, N

Figure 5.4.8 Relationship between wear mode and statistic maximum contact voltage
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10
Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
Contactforce: More than 10N

Sliding speed: 200mm/s

Current: 100A

10 |

Average wear rate of contact wire
mm?2/N-cycle

107

0 20 40 60 80 100 120
Apparent contact area, mm?

Figure 5.4.9 Relationship berween average wear rate of contact wire and apparent contact area

in mechanical wear mode

Contactwire: Hard-drawn copper
Contactstrip: Iron-based sintered alloy
Contactforce: 10N

Slidingspeed: 200mm/s

Current: 100A

w
T

Average wear depth of contact wire,
nm/cycle
N

0 20 40 60 80 100 120
Apparent contact area, mm?

Figure 5.4.10 Relationship between average wear depth of contact wire and apparent contact area in

condition of contact force 10N
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Figure 6.2.1 Wear mode map for combination of hard-drawn copper contact wire and
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Figure 6.2.2 Material combination based on difference of melting point and contact boundary factor in

clean contact
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Occurrence condition of wear mode

Region Contact wire Mixed Contact strip
melting wear mode melting wear mode melting wear mode

@ Thick film on contact wire Film on contact wire Always occur
@) Film on contact wire Film on contact wire Always occur
©) Thick film on contact wire Always occur Always occur
@ Film on contact wire Always occur Always occur
® Always occur Always occur Film on contact strip
® Always occur Always occur Thick film on contact strip
@ Always occur Film on contact strip Film on contact strip
Always occur Film on contact strip Thick film on contact strip

Figure 6.2.3 Occurrence condition of wear mode in respective material combinations
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Table 6.2.1 Material combination of wear specimen

Contact wire material Hard-drawn copper Hard-drawn copper Nickel
. . . Aluminum Iron-based
Contact strip material Nickel )
(A6063) sintered alloy

] ] Contact wire 1334 1334 1728

Melting point, K -
Contact strip 1728 933 1646

Electric resistivity, | Contact wire 1.77x10? 1.77x10? 6.2x102
uQm Contact strip 6.2x10? 2.6x10? 0.40
Difference of melting point, K 394 -401 -82
Contact boundary factor
) 0.77 0.59 0.86
in clean contact ao
Region in figure 6.2.2 ® ©) O

-0-Melting boundary of contact wire

1.0
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Mechanical wear mode
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Contactboundary factor a
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Figure 6.2.4 Wear mode map for combination of hard-drawn copper contact wire and

nikkel contact strip
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Figure 6.2.5 Wear mode map for combination of hard-drawn copper contact wire and

aluminum contact strip
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Figure 6.2.6 Wear mode map for combination of nickel contact wire and

iron-based sintered alloy contact strip
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6.3.3 BIFEBE&SLTAEAZE
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Fio, HERIERERBED b URBI T ORERV AL, BRRL 28RS 5. b
% A E AT EE(SEM : Scanning electron microscope) z IV THEIZL L, X #%74’ rua7FIA4Y
(EPMA : Electron probe X-ray microanalyzer) %z Fi\» C o0 Aitg & k59

6.3.4 EFEEFIE
EERABRTFNEY, F2E TR DEE—THD.

Table 6.3.1 Wear test conditions

Apparent contact area, mm? 100
Contact force, N 2~80
Sliding speed, mm/s 200
Friction interval, sec Approximately 5.0
Sliding cycle 3,000
Sliding distance, mm 250
Voltage, V DC 100
Current, A 100
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Figure 6.4.1 Relationship between contact force and statistic maximum contact voltage
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(Contact wire: hard-drawn copper, contact strip: nickel)

Contactwire: Hard-drawn copper
Contactstrip: Nikkel

Sliding speed: 200mm/s

Current: 100A

10
Contactforce, N

Figure 6.4.2 Relationship between contact force and wear rate of contact wire

(Contact wire: hard-drawn copper, contact strip: nickel)
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Specific wear rate of contact strip, mm3/N=m

10!

Contactwire: Hard-drawn copper
Contactstrip: Nikkel
Slidingspeed: 200mm/s

102 Current: 100A |

103

104

10

1 10

Contactforce, N

100

Figure 6.4.3 Relationship between contact force and specific wear rate of contact strip
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Friction coefficient

0.4
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(Contact wire: hard-drawn copper, contact strip: nickel)

AT

Contactwire: Hard-drawn copper
Contactstrip: Nikkel

Sliding speed: 200mm/s

Current: 100A

1 10
Contactforce, N

Figure 6.4.4 Relationship between contact force and friction coefficient

(Contact wire: hard-drawn copper, contact strip: nickel)
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(a) Wear surface of contact wire

<€ Sliding direction

{ 10'3111

£

(c) Wear particle
Figure 6.4.5 SEM-EPMA pictures of wear surface and wear particle

(Contact force: 50N, sliding speed: 200mm/s, current: 100A)

Arrows in this figure show the sliding direction of the contact strip.
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< Sliding direction

(a) Wear surface of contact wire

rection

) \l

<€ Sliding di

47

(c) Wear particle

Figure 6.4.6 SEM-EPMA pictures of wear surface and wear particle
(Contact force: 6.1N, sliding speed: 200mm/s, current: 100A)

Arrows in this figure show the sliding direction of the contact strip.
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(c) Wear paricle

Figure 6.4.7 SEM-EPMA pictures of wear surface and wear particle
(Contact force: 2.2N, sliding speed: 200mm/s, current: 100A)

Arrows in this figure show the sliding direction of the contact strip.
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Figure 6.4.8 Relationship between contact force and statistic maximum contact voltage

(Contact wire: hard-drawn copper, contact strip: aluminum)
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Wear rate of contact wire, mm2/N - cycle

Wear rate of contact wire, mm2/N - cycle
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Figure 6.4.9 Relationship between contact force and wear rate of contact wire

(Contact wire: hard-drawn copper, contact strip: aluminum)
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Specific wear rate of contact strip, mm3/N=m
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Figure 6.4.10 Relationship between contact force and specific wear rate of contact strip
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Figure 6.4.11 Relationship between contact force and friction coefficient

(Contact wire: hard-drawn copper, contact strip: aluminum)



< Sliding direction

P Sr¥ s A R

P B e

(a) Wear surface of contact wire

<€ Siding direction
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Figure 6.4.12 SEM-EPMA pictures of wear surface and wear particle
(Contact force: 45N, sliding speed: 200mm/s, current: 100A)

Arrows in this figure show the sliding direction of the contact strip.
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on

(a) Wear surface of contact wire

< Sliding direction

(c) Wear patricle

Figure 6.4.13 SEM-EPMA pictures of wear surface and wear particle
(Contact force: 5.1N, sliding speed: 200mm/s, current: 100A)

Arrows in this figure show the sliding direction of the contact strip.
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(c) Wear particle

Figure 6.4.14 SEM-EPMA pictures of wear surface and wear particle
(Contact force: 3.3N, sliding speed: 200mm/s, current: 100A)

Arrows in this figure show the sliding direction of the contact strip.
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Figure 6.4.15 Relationship between contact force and statistic maximum contact voltage
(Contact wire: nikkel, contact strip: iron-based sintered alloy)
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Wear rate of contact wire, mm2/N - cycle

Wear rate of contact wire, mm2/N - cycle

10

Contact wire: Nikkel

Contactstrip: Iron-based sintered alloy
Sliding speed: 200mm/s

Current: 100A

10 |
N J
Y
107 | Negavite value
108
1 10 100
Contactforce, N
(a) Log-log plot
0.01
0 / O
-0.01 /
-0.02 /ﬂ\!
-0.03 /
-0.04 Contact wire: Nikkel N
Contactstrip: Iron-based sintered alloy
-0.05 Sliding speed: 200mm/s —
(/ Current: 100A
-0.06
1 10 100

Contactforce, N

(b) Semi-log olot

Figure 6.4.16 Relationship between contact force and wear rate of contact wire

(Contact wire: nikkel, contact strip: iron-based sintered alloy)
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Specific wear rate of contact strip, mm3/N*m
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Figure 6.4.17 Relationship between contact force and specific wear rate of contact strip

Friction coefficient

(Contact wire: nikkel, contact strip: iron-based sintered alloy)
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Figure 6.4.18 Relationship between contact force and friction coefficient

(Contact wire: nikkel, contact strip: iron-based sintered alloy)
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(a) Wear surface of contact wire

< Sliding direction

(c) Wear paticle

Figure 6.4.19 SEM-EPMA pictures of wear surface and wear particle
(Contact force: 50N, sliding speed: 200mm/s, current: 100A)

Arrows in this figure show the sliding direction of the contact strip.
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(a) Wear surface of contact wire

< Sliding direction

'--,:\

(c) Wear paticle

Figure 6.4.20 SEM-EPMA pictures of wear surface and wear particle
(Contact force: 5.7N, sliding speed: 200mm/s, current: 100A)

Arrows in this figure show the sliding direction of the contact strip.
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