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Recent progress of DLC

Diamond-like carbon (DLC)
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Background

 Further saving of fuel and electric
power consumed by machines s
required.

=Regurement to tribology:Decrease of
energy loss due to friction

=Key technology:A low friction carbon
film: DLC (Diamond-Like Carbon)

=Problem:high cost of
coating—limited application

=>Cost reduction—Application to wider
variety of machince parts — Expand

the merit of energy saving by DLC
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Industrial demand : One-piece flow process

Conventional Our proposal (new method)

ﬁ -Flowofparts»
=2 4T

Microwave Microwave
&DC bias Injection
1000 parts in 1 batch 1 parts in 1 batch

Deposition rate:1 um/h Deposition rate (requirement: 100-1000 um/h
Inline (One-piece flow) process by
ultra-high speed coating
*Huge cost of e Cheaper cost of _

suitable for low cost

large equipment smaller equipment | mass production such
Not justin time « JUST in time as automobile parts

[Batch process]




MVP Microwave-sheath Voltage combination Plasma

MVP is sustained by microwave propagation along
plasma-sheath interface, where the metal is negatively
biased for expansion of sheath layer.

Dielectric (ex. Quartz)

(<101 cm )

¥~ Negative voltage
7;7;7 I:gzllgirist chanllbir 7;7; 7;7;
Low-density High-density remote High-density near
plasma (CCP) plasma (SWP) plasma (MVP)
[ CONVENTIONAL METHOD ] NEW METHOD

H. Kousaka, et. al., Jpn. J. Appl. Phys. 44 (2005) L1154—L1157.

Previous results of DLC coating by MVP

Such a high density plasma(>1012cm-3) gave a considerably
high deposition rate of 188 um/h, hardness of 12.9 GPa .

T. Okamoto, et. al., Proc. International Tribology Conference HIROSHIMA 2011, D2-14 (CD-ROM).




Surface Wave-excited Plasma (SWP)

.
Diclectric ¢, Plasmae,
y 1/ N
Vd
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V4
7/
rd
Amplitude of Surface Waves
Wave numberin, _ . 12 ¥
=&y

the z direction *

(m,: electron mass, e: electron charge, c: speed of light, w: excitation frequency,
ng: electron density, &,: permittivity of vacuum, &4: relative permittivity of quartz)

Required condition for SWP generation

2 2 2.45 GHz, €,=3.7 -----> n_>3.0x10%cm™3
. —(A+e) o >0 : > - =d e
pe ( d ) 2.45 GHz, £,=1.0 ----> n>1.7 x10"cm™3




Motivation of this work

q. Film properties of DLC film coated at such high rate\

are unknown.
2. Substrate temperature often increases above 200°C,
which is the tempering temperature of many steels
\ typically used for mechanical elements. Y

=

1. Compare atomic composition of DC and MVP
deposition at same environment In order to
understand the characteristics of DLC film coated
at over 100 ym/h.

2. Confirm whether the substrates was softened
or not during DLC coating at temperatures higher

than 200 °C.




Experimental apparatus

Vacuum CH, TMS
chamber™>_ _Quartz window Ar it H,
| |
| |
GND% _ 220mm AT MEC
=5 DC power N Z |
supply _
— :Il— - Quartz window
Specimen
Pressure gage 995 mm
(Baratron)
Leakvalve |5 Siniuiel seiniinind :"[
Exhaust Radiation

<€ — Vv
Valve ﬁ Tr thermometer
! L } (IR-CAP2CYS)

Rotary pump Mechanical I_ ~\:|\Microwave
booster pump 2.45GHz

4 )
2.45 GHz microwaves can be introduced via coaxial waveguide and quartz

plate. The top of the substrate is connected to a high voltage DC power
Eupply to apply a negative voltage.




Substrate

Typically used for sliding
Substrate: parts of automobiles

SCMA415 (Cr,Mo containing alloy steel block)
Tempered at 200 °C to get Vickers hardness 700 HV

This substrate could have been softened
If the substrate temperature exceed 200 °C.



Comparison of DC, MVP(DC+MW)

Vacuum CH4 TMS
chamber Quartz window Ar I Ho
N7 220 mm MEC o _ _
e il | By injecting microwave, pulse
Pressure gage =T pecen S Current became 90 tlmeS Iarger
225 mm
e B @l than DC plasma because

Exhaust

(—l

Rotary pump Mechanical

booster pump

wiaon | plasma density increased.

thermometer
(IR-CAP2CS)
Microwave
2.45GHz

Frequency 500 Hz, [ Frequency 500 Hz,
ratio 50 % MVP(DC+MW) Duty ratio 50 %

Duty
,,,,,,,,,,,,,,,,,,,,,,,,,,, — Bias voltage 100V/div
""""""" . —Current 0.5A/div
""""""""""""""" - — Bias voltage 100V/div .. . ——Microwave power(Forward) 400W/div |
————————————————————————————— - — Current 0.01A/div =~ | ,— Microwave power(Reflect) 400W/diy

. 10 15 2.0 0.0 05 1.0 15 20
Time t, msec Time t, msec



Comparison of DC, MVP(DC+MW)

Movies : Ar plasma generation
by 2 methods.
DC -500V,

DC -500 V [ MVP(DC+MW) ] MW 500 W




Coating conditions

~N

J

DC |DC+Heater] DC+MW
Ar 40
Gas flow, sccm|  CH, 200 DLC film thickness: 500nm
™S 20
Total gas flow Q o5, SCCM 260 ( -
Pressure P, Pa 75 In the coating of DC plasma with
Deposition time t, sec. 750 | 1200 12 .. . .
[ Peakpover Trw 1| additional heating, maximum
(2.45 GHz) P“';i{;eﬁa‘t‘foncy 2| substrate temperature during coating
Voltage -500 V becomes the same as 270 °C of the
Bi 500 H .
T T \microwave-enhanced case.
Temperature T, °C 80 | 270 | 270
400 -
] — DC(80°C)
o 12seC - .. DC+Heater(270°C)
L-300 | \) —--DC+MW(2<O°C)
o 250 | i :
g T . /1200sec| Tempering temperature
£ 200 -
3 150 | / !
e / * 750 sec
S0 | .~ Substrate could
o -
50 | have been softened.
0
0.1 10 1000

Deposition time £, sec



Results ~Comparison of deposition methods—

200 30
= . DC+Heater DC+MW.
= DC(BOC) (2701C)  (270°C) 196 pm/h| o5 | 20.8 GPa
=150 g o 19.1 GPa .
d [ s45nm O 20 + T 1
[ e - L
€100 | 2 15 | 11.8GPa
c b5 -
= S10 |
8 50 S
g— 2.5 um/h 1.6 um/h T 571
0 — 0
DC DC+Heater DC+MW DC DC+Heater ~ DC+MW
(80°C) (270°C) (270°C) (80°C) (270°C) (270°C)

Deposition rate and film hardness considerably
Increased by injecting microwave.

Comparing the two DC plasma cases, hardness was
Increased with the increase of substrate temperature.



Results & Discussion —Atomic composition—

It is considered that the increase of film hardness by additional heating

Atomic composition, at %

oo
o

(@)
o

N
o

N
o

o

o T et 1 D000
Measurements: . ] ' =
ERDAXPs  [JDC(80°C) S 8000 8
7 e = "
- DC+Heater(270C) 5 - 5
. s -6000 &
DC+MW(270°C) g 3
§ 24 4000 &
B =
§ 2 DLC coating 2000 3
g by ECR-CVD 3,
| T 20 | e r———— T Ty v et ) et
0 50 100 150 200 250 300
T%“ Substrate Temperature (*C)
| % | | am N1 Y. Konishi, et. al., Nuclear Instruments and Methods
in Physics, Research B 118 (1996) 312-317
C O Si H N

was caused by the decrease of hydrogen content.

30

20
15
10
5
0

HardnessH, GPa

25

20.8 GPa ﬂ:omparing the 2 cases: DC plasma and\
7 19.1 GPa I DC with microwave plasma, hardness
 1180Pa ) value were almost the same.
L However, both of the hydrogen and
I silicon contents decreased, while the
carbon content significantly increased by
(83% | Dé;';gcat)er E(>207+0'\2:V)V Qn jecting microwave. /




Results —~Substrate hardness after DLC coating—

Measurement : Micro hardness tester
Indentation Ioad80(3.3 kgf, Indentation depth 5~6 pm

400
I — DC(80°C)
& 350 12seC - .. DCHIeater270°C) >
L300 N\ —--pesmweroc) |
o 250 | - 2N 2
5 T .~ /1200sec| &
£ 200 | - . S 600
5 / ’ <
il 4 " 750 g
S L
100 | .- S 7 S€C 12 00
o e >
50 [
0 400
0.1 10 1000 Untreated DC DC+Heater DC+MW
Deposition time ¢, sec (80°C) (270°C) (270°C)

The decrease of substrate hardness did not occur in the
coating by microwave-excited high-density near plasma
even though the maximum substrate temperature
exceeded 200 °C during coating.

It Is expected that substrate softening can be
avoided if high-temperature period is enough short.



Results ~Tempering parameter—

DC+MW Critical value for softening of
- (270°C) _“alloy steel (SCM415), P=7742
| / _ \
i — baseline Tempering
700 (Tempering data of arameter
E ‘ SCMA415 alloy steel) P
= 650 | DC(80°C) 1 P=T(logt+ C)
& ! T : Temperature [K]
= 600 |- : t: time [hrs.]
= : C : Material constant
T e | | DC+Heater C=15 (for SCM415)
1 27000 .A. AolIomon an . D. Jarre, lrans.
2700 e o ™
500 !

/000 /500 8000 8500 9000 9500 10000
Tempering parameter P

Tempering parameter did not exceed the critical
value (P=7742) above which the alloy steel substrate
softens in the coating by microwave-excited plasma.



Conclusion —Comparison of film properties—

1. The deposition rate and hardness of the DLC deposited by
DC plasma were 2.5 um/h and 11.8 GPa, respectively; on
the other hand, the deposition rate and hardness of the
DLC deposited by microwave-excited high-density near
plasma were 156 um/h and 20.8 GPa, respectively.

2. Comparing the DC plasma and DC with microwave plasma
cases, both of the hydrogen and sillicon contents
decreased, while the carbon content significantly
Increased by injecting microwave.

3. The decrease of substrate hardness did not occur in the
coating by microwave-excited high-density near plasma
even though the substrate temperature increase up to
270 °C during coating. This is because tempering
parameter did not exceed the critical value (7742) above
which the alloy steel substrate softens.



Friction test — In ambient air —

DLC coated disk against SUJ2 ball (bearing steel) Rotatlon

radius.2.5 mm
In ambient air

Temperature : 22°C
Humidity : 53%RH

Maximum Hertzian
contact pressure

P :~433 MPa

DLC film coated by DC method

Specimen DC(80°C) DC+MW/(270°C) SKH51(substrate)
Ball SuUJ 2 SuUJ 2 SUJ2
. DLC (DC 80°C) DLC (DC+MW 270°C)
Disk on SKH 51 substrate on SKH 51 substrate SKH 5L
Load, N 0.5 0.5 0.5
Rotation speed, rpm 100.0 100.0 100.0
Sliding speed, mm/s 26.2 26.2 26.2
1.2
— DC(80°C)
Lo | Wornout ~ DC+MW(70C)  rapidly worn out.
— SKH 51

o
(o)

i

'i iy

Friction coefficient u
o
(o]

l | r‘ I "'HV | !/}

i

r‘l MWW ”\ W‘W 1 ” l"“ *M W) |

0.4

| wm u=0.11
0.2 i, et i )“w< -

” MMMMMWM " WM o M s uwwmm i b
0.0 ‘ | ‘

0 1000 2000 3000 4000

Number of sliding cycles N, cycle

5000

Friction coefficient became
almost same value with

substrate.

DLC film coated by DC
with microwave plasma
showed low friction of

u=0.11.



Friction test — In ambient air —

OMS images for balls and DLC-coated disks

Ball(SUJ2) [x 50]
Sliding
directio

U

e

(A | S |

Disk [x 10

SKH 51
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