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Atomistic Simulation for Boundary Lubrication
in Engine Tribology
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Summary

Boundary lubrication occurs at the start/stop of an engine and on the top/bottom dead centers of a piston.
With the boundary lubrication, solid-solid contacts partially occur, which cause high friction resistance and wear.
As a countermeasure, diamond-like-carbon (DLC) is an effective coating material with low friction and high
wear resistance. For the Elasto-hydrodynamic lubrication calculations, Greenwood-Tripp (G-T) has been used as
the model of the boundary lubrication phenomena, but the G-T model is not sufficient to reproduce the effect of
coating materials and the microstructures of the contact interfaces. Therefore, the molecular dynamics method
was used for modeling the effect of a molecular structure on the frictional properties in the boundary lubrication
condition. The effect of the DLC molecular structure on the friction properties was clarified using a simulation
model. To verify the friction mechanism, ring-on-disc friction tests and Raman spectroscopy analysis were

performed.
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Fig. T Simulation Model for Friction Interface between
DLC Asperities
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Fig. 2 Schematic of Ring-on-Disc Friction Tester and
Images of SUS440C Test Piece with DLC Coating
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Fig. 3 Snapshots of Friction Simulation of d-DLC Films
at (a) Ops, (b) 60ps, and (c) 120ps
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Fig. 4 Snapshots of Friction Simulation of g-DLC Films
at (a) Ops, (b) 60ps, and (c) 120ps
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Fig. 5 Frictional Forces during the Friction Simulations

of d-DLC Films and g-DLC Films
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Fig. 6 Different Mechanisms during Friction of
(a) d-DLC Films and (b) g-DLC Films
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Fig. 7 Snapshots of Friction Simulation of a-C:H Films
at (a) Ops, (b) 10ps, (c) 75ps, and (d) 100ps
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Fig. 8 Frictional Forces during the 3-cycle Friction
Simulations of d-DLC Films and a-C:H Films
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Fig. 12 Load Toughness Properties of a-C:H and
d-DLC Films

32EICHVT, a-C:HEDEDIRLERIZKL DREA
MMEEBRT S 7 74 MEEAZ(LTZ A RBIN
foo TD&ESH, BERICEZEFEEELERET 51
DI, SYUDIGEERVI-REDITOER% Fig. 13 1C
T Ta4 RAVREICHER S N SR 2 EFT & IEEE)
1 ERICOWVWT, IYURNIERME LTz, FEEH
B (a) CHBEE (b) DMICBAL TIERRYT RILFARIC
BAEZEFHEVD, BEE (o ORICEVWTIE, I/l
ﬁ@ﬁ#osﬁbo9mk*<nb 5774 MMEE
oM TEEINEY, 1=, CE—UMEN 1356em’
M5 1393cm” ABRERAICS 7 FTRRERE B 0T,
ES5IECE—JMEBEY G E—UDEEERHIS DLC D7
BEITHo>THD, CE—IIWERAKAZ> T N3
774 MEEOEBERTEINEY, L&D, #
%%«ﬁruﬁ77 1 MEEDERHTEIND, 4
B () ZEICIEALEET YU OIER% Fig. 14
IS, HEIED (o) OBEEHEH SIS VLEEHE BEVE
WAEIRICEE T 2 FFH RSN, 22T, AT
RIEETIYYEYIRILIcE 3, REKETRIE
T2 O0REHRSIYARY MLEBT, BTRY
B IFIEEEE (a) CRABEDS IV ARY MLERTD
ICR LT, RCRTBEETIEF S Yy—TRGCE—2ED
E—OhBRNZERe B o7 Ov—TRE—JIIESR
ELEBEZRLTED, BL /It (1.2) RU'G
P—oUBOBERAIADS 7~ (1412am™) H5, 7
THRIEEICERILLIET S 7710 FMBEDEET D
EHTBEIND, UELD, a-C:H OEENERD—EBHE
BICK>TI S 7741 MEEICELT D Z EHEERBIC
HREN, YITal—YarhsBAEMILIza-CHOD
BEBANZILOZEMZR LI, £z, BEEBO—
BOANT ST 71 MEER > TWVWBZeh 5, S
MO ERBEMEIBOAT ST 71 MELTWSETEE
MNH B, BEEBOMEERLIT ST 71 MBI L

Intensity [-]

0.0 1000 1500
Raman shift [cm-"]

Point | Peak |F8MaN Shift ) o gity| 1o/ 1

(cm™) ratio
G 1526 9735

@ 1356 4590 | °°
G 1530 | 26830

() 5 1362 | 13317 | °°
G 1552 9301

© p 1393 8a05 | 09

Fig. 13 Upper Image Shows Rubbed Track and Points
of Raman Spectroscopy Analysis. Middle Figure Shows
Raman Spectrums. Lower Table Shows Data of

Spectrum

N

1.3
_ 10
>
‘D
& 05| Red
<
Green
0.0 1000 1500 -
Raman shift [cm™]
Point | Peak Raman_1sh|ft Intensity lo/ Is
(ecm™) ratio
G 1582 59
Red 1412 6o | 2
G 1528 50
Green D 1379 25 0.5

Fig. 14 Upper Image Shows Detailed (c) Point in
Rubbed Track and Mapped Analysis Range Separating
Green and Red Parts. Middle Figure Shows Raman
Spectrums of Green and Red Regions. Lower Table
Shows Data of Spectrums



No.37 (2020)

TYAER

T, BEREOMMISRE IZHRE LA S EEREH TEE
CEZLSN, AEETIT ST 71 MMEEDE (g-DLC)
FOTHEFEMEZRIRTZ AR INS, UELD,
RBICEBRERL IV EY FEEEZ—2H 5, EH@EIC
3757 74 MMEEEDHDDLCH, WIAMEREDESED
BEEERE O EEERRICENREECEZ 5N 5,

4. 5HDIC

AAREBE D FEENE O BEIMER X MR ERRICED R
DIC#BEICD VT, RFLANIL DRI BERRBRN
VIR IUDHDORER, UTOHMBZF .

(1) KEIESEDICICEWVWT, REICKESFENERE
TERLERAAEICCCHEANERT 2BEN RS, =
D C-CHEEZEAMICK DR L AN SEBIEITT S
CEBEEETRT, 41VEY REEICEV d-DIC IXEE
BILOBRRC B3 REEFHRAICETETIDICHLT,
5774 MEEICEL g-DIC IFEBEEIC K D RES
HERIMETNI-REEE R £ %, TDIER, g-DIC IFE
BEREFEZTR Y,

(2) KEEEBDLC (a-C:H) ICHWVWT, KEERFIF
DICKREICHFEIDAREEFEF vV TITBKLT, &
WEEBEINEIT %, F7, a-CH E@0DIR LS, BR
T3 Ta-CHORABWEN T 771 MEENLE
ETREFLARNILDOBELAHADE DIEERLT . U7
771 MEELIFEMEBO—E TR 57, a-CH D
HMPREZ #E L 2D S RREDAMBERIBET X 5,

BE

(1) K. Holmberg et al.: Influence of tribology on global
energy consumption, costs and emissions, Friction,
5, pp.263-284 (2017)

(2) T. Muguruma et al.: Effects of sp2/sp3 Ratio and
Hydrogen Content on In Vitro Bending and Frictional
Performance of DLC-Coated Orthodontic Stainless
Steels, Coatings, 8, pp.199-210 (2018)

(3) EIFH : S UDIIEIC & B DLC BED MR
BLUFR (F28HR) —BLAOFEHAZXZAVWTN
A R—Z PBI&D JAICK DR L7DIC & —, +5
1RAPR b+, 62% 35, pp.228-235 (2017)

(4) #HARIED I REOELZ DICED FSrROY—
%, RERS, 25, pp.232-237 (2004)

(5) ). Jiang et al.: The effect of relative humidity on wear
of a diamond-like carbon coating, Surface and
Coatings Technology, 167, pp.221-225 (2003)

(6) S. Plimpton: Fast Parallel Algorithms for Short-Range
Molecular Dynamics, Journal of Computational
Physics, Vol.117, pp.1-19 (1995)

(7) H. M. Aktulga et al.: Parallel reactive molecular

dynamics: Numerical methods and algorithmic

techniques, Parallel Computing, Vol.38, pp.245-259
(2012)

(8) L. Pastewka et al.: Anisotropic mechanical
amorphization drives wear in diamond, Nature
Materials, 10, pp.34-38 (2011)

(9) H. Okubo et al.: In Situ Raman Observation of the
Graphitization Process of Tetrahedral Amorphous
Carbon Diamond-Like Carbon under Boundary
Lubrication in Poly-Alpha-Olefin with an Organic
Friction Modifier, Tribology Online, Vol.12 pp.229-
237 (2017)

mE =0

B=

A H EARR BERESR



