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Molecule Design, Synthesis and the Relationship between Structure and

tribological properties of additives used in Biodegradable Lubricant

Abstract

During the past twenty years, there has been an increasing interest in “environmentally acceptable”
lubricants in Europe and North America. Vegetable oils are potential replacements for mineral oil as
base stocks for environment friendly lubricants because they have high biodegradability, low toxicity
and their resources can be recycled. Meanwhile extensive effort is being made to find suitable additives
that can be used in biodegradable lubricants. According to the “Blue Angel Regulation” for such
additives, these compounds can’t contain element ClI because of its toxicity; at the same time, element S,
P or N can be introduced in additives because they have little toxicity.

This dissertation focuses on the relationship between molecular structure and their tribological
properties of additives used in vegetable oil. To study the affections of active elements such as S, P, N
and functional groups on tribological properties of additives, six series, 21 kinds of additives have
different molecular structure were designed and synthesized, their tribological properties in rapeseed oil
were also evaluated, the chemical changes of additives molecular structure after sliding were studied
using modern surface analysis instruments.

Based on the experimental results and theory analysis, the relationship between molecular structure
and their tribological properties of additives used in biodegradable lubricant were advanced. The major
conclusion of this thesis are as follows:

1. To improve the dissolve ability of heterocyclic compounds in rapeseed oil, the acyl derivatives
of two typical kinds of heterocyclics, benzotriazole and benzimidazole, were synthesized. The
results indicate benzotriazole as an additive increase the antiwear ability of rapeseed oil to some extent
but has no effect on the extreme pressure properties, while the derivatives with long chain alkyl
decreases the antiwear ability of the base stock though it has better solubility therein.

2. A series of dialkyldithiophosphate esters and a benzotriazole derivative suitable for

biodegradable lubricants were synthesized, and the tribological properties of these additives in rapeseed

m
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oil were investigated using four-ball tester. The compounds show good EP properties in rapeseed oil,
and the antiwear property increases along with the alkyl chain length decreases. Only under lower
applied load, the additives have friction-reducing ability. The additive molecule decomposed during
sliding, the active elements such as S, P reacted with metal surface and formed FeSO4 FePO, while
other organic compounds containing N is only adsorbed on metal surface.

3. Phosphate esters and their benzotriazole derivatives possess excellent load-carrying capacities
and good antiwear properties as additives in rapeseed oil, and the properties increases along with the
alkyl chain length decreases. The compounds only show friction-reducing properties under low load
(200 N). Tribochemical reactions occurred between the additives and the metal surface during the
sliding processes. The phosphate esters were decomposed, and P element reacted with metal surface to
produce Fe;(POy); or FePO,.

4. Three S-(1H-benzotriazole-1-yl) methyl N,N-dialkyldithiocarbamates were prepared and
evaluated as additives in répeseed oil. The comi)ounds have excellent load-carrying cdpacity, but they
don’t show antiwear and friction-reducing properties. XPS analyses of the worn surface show the
evidence of the formation of a protective film containing Fe, N, S, C, and O elements, and suggest the
existence of sulphate. S in these compounds reacts with the metal surface and produces a protecti;'e film
on friction surface, and N element is adsorbed on the lubricating surface only, not reacted with the
metal.

5. Three novel triazine derivatives of dialkyldithiocarbamate were synthesized by reaction of N,
N-dialkyldithiocarbamates with 2,4,6-trichloro-1,3,5-triazine. The structures were established by
elemental analysis, IR, MS and 'H NMR. The possible mechanism of these reactions is discussed. This
kind of compounds shows excellent load-carrying capacity, but don’t have antiwear and
friction-reducing properties.

6. Boric acid esters improve the load-carrying ability of rapeseed oil at a certain extent. Different
from compounds containing S, P elements, boric acid esters have antiwear and friction-reducing abilities
under high load.

7. The active elements that compound contajning have significantly effect on the tribological

propetties of additive. S, P and B elements contained in the compound decide the load-carrying capacity

v
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of the additives, and the rank of the influence of three elements is S > P > B, N element have no
affection. The load-carrying property of the compound containing S, P and B elements increases along

with alkyl chain length decreases.

Key Words: Biodegradable Lubricant, Antiwear additive, Tribological property, Molecule design
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B—E % W

11 ATEYRREARFHMMRER

ARETRZ, AR R R AT LAY IT I BB IR B LR, AMREN
WAE, WOREHE EXUWSS, FUUERNEIEERTTHRDN, ZERSHF
M&mITPETZHRAY,

FEEAEERAPB AN ERWAGFMA. ATIHTRERN KRS HN~A%EEN,
REEUNG M P REOY YR BRI, HEERSREBES FREY. XSRS
Mé&, WmBEm. HeEn. BRI, FRAERMSEFBRER —REBHR
g, mTieh. k. RS BREHRZER, ERBSFTRAERERIIFEDE, W
VRER A AR E PR NRE, EFEFRRER, MNIEMMARG LTSS
BARKHTSE, REBERK, KB, KRE. FUSFERRnRE Y. EREMERBEER
£ (260%) FEK, HH 4%-10%FBAHEANTE. BIBETRE, KILERGERE 60
HAEFEATFED, EERSEBABIRE IR OEEBEERREE 5000 mP, XU
BRI, TTHRBRBRENEXRR. & 1-1 FIRRERSEHS AR
KERBE,

A 11 #AFEFHRAMN, HE, 1990 F

Table 1-1 Lubrication in Environment, German, 1990

t/a %
T 7 B AH R 1,044,973 100
BT 5 0 79 608,269 52
IR 7RV FE 436,704 48
EEFRARE (REZHERSIMMD 65,000
TR R B i 125,000
TR ASREE R 182,000

FRBE b g 7 372,000 36
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MR TWARERR E-HER, ARERRAT HOERHEPERUERN BRR
BEROREL, RYTAIRERROES, RAERBIFHARMANEEEEESREHN,
PR RSN Z B NG T MBER ALK, FMENARPESREAEER, “FOETR”
ERARRBRROES .

AT BAEGERFFETERME R, DOEFMYEHETHXFERPHEER, m
BEREM T, b8 7.5 TROZ ZHERSWER LW LERT Ym@En, T4y
FEARIDIRFIIBTRIF R ERTEXFHE BT A HET 8 BRI X 7T A= 0 B A8 U A A B LA EE
WEEBUGE 80 F40H), MBIE T H KA EY MR F S —MRHE— “Blueangel” ©3f
BRERE, X—LIRHE=RR Y T EYEMRIOEREESR, SRS TXERBBHR
FR.

1.2 ATAEYIPE ARSI A9 E XA R IR

PR LR RIREA, BATHRMEN, —RAEALALIHENSREE—ETRE
HFXERERNER: —RERHREARFYRREA ESTEERAEE, WE—TBELR
FHEEFN, BIRFSESHNKER, KHEEBlue Angel”3T AT Y FEMFEEHNE X, £
SR AEUT LA

o EYIRRMEYE (Biodegradability): RIEVIRTERAGN A BEBIE B VKRS AR BA
TR &9 CO, A H,0 MBED: |

o AEYRRM (Bio-accumulation): RIEMMEMYRELEVERNREES;

o EBHMASEH (Toxicity and Ecotoxicity): EILEVIRXFE (A, 3. BE. KHHEYD
%) MAEEER,

o FEHR™Y) (Exhausted Emissions): F%/E £ RV 7= 15 4,

o TTHAEMAIE (Renewable Resource): xitf ol A i

B — L E ZKAE 70 FARIT LRI RTF R T A YRR, 70 FAK, ERMAHLRE
BT A MmERs (RS EBHAD, o £ARKTIGHIN T 5REHFANL = HER
L™, ERA A REE R , HEBNE LR 1-2:
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A 12 —HEemEE RN
Tab. 1-2  Property of a Kind of Synthetic Ester

Ester C
Viscosity 100°C (mm*/s) 13
Viscosity 40°C (mm’/s) 88
VI-E 146
Pour point (C) -25
Flash point COC (‘C) 270
Relative density (25/25) 0.92
Biodegradability (%) 95

& 1-3 Bt ERTAYEMAR NG H LT
Tab. 1-3 Some Biodegradable Lubricants in Abroad

FE i AR FaMS  EEMRE
A RAE M, KRETEE 142, 40°CHEE 55mm’, 1
Total Neptuna  f-36'C, £VIBEMEESH KT 90%, 7=ttt
TC-W3
Mobil EAL  SEAFMZEREM, KiEIEH 216, 40°CHH 38mm?, ,
224H YRR KT 90%
FFFmERL, HEIS% 210, 40CHE 40mm’,
&P T i ’
SRR, SARNEKRSUETEERNAEY
R AR VR ISR, RS 43K 228, 400 CHEE 60mm’

Wil Cstrol Careluble GTG =H mhBigsErtim, REIRBENH 150 F1 220

#9180  Bechem Biostar LFB AR &M AeBs R IB RS
£RBMI#W Binol Filium 102 #EYmsE oL#

R

Mobil
U i
Funchs Plantohyd 40N

B Funchs Plantotac

1986 €, I TAKIF R EYEMERMHEANT T, REFLHESIX 30,000 M. 1988
%, WAEYRBBEEBRAEN, CRURABNEOFFFHELERM, FREFEEREEE
B R B A,
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EAER, TEYRRARANNRBRENDE, BEMNE SEARRRTREGHE, KK
HUSRE. AYnSERBLE, KEELHIEE L 130,

REX AR ERFNRRES KR, BTN &, BRDHXOHARS,,
A S v B ST A YRR I S R BRI 0573 11, s RE E RS FORERE, i
RPABCEERBRIMLMER, LHRE/ER, REBIFRSDNT T ZBXTHRERYP
fikt, EXMHERT, BATEYMRFEBFNFRIABR LT HE.

B 1997 2, ARBHEERR BRBELESNRB T, 0LV R IEEFET T IELRT
RIFR, BG4 FREHTHE, RETREAFMENEREN—LERER, TEGHNRET
AR ERFOMATFR TAENER. BEER, TEREUT/LATERE T —LHRE:

1. B SCERARE, X ESFERBAGHRGE. REER, WREERBERT H4RAHN
TR, R ITEAX—SURMHFRITT T BEMERM;

2. DARHFEAXN R, MSRAMHENMEMMSIEETRARANOTIR, 55 RARME. Bk,
RN EATAE T ENEMMEITEAEE, SRERRY. RERNMERRNAL
FRBREFFMOEAIEEE: BXRRNER ERGSREFmNaLREYE: TR
b % B2 AT LAKE BE SR i SAT wh LB, 1A B T B F64R

3. BEEFIROERRY, FEAFHBAFRRNERBRELR, FTLUEAREHEENR
Yr{E13 T £ YIFRAR IR IR B R (R 1-4);

A 1-4 F R 5 AR M Aakid o) M Ak

Tab. 1-4 Comparison of tribological properties of several base oils

_— wEE EBRER
(Ps* N)  (d**, mm)
HP-3 CHHIT i) 392 0.68
=RPHRLRE (CT~C 441 0.69
Z R IAEE (C5~C8) 392 0.71
B _M_-2-ZECHE 313.6 0.65
e 794 0.712

*ug X E A4 15000/min, Zi&; **A# 196N, 30min

4. FIF PDSC X7 FI5 AR EAESHF MR ENBRGRT TN (R 1-5), HIFE
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BT -LAF RIFEENAELENFNRY. 55 BEMSCRESHMARTET AR
BEALRNMEEE (R 1-6), MIFFROEUIENRRREFCERNERTTHSE
e

£ 1-5 REBA T EA b6 fAL %50 i

Tab. 1-5 The inductive time of oil samples under different temperature

BE  XFm VAZ T XK= 2246 PRI

131C 99 7.1 175 82 >120 130.2
1386C 66 49 115 5.6 114.4 76.7
1452C 50 41 83 44 7.7 473
1503C 42 35 69 40 48.6 35.5

* A4St E$45: min
£ 1-6 TR hifeh AR B EAE

Tab 1-6 The active energy of oxide reaction of some oil samples

piitp=d WM VAZ i OEHF=EM 2246 4 FHFEIDF
ELAE(KI/mol) 6444 5148 69.6 53.97 101.43 97.4

5. XM FEAIOFmAMATIMAMOZFn. FALIFFH, KA CEC L-33-A-93 Hik
BT T AEYIFE MR RETE (R 1-1). SGRKRY, WMAFERNEESNEN, FAFRMFE
WMLV PR R BREE T, EMRE T LY MR IE T E K847

& 117 FR LR
Tab. 1-7 Biodegradabilities of several oils

RRRw S PSR R AR YRR
BHF-49 IR it 98.8
BHF-27 EFFRRINT i+ R A PLE 93.1
BHF-28 KA 1+ EEHEH 99.4
BHF-47 HEFH M 2+ B EMEHN 96.4
BHF-48 WEFIF M 3+ EHNEN 88.6

* A BRI R BRI T E D THF AR A
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1.2.1. AT A R AR I 7 B 2Rk vt

HATES AR AT O AT R T, EEEPELMME. FFIFEYRER
HIRR T EE =N HAAR.

— BRI EERIE AP AL 95%, FTUARZWINE A EYERIERREER. EXTEYD
PRI MR T A REE ., AREBERRREYM, SOI0BEa S AR, (BB
FHEREX LR 1-8)P), BRI ZRMAOEMBIER S REAEYH.

A 1-8 KRB Shoakih 49 AL B (- 3948)
Tab. 1-8 Properties of different base stocks (average value)

m B Y REX & B LR
FE(207C) kg/m” 880 1100 930 940
MR 100 100-200 120-220 100-250
L0po kg4 33 12 3 L3
L=TA -15 -40-20 -60—20 -20-10
KRR B ¥ ReF REF =
5y vmigE T ¥ ¥
KB g RE R I
R ERER 8 e 2 S
EYIERE(%) 10-30 11-99 60-100 70-100
sl ¥ 32 L2 b
IKAR L et 33 - % b
RBi5 s 32 ¥ — & %
XA 1 2-4 5-20 2-3
1 ApEE""

& BRI D R YRR F B EE A S SR E BB N, ST R i R R T r il

RS AR W R LM B LSRR & BRI IR E M RAGE I RE R, KBTS,
KRYERELF, BRWMRIE, MEARAFRRMBRYELE KEBSEMMER, M.

&R EYRRRT S A SHARAXR. BN ENFHMSIALREERMNED
R, MAEZPEE. 1, 2, AB=ZPRE. 1. 2, 4, S-KIVFRMENEYRRES A
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38%. 6% 0%, BTLLRITETT YRR AR A& B — R R B L A AR RE. XN S
TRM, WETKR. T-KM. ZoRE5l, W2-ZECH. R¥E. IH. REEYEE
BelbTipk, METHEEROHREL T, NERUME. —ZBFERR (TMP)F5KERR(—
B Ce—Cy3 BEMMBRILE, HibELu A 1-1 fir.

RandlesS. PN A RS HMNBIML SV EYRBERT THR, SRAK19. TUEN,
HEFBRAOAREKFERRNEROBEREEY), EYRER IR HRES T B 1 8 n R
& BAR TR RFERNAERME, HEYRRETHERS TROBINMRL,: EiEEL
BYF, SINFRSBREEYRBEE. B2, S8, EFFNEXENEEY FHEDEMRYE
BHBYF

R,
o} O

V4
CHZ—O“’C— Ry
booned &
2
‘% CH—0—C-R,
i /
3 0

@ ()
Fig 1-1 Chemical structures of hindered polyols esters
(a) pentaerythritol and (b) trimethylolpropane ester
B 1-1 f2FaR! 3 AMBLF L AKX () FREEE Ob) ZLTRAAKE

A 19 BEASMHEDERE
Tab.1-9 Biodegradability of ester compounds

[ O RTM I T=ERECR X _BRE  124-X=F
FEREE 97 96 100 92 17
2—ZECHE 100 96 99 96 94 14
IR 94 97 53
M 84 /) 80 93 69 13

& RERMSR AR EERE, WEAXNMREE, SRREYMAL, AR LR
ml, XERAEE ERE T RSN ER.

2 HEhik

BAEATURT 1650 4, WM. Fm. BAcmAEEHSEY M CEWMFRERN. B2
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BFXERAMETEANREEESHA SBEAEBRIREBRAER, —RI2HLRR
Hy R, seBRmEREE. B, +AHLE+HAt TR ES, EANFFHEBE
B YmaE RARAMRR SV SRis S X BRS . W, FIEERFIRTER. 1920 FLL
KR BRREKE DL #—SHEH T EBANER, HanEaRneasTE ZHNA.

EERBTFRROFTR, a1 T LY MR 87 R 6k OB H 5 R AN ER.
Y AAR R BB, KRR, X8, HEYRE EYRREE 90%Ll L), WHY
B, MFERETRYW, L aREEE FUaERAMEANR. Remh LEF
Z MR AV PR FIENE IR R E R . EERRELIREY. KR E KRBT
HE REBKMB AN,

AT R T AR Y R R TR IR A IO Kb PRAEh. 3570, BEARA,
EmEMHE, HEBEXFR=IENTRH MEE, W8 1-2 Fix:

//O
?Hz—O—CrR]
CI:H - O—C/F—'R2

/.
CH,—0-C —R;

Fig 1-2 Chemical structure of vegetable oil
B 12 ke FLbX

MRS FRE A MR, MR, TR, FHER. ERR KRR R W E AR
B, F¥M%, MEMINRSBER, UREBRSERSE, BEAeZEERBE. —HREEY
W, SHKEM C=C MRMBHUE—ARZE 100 LIL), FUEHEYMS FREERRERN
WA, MANONE-FRGHERNIE, IERREAZEHENIERRE, LHES
ZAMEAX AL AR ARG AR S) s R AT ROR G A, RIS LUS iR AL R R
Bl—A51R%ER.

BT EY WA AT LR F S itk e, B E . WES, BEEHED
TAE MR R R ) S T A A R e, REBMAREREMER M & IR AR ER.
AR K A RS ARSI T & 1-10 #1411,
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& 1-10 Hidhiheh4a K 454
Tab.1-10 The composition of vegetable oils

HEmE E. mmis?!

Y HERE W% EWR/% TRRMY%
1% 40°C 100C

A 14~15 24 - - 22~35 10~52 HE
BFm  60~70 27 5 132
IV K 32~43 24 6 207 20~26 14~20 51~54
EKih 3~6 30 6 162 26~40 40~55 <1
B 38~49 34 6 123 64~86 4~5 <1
BFAam 35~40 37 7 171 38~41 8~12 RE
¥ 35~40 35 8 210 59~60 19~20 7~8
K 50~60  23.2 17 72 2~3 3~5 -
R 18~20 275 6 175 22~31 49~55 6~11
EXMm  42~63 28 7 188 14~35 30~75 <0.1

A 1-11 22 H b ey BT BN 4
Tab.1-11 The properties and consumption of vegetable oils

Fh et BUE /gLao0g” mAIC AHRMERN0%

AT 10 25 . 3
B . 60 30 15
B 90 0~10 -
ek & 90 25 -
FF M 120 0~10 10
RKE M o 130 0~10 19
E-Yi% 8l 140 -5~5 8
Ak & 190 -10 -

1.2.2. B] A4 BRI 18 77 B8 I 31

ATEERMAESHRE LR TROTE, RERMELBEMA, T 07 YRR 5
B AE LT Y2 S EARROE S, LREX BRI RP A, FFUELER
AR R IR K AR 4 R B L A T T A R A g 0. Rk, FEHUTNAARE:

o RENIERGE NSRS YR MTIR, T A MR — SR A YR AR
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ERAFMBRR AR, B 5 RALEWNT Yty 4. MBI EFERKN
AR, FrUERNFIMGENYE ELHRANER, TAERNELERAR;

o AIAEYRRRERAERFMFIRAREE. KI5, TAYERNER TIEENRMHNS
Tt EENHLERHROERERNARER, ROSEFIFENEEOEE;

o TMFGMARTER A S MEY BRI ST TR, A LRMA) SRR
BROEEHEYSIMERERN, ATZRERMBEYHRE.,

ETUEJURRE, 5] & A T 0T A Y0 R A0 0 500 0 % ) (R F 5 R W A 40 P
FIREE P — MU DRARIS, WX — TR FEEAERINES . EEA “Blue Angel”
FRAERT BT A AR IR R B R A T AT

EBEY . TBEEFER. BEY.

FEFEMITHERE.

rEER. BRTH)

BARAFER 1% REEETEYRBRBRERRNT. (EYWBEEE>20%, OECD302B i)
BT BLE 7% 89787, BRI 2% A YRR VR IR, (B RAR IR,

XAl SE LY AR INFIE TR S, (1R3E OECD301A-E)

vV V ¥V VvV V V¥V

B AT E S A Y BRI R R MATIR, EEEPENEAF. BHHENFIRERBAZ
JATE. FARH, RERS—BIOELRMAEN T EYBRIEER, —REETIES
JB TG F MOFR ISR S L B G AL S B AN E SRR S AT VR 4 ) & PR A FR ) B T A R A
A BB R AR AR SR A M TEYMR KO ERAS, TREDERNEDER
#R,

112 FR R — AR YIRS 7R BT VR IR ),

TR T BARIEPY, ST R T A R R RR U R B B M, A THEY
M. XREAHERME S THARONREN, AHERIL, TEASKRERMEDTE, A
W EE M.

RAMFRGRRY, ERIEAET, BRGERRLNRRIEET, THRNNEHER
BTHRABRRBARY, EREENEANG—wmEt, WLARLEES.
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R, ENAERHABFIGHRAKN, KERFRER ZBRNIESIRERL. 2
RMHMERLE. AVNRNHSREL. HIERNBERLULRZBNERSRESSHRERL
5% E-ofkk. —RFEEKESH RIS AHIETUREREEBAKRZEE A
i 3% AL 2 P,

R 1-12 T A BB EE AR 6ot £R
Tab. 1-12 The types of additives used in biodegradable lubricants

A FEMRERLED

R REE); BYR) (40 BHT); #%4EERE
HEAREFR BRALRE RS

PR Jed: KPR R) R R =M
A EEMH: BEER: WABRAR

) RAKGEEE: BRTH: RAWEB/ERED

ERERIBET R PETT LUEF—BRRAEA, WAREK., £, KRFFRRMOKRS
B RHERE. BTEYR, RRVEANATEE. BN, EERNF. REEEFRA, ER
R Egr 2N, EERARARERERAER WAMAHARERET.

XETEFRG, BT HEYMMNERERS KBERREY R, RFRTRSRATMERE, Bk
FIRIFAORR, BAMBER AR,

BETUEREFR, EEEPERAAEN MM, XRAFIE LB B2 T AH
R R. BR O THEYMRE RENERRES R A LEORNERYE, SOMAERRREE RIS
W, BT LU R AR LR ), iRt F AR ORESEEH, BERHFEIRE
A HEDEXERIAGHCE YRR F RN ERIT T EE.

R 1-13 FUHE, R BATERT YRR IE 1 73 20 A LR IR B R R R ILKTS
BB RAEYI MR,

11



Lz BAFRESaHX

A 113 BEF R BAK KT e % 1840 et B

Table 1-13 Water pollution class and biodegradability of conventional additives

Additive Type Class of WPC* Labell Biodegradation  Test Method
Substance
Extreme Sulfurized Fatty
Pressure/Antiwe  Material O(tested) No >80% CEC-L33-T82
ar 10%S O(tested)
(EP/AW) 18%S
Corrosion Ca-Dialkylbenze 1 No Ca. 60% CEC-L33-T82
Protection ne Sulfonate 1 No Ca. 50% CEC-L33-T82
(Steel & Yellow Ashless 1 No >80% CEC-L33-T82
Metal) Sulfonate 1 No n.e.** -
Succinic  Acid 1 Xn Ca. 70% mod.
Derivative Zahn-weller
DMTD-Derivati (OECD 302B)
ve
Toluenetriazole
Antiwear/Corros  Phosphoric Acid 2 Xi n.e. -
ion Protection Partial Ester
Antioxidants BHT 1 No 17% after 28 MITI II
days
Phonolic 1 No 24% after 35 ne.
AO(dimer) 1 No days MITI
Alkylated n.e. (OECD 301D)
Diphenyl Amine 9%
Hydraulic  Oil Package(AW/A CEC-L82-T82
Package O/CI) 2 No 39% (OECD 302B)
Xn n.e. n.e.

*WPC = Water Pollution Class

**n.e. = not evaluated
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1.3 AIAEPERREE T H AR MF A S IR

MBRTRISIRRE, BRERALERISr, 3 T I ABI B ERTIR I oI 4= VIR AR 1 ) e
FH8E, HATERTHERARE, HXROXMBERD. w2 FPEF S, P. N FiFHT
FURRAE AR, RE DRSNS FIR IR AT T % 8. 1550 =% Fifmm
Mo FEMERBERFHEZ AMBEXR, BERRZEANTHE.

1.3.1 ArBEmimeE . 3

BIBMOESTIEE, RERROVIEMEENER, BLRAEEEATSBNKRS. HTH
AR EE, BT XEERMNSHBEAOERS, EAZENORAEBFIMAT R 05
mil. BriRe) “EEAmA, RETLABMEERRE, BOBERNLEYRD.

AT MAMICIIRE LR, SR LS AR FUBRMARRERIR=X%, X
Fh oy ks by b R I TR AR F 0 TR AR D bRue e,

WM, RRENNEERR, EEHEERnPLEYRENES. ERAM
T, XEREAESYTT BTV EE R EE R ERRE, R, MR FEEmE
BRE. WOYUREBAER . XFH R R B SR R AR bR
?’ﬂj ”g

EPERAMRERFMFT, BEEREERARBATMRETUSE 150C, EREFEERET
R R AR AR, TR ERPETUEAER . BT, EXRITAERMET, BEMMLER
BRET RS HESBRIMEMERUEFRIEOREFEYR, 4RI L ERRER ST
fER, XEEMALFYIRRRE “DiBVRMF”  (Antiwear additive).

BRI TREGH—PHL, NERERAH NP OERLGT, BATEHRE
THTF, RERNAELAEZEEEA. X6, AFEEERHPIATUSERRTANSEL
EWERRN, REBERWTINTEABLSREMNLEY, WTARRERGEEE, &30
BEWIER, XBNAYREAE “WERMF”  (Extreme pressure additive).
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132 HERBTIRMIKITT SR

MICERKE, SHELY Y R MBI R IR ATR, EEEPERERRERNNTE.
BRERANENRR, ABAUSABRE: EHEMEEEEnm. BEENNEEREN TS
WP EER. B BEERTR, TUSERRARENERMERRFBEIEY: FEEER
A ERERIET B 5 B B YEEERIERAP ORISR, Wlead. Buay. 8
wEwE.

TR — 12 S U A R VS AR 18T 2 A 4R
1. BNFLD

RRAFMABSRA “ ETARRFMA”, EZRERENSMER, 4%, FHRAERE
fEl. REMKNS, ETECEFRMEDM. FAR. AR, SHApEY™? (1% 1-14),
BRUEYE—FRRET, RERESH, ERMEURBNRENEREFE. —8kit, 2
FHROETELEHE, REHSM, SERMRNEREES, TARLESYHARER, BAES
&, FrUAREEARERMT.

1970 FFRAE LA ERLART, EASMKBEHTRCEA MmN, HamRdii. i,
A, BiEACTHIARER T AR OERARRER. wiEh, AFRF0EEHeE, Y2
AT ENMEER. SRMITE. TSR HAEFHRERSHRT. BIEHEE, £EANE
BEiER MRS & BATHTRILER (T405), BAEFTHCRFE (T404), Eitik
BT BFEACEE. BAMEYmA TSR, BER. 0. SBMIH. BEES.

WAL EEN, HIERERBEARANEM, Mortier R. M ZA % s FMIRALIIR T
PECRI DR OARE Y, R BRI MBI T AL MBREE, 2 WA T R E
RFEHOBRE. Rk, BMLFERNARE, BRGERESENSM L LORE, BE.
HLEEERNEE, RAFARERNARER, FEBEANRTS,

14
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A 1-14 #ESHMUE N Fo iy M A
Table 1-14 Many typical S-containing AW/EP additives

oK 5 )
CH;(CHz)x—CH=CH—iH—(CH;)xCO—OR

2
giiLsh Y —_— CH3(CHz)x—CH=CH—éH—(CH2)xC0—0R

BRALARKT i (T404), BRALIEW, BRALRASS

CI:H3 CH;
CHzC—CHy—S—S—CHy— ?—CH;
Bk BARTH: S

BA=ZRATH, SRERLE

B A B £ 7, — B, Roj—s—cmcnz—s—!sf—OR
. — ()—CH—s-s—cH,~ )
ZIEECLR, SRy
R e
2. ALY

AREIAE BEDUER, AR, B, RENREERLEXEN, EAFERMAIGLE
BEA—EARRES, BRRFT—wMRESE. —BWE, SHNNREETOSHEEN, B
BEXT TR B RAFHIHUBER.

BRLESEH, SREARMATT LS A WA BERREE . SRR . SRR G R 2.
PR ERBR AR EE  & BATAE D (% 1-15).

B 30 EREFHRHASHBFTHEMN, RETXKENEE. BRAXRKE, 4
HRBIRREHF AL, XIBELEFANRFRERAMGEREANGERTHR, SEARNX
REFHFENER. wHRPFEARREERRYIL R T HREURGEeE, RS EHR
BEA TR O P R IR T A SE IR AR, B DUBRHLIR IR A BN A0 U8 3 e 2 R T O R T e L 5 2
MEEELF.
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A 1-15 S BT B ] th £
Table 1-15 Examples of P-containing AW/EP additives

Tk S K s 1
K ERRAY B =HEE (TCP), BB =%
S R B R IS BIM=Z B, B+
iR B
Mt BRI Z AR
He R B R S R AR
I BRI UM _IF TR, —ABETE
BRACBE BB BRI =%
FABRER ZE AR
ZHREBE_HAERSE (ZDDP)
BB SR (4Hﬁ
Zn
CgH,0
WMk i TS E RS\ Lk
BEIRER. ARG BEBERE ZIE T EREE R
RO SES  FABRERK TRERAMBR L %
£ WAL - EE-MEMIRE  T305
#EY vy
RI
R“‘_P\(OH)H,NH<R"
/4 =3
BERE . /)\@?@B’J@ﬁ B KRR m+n
i

EFBBRRMAT, ZREHRAMKRSEIE (MDDP) RB—3HHetk 0 R M 1V .
BTFSFTRNEER. BaTE, LFHHN MDDP HAHRROTEI R HARE BB aE,
BSX —RAMAIFTHATHH AL, BRBITREAN.

ZHOPFRE NN, ZDDP BN R o TEBERTIART BEE, TEIVHER
FEHERIE Zn, S\ P & BELHI 5 BRI MAIE KRR, 389 ZDDP i B R4 T 48,
X1 F ZDDP fy#h (BRAML) M8, EFIEWC WO R EES - HAHKE (). T
BREBORTMBLM, RXTF ZDDP i15FR 7= 7e B R T R RS B T B 0L 30
g, ZDDP FEHEERT, WUEREREERLTBLEAKEREOERE, KPEE

16
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BR A VBRI A B

3. BELKEY

X FEANSYERRRPRER, BOEEELRHIPEH. SEFRNNRENS. maR
FRLAWENFZEMERNTEY, BT TUSSRAERFSWRAL, NTEALTRANRE
LRREER, RPEBRTZEES. HENHRARR, FEIRMOLSWAREREARLES,
WA= EMATAEY). SR PR =R, 1,3,4-H =Wl

10K, BASMEERSEERT REER—F FHAFBELHNSRARERAS AR
EREFEETROZEDRLE S HATMEY, MENNEREREAIAEL. P&k aE3#T
TR, BN HRESEREEREST THRE. R 1-16 5IB T AR ERFAF LSS
MR E T AA MR,
A 1-16 JUEA R RO W ey s Aot bl

Tab. 1-16 Structure and properties of several kinds of N-containing Heterocyclic compounds

Molecular structure of additives Main tribological properties
N—N
Ha5C4 23-—( )\—SC 12H2s Extreme pressure, antiwear
S
N
é )\.3_(_:}42\\”:(2 Extreme pressure, antiwear
S
N\\
N—NH,Cy,H,5+S0O Antiwear, Antifriction
N
AROH )N
>“R Antifriction, Antiwear
O  (x=02)

X
)N\Q/'l ? Antiwear
R2 NHCNHR

O] X vear antioomod
,\A/LN(CR)Z, Antiwear, anticorrosion

N (X=0,8)
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4, THEF M

50 HEAUK, WREREEA FFORIE R AL B RIE IR i p A BN 60 AR, BRI
ROBE FOURBEUB (R AT TR, T ABIERMB R E L MR, KB, HEELT
ESIARESY 7P, XE—ERELRETEEBELE. R, EAEHRETAREEAHN
BHNRE, WEEKE. T BTk, kSER0MSRE, bS5 T HIUKR. R,
PUEFMRL. R 1-17 SIHMRIE+LEXEEE N P ILE R WS AN S FEH R E R
fE.

SRERRDMFMAAEL, STUEMRREARIKBEZEREE, BROELYREEL
YEBR RN & BREEREY, FREERLISBURHRAER®R. 55 580, #EEET
FHBAFMAAEL, WRBWMAHEESA.

A 117 JUA SR BREE B i Ao R
Table 1-17 Several B-containing additives

L FHEHERE
CysH3r—CH—CH,

AE. BB
OH

CisH3r-CH—S—CH,—CH—CH;,
T e
BOH
Ol O
@ B~0—CH,CH,~-S—CH,CH,—0—B © LU

R o\P/o
H0” OCH,;CHR' WE. BLEUL
(OH),
H,0.
{%no/\{z_}}n PR WA U
H,0B(OH),

BT U EIHe R, RERDNHERSH. B, ASEainsmn. 8T
ENESNEYRRIERE, NHRRETE—gmEt, TEIPMERMMOMEEYE, M5 “Blue
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Angle” BIbRHE, JPERBY FEM FAEYERERF, FURERITIHL.

1.3.3 AR TS AT AR B AR

HYMAMEREASTRENRYE, EZHRADELRREARERN, EREFHE, B
HILFRER LA, T ERAASROBEMAES, EBRRERERENEYNER, RIHHE
R, Br—BER T, MEARMANERSRRE, RRELLSHR TR T4 EERMELE
ERMRESEN. BRAA—HEH, EmORENSSBHEENFZRESBRENE
SHRMARNS), FRED TABREOMR, RABRMAE XK ORI,

T A AEY AR (EEVHEYM) FEREER, EAOAENEHE 70
FRBAH TR, RETADHEE. ERAFTENIERKE, WLAERZELRMEIEHT
A%, MBFLEREZLFEN. FXIERBTARMHAEZUTFEAMEN, TWRANZR
FHMELRTERRAR. A5 EYmRLEAR TSRS BRERX—AZMER.

Steven % NVZEMUERHL EX B T UMY IR OTUESS . TUB. BIESAERENR, 50
YT T . SRIEALE A B R L Y B PR B IR AR
t, THEYmASORELREFFRTI oM, TEETINBEHLETIT. mIsNTUET 6
7, SEEEHFREABMBERXR, WABS TG IRN RIS A BT e,

Achim % AR R PUERALA LA S BRERT A INFIES il Canola VA& iME TMP (ZBHE
PHeER) PROTUB R AT TR, TRERRY, T ymAmamm TMP, BEBIR
g5y F o E R & BRI R, XHEY MMM TMP, SRS FHESmna s
H, BR/D. B, XREMARTRBEYBAAER TMP § OK E i —EHIER.

MICERIRERE, BRTX T A YRR AR MANTIR, EEEPELLHLR
HRBUAYLE, mEkEymig. XRRMANS TR, ROTE—RE 15~12%EF,
SRMBRMSEEER, TUXBIRFHRR.

BXT &TRRIAIS, Choi A. S'IHIBIF & BEA9HLESVS NS TCP FI DBP 7MY R BB R i
TTHE (FFEHERLE 1-3). RERIKROBIERY, SEETERMN TCP ML, EHER
BHIZHT, DBP RMLRFRIFIEERE. H5b, DSC MMFRRIED DBP & 0] LI BIFERE
Bl REmERiaEErER.



L xAAFREEARX

oo enolold
TCP DBP

Fig 1-3 Chemical structure of two P-containing antiwear additives

B 1-3 AP SBIE B 64 5T 454
YIS, BASNAEEALYERM. WERH. WERN=FFX, EERRE

ik — BRI, TRRARER LM RE T USRI R,

BARY, BXBWTEYREEESERNEECRAERER. ZrhEESNE. FclEg
., RS, TEFEFRIEFRSZ, NHEREHENEREBRTIRRE. EXHERT,
RAGALAERTEABARMA, ST UAB e AHEREE SR,

HRNTTEVRRERRNNKRRERE, ATV XKENAGEE, LWREESHTRTRNR
HRNT VAR, EFMRPTRSE, RTBMRAFFRIEETT. S HEELTNIE
FAFE BTN, Xt IERAHTRA BHFTE.

14 A RERNEERNS
EXRATIES ST R b, SAENTAEYRRERATIRTAEOIR, BElEE

TR R R E SRS TR REG R RINFIMHAR RN ERENE A
XHMEEHRAE. & LERTRBRE:

—

+ BT Y) IR I AR N TR, HATRMAS FABARTE. G
~ XoF BT & BB TR S D5 EE W A6 00 FoR R R ) o O PR R SR M REREAT B 2R
v BESET A YRR AR R I AT A ISR R R R R P 0 R B LR .

v BEBATRINA S TR ERFE R RIMAHREXR.

N

W

>

AERXHZRITIEP, BIFHFERT 6 K3t 21 MLEY, HPHRATRMERFILE
Y7 A UASHFMOVERNE, BREEBE T XEASYNEREREME, HFHARAKRE ST
FBn XPS. SEM X &BERERMET T4, HIATATEHPEETRERD. FREHET
ERERIF GG FDEHE, FELEM L, B KOS T W AYMARERH R
M FEWEHBERERREZRXRNMBRRERL, HSBEFREXBFMNRRREZRERE,
FROT —EHERKISE.
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BIE SRBMAY REATEYEINT M K R 6

ENZFUEYBTRAERENLEUH RIFHMGEEN, B N TENEAMR . ETFERR,
SEATERMAEH TRREN, XA FZRBHREAR, FRASIHEE, AR HHE
B, BeR BRI DIE A,

&N R AVTUE RN T 70 40, 5 POS5E o s ikxf — o8 N 24354k
BV EERN RN IETERIE RS R AR BE TN, BHAa N #EF S WrE g
BT SeRREFHERATHOEMNREYE, REBRMAFHEY. EREZ30%,
IR I = R+ e B P BB AT T, R S8 N BT A
FTHESRRMEAYRERLRPMHESRRARL, BRESYRFE, NMseREm
HIEE R «

7ot ERAAUEYWMEF =R mE RS, ELEATRFTLUM Fe. Cu 5&R
BT85BS EY, BEXERBELEBRNEL, ATEEBRAREERS,

EFRBAHOTRLTAES, RICHEF=ZRMAEAAER MBS FH—MEELS,
ATEURELAR JLR UG 2 T REF B RIERY). T ELEE %N T #3 = H s 300
AT YRR TRAEY, F RSV, 3T ER S ALY R E KE B (>85%).

EFXMTHES, P EENRERZE—FE RO EASIABRMAGS FEHP,
—HEFMARAEER, SEEMMAEREER, - THEREIEYRMAS T HRER
MERRAERE, TUERMHEREE TR RMOMEANN", BHREESE—MA
H L MERI B9 ThAE sl

AT ERIRSG T E RRTAAMEIT h ORREREI A, LR — AR RIT
FmHTTHEIUERRAN R, FIXH KEF T K IH = M (Benzotriazole) . K F Bk 1
(Benzimidazole) 2 #4 FEM P EHEXIF LA, W N BRFHELETRMILEYHAT T ERE
FURMEER. dTEIEEYnTHERERE, HTRELERYE, BIBLRNENF
FEHIAKERE, ART 2 MCEVRBERTEY, £8RT ENETHTMEREEEINS
Wi T U LR,
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2.1 IREEB5
211 SRR EDN AR
1. XEERH

BT BRI = M, JIFpkne, M. HNBER. DUZBKAE. Mootk
2. ERITIE

CAPUSURRIE 1 h A, ZEBEHE M+ ABER, REMANSE/REF=RMMmrErms, B
WRM 5 MR, STIEREERKMRRRE, KEGHESYETZE, BABRRK B
BRAXK MgS0, Fi&, HEFEZKS, EEHBEHLEBE=Y BtzR.

Ik BB A2 R LR EER, FRATEMT AR YRITRE ($UERLE
2-1), AL ARG B 2-1 Bios.

A 2-1 AR Uk ST

Tab. 2-1 The element anlysis results of three compounds

Comp. %C %H %N
Btz-R 73.75 (73.95) 9.75 (9.80) 11.88 (11.76)
Bmz-R 77.35 (77.53) 10.13 (10.11) 8.05 (7.87)
N N
N N\
L LY
) )
50015H31 COC15H34
(a) Btz-R (b) Bmz-R

Fig. 2-1 Molecule structures of Synthesized Additives
B 2-1 Hhaf|eh-ToaM

2.1.2 BRI AR AR

ZEVUERHL b3 K3 = R R BT & R0 2 P & BB RV st 1T T3P . AR KHH: B
T 1450r/min, ZEif, KRR 30min, FrAMRERA GGr15 ZRARHENER, HIZ 12.7mm, HRC59~
61. FEBEME CEEN 0.01mm) WE 3 A TRKMNERER, WEHE, HKRRERE
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BREFBY 5%. BRKERWRAH (PpfH) %1 GB3142-82 JlE.

AT 85 5 53287 (Rapeseed Oil, f8i#F RSO, TFR)EXNEM, THRIBARLE 1.

£ 2-2 FAF b eR8 AR LR,
Table 2-2 Fatty acid composition of RSO

Fatty acid C16:0 Cle:l C18:0 Ci8:l C18:2 C20:0
Content(%) 5.1 0.3 2.0 55.0 25.9 0.5
2.1.3 RESHr

XPS 44 #E PHI-5700 UL ThAE X SR FREEAX (XPS) E8HT, 3|/FEf MgKa 4,
BiTRER M 29.35eV, P Cis I T 4546 284.60 eV YEHIR. SEM 4347 F EPM-810 B 14t

BT .

22 RESEREITR
2.2.1 AR AR

R 2-3 PAIE W T I R 1% (CURB B AN PeE. TTAE S,
Frm T RABMRMERL s, A EFEBEREE R, BT Py EH R T A
MEY Y.

RN =R E R 2 MLEWE, SR E Y A3 H 18 219 B IS,
ULEIX 3 PRI RA RSP MiREEEMER . SRR, EEREN 3 HLEYNSTF
ST E s, P FEUAE, MEPEH=EW S TETHFOBERERE, BERSTHK
HIBKEE, R T EREMER M R, TR T 3 pe &P

A 2-3 RAFABIoNFE IR FAF b pedh

Table 2-3 pp values of different lubrication systems

Compound pe/N
RSO 549
Btz 510
Btz-R 349
Bmz-R 549

HP-3 CREHIT i) 392
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2.2.2 FRINFTUE RRAEE AR

B 22 RIFFMASFMA 1%FR BRI = F0e R B AT VST P B R b 517
ZAHXFREE. NEPITLESY, BEEAFHREMN, MRETERFBTER. BMEHF=R
MR T RFFHRVIERE S, BETRROEBR: WA LSIAKBOER=SEM, BRETFH
TR T —E 5, BRAITHREER, RM{EAMRRENBRYA. X—HEL
HAFFHRFINKELE, METEETEN USSR 5—FEE D THRmNSERmhZ mEE
HRPRH . 5ROFEAL, FH=ZEMRETEYORERTS, REERERTENAENR, K
TR T BEREEYMB IR, BT B,

0.8

; T/_ /
0.5 /:

o“ LA J l LB L)
200 250 300 350 400 450 500

Load /N

WSD/ (mm)
.\

Fig 2-2 Antiwear properties of additives under different load

B 2-2 R fi 4 F o fl e 0B b 4t
B 2-3 BR R 3 Ml Pt TR A BBE AR X R R, NPTTULES, BEREK
HIRTARME A RS BARGH T (<400N), FIFURIIN IR B0 B SO 30HF o W BE P A
ERXHH (S00N) T, FHMERTRRASCEAEREM, S, MAEES TR LB
EITEYNERREA BRI, XY, BB AR, 2 HFINSEREELRE LY
WM BREWFE RN, EROATRERR, ARSI EENER.
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Friction coefficient

0.05

T T v
200 300 400 500

Load/N

Fig 2-3 Friction coefficient under different load

B 2-3 P {45 F B o R 6 s A4t

MFRFRBOBBERATY, MAFFFMEE 200N MAK T LR AR, HE#R
EHHRMOER, RYHXHRIFME A R R TSRt aE, KRR KREE LRET
Hikhe. TUEH, SEF=RMMBENTEWARLL, H 30k R BRI A= Y4 SORF o (0 BE
BEUREFERENES. EREZAYEMI FREFAARETFHEUERREFHLERRAN 5
MUSYIMEREMRBTTHRY, SRIEW, SERTUEWFLHN EFARRIMER
AR RN EERE.

Kajas B2RUAETFAEENES", WHELFEREGTIRULENNBREERE
RINEEF SEBHEATMERGET, BS5LRBRENE SR AEH. NEH LS, NETF
WA BT, AJUERANERTOYRRNE. EEEIEP, N RFETURSBRET
M2 d JERER S, XAUSERREEFINREH FHERMILS, BRLBREENRE
B ZAUESYH LHNBRFHREHME, STEHEMK, BAHHNLRNE d EREES
WRLES, MRS RE, FLREEER, EREamaT. LR =a0e,
HIFRMFGIRINS T4, ATURARPOERFHERVGER, XRALSHEN R TS
MBS EN R ERAZERIREARR.
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2.2.3 M

B 2-4 A HEPIRSHIMA 1%F =8 B EATEYSOFmER T (U, 5% 400
N, B}E 30 min) 4WERBEBIRIEA XPS 44 R,

WLAEH, ST 2 fEmn, BEIET N MESRRET R, MREH=F MR
fl, NTRETBFEEREN 4002 eV, UARMAEGEBRERET BRLERN, £RTEH
PRMESURMEEE: MEEFZRMNBETEY, N TENBTFESEN 399.6 eV, XR
N TR ERURSBEI ZRA G SERIRHENENES LSOO ARMESBR
HREERETEEG. FERNERRBTRNAYEOTRSBN, XUER T HHEMTIEE
FHESRANRZR.

600

soo}
400}
£ 300}
2o.o‘

100

410 405 400 395
N1s Binding Energy (eV)

(a) Btz

1000

800}

400

200

410 405 400 395
N1s Binding Energy (eV)

(b) Btz-R

Fig 2-4 XPS spectra of Ny of the wear scar
B 2-4 AFPHHAEGE FANRE 249 Njs b F 45048
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Fig 2-5 SEM morphologies of wear track
B 2-5 HAERAE 52 H $o4Y SEM BB A4
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Bl 2-5 RSFFAMS HIMA 1%Biz. Btz-R SAFiEE T (587 400N, A 30min) 4AEREE
PREHSN SEM 4R, NPATLLES, Btz MEBRSEAMM, HKERHFMMER, M@
BtzR MR L AR B MEGIR, BHERNMET SOFmOPiEEeE. 1RIE SEM BA, il
B35 ERER— BT KK/

R AIBER A TEESHRERE, BRERTRESNER.

23 AERSG

ERX—EHITHEP, HRHIERARARRTHENSERFHTT 2 FEHNZ0E, Eils
AKERE, BFTEMNEFmPEEEE. BIRIEE BRI OATEY R &Y B RiEEH
RIBFR IO, BHTKEUSWEIIF P RERENRR, FE5RROAERFLEYRITT
XL, ATLABEBILIT RIS R:

a. FF=RMHTHEFRTROERERE, BRAT—EOPELE, B
1 ps HEMAL K.

b. A TFFFIANKBEAEEFNRE T EFZREIFMTRERNE, BdTREYmFEE
HEFRM, THRIGBERENER.

c. FH=RMAFHEUNEERRERSSRRAREEBUERNERSANENES
ARARBR.

d.  FRFEORMERIBLEERT A Y MBI T LA S8 SR B AR R 22 B, R T R — E MR

2% CHR

(11 HERME, BRE & N RSV RIATEDRESTIRERHRNAOHARBIR. B
BEFR, 1994, 14(4) : 370~381. 4

2] T. Ren, Q. Xue, H. Wang, A study of the tribological properties of S-(1H-benzotrizaol-1-
-yl)-methyl,0,0’-dialkyldithiophosphats as additives in liquid paraffin. Wear, 1994, 173: 167~170

(3] FrEM, —EB-N RIRERERMEGEMTTR. BEREFR, 1995, 1503):248~256.

[4] Wei Danping, Han Xian, Wang Rulin. The influence of chemical structure of certain

nitrogen-containing organic compounds on their antiwear effectiveness-the critical role of Hydroxy
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[5] HRF. REMERENTR (1) EREYRY. Gm3ER CREMT), 1988, 4 (1):
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(71 ¥E¥E, £, EXE, SiEETERPERF=RMATEVORETBS RN, By
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B=F i TR KR I = R A A SO
o B EE SR 22 R 5T

MBE-EHERERTUEN, SFEHFERC. HN REFHEETEN MR IFA TR
BINT R RE, EHRIEFNARN. ATREEMMERE. SBMRELLE REE
EBFFMASFPEINEW S, P, BEHFHTE.

“HRECHRAMRAOSBEN S E_HRARROEBE, SRR PR TR AR
% (zDDP), BFAFHREMNEH S. P uE, RARFONEA. FURM. FEEM, PEH
ARG AR E 1, T BB MR, 4T B8R, BrLAM 20 48 40 sFAXEASK, MDDP, 45312 ZDDP,
BRTHRITZHEA, E4MRRITTLER ZDDP MEmit .

BHEBTHFHERELEET, MDDP NER TR EYFFREREH, BrilH LEn L
TS, AR AT R SR HERN,

Ak, FENTHERRSHUEE. FIF=ZEEHRNK MDDP FHERE T, SRT 2
KRR AR =5E _FHIIPIRE (RDDP). —HMABREENEIF=ATEY
(BMDDP). 2 RiFEMMMS FHMTHREEERET, NE T EAAT YRR R
I RER.

CASEHFuh o Ee A, FEDURRMLEB T 2 KEABMRER AN EEE R, HFE5EMM
BT T ELER. sksh, FIA DSC iR TR Mz izEtt. FIA X SR FaEE (XPS) M3
RGNS T T HERE R R HFEHML FIRAAR, R T RARRREEE SN+ R
L.

3.1 SEREYy
311 THE AR AR

FTH MR A TG TS, AR S R AR - M TR R E TR
HHAR. RERENRENZSRT, EESARECEE (NaOH MI/KHEHD. M4 T mA
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HNE—oEE (B/REL = 4:1), REBIZISHT, BPSHEAERERE HS SibRE, RMTFEE, &
70~100°CEE TR M 2 /M, TR 2T /EE B ZFABIRARE .

WKAKAHT, A 2.5mol/L i) NaOH #H PR AR R, WA YAR, KAHRRER
2K, EMEEIBHEN HARRNEMKER. REGELWNT:

S
R Il
P,Ss+4ROH —>2 R8> P-SH + H,S

3 RO}
P_

RO ~
SH +NaOH ———> RO~ P-SNa + H,O

~
O/’

=

3.1.2 ZHRECHRABRIENES R

¥ Z e AR SR KRR IEIRGE, BREKELHUKS, MA—E RS RN
i, MEMAEZEHRNRR, MABERKY 4 P REGHRE, K¥E2 Kk, ZEEEREER,
RBERLED.

ERERRRHITERA:
$ S
RO-_II RO~
Ro-P-SNa+CLR  ——>p (PSR +NaCl

B RNRAIET fbl& RABRME, RESNREARET R AAIESHEMIARE
FEREZ TR, ATUGHREKEARMO =M _HABRE. ~URATR ST SERIE
(BUERE 3-1), SrRANEEEMRES TEHXHEORIBELYE, o LHUERRmMAIRLS
2P H

i
OR
P /
\OR

A:R= -C4H9; B:R= -C5H13; C:R= -C8H17
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A 3-1 PRS- E SRR (* A 231 HAR)

Tab. 3-1 The element anlysis results of three compounds

Comp. P (%) S (%)
A 9.89 (10.40) * 21.23 (21.48)
B 9.02 (9.51) 19.34 (19.63)
C 8.23 (8.76) 17.96 (18.08)

3.1.3 B _RARMEERF AT EYEE R

BEFEFRH RS 5 BB BERBEN &S TEIR RN 4 N, 5RE
K¥E2 K, REBREER, BREEsE, BaUAR e —mARRIENR I =RRTEY.
kBRI

RO} N\\N N
N

LR AR A 0 BRI BT RN, AEMXYRITEH . TEZORSE
R4 N: 8.70%, H:8.34%, C:57.25%, S:12.6%HP:6.6%, S+ EMAEEFTE, TUHER

BUESHNDFEHR:
N
Ly
I\é E ACGHp

HZS-P\OCSH”
(BMDDP)
3.1.4 BEEERLR

IS B AR RS BRI TR, B PEARTE RN LT VR, BRI &th: ¥
#1450 r/min, B}[E] 30 min, FiR, FTAMER R GCr15(AISIS2100) = FKAnAE4NIR, H#2 12.7 mm,
59~61 HRe, FEHEME CREXN 0.01mm) WME 3 N TRRABHER, BPHME, FHKR

36



LHZXBRFERLFRARX

RENHERRENEIL 5%. BRAT RBAH pp {HIXR GB3142-82 FsE.

3.1.5 RESH

BERSI SRS, W EREL MEE (60~90°C) BRMARKEL 15min, RS PHI-5702 B
X SRt T EGE U _EHEAT T, ERETAER R 29.35 eV B9 MgK a & AMRIE, VSN
Cis (284.60eV) %ZERHIF.

3.1.6 HiaEHEN

3 T ¥4 BMDDP #J3hdasEtE, F Perkin-Elmer 7 I E ST (TGA) ERAER M
HAITTHAN, BEGEANEEZE 500 C, FiEEZE 10 C/min.

3.2 THECHRBRESE SO P B B B AR
3.2.1 #EEEd

B TGA ST SE R B AEY A I REAER 176.5C (AL MRIH& NE 3-1), BEX 3 i
AR5 FEARITAREL 7T LA SRR ST 2 e i 2 nT A S R i v 0 E R B . F
JRIRES, FMAKASREERE, FERXENSBRRBESREFBIERMN, THR
AARPERBARERBMEE I RET. BT R, TiHRE_HRARRERE AN IRESER
IR EAMCFEIER, THAERZLKROBIBESRBIERTIX—H.

110.0 T} so

100.0 4~ et 176.52 °C 0.0

9 04 5.0
0.0 H
o 0.0 F
=

a 7.0 -15.0
: 2
i 60.0 b0 2
H
5 .04 %0 g
2 0.0 -20.0 %

2.0 H-35.0

20.0 t-20.0

10.0 -15.0

0.0 4 L-s0.0

-10.0 1 |-55.0

T T T T T ] {
5.0 100.0 150.0 | 200.0 250.0 200.0 0.0

Temparaturs ("0 TeH

Fig 3-1 The TGA curves of compound A
B 3-1 Hmfl A 49 TGA B %
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3.2.2 ARG S

FEDUERYL_EXTAR M AL B C ZE3EFF M P HIZREEE ST TV, B T H, B 8T ZDDP
M PRAREM B 322550 T ENNBRRKERRAH (pp). NBEPTLESH, Fé
BEOZFEMAMANEERRRERE LRE T ERMOARBEE S, MARNY 1%HERT, 2
MEEABNRETED 67.8%. 5 zDDP ML, i A 9&KEHRTF ZDDP, T B 1 C AH
J1%EA—1, L ZDDP BSE—A.

1200 4

cmilll
3:?§/ // j; //
do
o .

T T
RSO RSO+1% ZQDFRSO*; %A RSO+1%8 RSO#I‘I %C

Fig. 3-2 The pg value of different lubricant systems
B 32 ARt AR S

3 HENRNARNDLIFUEFERR, REEETERFEAERERET, BERANES.
BERE, FMAEEEILFREETE S, P ENERREME R, £REZRAD. 53
KPR FeS. WAL, WTLABTLRER, FrCLRMAIMIIRER GRS FEMPELTEMY
FRAX. KEY ARSI TEMTERTRESRERS, FIUAENEKX: B. CHEHLTREAR
BE%, PTUl pp EHAE TH, ERMENZHHIZRAR.

3.2.3 SA T XIS NS R T G R

B 3-3 RIDAZ M A B M C MSTFF g TNERE R H S AR KLt ATUED,
EFRRAMNAFTEEA, RERMA A RAHT REFOHUELL, TR B Il C SEAMI
BEREZHEEAK, BREFRETERS.

“RECHRABKREBRORRETERLERN, RESTBRIPEBNESSE, —. £FR
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B ARBHT, BOAGRMERERRAN. KR HRAN SR RGN, AR
HRPBERAAKNNAE, FL 3 LA MNREEEEERRTEIIMRMEES.

0.7
’////%/
0.6
v
i %
Q
Q %51 —=—Rso+A
(%] —e—RSO +B
= —A—RSO+C
044 —¥—RSO .
0.3 . T . p——— T
200 250 300 350 400
LOAD/N
Fig 3-3 The WSD value of different lubricant systems
B33 FRARANEREGH AT TLEL
0.08 - 2
-— ] v
= | ]
Q
o 0.07
©
3 —=—RSO +A
o —e—RSO +B
S 0064 —4—RSO +C
R3] —v—RSO
\C
0.05-
200 250 300 350 400
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Fig. 3-4 The friction coefficient as a function of applied loads (30 min)
B 3-4 7 fm ] 09 BE % % 3K S 47 0 2 b it 4%

B 3-4 GHTABIMA 3 FEMAENFmERR AR FRERRK. TUER, ERIE
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AH T (200N), L&) A. B RMH T —ERRAEEL. MF AR —B1K (300, 400N),
3 FERIMA R R BB BT B, BRETHEEA.

ML ERERATUER, Fnf A RE RFEHERSD, THERAR T LER—EnR
BEYEFRR. XRBEN, BF A 3T B, C, —HHESFPRERE, RERKNIRYE, BEES
ESBRERRYBRM: H—FE, BFSFERS, HPmEHTE s, P $HNES5E
Bk, HRFER. BATEMNERE, RRETRMP A £RXKHN AR EEA RN
ML IEAE, EREMAHTRE —ENHEER.

& S\ P UL E Y —HRE AR R R R, ELHRMLEEYND, E&H
P T EEREDE R RE FR AR IIRRE RSYTIRR, HmERREsREER; &
BART, EEBEMATE, “RE_HRAPBRESBRARNTY, ERORNMEREREN
EUTES, TS EEBRELBEENERNAER FeS. SO . FRA A M R BLBER EH 8
e

3.2.4 TRE AR MBS IS IR i BRI R T 4T

AT HR 52 T HABERRARE S W] AE VI R AR B AR IR B EE R E I PLE, RIA XPS A
SEM B AR T HEHERE TR NG SREMBRES.

3-5 7 TP 1% i A T 400N Sifey FEEHE 30 4 Bh4NIRFE A XPS %M.

P2p

e

146 144 142 140 138 138 134 132 130 128
: Binding Energy (eV)
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P
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1000 £,
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Fig. 3-5 XPS spectra of binding energies of P2p, S2p and O1s (four-ball, 400N, 30 min, 1wt.%)
B 3-5 WmNFEF A R HEA TRRE LR TS XPS #

MEIFRTLUE Y, BERRTE P TREMNS SRR 1343 eV, MNHELEER N PO O TEN
ZEa8eh 5328eV, H—SRIFTHEBMAEL.

1T S TR XPS BETHFE S LRSS, TRBHRLE A ARX— AR T BELENZERE
BLBEP, EHNE S LAY FeS il FeSO, FRWTLLEBMARMAL), EEMER S TE
AWiHHR: KX, ERRBET, RHESRREN S TRBEEHEROILBTED O. P
FEL ST RCTI, RERBRERE S Mk ERE".

B 3-6 &AM 300N AFTER THRERMREES. MEFTLUEH, BRRXEER
BRI, RS U IR T UBSRERAE, HRENREM AU RERT R
A B B XHMER R T A A P A,

41



LR BAFEREFER X

Fig. 3-6 SEM morphologies of the worn steel surface lubricated with RSO
B 3-6 Eiaidm T RERR TR

P 3-7 REIEFF P INA 1% 3m7] A T 300N S T RIHEREBIE . MEIPRILUE H,
ANZATubEA M T BRI, REEBOFE, WA, BB .

Fig. 3-7 SEM morphologies of the worn steel surface lubricated with RSO+1wt.%A
B 3-7 N 1% B Aoh] A 8 2 A7 e T A R SR E A

3.2.5 /g

M LA AR YRR T AR B LU R (94598 ek 4B RRR J 41 ] A W A i 1
BN AT OUS AR ek, P LA 5 5 e L vth () po s ¥RINFF) A RIRM T RIFIOBUESE, T B
i C AT ABREE: EBIRNALTT, FnfA A B RA—e ks, BERmHEA
TRPEVE PR .
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3.3 BMDDP ZE 34 i o ) BE R S 1
3.3.1 el

H TGA M LK WS BMDDP I RRBL N 243°C (A RREIR LI 3-8), TR T Z4e sk
CHABRARM RS, ROEHF=FEANSIA, RAEE LRSS THENAGNES T,
MM T AR EERH—ROERERE, X—FNMBET UKL TELEHEXR,

100 ———————————— e
80 N
601

40

weight (wt, X)

20

100 200 ado 00 - Ss00
Tempemture (C)

Fig 3-8. The TGA curves of BMDDP
B 3-8 BMDDP # TGA #4-## th 4

3.3.2 BMDDP ZE37 i I BE R 2 1 6

# 32 PR R MBEEMT 1% BMDDP HIZFF I B AT R 517 pp . NRPTLUE

i, BMDDP ZE 35X it < A R EF R EAE S, N 1% #9 BMDDP 3K 7] LUE SHF 11 po 112 7 46.4%.

ER SR 5t iR RRRRLLE, BMDDP i FAFHIIATEH =R TR, #8
P S TEAMESEBAIE, FUHBREEELERT®.

# 3-2 BMDDP 1 £ AF i M 49 F7h
Tab. 3-2 Effect of BMDDP on pg value of RSO

RSO RSO+1%BMDDP
ps /N 549 804
WSD /mm 0.36 0.41

& 3-9 B~ BMDDP (LB EREBE S fr B fL a0 2. WTLAE H: MERA B ERME HH
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R, EAEMHH T, BMDDP MABS &6 B2 M/ MR BRER, RN
HT RIS, ERERNRE, AT (200N) F, BMDDP MIHLEEAE L HZREM, W
FER R G (300 F1 400 N) WFHFHT TR XRENEMHH T, BMDDP EE 8 W M FI7E
BRECARERE, BERRNEA, RERSHIE, BnnbnEtcE S. P S58R84E
EEAFERN, WG RER AMEEEREREX.

0.60

o]
050 . /: //

0.45 4

WSD /mm

—a—RS0+1% BMDDP
0.40 ——RSO

035

200 250 350 400

Lo
Fig 3-9 Effect of load on antiwear property of BMDDP
B 3-9 5 # % BMDDP A 4569 %

B 3-10 R TERBRAF T, THFHAFIN 1%BMDDP BSEF e T AR R 5 4.
AILAEH: EBREAHAE (200N) T, BMDDP RILHE A BHMEEER, XTRERSE TRERX
IR INFIE R REE R TR B FRHE: 76300 N RAKTF, 2 MhERmEREeaE
AL, M HAREIGKE] 400N B, XFHEMAEZIF PR EE T RESR,
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Fig 3-10 Effect of load on friction coefficient
B 3-10 TP R # T 69845 5 Sty 45

MEBREIBNSGRTUEN, SERFEF=ARERANIIAN, —FEEFRLT S TE
ERIASFHOEER, SBUREHRARTR: 5—-HH, AA—ERBRINEAXHF=K
MEISIA, BHET ZRE RABRREROTEERE.

3.3.3 REHH

3-11 SR LIAFREBRERE M XPS 244 R (300 N, 30 min, 1%). 5] B: O, E S ER
5323 eV, MNTF SO Ny L& ELR 400.5¢V, SR FHVRMGEERR, XiHH N TEZESR
HRRETFEDERM: Py tEMEAREL 13346V, XT PO M.

MmxtF S L, SHEECHAHREERELRFOIAR 580, REKENHEEN XPS
EEES. KREEXPELmel .

s
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w E
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Fig 3-10 XPS spectra of Ols, N1s, P2p and S2p on the worn surface of steel balls
B 3-10 4k B4 & & ¢4 XPS B

1 XPS R4 #reT4n, BMDDP EEBIREPERELERE T EELERMN, KPS, P
TCED B4R FeSO FeS Fl FePO, Z L& RE: N TEETEUFNELAYNERRMES
BEME. SI3tRAMRGFARE, EEEIEPEIRENENER.

334 /M

M ETR SRR UB LS. ZRE_HRABRROEF=AMATEY (BMDDP) R
AREPBRE, ERFHPRALRFMREENREFOREEM: EEAH 200N T,
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SRR IMAEEE, BT ATWMAIAS, BHEBANAURSRHEFEETRORMN. &
WA IA EE AR ERRBER, WEBHEMAEAENERN. SERENBRRBEENY
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H T PRRBERIAAL S SR SARE HUB MRS RO, T MBAISE 2 E NS, FRFEM.
TRIEQSBERMA, ESN 30 ERFLRFRSHBEINN, FHBETKBNOBIE. ACHiRiE
A Y, BRI ERIRE B 2. B LG 40 ALK, ERSET T KBHBIR,
ELEBIR TR AR LT =44 E:

a) BFRBERIN AR

b) BIABFESRREAL AR BRI Z AR,

)  BRFIBENIATAE AR R LB AT S MR R B (R A

EXLEHRTAESD, FRANEMGEZELY WmfE R, 3FEBRmAEHRYMP LR
BEWR, RAASSCERA AN M EBHLA YT TR,

AT BB SRR TT EYRERE R m R A R, AXERT 2%, 64K
FHEF GBI SRR, —REZREPRE, —RESFRH ST HEA0NKRE. HK
HET PRI AP AOPER AL, JFRAERAREAT Ttk FIA X— e T el
WARBREEM T TNRERRANLRBOARIEE, FRTRENAS FRECEERE
HFFERT, WIEHITT S BRIRIE ST o p (B RS A0 R B L.

4.1 REIH
411, SR RTENA R

REAHEAS. ERARE. BRI OZORPRA—ZROR. MEME, fEKEHEA
TR, EREVFRE-SC. WMZREH, RENNEETREPRETETL 10C. mEE,
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BieEFARER, EHBETREF2 /6T,

BRAXKHZEZR, ARMEFMAEEK, 2E. XERAL>BKER, AXKERHTR.
BBTRENER, WR—EBHENMESY, BE=RENME. RETEATURERR:

RO
3ROH + POCl, SN~ RONT oo

P_.
RO
R IEE, RIAIMTE A AT S B2 R FARR T S SR B 20% 0 ELBIRLR) .

EHBREMBREGENREIERA B, EEOHNRER LA ET: & 1270cm’ ~
N\ N
1285cm” & & 7P=O BO4%4EE, 7E 1030 cm™~1040 cm™ b F 7P—O A4S 1L g, @]
LLES LS4 0.

RO\ O
AN
P—OR
RO”

TTP: R=C4H9; THP: R= C6H|3; TOP: R= Can

4.1.2. BN RIF =R MATEDIH S R

BT = BT E RSO T S . TR RAFI Ao, =T
FH0A 30 ml AEREFKER 0. Imol M=FEHE, % 10CUTHERET, HMEH 0.2 mol M
0.2 mol MEBEMZYER, BEHFHEE 50C~70C, KM 4 /MEF, HIEK =4 R AMIE HUTR,
TR F L 238,

EBMAZSTRSE S, WIEA 0. lmol I = HMMIMEEB, FEIFRIL 5~7 /i, B
JEKEE 2 IR, BILEMATIK MgS0s T8 12~24 /i, 38, HBREHEH, BE~Y. ERR
ISAiRYE 5 Wk

R
9ROH + POCI, =8N, O\E—-cn

RO”
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N N
" (I pesn
RO” N N
| /OR
H O:P
“OR

BRMTYREERE (TLC) RIERAE, 4L (R) ERERTHEEFMEEY
I, BELEY B HTRES, FRAR 41, WRESRES FRTEBANGERELY

&, WLLERRBREESEA:
N
N
(L

/
N
] R
o=p(®
OR
A: R=C4H9; B:R= C5H13; C:R= Can
F 414649 B T EMTHE
Tab. 4-1 Element analysis results of compound B
TTE C H N P
LB (%) 53.16 6.50 16.23 10.73
Bt (%) 54.02 7.13 15.50 9.95
4.1.3, BEEERK

R ZEF IR EFE M MRS-1J RIPUERAL BT, FTRMERE LR 4= M
GCrl15 Rk, H24 12.7 mm, BBE KR 59~61HRC. LI KA H: 3% 1450 1/ min, FRH A 30 min,
BEANER. BAXLERAT Psi% GB3142-82 M5E.

4.1.4. REHH

EEERIG WSS, FERARARER MEE (60~90°C) hEE%k 10 404, 7ZE PHI-5702 £ I8k X
SRS FREE N TR BRI P T EALES D, ST RER A 29.35¢V #9 MgK
a RNBRIE, ATSERE Cls (284.60 eV) EBERIR.
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4.2.1 FEmFIRAZ D
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REBDOERER. REALHOEAD. RBX—ER, TUERRMANS T4 P TEMN
TERK BRREXRERGERENEIREAR. £XLRP, HHFREEN T4 PREKESY
K, EHTEPHEERE, HAEHBEZEA.
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Fig.4-1 The pyg value of various lubricant systems
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AR A, MEBMES FRBRERROSN, TnsnbiasE.

ZHUHIR EEXAIME, FTLAHEBRRER. ERAF T (200~300N), BRASHIE
HEAEETERRTHESRREREGRN, HTERREREQESD. TRIRRND—FE 55N
RIS FRERNER, BRERMERMENGES: —HHEXNSTFPROEETESRASRE
B, BRAERMPEIRDER. EBREART (400N, FMAlERELBRENE
BB, AR RBIVERERE Y, WmBReE. XY A RN R LU R
MRS, ERREMBREEN, BREREAS TR —EEERSKE, EHEH
B, MFAMASFRPRRIBEK, BEREERREBEAERN, #T0EMER LR
FE, [ERMREREREA.
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Fig 4-2. Effect of load on the wear scar diameter
H 42 TR ol oy 5 5 B 12 B S i K AL &

B 4-3 ZEBMAGERREBEAMAORLNSE. NEFTR, EMRARNGFTEER, EIE
FFET (200N), =FPHMREOERRENEMBERERK, EXATAEREN: ERANAH
T (300N), BHM=CLfE (B) RILH RIFMEIAEY, MBIM=TH (A) FBM=%M (C) M
BB R BN A—FE: BB AR —BBA (400N), ZHBIMAIRERREORE L7
RRRE T AR, BRDMRFR: A>B>C.
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Fig. 4-3 Variations in the friction coefficient with load for different lubricant system
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B 4-4 R TRAFHPMABR=T BT 400N 5B FRERER R TR XPS i%. NEF
TLER, Cls MBTHAREXRFRMN, 1H8% 284.6 eV. 2889 eV, UM CRTEELUSE
BRI RNTELE: P2p B TEEEEN 1333 eV, MMM P REMFERRTEN PO,
i Ols MG AREZE 532.1 eV 24, RFHEY T BB AL
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Fig.4-4 XPS Spectra of binding energy of Ols, P2p and C1s (four-ball, 400N, 30min, 1wt.%)
B 44 ZFabFm1%#RZTRERTERLTH XPS #

WS ERREA ST, TUMEEEESRES, BMAEETHE, HbmEUTErSs
ERRERETHFERMN, £MRT Fex(POy), F FePO,. thk R, FEAEE R E Fes(PO,), F FePO,
MIER, ERFMFARTREFNEBHENTIERRA,

BB AN ER RN, RETHSEZNZE. RERRE—MNELR: BREY
SBIYRRMSENFRMOTR, EERREVARME: BEEERIRNLT, HRER
EKBBERDI R, SR T MBI, A waT= £ e m S
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Fig. 4-5 SEM morphologies of the worn steel surface lubricated with (a) RSO and (b) RSO+1wt.%A
B 4-5400 N 7 i 7 TRRE AR @FFd ©0)Fm Iwt% HHR=T R Kb

B 4-5(b) REINT 1 w%BEEE =T RERISEFFith 400 N S ferifel i T 4N ER R 0 BE BE R 1l RO FE 551«
ME R, AR T BB, ARG REEREER D, JLERFE
R RV, RARAMNER ERFAET. 446 XPS ML RATLAGIE, MAGIFGE, &
JR AT S5 SRR P A E YR CBDYRIAD KA, AR —SRke . RBTYEREMLEY
(BTN L), B RNY LR, B e T HFEE B R B AR, MK
XﬁﬁTﬁm&E,ﬁﬁﬂﬂﬁﬁﬁﬁﬁm¥§%%n

4.2.4 N
RE Emm Ry R, TURBILT4®:
1. =HBREERMAAAE RIFMREER, MBS FPREREONMK, BHETENS
BB, SFEURE AR B2 FA1K.
2. BHRRFRAMES I AT A M BT VE B A R I RATFAOHUBE YRR, AR T R /MBI
AR, PEEHREEENEK, RnAMGBEERRRA.
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3. BMRMAMAERELRIRETHR, P iRE5LRRARETUERN, £RTH
B, RIXKFMARARFONERROEERR.

43 BEIREER I =FMATED R P R R
4.3.1 RHEtEge

B 4-6 A1 TRFFM (RSO) R4HEM 1% (LURE) BN AL B 1 C KIZEFFHE pp
H. TTLUEH, WMABEDHE, FhE ps EHAHTARRE, HPRUFEIMEEY B Mk
BT, FETFHN pp ERET 98%. XEBERRAERATNOLMET, EEERSHNH
BREEFMASE HPOEERRESREOLRERNARRER, EhERREERARER,
B AL AEHR R (e A — P R e Sy, ERTOIR A T E AL M AR E .

Flit AR, SHR={ERALE SARFEFZRAMEANTIN, T HMRAEIREY
BER/DIGFE, NERMEERENEKTERD, REEMXDMRFAB>C>A, BBIE Y
K, REEAFERAARNTNL. ARERE, TREFAREENEK, —5mEaTUSRERD
FIFESHF M P FE R ENESRRE MR EESD, HAMERREELERNENE ST, B85
—HHERENEK R T A FHERTEP NER. BIERGESERANER, £/FMAIE
EHARNZRLLBRI N, BHAENMRE.
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Fig 4-6 Effect of additives on pg value of RSO
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Fig 4-7 Effect of load on wear scar diameter of steel ball
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A 4-8 ZAMFMMANRERRRERERAPOZEE. EREN, £ 300N HRHT,
FRF=FMBPREMEVRMA, HULEERBIFhHOTREBER. X THEWNMN A, £E3
BAERIE 1%L01, BRERMEFMFIRERBXTRD, JRMARERXTRAEREN, B
ERAWEMANNE: TXT B C, ERENT 2%, BERER—HRMEFNFNIKEY
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BREAEAFEREFET, HEMALFRMTFEERAOSREE, EHMRES . BREIEE
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Fig 4-8 Variation in the wear scar diameter with concentration of additives
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LHESRELERYE, ZHEF=EMHRETEYRRE RIFHRBSERORNA. BTHR
RINAIS FEURERFGTOERNE, REMH XPS M BRERREMRITHN, BRI P. N,
O. Fe HEVETREBEERE NFEN SRAMB A S F5EBERE LR MOERF R R M=
Y. BHEZT ERHMRIAFIFZEMATEYE LOKMIKE. 400 N 5147 F A 30 min FRIEER
HEAHAITR, XPS SR WA 4-10 FiR.

MBI, BERRMASMFISFP Nis L4 EHER 399.6 eV, TIAEREERT, NBETFHE
TLEERN 3992eV, NRFHBFESREFENGRARERANZL, BRHBMASTF
PHEIN BEFREUEVEN AN BRMERERRE, S&RBRERENERMN; P2p MBEF
Z&64133.0 eV, BRT P REMNEERRNENBRIBPO>): Ols M-S L% 530.7 eV,
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Fe3040
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Fig 4-10 XPS spectra of some typical elements in the worn steel surfaces
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Table 5-1 Data of elementary analysis for synthesized compounds

C% H% N%

A 51.15(51.40)* 5.80(5.75) 20.33(19.98)
B 57.25(57.14) 730(7.14)  17.02(16.67)
C 64.56(64.24) 9.25(8.99) . 12.85(12.49)

s() iH¥HE

%52 LM A B f CH IR Kk
Table 5-2 The Adsorption Wave of Compounds A,B and C

group IR(KBr ﬁlm,cm")

3063,1610,1590,1450
864,773,745,707,596,430

benzotriazolyl group

VeN 1200~1225
Vcas 1477~1491
Ves 663

U _CH3, -CH2,=CH 2862~2995




FHRZAREREFERX

e " "

" RtRaNSMITTANCE
1. 000 49, 000 #0. 000 0.0

1

“o. o 0.0 3ee. 0 2300.8 1000.0 1008, 0
. WVEMABERS (1)

100: 80 120. 6

© NTRANSMITTANGE
00000 20.000 0. 900 4%. 900 £0.908.

900.8  J900 6  XUP.9 11000 10000 1408 18P  PEr 60 583.00  s00.00
B WVOMAPERS (Cu-1)

s et
194,00 120.¢

A5, 000 40.008 0. 000

0. 60

e
wer e 3800.0 JCee 12900 1000.0  bes.0s 8080 se0. 00

wee * LT % ]
WYCmanLas (CV-1)

Bs51 fAi¥A. BfCHRLLIEE
Fig 5-1 The FT-IR Plots of Compounds A, B and C

51.2 PHAEEHITEH
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51.3 BEEFEMEEETN

- TS I i (Rapeseed Oil, fE#K RSO, TFRIWEAZERIM, ZETIERHL_EXT 3 B
T SRPEYEREEAT T VR . SRR 44 #E 1450 Umin, RBHE) 30 min, FTRAMNERA GCr15 =
Fbruemzk, HAR 12.7mm, 59~61 HRC, FMIESEHE CEREN 0.01mm) WE 3 M TFRABKME
MER, WPHE, BRRARERERREFEL 5% . BRI FRAH pp HiKH GB3142-82 |
SEo

52 REEREITR

52.1 HFEEHS

AT EREIRBFMAGAIEENE, KELEY A BT TCA AHER, FRAHE 5-2. NE
FATLLEE], BnAL—%F+4H BMDDP, RERSFHIIAKF=ZRMMEMRE, HASHE
BHAKRE, KBT 243C, ERTEBMN—BEARE. BRTR, SEAKETREARE
REASYRIREMERY,

1:.0 4 1 50
st 243.15 °C . -
109.0 — e e} 02
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Fig 5-2The TGA curve of compound A
B 52 &4 A # TGA 4

522 ABEEH

R 53 T IAFMAAFIMA 3 FEMANSFMEOREGEEIE. ARPITUES, 34
WEPMBIMA, BRKRE T EmNREE, BMEX FPBREKEOEMN, REARET
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B, RERRBAEEHAK. BEBHRESFHT, SAEEEIH) FPERETE S NEBR
EFERR, ERTERAN. BEIYIRIYIRMN FeS %, FILABTIEE4E, BT LAVRIDGIAOAR B P s st A0
KA FHUPREEARNEEER . RS FRREmEnK, WEETES HEETR,
AR R REARA .

%53 &YW A. B. CHppfl
Table 5-3 The pB value of compounds

RSO A B C
WIEME (ND 598 1049 1049 862

523 HEmREME

B 5-3 B 3 B RN EF = AMATEY S DI 1%0REMA BT T, ERRAH TH
EBRER. NATTUESY, S53FmMAt, 3 HEnfanA, FEREBERER, RTEH
RMERAREM, BETEMBMTIESRS, BERRAN TERXDITEHFFA—H. 3 #5
IFREATELEE,  PUBHE AR S — AR RER M R = AT AR — B, EIRREER
AOLEY A, TUEERBNRBNED.

SRR 5B —RABREE R ZERATAEY . BRI =BT EDAEL,
REARMEF=BMATENN D FERTAEE P TR, MABEEE I TR, dltauys
i, ERTRAFHTROEGHNAP: S TREERIRESH, MAREHERD, RAL
HEREENERN, FERBER SBEMEK: P TEAFRTFNAELES, BRIER
MEEH TR

B 5-4 PR 3 P SO A ST MR, ZEWREED 1 %6 Sl RBE B A BN X R 4.
MFATELESR], 3 MiRmAER ERARGREER. SHEBEE N, BEE, LR
REB/b. FTUHERAOR, BEKERAD, —HEEEAFRNHNS FRESRTENSBYK, 55—
EEBKT TR, BRTRERNAESBREORMES, AT SE TEMOHR
R GRPETE BE o
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Fig. 5-3. The effect of load on wear scar diameter (1 wt.%)

B 53 FRFEPFAGEREEEATH Ll L
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0.074{ —e— RSO+ 1% A

—&— RSO+ 1% B

—»—RSO+1% C

0.06 - e ———— ;
200 250 300 350 400
Load /N

Friction coefficient

Fig. 5-4 Variations in the friction coefficients with load for various lubricant systems

Bs54 TEAERTARSEREABAXREZ NS
524 FHEOH

HEUFEBEGT, PE. RERMAEEBIBPSBEBERESEBRENE R, bk
IR EERM TR, TR, AR TARMEBE. BT ERHARLSYERTEYERER
FIERRMFAOERNE, SR A T 1.0%RE, 400N a5, 30 244 E MMk R it
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W& REZE BT R A BRI, H 4001 eV, REIN RTFREBMASBRAMALZ
RAENE R, MUHIIENORRTFE. BEEREKN S RFMBTLHERN 168.8¢v, Uil ST
ZUBBARMEATFE, RATCERNEF AT EDERFREIRTRET 40, HPHs T
EFHRMEBRETHFRR, EMRT FeSO4.
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Fig 5-5 XPS spectrum of compound A in rapeseed oil
B 55 fe A ERXFb+ oy XPS i#E

AT #E—F T RIS AITESEFF ih b R HLEL, I EPMA XSEAF AN S 5NN 3 Fhin
HISEFT i £ 52557 300N I (8] 30min i THNERMBERETESUEAT T 2047, 45 RE 5-6 Fim. A
AT, SIEMANLEE, 3 AMEMRERMILBEE, R RRA R ERRARSS, Bk
TEANERRT, KRR BTSIALG 1L 4 R R BN AE R AU IR L5 TR B 4
Ao SUCFER, FEMAGIFRIRISER i T ANRERE L, WARFENRBGIRE, 39
Hgbiae h A ir.

i R Y
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RSO+1%B

Fig 5-6 The SEM morphologies of wear track
B 5-6 A [l 9 SEM ¥ fl 47 B I

53 AERS

ERTELERNFRTIRRL b SRAFIE, S8, SURAARNY RS, %
SINTRI A EAS, HEBEA SRR 3BT TP R0 BRI
AEMNF RIS TATANZHMN T3 ATEM, S5 X5 FAHS ATIEHTE S,
N BIHAY), I YA SUHE TR AR R AR RET R, 550 T SAESHFheb B2
NS SR DU T
L SRS TSI AR SRR, LKA R, B T

T
2. 3 HSREBNE I = BRI U RIFIAREIERE, BEARARS,

3. FERRMRINSEMATEY T ARSI AR, BREHENK, XM
K, SSREEBUN FIRY, 3 RIS R RAEE R, BRSBTS
Fehake KT ATIA B

4. FEMMA=EWMGEVERITRTRET M, SRESRRENERE, LT H
H FeSOyNEHUREE N, S WHNHARMBARO AT I, A 2E R m A
HIZ ERFESHRIT, TR ARN 3 MCAWBIER IR, FOLRH R UL
.
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BANE SRR EYEIO R A

BEEDRANB R & RN G RE, URNFEREHER, AMIXHER@AMARG T8
REHZMER. HESHEREM (0 FE0E. fEL. BURN. REBRARAKS F
— S B ERIMFAIOART R, BHAAHATHEO#RARE" 2,

AXRRY, SRAMMAYRETEDAEERBRNARE RFORE. 5B, BEkE
Aefmm iR, URRFRAEMERNGUEMELR, RIS RENFETEES
HRIMEZAERY,

ERMHMIES, ELERTHTTEHE S. P FEMUITRMILFAELR MR M MR
$~:ﬁ%iﬁﬁﬁ@%~ﬁﬁ@ﬁ%ﬁ%ﬂ%*%@ﬁ%ﬁ%.Eﬂ~¥@ﬂ%ﬁﬁ%ﬂ
FHZRMAHSIN LRFMANSFF, HRT SRR MAER RN,

AT BRI E BRI E R B AL FEMTMEREERENEM, FEUMREK
RH=ZREF A SARFHE, UREREAARNY, BIRRREENELESRR, 6RT
3 MEAAR. TEERTRELEY, HaILEEE ik RSOl A B2 M BEIEAT T V74T,
FEBE—RAEBLETEY MR T BT KR D ThEER .

6.1 IR 2

6.1.1 FMAUKIE R

BRI b . BRI —E B e B s A R R T I ERkRE, A B =3ke
. MEERLRAEDRNE=REANNEREE RS NB =3RS, BEZHE 10C
k4, {ERRMN 2hrs. ZIEFHRERREE, BHRMN 4hrs. RELERE, REHR, BREHE
¥, RNAKERZK XERATKRMRETREIR d8B, BBREREENE, e
=Y, BN ES KT REEY).

& 6-1 FIHTARMEN =R R ERBATEDNTEMER, TUER, HERHLS
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MOREMTERESEREEATS: R 62 HH T ER=EAMEE Y T B G EEIE, B 6-1.
6-2. 6-3AMTHEMA. BMCHLINRER; R6-3B/UT=MLEHHIMS 7 'H NMR
#E, B64. 65 RILAMA. BH'HNMR K. B EZRATLIHEH 3 Mg T.

No N°R

N /N—@—SY \"/N\R

N _N
T

HA: R=-CHs (kA& A), -CiHy (L& B) ,-CsHyy (L&Y C)
k61 fidibeptii b, KEROTEMTER

Table 6-1 Melting points and data of elementary analysis for synthesized compounds

m.p. Yield Elemental analysis (%, Calcd)
Compd.
/C (%) C H N S
A 142~143 204  40.81(41.35)  5.67(5.78) 16.07(16.07)  38.31(38.80)
B Oil 816  56.46(56.63) 8.88(8.85) 14.42(13.66)  21.06(20.85)
C Oil 50.2 65.42(66.95)  10.82(10.74) 8.95(8.84) 13.26(13.47)
& 62 iR tmey i shRokis H 4
Table 6-2 The IR data of the compounds
IR, v/cm’
Compd.
YcH LFRY Ves
A 2975,2933,2870 1499,1524 1472
B 2972,2930,2868 1490 1465
C 2958,2872 1495,1522 1472
% 6-3 oWt iR g g
Table 6-3 The 'H NMR data of compounds
Compd. 'HNMR (8, ppm)

A 1.30(t,9H), 1.35(t,9H), 3.80(q,6H), 4.05(q,6H)
0.95(m,18H), 1.33(m,12H), 1.53(m,4H), 1.68(m,4H), 1.78(m,4H), 3.45(t,4H),
3.76(t,4H). 3.93(1,4H)

bt C RBURRMT LR
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Fig 6-1 The FT-IR Plots of Compounds A
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|
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Fig 6-2 The FT-IR Plots of Compounds B
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100.00-
%7

6.00 T —T T T 1 T T
4000 3500 3000 2500 2000 1500 1000 et SO0

B 63 bt CoiitEig
Fig 6-3 The FT-IR Plots of Compounds C

6.1.2 HIAEHIFH

FEMAIRHIEE AR PE AR AN TGA 7 B EFNE. S5 NESR. BES
60 mlVmin, FHEEE X 20 ‘C/min.

6.1.3 PEEREYEREIFHY

LATH 84 I KT (Rapeseed Oil, {7 RSO, TR NZALM, 7EPIERHL Ext 3 RTRmMAE
PUBE ARV REBEAT T3P, R &M 353 1450 vmin, AZRHHAE] 30 min, FTA4NERA GCr15 =
FIFHERIR, BB 12.7mm, 59~61 HRC, FIEHEME CHER 0.01mm) #E 3 NFRERIE
RER, WFHE BRARERERRENET 5% . BRI R HH p HIZH GB3142-82 |
o
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62 RRLER Gt
621 WERTHEMAT LA RE MM

MAZRARS 3 MAREHHA N, N-ZREREARBHITEARY, BLCEMT. R,
MS il 'H NMR S04 77, Mm@t T RIE. SRRE, BN ARTM SN
R =RARRAY, MRUSTERBAYAEERSREY. 2idoBatik, TUBRI
BEAR B A= AT R SR

ZHTUHBIX—4R, TUAARBRUTNLARRZEIERNER:

1, ZREARMNE . BIMRETFAAREMOLPESE, RURESEZOER, WiRERE
FRE B4R RINSCS™, R—ASREMBORIIAM. BT, EXPHEREHNT, ZHRES
RERDFHREBHRRE (SvAr), REEETHTARR:

R~ - R\ E
R/ N S / S“ 'N
- >
N
Cl

2. Y=HHFLCZBRARANBRERARE, B=1ERTHOLEREERKBK, TB+2EE.

ATH—FRN, BEEABRE, MTEMEATERE, EREVEE TREKENHY,

AREENEZERTRHA CS; (bp. 46C). HESEES=HIF LHFE=/ ClRTERE SyAr
M, HERBREHFY.

S
R dbe ?{)N@ +CS,
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§~ /R E~ LR
N» SW/N /SCN N— YN\(S Ny
l

_ R \
W '
£ &

3, HEKEIRNBETN, RERNESEEILE THF P XML, SO, £8KHN
BETHRAMNASH=R L1 3 4 Cl EFHITIAR M, i B 3= RERlR=%n=
TRE BB Y.

6.2.2 WMFIBERYE

FEXFFSR, BMF AL B M CLL1% UREW) WEMA, ZmPBsisE, HTELE
iR, EEERENKERAD, FMFNEELER. XERRRADBMERERK, LEHh
AURHTXE.

623 HBREMLIF

& 6-4 FIH THMF A B 1 C #I TGA A FRE. APAILIEER], 5 =EHRER
TEYARMR, B T=%HEET 34MEF S NAENERE, L&VNIREN PEITH,
BRGSWEBETE, HIKT 210C, MAMES FREENBK, B-2REEETROES,
Bl 550CEAR, WAL, RIBTAEYRAERMKERTR, o ClmE =R niE
AT LA R R R E RO E K

& 6-4 L4t TGA 2B A
Table 6-4 The TGA decomposing temperature of compounds

HED BB EEITC B NMREEIC B=SRIBREIC

209 281

180 285

O w >

172 27 372
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A 6-5 EAFi RSB0 A, B. C#o ZDDP Z4Fih ¢4 pp i
Table 6-5 pp values of A, B, C and ZDDP liquid

Compound ps/N
RSO 549
1%A 1049
1%B 1049
1%C 980

1%ZDDP 980

6.2.4 BEPEFMEAE

R 6-5 AT RAFMHRIEM 1% (LURRSHGT) AL B, C M1 ZDDP HISAT Ml po (B,
AUEH, RFHaTHFRESMRENTFNmE, AHEREREMARME, AUEER
R, 3 pp EHBAALE: WABIOAE, FME pp EHERAE, XEERERHFTNE
HTFEABRRERMNSH, SRRERNAEBTVFRAKRENFIULEY. ENHERER,
539, EMEBEREERSBERE, BiERRNEMRR—PHGRE, ENRATRH
MAREYE. RETRIL, BEEREENK, RINRN p EMRE, IEREAMEEEOEK, F50
FiorFhiEETTR S WA RKE, HTMAREKE S BTORERD, FHTHEREEBREN
FRMN.

B 6-4 B i mml s B4 1% SO m Bt s b A R Lt ti & . NBPTLLE N, E
BRI, BRERETER, SEABMTHRAM—H: BMA. BRMCE, BRERK
M#ABAFEK, XUBFMFIRET T mARERS, MATHRAER. RIE Baldwin HLE
B, XEBRRERAEM, SHEMAOFELTRESRORRY MR, SIERBIRMERRL
KGRW M= EERRT: 5H—07H, ARBEIES, BEIREMKSHITERN, Al
M2, RERRER.

B LRI, BEEREKENEK, BNRERERREK BRERERHNZER. RE
Nakayama # Sakurai f9BFRS, X2 BT LE S MIREARMAMBBEFRAOEE, 7
EE-ABRENRRE, KTHREALEER, SEWREWRERBROIE.
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Fig 6-4 Effect of load on wear scar diameter of steel ball

B 6-4 fi #raH4RR B s A2 64 YR
ME 6-5 FTLAEH, # 200N BHEAERMAT, MARNF A G, FFmABEEREHET
BE: MOAZSINHB /R, SAFMNBERAREASHE; TMMARNKCE, SFmERRLY
Ko BELFEM, MABMFA A, B C AERFMPERREK, REMERRNR—P
WX, BRERABAERENEE. KRERNN A REERAG L TRE—ENEEER, TE
H B, C ERERAFERIEAR KM T HMRAREER.
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Fig. 6-5 Friction coefficient under different load
B 6-5 TR AH Tt BIEAL
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6.2.5 XPS 4 H

LAY A TE 1%EMA, 400N A% FEER 30min JGHEEBREEITHr, XPS 4#fi
HERNE 6-6. NEIFTLIER, EHTE S MHTLEAHEN 168.8eV, WM STREEM SO
MRAFESEERET, HRAERBIEPREARS TRET 4, HPHERTREERR
ETEBLFERMN: Ols BFRMLESE SN 532.1ev, HIEHTHRMRMFE.

F N, HEFESRMAENRF =R EDRBmAS—8, ERENEIRE
RAEZ, RAEEEIET, N TRZRKRRUGHIENEARMESBRRE, HA5&RKE
W¥ERMN. BT UGS, EEEIETERONBEEEERSE FeS0,, XBABMATAT
HERS, RMEHRAERNERERMIERERR.

Ots

15000 rr———v——r v T — - r

10000 ¢ 1

cls

-t A ot

- N N N —
544 542 540 538 536 534 532 530 528 526
Binding Energy (eV)

(@ Ols

1838

$ 400

o538

“M%Wﬂ&%
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Bndeng Energy (ov)

&

(®) S2p
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N1s
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.- Binding Energy (V)

(¢) Nis

Fig6-6 XPS spectra of some typical elements in the worn steel surfaces

B 6-6 4R B4R R & &) T & 6 XPS B %
63 FXERE

EL—BTHENEMRE, ERTATERPRAESEARRTOSERER, BHEARE
REASIAZEF, BMRBIN—FERAFNTERITEY, HFERF =R ERATE
PIRATHAR, AT R & R 2 B — 5 mrR sl & e E fo i

% NN-ZHEFRERA RS = RARORARR AT THRAOHR, EREERNFE
FNARERMBN =M =REARBA=Y, WREHNTATSHARSHNLEY®, Kb
B ANMCEYARFN. R RREREY.

B—URA XA S YR LRI R OB ATRIN, #58 T R ARt
e, BIMEELRE:

a. 3 MEEYIISRRREETE 170°C LLL, e85 1 0 — Mo v i iR BE 48 FI Tk,
o B = A B AT LA B S IR R

b. H=EHRMFEMWENS FEMNPERERTE S, TUKERATHFmEAZLES.

o ERFMAP, BERENUAVMERAH FAE —ENREER, BRERE AT TR
e B PR (AR B R BN FE A

d. ATERBEEHRRERMER, H=RRERTEDTERREHBER, T248
BREREK, WHERMEERERCT TR,
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FEE FHUNERREE SO BB 2B 5

RENLES, CERRENERTHTPEHR S, P. N BT R KT mh
B, BIAT SRR, H T RS RAREIE T RS T Y R
WIMFIREERE S, AERMEH B TEMLA VI b R E AR ITHIR.

SFLEBTER B RTOAYMRE, RYRESMBEMGS, URERAHMELET
HL BN 20 A 60 FRE, ATHHRMEE TS, BAERMAET THIR. SHE
mFRAEREEFREGEENG LR, ERBE—RERR, FER, FEMLERE, XEEX
R, AHRRMTERELES.

BRAVMEEEAF S RERBARMARE T/ ZMER, BR O THRERNKER
EHRE, BHTKE. —BREETRRNLERN, BHMREERTH FHENSE, 7R
HoKRRRREYE, 2 B0 R IR A A A ER Y,

YR R 2R R A YIMEL, KAER, BT LM RAS 5 P T A M AR
AR MEMARTRTT0. B, BRIEMMES & B2 00 RN b FHRe 5 kRIS, B
EHE BHERE LAY, |

BT ELEMRE, RGN T —RE0RELOHVRE, THASEILKREEYE,
ERTEMNETHTRERENAE, FE5ERMMETT R, MPMATEETE B R
FHIER R RNE,

7.1 SERE 4
7.1.1 HBMFUKE K
BT RARIS A EMEE, BmrHREcmClam, RNAEBERTURRN:

3ROH + B(OH); —— B(OR)3 + 3H,0
(ﬁqj R= "C4H9’ -Cd{lh 'CsHl‘]y ﬁguwm{héw A\ B\ C)
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B AT ER AL R R R — AN BN R, #%%mmgﬁm@@u. T T MR
RHRBHEHFIKRT 5C, RARLUREMRRRMHA. KA FLIR RS TRIET FEk
BV FEMPHNE I IERBOERIFE (AR 7-1). TTLUEE, EWA. BRICHAF
P HEERARE. B-O BFEENFRNERBIE, FEWMRENSH.

& 7-1 B &y i s ok i St
Table 7-1 The IR data of the compounds

IR, v/cm’
Compd.
Ve U p=0
A 2953,2870 1499,1524
B 2972,2875 1490
C 2958,2872,2868 1495,1522

7.1.2 EEESESR

IFILLRER 5 50 1.0% 9 0 F 3247 i ep BE R o 6 B R AR DY BRALBEAT W 2 FOVRAY, B4
. HEIE 1450 /min, BHE) 30 min, Zi, BTHERA GCri5(AISI52100)—&iRAENER, EHPR
12.7mm, 59~61HRc, FAEBEBEME (AN 00Imm) NEIANATRRNERER, BUEMME,
FARRARBHRERRELHETL 5% . BRATLER AR Psi% GB3142-82 {E .

7.1.3 REHT

BRERERE, WRER HEX(60~90°C) P B A W5 ¥E 15mins, SRJS7E HI-5702 B X
SR F L F RIS BT T, ERETRER N 29.35 eV B MgK o £ BURIE, FYS BRI Cy
(284.60 eV) ESE NIz,

12 £ R5ite

7.2.1 PMEERIAEAEEN

R 7-1 T RFrd (RSO) FfnA 3 #WifeAs A  B. C (M HIMB AL ER AR,
LENH, ZHMREEMMA—ERE LS®ETFhMEE ), B pEREBNIESRE, BEH
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Table 7-1 pg values of different lubrication systems
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