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ABSTRACT

The increasing attention on the environmental protection and more
restrictive environmental regulations drives the lubricant industry to
develop novel potential environmental friendly lubricants and additives.
Traditional rapeseed oil not only possess good lubricating property and
high-biodegradability, but also their resources can be recycled. Its
extreme pressure (EP),antiwear, antioxidant, and anticorrosion properties
can be increased by adding series functional additives, such as EP
additive, antiwear agent, antioxidant to suit industry requirements.

From molecular design, three series, 9 kinds of additives have been
designed and synthesized by using morpholine compound as material.
Their main chemical structures were characterized by using IR, EA. Their
tribological properities, sensitivity and compatibility among additives and
base oils were studied by a series of texts.

Specific study contents are as follows:

(1) 9 kinds of additives wre designed and synthesized.

di-n-butylamin-edithio-n-butyl borate;

di-n-butylamin-edithio-n-octyl borate;

di-n-butylamin-edithio-i-octyl borate;

morpholine-edithio-n-butyl borate;

morpholine-edithio-n-octyl borate;

morpholine-edithio-n-octyl borate;

morpholine-edithio-n-lauril borate;

morpholine-n-butyl borate;

morpholine-n-octyl borate

Their main chemical structures were characterized by using IR, EA.

(2) In this paper, we had studied their oil solubility and copper
corrosion and anti-oxidation. Furthermore, the relationship worked out by
this study of solubility, copper corrosion and anti-oxidation with the
structure and composition of lubricants were studied. Results indicated
that besides morpholine-n-butyl borate and morpholine-n-octyl borate,7
kinds of additives all possesed good oil solubility, anti-copper corrosion,
anti-oxidation and biodegradability.

(3) The extreme-pressure, friction-reducing and anti-wear properties

m



of rapeseed oil with borates as additives were studied by MRS-10A
four-ball test machine. The results showed that 9 kinds of additives can
increase the anti-wear and extreme pressure properties and friction
coefficient decreased greatly. The oil sample containing 2.0%SONB-1
and 2.0% SONB-2 show excellent loading ability, whose maximum
non-seizure load was 1.8 times as much as that of base oil, and the oil
sample containing 3.0% MONB-1 had good antiwear properties, whose
WSD was 0.63 times as much as that of base oil ,and the friction
coefficient of the oil sample containing 3.0% MONB-1 was 0.69 times as
much as that of base oil.

(4) Their tribological mechanisms were also investigated by using
XPS, SEM/EDS etc analytic instruments. And the film can prevent the
direct contact of metal and metal, to reduce the metal stock abrasion. The
results indicate that surfacial films mainly composed of adosorption,
deposition containing Fe,(SO,);, FeS; and borate.

KEY WORDS borate additive, anti-wear, friction-reducing, mechanism,
Rapeseed Oil
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TR A5 2 R R VT R AR SR A LB i I 7
Y- 20l Tziliol ] 7

BT E—DRMOFMAIR RS —EN, A4HIAETFRANS, Eit, EF
KX ZBERMAGAAEIRRE. Lht, FWENMEOREIMRELDRET
BIHREMFIMA. XA HRE", WMREEBRE AN ER M, F2%H B
AT PR R E PR 46%,  [RIEIE T RS EAL RO PR os 3l o

n



FRKEW L2 R F—F ARGRELEHER

1.4.2 HIELES R InF EAIRRIMK

HHUNER R R A A R A AR OB R LS e, 1 B R,
Fuk. TR, KEFEEBMAMANHARRET T AN R BIHRECT
RIFRIMNRLEE) B 40 A D LB AR 2R m P 0, FAANHERUE, AX
SHESELHE . PUBHREHIT THIR. B+ 25K, BRICEERT KENT
FRFRRE . HUBEVR InIBO8Y, 3500 L REMR BE 4R 1 R RO R R U B 1 L MLIEEEAT T WAL

E 45t B ML A DT R R E L R B AR T 6oL, BIHA AL, 7@
BT RKEMEFRHED, SoEMIE R ET BN £ EQETIINM AT YN RE
FAAKULAY®, BEEICHERTUERROENRRLEE>TE, mEEN
Chevron’A &) & OLOA-9750R AT M 4 & th 8 . RERBA M I A R HAER
T AR AR E PR, 7 Bk AEIE B T OLOA-9750/1 7K 7134,

TUSHBRERLRNNERRGZ REBBRNNERLEDRE, BE
BARBERLEVNGENR, AANTLEYRANE RERER MR INFIRMT A
FTEMERE. WIRAKIIRIRE, MRRILKIENE, MBI BMWARS, i
BRAL Bk Mk S X S AL S I RIATHE S,  FAVEIE IR ih 19 BE B 70 o PRI AR IR
M TR B 9 R BERIBR LA R RGBS, R RFHIMEYE, DURMYE,
EE—EHREALE BT EEH TR, A5 RFEE, a0 mEa e SR mmtl,

T FUR RGBS V6 b — 25 B P IR VR Il e A 1R & SCRRARIE ™). %3k
HIMFIRE RIF O EREE N EAREME, W UK B B K% 55 T
BRSAELES, P, CLELPUEE I AR FEX BB AR T i R e b . e SCRR P13k
&, AVHMEGR TS TPIATERCESHPIAA ZMER, BRABGHEKN
WEEERSE, ERAFRFOTEEGE, HESEEFHEHR/LURY.

KEEBRAAEHR, BEAIEEERESRA, BIVREERETIZA
THERLTRSERBOES;: EEKEERNFEERERE. SR REESR
B, FRZEIMRE, RERRZRERENKEESER, FILHARERKEENR
B RS KRR, DIREREAEENXE.

AR, ENSREERE Tk E R RIANTR, FAKEER
BRGFBERNBE THRTLREER. mei®ISmaTi_RTEwn
HiEteE: BXCEOSEMAT KBERER AR AN B R YRR
BB, WA T £ EIERSE.

ik P& RIS BB NN BE TR E R, HERMEM, B



R KSR - 2 AT 18 3 F—8 IMGRSREYR

RERBYIBEZI®K, KEWKER, BREREHEAD, FREFEBEKME. 2
iRy, ERBELT, ERERDAMMRRBAIRAN, TREERT, BERRER
HMMEE. 1Ak, EAENEET, BARIEN, WREEIYHEALENE
RRMEEEERE, ROEFELE; ERTRRN, —HB0RKMMRERES #Y
BEALT, N R ERLE RN, REFEMEE.

HTROTRELELE—E R T 55 SR RE RN AERBHCY TS B
RENNENRELEYEIEERA. BHKBREE. B, ek
BEMRKHE. IMRPISTHMR. AERANAEA RN A R T & BMaRkE
BHEmA, FATERNRELEEM, FARRT & ZBEMA0.5%-5%HI2EH
MAETEEAE, RIS BHMRAS MBI P e B E RSB, FHERM
BER—®{itE. '

BHEEPIE MRS R T LR AR ORI E R mRmR, #ix
LR B REA2%IMAZER P . LRLEREYH, MABN-BZE B,
N, N-Z 3 ZEL 08 e Bk A B R N (070 )i BE TR L2 8 /D 90.33mm.

AT ENRBENEE TR, ATUEMRRESHPIIARMITE, BT
AENSHE SR, 9 ARAELTER™. EREPSHmaEs, Bl
HEAHMMEERE, BHMTRNASFZE=EDRBN, EEESRREM
REBE I RAHIRE, KKER THEBMNSEEREER. 3085K, REAMMN
MHRRENSUEEREM T RETE, R TAORME, BELFHTEM
ZTHRANR. TN FREERIM R RBEEE AT, Eid % BEEF R ER
VB FRAETRTR, DL THRR R A4k = 2 PR AR AR T S 1 — B 3 A R AR
L.

s, S, P, CIISIAN MIRRE I A R MUBHENEZHERE/RKIHA
HIiRE. FEERTEHRR, FHMREEEURLSRERGENOGSRERET
Z RN .

1.4.3 RGBS A iR N 3 6 EE SR A 22

19624E, Feng L-Ming™ %1214 T MR BEZE4 RIEM &4 T R R IEAE v F 44
HEREAONE. BAATIRES TERREGTREGRRNAERSN “BEYB”
ATH Bk E B RE. 19664F, K. L. KrouZ® B\ N =¥ E MM LB R
BILTA M AEIGAIRERE, BEEH R B ST AT, BaEE
BEE T HiEMRE.
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FRIRE LR B8 IRGERESEEER

MRS HRBTENE, RAAENRTHES. EEEEZHT, BTHHE
R, RARSUMNEHETHREERIRT. X, BUBNIERTRE &R
ToM&e FHTEE R, SRREAERE, WEFRKNORIIN, WEks
YITE B R R A RGERIR M SRR B B TER M ML EI & BREKEM,
HAESRRARZHNMUSENEIERERE, EERRE TR, BREEN
WHE, W% T &REEER, BOTEEEER, LRI THREM. Hik,
RO EMARDBEINBESF SN, .

HERRALBOREN, XEWERRHOMLYSBEERTNERBRER.
HERBEPVEL N, ME5RESBEEANEMRFeB, FeBLEY, KEEREAER
AR EFEETTRUN. S\ XEEM. mESRN, MEMRFeSHRME, BF
EC R B B BE 4 O AR R G RE T

1.5 JRREKIE R8I R

EEYME, FmEABIHRRARY, FARATRE . BETHE,
MR E A Bk, RATEREIOFMAEMM. & RE—RIFINFIBATIF
tro BEI, WRAMSHEEREDRMCLBER, Bt BRI R Y
TR AT R ERE .

MACLKHN, WREXLSYRERERFMARE RIFORE. 8. &
BE. BASEN. BURTHRANEMNREN, BR—REBENSIIR. TRAEHKE
R, ACESEENS TR, EMREES THIANELES. B. N, ¥
FINK BRGSO Foh o AR AU T RE

FXFANEFDT, BTULEIBE, XRIHAATHEEZZEWT:

D ek, ETEADFEERER, SRRMNERM, GEREARTOMRAER

&Y, FATES MR =Y ITHE SRR,

2) CASRFFh Rt i, HEA BN R B 7E SO P A 1AL P AR

3) CASEHF A RERL, 554 AR P EREE7E ST il P A R R AR R

4) RENBHZREE, FSEMATEETREERESHRZAKXR.

5) AHEMBEM X S8t TR TSR RXIRIORE, RERTAH
315 R A O 5 ) PR R B AR LB REAT A SR O R
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PRI AR S FoE S0, RMRENGESEHERE

ETE . AlREMSERENRIE

i

2.1 ®y

BEE HU R & R R MR R ETINGR, 5% Thaei g s il SR
A ReT RN RE R, FAEREE SR BT EIRE. Fi, BrsEsE.
R ZERE. TR MAB D EE BRI RO EETMZ—.

2.2 WS

22.1 EERH
A 2-1 2 &M
Table 2-1 Main reagents
5B ¥ ks I
ETHE (C:Hy)NH AR WA
g bk C,H;ON AR JRBEMAT
ETHE CH;0H AR B Ip AR
ot {14 3 () AR HZSEAFRHRAR
E¥8 CsH,,OH AR T RERAT
¥R CsH,/OH AR J-HREBRAT
+=-® C1,HysOH AR REMEEUTHERAF
£ WA CICH,0H AR PN 1PN A
A (60-90C) AR pe: PN A
2317/ H,0 Bl
e H;BO; AR B AR
WER (12.7mm) t? 77313 ati2 0O

P C/Hg AR REWRTRALE A

15



FRREB AR BT AW, RMBREERGI% S SRR

222 FENH
A22 T EHBR
Table 2-2 Main instruments
ALK Re A=K
KB B RR DF-101S HHNEEH THERAF
ELAHERE R TBS-180 T3 K B Eh b 38
HETRAE DZF-B LR E T B
LA A AVATAR-360 LEmARYE AR
B A SB2000 LERERE
EREEHTFRYE AR3130 % E Frorham Park A 7]
HESHX TGS-2 % [ PERKIN-ELMER 28
SIFE T 721B BiMAsel TR REHFRA
EHNET WY e UV-3802 LR RARAR
HEHRTEME JSM-6360LV #72 FEI A 5]
PUER R B B4R RES ML MRS-10A FEREERAARAF
TEESHTN JY38-ICP 75 ELEMENTAR 2 8]
223 8. BB S KRG
2231 ZTR-IHRPBRZEMREMNS RS
S
(HyC4)NH +CS, + NaOH _THF _ (HoC4),NCSNa
S
(HyC4),NCSNa +CICH,CH,0H ——=>  (HyC4),NCSCH,CH,0H

60°C
n
(HyC4)NCSCH,CH,OH + 2ROH +H;BO;

R

| OR
—* o (H,C,),NCSCH,CH,0—B

110-120°C

R=n-C4Hg;n-CsH,;i-CgH,+

OR

2-1 SONB % 7/ MBk Bs 49 8- &%,
Fig.2-1 The synthesis pathway of SONB

16



P e A B A, EMRENHIESEMRIE

2232 MHK AP Z BB S IR
S

/~\ THF /7~ \ 1
O N-H + CS;+ NaOH——>= O NCSNa

S S
/ \ Il / \ Al
O NCSNa + CICH,CH,OH—— O NCSCH,CH,OH
\__/ 2 2 60°C \__/
S\
O NCSCH,CH,0H + 2ROH +H;BO;
s
S OR
*» / \ /
T2 _ ¢ NCSCH,CH,0-8]
110-120C \—v OR

R=n-C;Hs;n-CgH,7;i-CgH,7;n-12Hs
#2-2 MONB % /| 84 &5 ¢ &A%,
Fig.2-2. The synthesis pathway of MONB

2233 RZBEHMIHBLER RS AR

O N-H + CICH,CH,OH————— (O NCH,CH,0H
- 2L
\—/ 60°C \_/ 22

/\
O NCH,CH,0H + 2ROH +H;BO;

OR
— % o & Werycn,0-8]
110-120C \— OR
R=n-C4Hy;n-CsH 7

H)2-3 MOB % /| /8 B 4 & &%,
Fig.2-3 The synthesis pathway of MOB

224 B, DMENSK

2241 ZTRER-FGARPBMZEMBRETENEH
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FRRFERLEMIB BoE SW. AMBENGIESSHERIE

#0.1mol — IF T & F140mL Y S0k B T250mLA =3P, BANKKA. 7
iR 44 T W n20mL & 0.12mol ZHRALBK I TU SRR B . WNEESE, R/
B, #RJ5HN40.0g 10%EELMKER, BMNIREEEHIEIOCUT. WinsxE
&, AZFRRMI/PE, REHA0ImOIFZEE, ¥ RIBMHECT, BIRK
Ri3h, 3§ RNAEBMEEHRBENRNY DR, FARRE, Kk, TKRR
SFREE, #Hig, BRERERER, BIRAMRBEE, OINN-ZETEHEREZ
BRARFBREZE (hEE), =FiK92%.

WPEFYNN-ZIETEEE _MATRECE, ETH, MBE—eERlk
BEAT RBE(1:2.2:1), CARREAERHAKN, mAER6NE, HaKEBPHKEETE
WHEERNEXRTRHR. BERERERR, SIBECHREE.

2242 ZTR-HAPBZEMMIEFXENSH

E A R E2.2.4.1.

BPREEYNN-ZETREE _RARRELR, E¥M, MR —eBRt
BHIT R (1:2.2:1), BARRAERH KA, MAER6/DE, 253K BEPHKELTE
WHEHERNEATHR. REZEREZFE, BIRAAMHREGE.

2243 ZTR-GRPRZENB R FENSH

Pafk A AR IF2.2.4.1,

HPREFEYNN-ZIETEEE _RATRECE, REM, MRE—EBEREk
AT RRE(1:2.2:1), BARRAERH AR, mAKEGR6ME, 25 7K8E S HKEXHH
WEERNERTR. REXEREZFEER, BIRAMREE.

2244 BEWE KPR CEMMBET BENAM

#£0. 1mol BHEAR F40mL U RkmE B T250mLAI =F e+, BMAKKE. 8
P& T R N20mL£0.12mol ZBRALBK M U ERRmI M. TINSEEfE, R ¥/,
SR JG W N40.0g 10%EFALBIKER, BMIREEEHEIOCUT. HnxEs,
AZEZBRNIDE, REHA0.1molM ZBE, HHRHBINMEC0C, B KA3h,
BRNAERPNEAHRBENRNYDSE, FRAZRA, Kk, TKERETER
S®, HiE, REREREEX, SAHAMREE, HOfE_RAFRELE,
F=H H86%.

By okt _RRAFREZE, ETH, MMRE—EBEREK1:2.2:1)
AT R, BAERZRME R KA, mAEGR6/N, M KBPRIKEBERERERR
NEXSTER. REABREFER, BIARFZOMRBE.

2245 BEWE_HKPRZEWMREFEASH

18



R K2 B - 24T 3 FE TR, AMRENHESSHRE

RS R F]2.2.4.4,

HpE=Y Gk E AT RELRE, ¥, W% —EE/RIL1:2.2:1)
BEAT R, PARRRIERFKA, mMERe/MT, BaKBPHKBLAIERERK
NEATR. MEXBREZFR, BEBHOHREE.

2.24.6 BHHE KRR ZENRFFEHEH

FjE] kA A F2.2.4.4.

BPEYGHRE_RARTFRECE, FE8E, WRE—EE/RK0:2.2:1)
BT, PLRRRMERHKA, mAREG6/DE, B KBPHAKELABERERR
NHEATHR. BMEREREFER, BIREHRRBIE.

2247 BHHE _HAPRRZEWMKR T+ _BENE K

Hra kS A R]2.3.4.4.

PRy Sk E _RAFREZRE, + 28, W& —eE/RE1:2.2:10)
TR, CLRRERHAKA, mABEIR6/NE, Xy KBETHKERERHERR
MEATHR. RERBREZFER, BIROEHRBEE.

2248 BZEMHMHAMBLET BEA R

#0. 1mol G AR R140mL P E rkm B F250mLI =3k, BMAKKSB. E8
FEHTRM20mML 0. 1mol N Z B N ERmE . WiNsTHE, REEME, R
JG ¥ 1N40.0g 10%EEALAKER, BMIREEEHIEIOCLT. Wmxetes, #
EERR3PE, KA BRI EMRBENR Y 5 8, BRI ARG,
B Z B mEnk, 72 483%.

HhEEYREGHR, ETR, W% —EBE/RILHTRM(:2.2:1), LH
FERHAKA, mnEF6N, BHKEPHKEEIFHERERRNERTER. &K
EAEREPE, AAFaaREGE,

2249 B ZEMEEIELE EREMS M

Fal A& R F2.3.4.8.

Ry R CEGHER, E¥XR, MR —EBR/RELBHMT RE(1:2.2:1), LB
FERFAKA, mkEFe/N, BKBFPRKERIBERERRNERTR. &K
E#EERERER, BILAFRE.
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FREREBLZAIRX B SH. AMRENEESSHRRIE

A 2-3 AP RBHEAMR
Table 2-3 The properties of the target compounds

W% AE Bes R PR (ANE)
ZTERCRAEETRZEMRET A B R ik SONB-1
ZTHRCHRAREE TR AR IE ¥R R EmRRE SONB-2
ZTECRAREETRZEMR S FHE H R s SONB-3

e A PR AR T A B EmREE MONB-1
N ERbE B — B A A AR 2 SR IE S HEmRB K MONB-2
g ERE: A P R Z IR R R HEmREE MONB-3
N ERp B AR A R AR Z AR+ — RS B AREE MONB-4
B IEGHE R IE T Be TR RE & MOB-1
¥ 23 HE AR IE F B CARER:E R TS MOB-2

2.3 WHRRRERYLAHIRIE

K F AVATAR-360 {3 M2 H 4 50 & (FTIR) Xt BT & B infl T4 4h
HeiHr; KA JY38-ICP BuE M AamAPRHTERS, UHE—S 0

AR 5K
100 "*\—-ﬂ

ARy

S0

%Reflectance

25

1 1 1 1 [l [l

4000 3500 3000 2500 2000 1500 1000 500

Wavem b ers(em-1)

A 2-4 SONB-1 #94r 5+ %.3#
Fig.2-4 IR spectra of SONB-1
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TR KB L AR FEoE AW, RMRENHESERRIE

2.3.1 SONB R FI BRI E M RIE

SONB A5 BR AR L 51 b1kt B 2-4—P8 2-6 Fiiows.

B 2-4 PATLLEH, 2850-2920cm™ &b 7RI el X M1 C-H 421 45 FR 3Rk
#; 1470cm” B RGENZ RSB, KR8 CH, MR\ CH; HIR
SHHRERES; 1170-1000cm™ &b C-O BEA B IRSIFR L, 1380-1355cm™ ALK
A B-O BMFRSNRBCE, hNREEE A ER YA 1200-1050cm™ 22 8] B T 8
MM C=S MR UWIE. BF OH BIFHE, RESHRRENETEL.

A i E2-57T 40, 2924cm™, 2847cm’!, 766cm™ b iE 3 2 -CH; #1-CH, 4%
EB M E; 1480cm™, 1267cm™ AN-C-SHISFIEMR BCIE; 1183cm™ 25 C=SHYFE R
i, 1190cm™ X C-N 45 AE R e ;s  1170-1000cm ™ &b 2k C-O'% )16 45 1 3 % i i
1380-1355cm™ Ak f) 3% #5 b B-O 48 (9 3 3h W e, o 0 R M 0 4 1E R WL
750-720cm™ n/CH, (n>4) MR, 2878-2846cm™ IR i F11440-1415cm™ &b
0 7P R B R B 15 B TR R TR ICH R e . th4h, B OHISHIZFERE, R
B5HMRERTEEMRN, 5EEFY—H.

120

20 |

%R eflectance
3

3

8

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers{cm-1)

H 2-5 SONB-2 #5415} k3%
Fig.2-5 IR spectra of SONB-2
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FERERLEAIR FoE S6. AMBRENGESSHURIE

120

100-——\_‘\

%R eflectance

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers(cm-1)

B 2-6 SONB-3 {1 IR @
Fig.2-6 IR spectra of SONB-3

L 5h i E2-6%1, 2918cm™, 2866cm™, 772cm’ N R EREHH-CH;M-CH, I
R i 1490cm™, 1270cm™ RN-C-SHIKFERMTIE; 1176cm™ Ry C=SHIHF TR
i, 1190 cm™ R C-NEHE R W ; 1170-1000cm™ b 4 C-O%E R 45 IR 3R L .
5, BHOHMMFE, RHREMRREREENRMN, SHF=Y—H.

HR2-45, EREAFKBEEZN, BTEMNERTUBBES TR, #—
FEAE R A AT ENY.

R2-4 FhHGAEIMER
Table 2-4 The elemental analysis date of additives

R SONB-1 SONB-2 SONB-3
A%  KWE% AEEY% EHE% HEE%  ERE%
C 48.68 48.10 62.64 62.54 62.64 62.72
H 11.67 12.11 10.90 11.13 10.90 10.75
B 3.13 3.21 2.09 2.01 2.09 1.96
S 18.57 19.67 12.39 12.26 12.39 12.52
N 4.05 3.76 2.71 2.81 2.71 2.63

2.3.2 MONB A 5| #iER BRI EHRTE

MONB R 7B 4 5h il & 2-7—H 2-10 B
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FERFEBLZA R BT AWM. RWRENHE S SR

4000 3500 3000 2500 2000 1500 1000 ] 500
Wavenumbers{cm-1)

A 2-7 MONB-1 #545t 3%

Fig.2-7 IR spectra of MONB-1

120

%R efiectance

2}

0 -
4000 3500 3000 2500 2000
Wavenumbers{cm-1)

1

1500 1000 500

& 2-8 MONB-2 #9438

Fig.2-8 IR spectra of MONB-2

WIBLASM L E2-750, 2720-2550cm™ &b 3R R e ide S LRI C-HAZ 1 48 4% 5 TR i
#; 1450cm™, 1232cm™ AN-C-SHIFER AL, 1312cm™ RHikE (-S-CH,-) FCH,
B E R i s 1165cm™ g C=SHYHFE ML #E; 1190 cm™ 2 C-N 451 MR it e
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RS 226 RS FoE B RMBENHESEHERE

1380-1330cm™ Ak i) i 4 A B-OR MR B R e, b 79 % 8 A 4% 4 R e 5
1170-1000cm™ 4tk 4 C-OR I MR 48 IR BRI 3200 em™ 7575 1) 5 e Sk I 7K (0 TR e
RHRE R RN SEL.

LA 2-8 A4, 2764cm™, 2712cmem™ X [F ¥ #-CH; #I-CH, HI4F
AW CiE: 1178cm™ 3 C=S AURFAETMIE: 1190 cm™ X C-N HIHRAE e
1070-1000cm™ &% C-O RAEHZEIRENTML; 1320-1255cm™ AbAGi%H# % B-O Bk
SR A TR RS AR IE R8s ; 750-720cm™ 25 n 4> CH, (n>4) Rk, stsb,
®H OH EMFFE, WHRENRRERTLEMRN, SEF=Y—H.

120

%R eflectance
3 8 3

=

o
T

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers(cm-1)

A 2-9 MONB-3 #9415k 5t 1%

Fig.2-9 IR spectra of MONB-3

M40 4ME B 2-9 T4, 2890 cm™, 2857 cm™, 750cm™ k73 -CH; M-CH, i
FFIERMCIE; 1470cm™, 1260cm™ X N-C-S 4G AER W%, 1183cm™ % C=S HIFFAE
RedE; 1190 cm™ 2 C-N B AERME; 1120-1000cm™ &b2% C-O BHHZEIRSIHR
B: 1390-1365em™ A& A FIMREE A MR K IE. Bhoh, WH OH MMIFE, HRS
WREERTEENRE, 5B~
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FRIRZFB LA BoE AW RMBENEES5SHERE

120

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers{cm-1)
B 2-10 MONB-4 &5 IR #.i#
Fig.2-10 IR spectra of MONB-4

ZLAh IR 2-10 41, 2954cm™ , 2847cm”, 765cm™ %+ R -CH; fil-CH,
RIFFIER BE; 1490cm™, 1267cm™ % N-C-S B4 ER tii; 1183cm™ b C=S 4%
ERIE:; 1190 cm™ b C-N FIFFERHCHE; 1160-1000cm™ 4k C-O BHIHZE RS
MR 1410-1375em™ &b BRERARIOASE MR KO . Bh4h, B OH EMIFEZE, BLHIRE
5WRREBRTEMHRN, 5HFEE—H.

A 2-5 Bl AEsER
Table 2-5 The elemental analysis date of additive

TE MONB- MONB-2 MONB-3 MONB-4
WwHE  KE AEE LWNE WEE O LlE JHEE siE
% 1% 1% 1% 1% 1% 1% 1%
H 8.32 8.45 9.75 9.68 9.75 9.80 1063 10.57
B 2.98 3.02 227 234 227 221 1.84 1.88
C 49.58 4967 5809 5820 5809 5814 6335  63.22
N 3.85 3.79 2.94 2.88 2.94 2.98 2.38 2.43
8 17.61 17.51 1349 1339 1349 1351 1091 10.96

KHASEESR 2-5 IRRINMERMESRR, ARHLEDIREEN>
.
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FRIKFR L EAR FE W, AWRENGIESEMRIE

2.3.3 MOB 5 #&% A RY LS MR E

MOB ZR 5B ERHIZLSM 6 T B FTR .

120

100

YR eflectance
3

a

=

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers(cm-1)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers(cm-1)

& 2-12 MOB-2 41 htit
Fig.2-12 IR spectra of MOB-2

AL R 2-11, 2-12 41, 2880cm™, 2790cm™ b C-H @HBZEREEE; 1190

A 2-11 MOB-1 &y41sh 4%
Fig.2-11 IR spectra of MOB-1

120

%R eflectance
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PRI AR FoE SR, BMRERNSESSHRIE

em’ b C-N M4FMER Wi, 1170-1000cm™ &% C-O 4 M 8 45 9% 3 R i ;
1380-1355cm™ AbHIH A B-O 8 MIRSNRBCH b BB R ERWE . sesh, B
H OH BHFE, UM EMRAERTENRN, 5EF~Y—H.
BRESHER (KR 2-6) SANBLEESOTTER, SRA-HAYSEH
W3
£ 2-6 BMeAEIHER
Table 2-6 The elemental analysis date of additives

TTE MOB-1_ MORB-2
e R  EME%  siilEc
C 58.55 59.46 65.82 66.74
H 10.53 9.27 12.05 11.89
N 4.88 5.36 3.49 3.42
B 3.76 3.37 2.63 2.56

2.4 KENG

D BLZIET R BEEMCAREERMERT AR5, 9 FHlMREE, 2508: =
TR PRZEMEIETBESONB-1); —TE_HRATFRCEMMBEER
(SONB-2); —TER_MARBRZEMME R ER(SONB-3); UHhE _MRAFHRZIE
FHRR T BE(MONB-1); WHEpRE: — i F R Z WAL £ FRE(MONB-2); WGmEpRE —
BRAPRZEWRFERMONB3); BHAE _HRAFRZEAR T —BE

(MONB-4); 32 Z. 3B HEHHRR IE T BE(MOB-1); ¥2Z %0 MWK ER I ¥ A& (MOB-2).
2) RALLAMERE TR SR & RSV G AT T RIE. RIELRS HIF
=Y —3.
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FRAREBRLEART B=F WREEOFTRmENE. JERRRUERERTR

FZ=EF WMEREEFFHPRRA T AR E R R UE it e

MR

i

3.1 B

AL 0 R, KT AT 9 PRI ERERF IR AR RE B 4
EEIAZE R P RC A, BEORIMFIR A AREM. RRFFRE
R, REEXERSRIRERNRZ, 2HERmRNNEELRE. URME
BRI B0 7050 B Yo s P ) 32 6 o

3.2 LWy
3.2.1 EEhH R iRmMF

Habi: ERMARA R ARG — SO hRSO), &DBEERENKE™
VINRMIER, FFmER T REHE—PAEH. .
. LERESRHMMRERLEY, FMERRER T E0T.

322 HAMRE

PLSEHF b S, 238 REBDEHR 1.0%. 3.0%. 5.0%K)7 nAin A Zath
B, ERFEATINRE60C, FEtElE, BHl, ETHETHTRERP,
ZFERTHE, —MABEUERLBEREN.

323 HRIZEMEERXR

A E M RRLE TGS-2 BIME T RA L BEIT, XA TG 404r. W& MH: #
ARASR, FHEEE 20°C/min.

3.24 HERA
AL KA BHERE W (A 3-1 Frn) TR 40°CHE 1.0%E ik
REREMPZEZEE, REAXTEERERE 40CHPMEIHIHE:
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B 3-1 £mE R

Fig.3-1 Capillary viscometer
3.2.5 AR B ImiEaERR

AN phiR I 2% GB5096-85 A M= &4 A R phiR e vk AT, el A
FRIEEZR R 240 MIRMARITEE, A 60-90°C A MBS T, RENHETERRA
VR BE B & Fhas Rl il B Rt e, PR E TR, (REFRARAEA 10021°C,
3h B E A, F 60-00CHMBERT G, SR, MEEmER, &
TIPS . B 3-2 WA bR R .

AR i e SR s T Bl gt S e W SR

i

oD O 1307/1P 15
D Rt R ad

R
CORROSION STAND.A.?,D qg",; :

32 MAARFEF
Fig.3-2 The card of copper strip corrosion standards
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33 &R 511
33,1 HEAMETESR

AN TR PR BE B RIS iy P K E SR A5 R INE 3-1 Fm. BIRP R
51, SONB. MONB R FUERRE SN it F My tERIF, RERKHIE T HAh b,
B IX PR IR 5 3 O RO AR P R AR R, X WD BE R B A BRI S T B K Bk
TR R, B AF B0 T I A0 AR B (IR R IO FR A T R . T
MOB RFTMREEER A MMBEERE, WEKRT 2.0%IHM T ABRR, 2487
B EEREREAK, EMALS R, FEBFRY TR BRSO
T, BRI ERE IR,

A 3-1 EHRBER
Table 3-1 The oil soluble results

I 1.0% 2.0% 3.0% 5.0%
SONB-1 b3 VAR VR R
SONB-2 b3 R b3 R
SONB-3 i B i R
MONB-1 R R W TLvE
MONB-2 53 VR -7 R
MONB-3 R VR W R
MONB-4 VR g g UiiE
MOB-1 K E UL¥E UL e
MOB-2 KB ULHE e T

332 AREMIRER

EAh XA 1.0%SONB-1. 1.0%SONB-2 HJiX il E & 3-3—3-5 Fir.
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Il 1 " 1 1 i 1
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Tempreture/ C

B 3-3 b TGA B4
Fig.3-3 The TGA curve of base oil

100 |-

Weight/mg
3
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Temperature/C

Bl 3-4 & 1.0% SONB-1 X TGA h 4,
Fig.3-4 The TGA curve of oil containing 1.0% SONB-1
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FRREM AR FEE MREEITH P RmE . RRE A ROUR R R

100 -
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o e m w
Temperature/ C
A 3-5 2 1.0% SONB-2 iXi&#) TGA # £
Fig.3-5 The TGA curve of oil containing 1.0% SONB-2
. HERM, TFHOASREELE 304CEA; & SONB-1 Rl HEEE
£ 340CEkA, 5&FMA SONB-2 Rt #MRBREAHE LT, #8 SONB-1,
SONB-2 feRs B E BAlm A RIa e thaE, A HAERER TR EETEE TERM.
43915 1.0%) MONB-1. MONB-2 il MONB-3 &k it o BB E /Mt B 3-6—
& 3-8 Firm.

100 |-

60

Weight/mg

20 |-

0 Fl I A 'R

'] 1
V] 100 200 300 400 500 600
Temperature/'C

A 3-6 4 1.0%MONB-1 X% 45 TGA w4
Fig.3-6 The TGA curve of oil containing 1.0%MONB-1
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Fig.3-7 The TGA curve of oil containing 1.0%MONB-2
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Fig.3-8 The TGA curve of oil containing 1.0%MONB-3
B TGA #iIZ& T4, & 1.0% MONB-1 j#1 54 7E 370°C AR FF R MR, 445CHEFF LR
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FRAEBLEMEYX B=F MREEDTHTRmEE. AEERRRIURRIERFA

M 350C, MMM R RERSF, AR mAImAK A
B3R, &R RE KT R A E 48 L A .

333 R BMMLRER

A~ R BE B I FRUAE SR o o B 8 R b 4 R IR 3-5 s

A33ARAmRHLER
Table 3-3 The results of copper corrosion tests

5% 0 0.5 1.0 2.0 3.0
SONB-1 b b 1b la la
SONB-2 1b 1b la la la
SONB-3 ib la la la la
MONB-1 1b la la 1b 1b

MONB-2 1b la la la la

MONB-3 1b la la la la

MONB-4 1b 2a 2a 2b 2b

MOB-1 1b la la la la
MOB-2 1b la la la b

MEFLERATLAF L, SONB-2. SONB-3. MONB-1, MONB-2. MONB-3.
MOB-1 . MOB-2 E&WRE T, B MELNEIR, HAXERMAIHIES
Hams, RAREFOIUEMERE, FRNFAESRTERMER, THERR
ERERA . RER RS EEE IR M RER K, 5%RENERDEGE,
BEFU R B A LR v BE MR B . SONB-1. MONB-4, HifEvhttfestss, RHE
ARRRMTESELE, WA MR R, AMARAEFASEEEME.

334 HESER

9 FE B INFAILL 1.0%H) FE B 4 EE ISR b, B 40°C I S kG
EEMK 4 RWME 3-4 Prom.

34



FRAFREEMRY B=% WMEEFMT R mE . BEE R RIUR R R

A 34 XhEHIELR

Table 3-5 The results of running viscosity

il SONB-1 SONB-2 SONB-3 MONB-1 MONB-2 MONB-3 MONB-4 MOB-1 MOB-2

V/ESE/H  3.59 3.58 3.59 3.64 3.52 3.71 3.66 3.34 3.59

RFFHERERECY 349 Ei/B, hRBEGRM, BMAKMAEGM T
HEIREAE, BLEAVRINFAARAE KR, BRI T2 RIAOVER 1. RERE RIS InfE
W5 & RRE AR REE IR, 7ERERRIREREmBREE R, AR THEX
FfyUB R RE, ATERERIE, AABREMIETEA.

34 KEPG

1) SONB #1 MONB R 5| BRI mEYE, BREEHREAGKMETIERE.
MOB RFMEHBE, BUARENFERBEMA, EHMAIBHZE, whiEkd
W, WZUEARH AL ERERRNE.

2) 9 FRESINFIAE IR BEIE F I3 B REFRIPUR i E B, MONB-4 BIHUE it
REBE, XWEERENFMAL THEARESENH.

3) FER=KART, 9 MRMAERFmPORRERREE AHARR
Fifr BT R AP B e T Al
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FRAFLER I FNE GRERAEE S D AR A

BME WMEERE RN AR

A AR B ave, P DU RR AR 2 BE 4508 52 T 9% B BR R 2E SIOKF it o f) BE
B, RAPMBENXHLLE TRIER (XPS) Hit TXEAMEERT
BHRRAGFEBBEAOARRSHRHE. REMAETREE, KIHEMAKS
T&H. FramROFREBERELRLZ AHXR.

4.2 LEERH
42,1 ERGERFMA

Hatih: BRI R REREGRR — I H(RSO0), §OBHEEREFK
B ARNENTRR; R mERITREE — P,
. LREGREIOFMREERA IR, RNEERE Rt

422 WA TG T (Po)FO I B R EE I RE MK

RBE R RmMA STl ARy £/~ MRS-10A B Pgzk
PER B SR AT L% SR i K & A el A BEHR AR M e . TUBREEREAIRR &
fH: ¥E 14500/min, FEB(KZ 20°C), RK A 30min. B KT EE 5174 (Ps {H),
P 9oty 57 £ v A 9 B A0 R ¥k 0 GB3142-82([F] ASTM D2783), RB& iHE] K 10S, Fr
FAMBR A LA 4751 =% GCrl5 FRHEMER(AISI-52100), H2H 12.7mm, B
BEX 59-61HRC, HRK: C(0.95%-1.05%), Si (0.15%-0.35%), Mn(0.20%-0.40%),
P(<0.027%), S(<0.020%), Cr(1.30%-1.65%), Ni(<0.30%), Cu(<0.25%). MRS:10A
RIPUEREE S EBHAR AL TR E WA 4-1 Fror.
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F RIS 2418 3 SR BB O BRI i

1—in#dg, 2—8, 3—BEEH, 4—ma 5—SURERKR, 6—MEkL,
T—HERRNER, 8—EH, 9—3ERE, 10— FImBHLERE
B 41 OHRRIHERE<ER
Fig.4-1 The work mechanism of the four-ball tester

423 BEMIKRESH

BEEERRARSRG, WRAAMBESER=ZK, RETE, ATRES.
A ISM-6360LV B34 s T B M4 (SEM/EDS) X EBRXREEHMTESMHATH
#r: F PHI Model 1600 ! X 51406 HFREIEAX (XPS) HHrERRE F ETEML
ERE. I EH: MgK R, X bR E 15kV, ThE 250W, HMrEREE
1*10®Pa.

43 FR511iE
4.3.1 SONB R 7| WEREE RO EE1E A 1k

SONB-1, SONB-2 1 SONB-3 1B AL KR i SIREHIX R UE 4-2 FizR.

37



FRIRFH AR FNE TERREE T KR

1200

— 88— SONB-1
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—®— SONB-3

1100 |-

500 — 1 1 1 1
0.0 05 1.0 15 20 25 30 38

Additive concentration/(wt)%
B 4-2 RRAF % A7 RS R KL
Fig.4-2 The curve of the maximum non-seizure load with additive concentration

M 42 TUEH, EMARNFZE, EMRHEXERRAFIHBEX,
BEERMANREARRIER, =f& Pe ERHRM KRBT FROTETRE,
HREXF—REZE, BRLFRAMBAZKEFAFER. ZHHEMNASE
RN 2.0%0) P EIAZIB K, 4500 883N, 983N, 1069N, 435Kk F kM 1.5,
1.7. 1.8 ff. =FMmMHBEREFRBAK K X/DB/FWT SONB-1>SONB-3>
SONB-2. BEEBKENEK, BANS FEEK, HARBESSEMMEDE
INFIS T BE/R EEBEZ 32>, Bt SONB-1 fIEH #E &L 7R. SONB-3> SONB-2,
XA R R h X R AR (Rt TR mAEE B R EM KM . SONB-1, SONB-2
F1 SONB-3 FIVESNF s I A iR B SEFF M AR s v B, BEEAVS NI F #9 S.
N. B HREFHHEER.

SONB-1, SONB-2 fil SONB-3 MEHEREKEKXAINE 4-3 Frin. HEW
DENH, EARKRET, =MHEnANERERYLEMBRERAER N, HH=
MEmMABRARIFOIELRE, REERERHFMMIEMERR. SONB-1 M
SONB-3 RN 2.0%M BRARHAE/ME, XEBKEFRAFMABMYE. £
il A DS BREMAN, BNMASFPOEEREERRERERKERM
WH#ER, B —RARERER, WnE2EERmoEReER. SaEmnmg
BEsmet, XHERAEMAR. Hb TEREHNFEEENHENSBRRERNEEX,
BEHAENAESGEFHEETESETRNY, SEBRAPENAGESEXE—EH
B, BXFRNENEUEFESNEREZAETE/ME, HHFRE LR
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IR SRS IFIAIRE, WRMERNEHRETTREELTEMAT &M
RO M ERE, kN ERERRIYEK.
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Fig.4-3 The curve of wear scar diameter with additive concentration

W 44 ST ERERMBERLKIXR L,

0.9
r —m— RSO —
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| —v— SONB-3
S i /‘
g | =
08 -
@,
05|
04 — L 3
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B 4-4 Bt B 28T WL
Fig.4-4 The curve of wear scar diameter with load
B 44 751, ZFSHENFRAMMBERERY B T EMMNERER,
HEHEEFAARNTARER. =MRmE S8 THRIEBRTF OB,
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FRIRFI LA R ST FRERESE ST R AR

XTSRRI FHPEEREESEMNS. N, BLEFX. ESBERERR, 7T
ERA BRI FeSy; BT LMERFMAE S RREARK: MTtl5&R
R ALY, XERRBEAMARARTFBHRNRR.

B 4-5 5 T EERHMRE R KR M4,

0.098
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Friction coefficient
o

y I il 3 i L
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Additive concentration/(wt)%

B 4-5 B4R A SRS Ao RUE 1w 4,
Fig.4-5 The curve of friction coefficient with additive concentration

/8 4-5 T[40, SONB-1, SONB-2 A1 SONB-3 INA BIEAL -2 JG B BR (K2
REMAER RS, WA BX =R MR R TR EERE. AFTAM, ERER
B/ PREZB AL BRI RR MRS RNV, S I0FR A5 3
WMBEZE, RESEEREIEYHENERRARERN, Ei—ERHESL
¥RMNE. ZFEMAIERERNN, BT 1.0%E, EREREBMEIEE: 4
WEKRT 1.0%0, EBEREBUR/D, XWEREAGMAEIMRET, RKZ
BT, NESRTLLEH SONB-3 KIEBR LR/, XURREAXHERES
BRER MR ELE.

BEEABEEA RN E4-6FTR. BB, EAEMBHT, &Sk
BERBBMEE R ATRD. SERMAKRBESRST THRERRESL
SRS, A IS R B — EHEEIER . BT 8 S B i 8 A0 18 n, i
IRIE R RERSS, HEXBREMAMER T ESE, XegtRE A HRR R
BT RMAEEBREIRM.
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Fig.4-6 The curve of friction coefficient with load
£ 392N M SfT T, KEE 30min 5 RSRERAIEAESE T, TH. EFENAE
PR MIRE R H O RGBT AR, A20ERERGWE 4-7 FiR.

(b) SONB-1

(c) SONB-2
B 47 Wk B sk @ é) SEM B
Fig.4-7 Micrographs of worn surfaces of steel balls
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B 47 T4, EHERARBEFT, OFmERZFTHRREEFHEN
R, BE, BREEBEROMSE: WMARNNE, BERREE, MRABEE
®, BREHBHOMEER, &P IENFNRARERENRENREREREM. &
URBEENEZGT, FRERERREEEBLERN, 8T —BERARERE
PEREEIRIE, MR T EERIEMERER, B TREBRRENIE,

4.3.2 MONB A FI B RERY B 14 5

4-8 3 MONB Z 51/ R Y B K TE - e S 7 B 2R 30FF i o (0o e AR A o
.

—&— MONB-1

—o— MONB-2
100k | —*—MONB-3
—v— MONB-4

1 1 A 1 1 Il 1
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Additives concentration/(wt)%

B 4-8 AL ALK AR Ae R R LAty K,

Fig.4-8 The curve of the maximum non-seizure load with additive concentration

mET&H, ERERET, DBIMAKMAEEMBARKTFR AR (P)
RIEHK, BEHFMFSEHR PN, BRAXFRATEMEE. RN
REBAIEE KR AP HABR AL FRAHA, X5 THFERREMERTESH
Ko XUMFENAHERBEEE —EMHEE, BRAEFRAHAFEK, XTRER
B INFIE & BRERMAE THEM. ot BERERENHEKERKEF
WP R X R E NREE KRN KO TP, RE08ERE.

Bl 4-9 57 392N MAFT T, 7 INFAIFESOR i A HUEE M REREIR B RRAL AT 4%
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Fig.4-9 The curve of wear scar diameter with additive concentration

BB 4-9 AT, DU IS EEH MIEEIF M B R ER, BRI
FSMAARFNHERGE. NEPTLEY, EERNASENEN, BRERR
WA/, AW PRMAEEET 1.0%6, RtERERZLEFHE. B 4-10
ST E L% SRR MEEAR R B TERERKR M. AEFFTEL
i, BREREANSEBEMERMOENTER, BERAH TFHERFTT
BZUERHE. EREEEZNHT, ATHHER, BERXRERARDEGEHETHHR
BERET. MAFARETHE FHtMREESEaETFERNIMEE TR, &
EEHERNERRE, NTERAENMLEYRINE. BERTEHREX, B
BERUEBRNOGEERN, RNESBERANMADESBEEREREM, £HE S FeB,
FeB (L& WHLFERMRI IR WHRNOHRERESTREFOHEER. RER
FHRERETR, MERMMASN FRIEmAAEEETEEYH. NN-Z
ETREZHRAFRENSIA, —7H, RAERIAETFION RFIUSHETF
FERAT TN RIBCALRE, ARCINH] T MRAE KR, FRET KR TR R B 17
5H—7H, NN-ZETEREHRAFRESFHREAREE, FR0RETEH
BB

43



PRI L2 AR SEUNE FRREETE RO nh b B AR A

0.9
—&— RSO
—e— MONB-1
08} —&— MONB-2
—— MONB-3
—<4— MONB-+4
07}
=)
1%
= 06
05}
0.4 L P L " 1 A A s 1
200 300 400 500 600
load(N)

B 4-10 B 5t B 2R 8 ALK i £
Fig.4-10 The curve of wear scar diameter with load

7E 392N MR T, FEIMARL KRR R BEERE R & E 4-11 Fim.

0.085 -

§ v

0.075

T

Friction coefficient

0.070 |-

0.065 |-

0.060 1 1 ERPUIS PR P B 1
0.0 05 10 15 20 25 30

Additive concentration/{wt)%

B 4-11 B4 R S5 o )RR ALK 8 45

Fig.4-11 The curve of friction coefficient with additive concentration
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TR, TS FHI7E R SR T FE R AR B R BR AL 2 R N R R PR 4 R MO/ E R R
HRMASEMBFNREZE, PRSI TEREIRTHZFNSRERER
ERMN, EBER—BERMBESRAZERNE, XEBREEREIVIRED, LR
BB HREER . NN-ZIETEEE ZRATMENIIN, EHFMAKS T4
BHH. RLELERNEEER, 5ERRARERNEBRRIBESRS, HEK
BRI K, ERNMAER S RIESRRE, MIHE SN S0 &0
Blz e E R, MR BT RERERR.
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Friction coefficient
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Fig.4-12 The curve of friction coefficient with load

ME4- 12T LAEH, BEESRFER, TR iR R B0 RIEH &/
K%, FHEEMARREHE T, SHMFXMEERES/ DT, Eit,
PUFH S I B A BT R P R .

7E 392N BT T, ANERZE R K BE 30min J5 KBRS NE 4-13 Fim.
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Fig.4-13 Micrographs of worn sufaces of steel balls
ME R ERTCAE & RRER v ik v 5 ZE el B BE R A EE, ZEARIRIAY
RIRAT, DS AR i 0 B DE LR R E AR R R P AN, 1 ARE
BAENEMEYS, AREOLESAVRWERE, kb mERERm 87 ZeEg,
XTTRER BEBOLRE S, FMAEERRIRERE THFERE, BT R BEEE.
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4.3.3 MOB A 5| HRBRBR &Y ER4E F 14 B

& 4-14 5 MOB R EI B AT R ST ST MAIREZ FFXR.

HE 4-14 TRLEH, LREMFMAE, RBPOBRKEERATHMMAE, H
BEERINASBEAB—CRER, BAXERRAMYNESR. “DiRMAKREHN
2.0%H0F, MOB-1 f] P {2 REAkiH AT 1.52 4%. FFTRMFIE BA BIFMRErESE,
XATRER B AR INA S 74, N. BELENSERE.

Bl4-15 B RHIR BB AR (WSD) 5HMFAREZ BIKXR. NEPATLUEH,
BRI A IR BT LB A, ZEWRBE/NT2.0%E, BRI HBR/ MR
i, PR.0%ERRE.
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Fig.4-14 The curve of the maximum non-seizure load with additive concentration
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Fig. 4-15 The curve of wear scar diameter with additive concentration
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Fig. 4-16 The curve of wear scar diameter with load
Bl4-165H T, BRERSEMZAMXR. NEFALUEN, BESMOY
K, BRERZHEK, FH=ZMEREANABEAHERE, REHT TRELHAL,

REAR RN, FRERY: MOB-1HEN R FMOB-2,
Bl4-1770 4185 i T SR INFIESEA M A BEYE e . EI4-17TTLLE Y, BFp
IR REH MRS R R . BINFIE LSRRI IR M RELE R
MR, REEZZHVMIERER, SEMABIFARBAZFHZE, TUS5EE
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Table 4-1 The element composition of the worn surface at additive concentration 1.0%

I -3 B N S Cr Fe

WT/% 2.83 0.46 4.37 1.69 90.15

WARY, ZFRAINA A SR R MR ETUE G, B k.
R WETREEREPAAESS TEFHTRZANAOERNEREELE
#. BRRE. A. WLEROLESHIXPSHIERAEKL2. NRPATUEH,
FEEPRA LN s TS A RER400.1eV, XULHARMAEERBRERET RIIR
B, SXERIME—B. BisMIHBFEERER191.8eV, HIAMTEMBRENERR
MTE&RERE. BRES AR LESHE, SR TFRIZEHKE, 169.1 eV
161.9 eV %S NEARE B 1 o fIFex(SOq)s FIFeSo #R4E LA L 2347 vl 4, 7030 5 08 &
HTF, BIFIRESE RARSERRARERNES —BRNE, BAWST
TR B 7 JB R T FE B B, A2 T V. R AR R RS S £y 3 ) 4 L R BELLE T P

BARRRIRE.
X 42 BmiRBAETLTLELE
Table 4-2 The electron binding energy of the worn surface

Element Binding energy /eV Spectra
N 400.1
169.1 Fex(SOy);
S 161.9 FeS,

B 191.8 Borate ester
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