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Abstract: The effects of sulfur and phosphorus free organic molybdenum (SPFMo) on the tribological properties of
lubricating oil (0OW-20) on five kinds of different metals (bearing steel (GCrl5), aluminium alloy (7A60), titanium alloy
(TC4), copper (T2), and gray iron (HT300)) were investigated under different conditions including temperatures, loads
and frequencies. 3D measuring laser microscope and scanning electron microscopy were used to measure and analyze

the morphology and wear of the five metals. The results showed that SPFMo obviously improved the anti-friction
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properties of 0W-20 on the five metals. Among them, the friction coefficient of OW-20 on the bearing steel was reduced
by 23%, and the wear rate was maximally dropped by 91%. With the increase of temperature, the friction coefficient of
7A60 first increased and then decreased while the wear rate increased. The wear rate and friction coefficient of other
materials increased with the increase of temperature. Additionally, with the increase of temperature, the effect of SPFMo
on anti-friction and anti-wear was more obvious. The friction coefficient of four materials except TC4, can be reduced
by 18%~23%. As for TC4, SPFMo had better anti-friction effect at lower temperature (<40 °C). When the temperature
was higher than 40°C, the titanium surface wasa severely worn, and the wear rate increased by 1000 times. Small
amount of S, Mo and other elements were detected on the wear tracks. This indicated that the lubrication film containing
Mo, S, and O elements was generated in the friction process due to the addition of SPFMo. With the increase of load, the
friction coefficient and wear rate of all materials increased. The increase of friction coefficient was most obvious on the
T2 and TC4. With the addition of SPFMo, the friction coefficient of 0OW20 on TC4 increased dramatically as the load
exceeded 100 N. It had a sudden change and an increase of about 10* times as the load was higher than 100 N, which
was related to the destruction of titanium oxide layer. With the increase of sliding velocity, the friction coefficient of
7A60 decreased gradually, while the friction coefficient of GCrl15 decreased first and then increases, and the friction
coefficient of other materials increased gradually. The wear rates of four materials (except T2) increased with the
increase of friction velocity. As for TC4, SPFMo had better anti-wear effect at low speed (<0.8 m/s). The polar groups
in SPFMo can form neatly arranged physical adsorption films during the adsorption process on the surface of different
materials. The high temperature and pressure environment were generated during the friction process, which enhanced
tribochemical reactions between SPFMo with other additives in the lubricating oil and the worn surface of metals. The
tribo-chemical reaction film containing MoS,, MoO3, FePO,, FeS was the main reason for the anti-friction and anti-wear
of SPFMo. The research results can provide a powerful technical support and theoretical reference for the selection and

design of new engine lubricants.
Key words: sulfur and phosphorus free organic molybdenum (SPFMo); low-viscosity lubricating oil; substrates; anti-
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Fig. 1 Proposed structure model of SPFMo
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Table 1 The main composition and hardness of the

materials
Materials ~ GCrl5 7A60 TC4 T2 HT300
Composition Fe. C. Cr Al.C.Mg.Ag Ti.ALV Cu Fe.C.Si
Hardness/HV 653 110 210 98.8 229

59~61, HA2 10 mm. {46 518 A B A= 10, 15,
20, 25H130 Hz, 4§ 5 5 JBE 5 42 38 5 73 9] 9 0.4. 0.6.
0.8+ 1.0F11.2 m/s, #fur 73772950+ 100+ 150 200F1250 N,
AT 7 0l e B AE A R R A R g, IR BT,
5B 23 3354 404 504 60 9011120 °C, B IR 5
[A] 420 min, 17FE 42 mm, 20 5206 B 23K, &
ZHP A,

‘ Load

Reciprocating

Lubricating oil

Fig. 2 Schematic diagram of SRV test system
K2 SRV ESEBHREINNK R Bl

1.3 EpkmEaoh

JEE i B A 8 5 U a0 e A R A B 4N
BRF A JC/K ZBEHE B P10 min, KA HAOLYMPUS
A E A= IIOLS5000 3D3: 5 £5 I Ak B2 W 5% B IR (1) T
S, I AR AR s R A I R /R 2] A A G
ZEISS Sigma 30037 & 5t 421 4 HL 7 & 7 8% (SEM) L ¢
BEDE RT3, FEH B i 1 B 1A (EDS)#E AT e R &

=
2 HRSE

2.1 BHEERMFERBEK LB E R ER T
T I OW-20 A2 ¥ iN SPEMo FI Y1 ¥ i 7 AS [ 32 S
PARE 1 B i 2R i il B 0 A A il 4 G I3 BT, iR
56 24 N AT 100 N, 4220 Hz, B 6]20 min. 7£7450
T SPFMoJi, £ T3 &6 i yrh fry JBE 4 22 S 4 )
A, AP AEGCr1SZRTH _FOW-201 B 18 2 A f e 1)
PR 23% /e A . Bl A I P B T, FETAG60%E & 43R 1M
TEETE R R PR SR e T JE BRI, ZEHT 3004 T2 GCrl5



1164 BE Ok ¥4 %
2 AREIERMRERNESGE TR
Table 2 Contact stresses of different substrates under different loads
Contact stress/MPa
Material
50 75 100 125 150 200 250
GCrl5 1081 1237 1362 1467 1559 1716 1848
7A60 684.1 783.2 862 928.5 986.7 1086 1169
T2 845.3 967.6 1065 1147 1219 1341 1445
HT300 896.5 1026 1129 1216 1293 1423 1533
TC4 866.1 991.5 1091 1175 1 249 1372 1481
0.13 | (a) —— HT300-0W20+SPFMo 0.13 | (b) = GCr15-0W20+SPFMo 0.13 + (¢) ——TA60-0W20+SPFMo
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Fig. 3 Influence of temperature on friction coefficient of lubricating oil on different materials: (a) HT300;

(b) GCrl15; (c) 7A60; (d) T2; (e) TC4
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Fig. 4 Influence of temperature on wear rate of lubricating oil on different materials: (a) HT300;
(b) GCrl5; (c) 7A60; (d) T2; (e) TC4
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Fig. 5 SEM micrographs of worn surfaces of HT300: (a) HT300-0W-20-90 °C, (b) HT300-SPFMo0-90 C, (¢) HT300-SPFMo-
120 °C; SEM micrographs of worn surfaces on GCrl5: (d) GCr15-0W-20-90 C, (¢) GCr15-SPFMo-90 C, (f) GCr15-SPFMo-
120 °C; SEM micrographs of worn surfaces on 7A60: (g) 7A60-0W-20-120 °C, (h) 7A60-SPFMo-60 C, (i) 7A60-SPFMo-

120 °C; SEM micrographs of worn surfaces on T2: (j) T2-0W-20-120 °C, (k) T2-SPFMo-120 C

FEJRHT300 L BEIR TSR FISEMER A : (a) HT300-0W-20-90 °C, (b) HT300-SPFMo-90 °C, (c) HT300-SPFMo-120 °C;
FJRGCr15 LIRS ISEMER F: (d) GCr15-0W-20-90 °C, (e) GCrl15-SPFMo-90 °C, (f) GCr15-SPFMo-120 °C;
HIRTACOE 4 LIRS ISEMER F: (g) 7A60-0W-20-120 °C, (h) 7A60-SPFMo-60 °C, (i) 7A60-SPFMo-120 °C;

K s

FET2_FEIRIESIISEMEE i : (j) T2-0W-20-120 °C, (k) T2-SPFMo-120 °C
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Table 3 Mass fraction of different elements on worn surface in Fig. 5
Mass fraction/%
Sequence number -

(6} Mg Si P S Ca Fe Zn Mo Cr Al Cu
1 12.41 15.32 1.04 1.68 2.09 3.87 1.35 55.84 437 2.03 - - -
2 8.84 18.44 1.07 1.90 3.56 4.71 1.89 51.60 5.68 2.30 - - -
3 9.87 15.11 1.45 - 2.56 2.88 1.70 59.27 4.02 1.97 1.16 - -
4 9.46 19.24 0.77 - 232 4.70 1.41 54.27 4.59 2.32 0.91 - -
5 14.76 8.61 1.12 2.01 0.09 0.20 - - 1.99 0.27 - 71.95 -
6 31.36 15.84 0.39 0.26 0.22 0.57 - - 1.73 1.18 - 48.44 -
7 10.55 133 - - - - - - - - - - 88.12
8 11.42 2.29 - - - 0.80 - - - 0.29 - - 85.20
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Fig. 6 SEM micrographs of worn surface on substrate TC4: (a) 35 “C-0W-20, (b) 35 “C-SPFMo, (c¢) 90 “C-SPFMo
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FETCAE 4 EERISEMIE i : (a) 35 °C-0W-20, (b) 35 C-SPFMo, (c) 90 °C-SPFMo
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Table 4 EDS analysis results of elements on worn
surface in Fig. 6

Mass fraction/%

Sequence number -
C (6] Mg P Ti Zn Mo

1 26.1 - - - 73.9 - -
2 495 231 064 017 681 215 094
3 25.5 - - - 74.5 - -

WRARF=AE T P R, HARTH I R B th A 5 R
TS DN AR R, RA GBS A HLAE R R R 3R . SCER[30]
R R ARG SE S APl 58 R A RN, f§
FFERSRTH Y A 12 3502 I AT 12 S AL 2 A
—EFRRE LRI B, A R A I R g DA L A
SR 55 5 iy ™ 2RSS, I MU 5
F T W Ti. O 5/ EMoMISE TR INIELE, RIRINA
MU R T = 28 7 ™ E 1) B4, HoR ILO. MoAISTT
7, AP, KRG S G 5 HAA R A T R
JERAGY, R T DA WA LA 7 A T B R B T 41
AR IR, AR AR R A & 5 R S T B
5 R e iy, DT AR 3 il 7™ 2B 40 (L o A Ui B
(0Tt i, P R 0 PEE T A, SR BE B AIG, T S 1k R AR
PN, BRI 5 BRI R BB SRS e
JEG 2 i 1 7 A 7™ B (R 0 A B 401, R WP TR v B HLAH
SR BAEFHBCR, g R 5 E3(e)H L& 4 7E40 C
DA I R P R I SR ARV
2.2 NI S 3T AN B B TR AR B R EE A 1 Y
20

P17 (a) BTz & SPEMoilE T it 7 BR 8h 2 4 41 DU
PRL I ) R 5 R, W DL o e R O, R R
IR, U HAET20 R 2 T ) B 45 2 B0 K o W
2. E7(b) 7R AR A 43R T B Mo 5 A & Moi 1 i
) JEE 82 2R 50, ST OW =203 ¥ Jh 1 =, IR I8 Ek T £

F50 N ($fih v 118866 MPa)it, BEHE R ¥4 SRl T
RINSPFMoJa, #1100 N (35 /7541091 MPa)
B, BEM REA 2 2R T m . XA — B R R
SPFMo A & — E L EE 1 8 7). 7 (c)Firon v LR 4
BHE £ SPFMoiiE i i (1M T 1 BB i et Le 1, Bl
WIS AT I, SRR B R I A e
FE 7T 100 NJG BER R A8, FHm 17 210, X5
ERAAL)Z IRIR A K.

HT300. 7A60. T2H1 GCr150Y Ff 3 JE§ #4 B} 76 &
SPFMoilE] 1 JH PRI T T JBE 4% 2 50 I R 3k FEZ 1V AR 4K,
W R (a) AT 7~ . B A PR H2 3 B IR 1, TAG0R & 42 (1)
JBE ¥ R B R T B, E DUV B Y B T R T 32%.
W 5 P ok BE ) v R R P AR U, GCrl SV BE R
o NS T, FAUR R 0 B R R T
EI8(b) T A TCAE 4 3 T JEE 15 5 K b B8 452 14 152 1) A%
b, 16 BRI 26 E T, OW-207F 4T ] BE 3835 J& T 15 4%
DR 250 1o D R 5 AR 400, BE B B2 /N 1 0.8 my/siff, &7
SPFMoile ¥ il 754K A 4 J8 i b 1A BE 3 R 50N, R
ICIER BEARIN, A6 WU IG5 R 62 B B (1 D8 BEAE
EI8(c) ATz N TE & SPFMoilE 8 i FRIIE S T ALt R 1
BE 2, R G 4 B 40 2 A A T A B R R B — 3
T2 1y 407 256 o A PR 45 T3 P v S PR S T v, oAt
oA S} P B 47 28 25 I A B 5k R ) v T AR G B it B
PRI, BEARHL] — O RN B, I BRI, BE AL
11788 Sy B L S 453 R 57 S 4%,

3 EEEmIE

FLAPAS[RIRA R ) JBE 450 AR G Cr ] SN BR B 453 3 181 T
I SEMER J i ¥ 9T 7, 45 A EDSZE R (G 5) vl A1,
5 HT300. GCrl5. T2F17AG60EE 45 J5 (AR Bk L 1 $9 H
AN ) B Mo TG B AL RIS [7] J26 B A ) R JBE 5 06t 1

0.18 1.2 —
(a) —=—HT300 (b) —=TC4-0W20+SPFMo T
2 016 —7A60 210~ TC4-0W20 > 1000 1
2 o4 -T2 o m\; 800 | % i
g et g E o600 ] Bl
So12t 306 z ; | ) )
s g = 107
g 0.10 047 2 2 I
> & S 4t
0.08 0.2 <« 0.093 8 s 2
= — . .
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Fig. 7 Influence of load on wear resistance and friction coefficient (test condition: 0.8 m /s, 35 °C, 20 min): (a) friction coefficient
of HT300, 7A60, T2 and GCr15 with SPFMo; (b) friction coefficient of TC4; (c) wear rate of five materials with SPFMo
P 7 S o B U JBE 1 i P 2 (6 2% 4= 0.8 m/s, 35 °C, 20 min): () 7 SPFMolfHT300. 7A60. T2HIGCr15
IR 24 (b) & SPFMoAlIAN 7 SPSPFMoltf TCAZK THI ) B 1 R 4L: (o) & SPFMoltf FLl b A} ) S 451 2%



1168 o A RV
1.2 =
014 | (a) - HT300 (b) —=— TC4-0W20+SPFMo ’E‘ 1000 (c) —a— HT300
- —e7A60 - 1.0} —o TC4-0W20 >
g -T2 ks S 800
é 0.12 v GCr15 é 0.8 E 600
g S 06t 0.822 ; =
= 0.10 = ’ 2 10
e £ 04 B
2 2] s 5
0.08 | =
= = 0.2t
02 0.109 g
0.06 L X X X X 0.0 n I n n 3 0§ T T T T
0.4 0.6 0.8 1.0 1.2 0.4 0.6 0.8 1.0 12 0.4 0.6 0.8 1.0 12
v/(m/s) v/(m/s) v/(m/s)

Fig. 8 Influence of friction velocity on wear resistance and friction coefficient (test condition: 100 N, 35 °C, 20 min) : (a) friction
coefficient of HT300, 7A60, T2 and GCr15 with SPFMo; (b) friction coefficient of TC4; (c) wear rate of five materials with SPFMo

P 8RR R T B B R EE M i R (36 25 4F < 100 N, 35 °C, 20 min): (a) & SPEMoffHT300. 7A60. T2HIGCr15

) EEHE 250 (b) & SPMo AN & SPEMoltt TC4 4 4 I EEHE R B (¢) & SPFMolt TR L i iR

Fig. 9 SEM micrographs of dual steel ball surface on different materials: (a) HT300-SPFMo-120 °C; (b) GCr15-SPFMo-120 C;

(¢) T2-SPFMo-120 °C; (d) 7A60-SPFMo-120 °C; (¢) TC4-SPFMo-35 °C; (f) TC4-0W-20-35 C

9 AR B ST AR BR R T 30 B SEMIR F: () HT300-SPFMo-120 °C, (b) GCr15-SPFMo-120 °C,
(¢) T2-SPFMo-120 C, (d) 7A60-SPFMo-120 °C, (¢) TC4-SPFMo-35 °C, (f) TC4-0W-20-35 °C

#=5 BE9PERKREITEEDSHLER

Table 5 EDS analysis results of elements on worn sunface in Fig. 9

Mass fraction/%
Sequence number

C (6] Mg Al S Cr Fe Cu Zn Mo Ti
1 11.42 3.49 0.55 - 0.46 1.41 80.77 - 1.36 0.53 -
2 22.34 12.58 0.72 - 2.53 1.01 56.85 - 2.05 1.94 -
3 16.29 1.36 - - 0.21 0.95 50.25 30.56 - 0.32 -
4 17.57 2.95 - 1.86 0.14 1.16 75.83 - - 0.49 -
5 8.25 3.25 0.41 - - 1.37 85.43 - 0.85 - -
6 13.40 - - - - 1.64 68.36 - - - 16.6

HT TR BT AN ], 5 N Mo W B RE 70 A [, PR Z AR, — B EBOR, AL R

B JEE 45 i 7 2 P 5 Mol JBE P AN (), XA RN IR QN P

AT 2 JERAA A A [ 3 A o A [ ) B 4 I 43 BIRABIG P A HLEH A I AS & PRISAE TT R
PERE. X TR G &M E, & Mol R 7E — & %A T {ELRIT PR 8 i OW-20 &5 A7 /> B PAIS S5 T 3 (i &
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I3 HUN0.318%, & BN 916 mg/kg), At T2k 1 1
B, s R PIT 3R BE A O A I 5 3R TR AR A R
Je, BT D B M oS, M o054, B 5 % & LBk
i B R0 (i ol B 3k A 3 O B A T . o T Ay
BRIV BERE RN, BENS A BFePO,. FeSHIFeOZ5H i, H7E
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BRI EANGCr1 SFISEEL BRI 2L, F3 4k, X Fif
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SPFMoHH 14 4 49 J5 5 i) 25 Ak % TR P it 2 e
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2 B P A ) SR 8 v IR T R IA {3 SPFMo 3 i 11
SRS, SPFMofe % 15 3R I 1™ S B, 77 AR B AR
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SERIE T RE S 1 — 2D PR EEHE R AL, 5 S A AR Ak
(14340 J5R R 2 2 T R T B A .

4 ZHig
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