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Synergistic of Graphene Quantum Dots/nano-Al,O; Growing
Lubricous Tribofilm

WANG Zhuang ZHANG Jianjun LIANG Sen GUO Feng ZHENG Shaomei CHE Qinglun
(School of Automotive and Mechanical Engineering, Qingdao University of Technology, Qingdao 266525, China)

Abstract: Nitrogen-doped graphene quantum dots and Al,O,; nanoparticles hybrids were added to epoxy resin to prepare high
tribological performance EP nanocomposites. Tribometer with Plate-on-Ring mode was used to investigate the tribological properties of
the nanocomposite under PAO lubrication condition. The morphology and tribochemistry of worn surface were analyzed, the mechanisms
governing the formation and anti-friction performance of the tribofilm were explored. The results showed that the lowest friction
coefficient and wear rate of 0.08 and 7.4x 107 mm’/Nm are obtained when 3N-GQDs — INano-Al,O,/EP rubbed with the steel
counterpart. A continuous and thin tribo-film is distributed on the the steel countersurface, in which the C, N and O elements are
mainly distributed in the gully, while the N and Al elements are concentrated in the plateau area. It is demonstrated that a tribofilm
promoted by N-GQDs and Al,O; effectively avoided direct contact of friction pair.
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AN TEHE IR A YRR (Blan PEEK F1 PR) Hhism
THLYE K TR ()4 ALO,  ZrO, F1 Si0, ) HEME i —
AR B S BE ST L Nano-A1 0, J&— i gL 7
EOELE RS AR ] Nano-Al, 0O, AL EEE L = R
BWI TR o A B B b LA i R R
WAERY , ABIHAE) K BT B 520t AR R B A R
H1iY Nano-Al, 0, 5 PEEK 1 PTFE S54& 55 b4k} 22 []
FEAEPMRIVET , Nano-AlL O, 5 T Feie 242 i S 1 | 3
TR EE T IR A P 5T I AR P B e R JE , DT
T BE SR R ) B fh AR B — 1 4R OK UL X
DAIR B 5 A D BE 470 15 A T AT e 5 2 19 o i g o
DENSELPS Y -Rea N EE e S/d =E Sex /K -Rev )
BEI2 M e REE 2 e B, IR, R K B N-
GQDs A Sy — 7 0 435 (14 37 700 25 2 7 B8 0 b RE, HL SR
&8 & R IL S H R, SH IR R
B READE Bk 25 G, NI A R0 & T HAER G
FepR AL L WRSE R W B— % N-GQDs 37
EP & &R T 005 B IsUEE T BE , bt Mk BE 5
2., WG S B ok 90 oK 52 4 b1 kL P BB N-
GQDs A RE7E B 2 5t T 1P LA 1 6 B8 T, DT
SLEMH B, 5T EZEA 0, #ED Nano-
ALO, F1 N-GQDs LY 7E EP 99K & & A4 AL AT
Re 2T BRI, , A R T2 5 52 G b RHY g 2 1
BB PERE

PRI A SCHE R R AR AR £ N-GQDs, 4
H5 Nano-AlL,0, Z¢ b3 [F 5| A EP Hikdr, FIH
MRH- 1A JEE$# 50 HLAF 58 N-GQDs-Nano-Al O, 7%
EHXT EP 4K 5265 AR E 45 2 Pk B 10 52 1, TR
Sy MTEI FHIEIIR S T S 56 A B 4 oKk 254,
— 4878 N-GQDs-Nano-Al, 0, Z41b4 %} EE 15 LT s
FEHEIE BB

1 5

L1 R

WEM G (EP) , B 2R & b R FRA /7
i PR R 182~192 ¢/mol, B 1,18 g/mm’; =
ZVURE(TETA ) [ 4k 57, [ 245 42 A 4k 24 3 50 4 BR A
77 i 5 Nano-Al, O, , ‘5 3 & B B b4 AT RS ] 7
fi, R RSEZ0 8 30 nm R o Kk (PAO) JERE T,
&5 A A BRA w77 df s JR % (H,NCONH, ) 5
— IR ERETR , 1 245 42 AL 240 A RN w17
1.2 N-GQDs HJ#l &

FRAE SCHR [ 12 ] /9 J7 ¥ & 8 N-GQDs, SE ¥
0.21 g —B/KMERS 0.42 g JREMA 5 ml 285

TR, S B T, TR IR AR
F P  BR DU GR 2 Hs () K AR R 4 R, K A RN T
BE R 160 °C 4R ZEmfA] 4 h SR HARR HI B SR, &
LAFEE O . FRRAE A ES 0,5 000 1/min,
15 min, FH 25 B FOK PRI B 2B A UL, L TH S
BT, SR JE R URAR_E R AR AR R TR T4
A 15 8] N-GQDs,,

1.3 EP E&#HHH &

B EFRE—E i EP Al Nano-AL O, & T-HLAH
oA 100 °C LRI 24 h, ISR T, KT
PP EP CE T 52 = B $E L ( Dispermat CN -
10, VMA-Getzmann , 72 [F ) H H A HFE 5 min, Z2BRIE
R EP B4, FE LA -95 kPa, il
3 000 r/min 2548 F 4388 5 ming, HR, FRE— & &
Y] N-GQDs F1 Nano-Al,O, ¥ A E ABREERE , T W
TRy A 2 AR 25 A e B B A, BRI 1 AR v AR 1Y
B T2 ff N-GQDs HKifff 7E Nano-Al,0, ZK T , MM
193] N-GQDs-Nano-AlL, O, Z2fb¥y, F&, ¥AFE &
i N-GQD 24t ¥m A2 LRk EP H fih B 2s
% -95 kPa, 7B B & 5 000 r/min, 15 3 ¥ 5]
B EP 98K 2 A& Mk, e, 8 B R A TETA
(EP:TETA=100:13) N AE| EP ' 7E 25 il |
PRI L) Bl S IR 5 W% A b R T i E
2 h,7E 100 °C F &4k 2 h 15%] EP 40k & &+ K,
S T HEATIRIE X LY R 50 i R 8 3 A A 2
T4 EP A1 N-GQDs/EP E &KL, £ 1 45H T A
415 EP 99Kk 5 G 48,

*£1 EP EGMPHIRSHM

Table 1 Composition of EP composite

Composition/wt. % EP N-GQDs  Nano-Al, 05
EP 100 - -
0. 5N-GQDs/EP 99.5 0.5 -
IN-GQDs/EP 99 1 -
3N-GQDs/EP 97 3 -
0. 5N-GQDs—1Nano-Al,0;/EP  98.5 0.5 1
IN-GQDs~1Nano-Al, 0;/EP 98 1 1
3N-GQDs—1Nano-Al,0;/EP 96 3 1

1.4 FEEEMEREMIR

{#i il MRH - 1A ( Plate-on-Ring, POR , 3% [ #5 1&
BHEABRA ) B EHLT IR 9K & A 1 k)it
1T T EEREA PR RN, BRE R B0 IR E
B2 IR E] A 3 h, POR 32 7 28 & &
K1, iR T8 50 mmXx 10 mm X5 mm, %l 7K 49
(GCr15) VEARHEAE [BIFA B AR R 70 mm , X560 Hi H]
W28 S AHRDARATHE XM 1, 1 1 f JH 3 TR A 2 24
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Fig. 1  Contact schematic of POR test
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FIF &5 43 B % 0% 41 F W 8% ( HR-TEM,
Tecnai G2 TF20,FET) Al HL A8 821 718G 1% (ATR-
FTIR, Nicolet 6700, Thermo Fisher Scientific ) ¥f N-
GQDs Bk 25 0 04T 20 M, 4 1137 & St A9 v+
8% (FE-SEM , Mira3 , Tescan, T/EHL K 1~10 kV,
JORAE %L 200 ~ 2 000) | fig & A HE X 5 2O % 1%
(SEM-EDX , Energy350 , Oxford ) Al ATR-FTIR 435I %}
&8 B R TR S AL S5 2517 A

2 R5E

2.1 HMHHEMEN

HRKERAFIE T R B, RIB 4210 GQDs X AN [R] )k
B mA) ol g 7 2 DX 1) L o 2 0 R A s T B
PRt , 28 200 1l A TR 4 1 S U5 IR G N-GQDs 7K
VW, TE FAROE(228 nm) FESFZ5F T, N-GQDs 7K %
WEAFE (VLA 2a) 5 THF N-GQDs /K E T 5251

4ot(365 nm) FREE T WLEEH] N-GQDs /KB & H
RIEARTEE( W 2b) . F 2¢ & N-GQDs 4541y
TEM B, &7~ & Bl & 1 N-GQDs RF K 2450
3 nm, JEAR E R FIE, By s), st—2 R
FHI ATR-FTIR YGi5%%F N-GQDs Hyfk2F 45t E 7 T %
fECanE 2d frs) 763188 ecm™' F13080 em™ i &
AR A6 43 51 S - OH Al N-H {47 47 3l , & B N-
GQDs FMAAFTE K MR AR, N TR I
B2 GQDs £ T AL UEHE ., £ 1 582 em™ Al
1402 em™ (LB ANRIGIEIE S C=0 BUEA C-N B
BRI PR BIAIE R, 17 1 120 em™" A R W A0 it
N C-C PR IR 3l , 3 —2EM] T N-GQDs 1) B2
Hl e, ARG REIALE N-GQDs Hf7E7E K il 2 2k
FPRBESE &AM A E R, L, A K B hE
1% N-GQDs i 1] LLTE EP B RS AR P 81 19 43
B, A 2e iR, # N-GQDs Al Nano-Al,0, #3
AIMABREEGE , AEAUN T VE FH T B R AH Bl 48 fiff N-
GQDs i fff ] Nano-Al,0, i J& i N-GQDs-Nano-
AL, 0, Z4fb1A ,N-GQDs & & J5 B 9K AL+ HH X T 5
U7 #9 Nano-Al,0, R H R AB A BMET
AL
2.2 HEERET EP Ak E & RIRERE AL
B3 FIE 4 J8n T &0 T EP 9k E A
WERHEAN IR A 25 10 T I EE 2 DB S5 BB b e, ek
JER 0.05 m/s BT, B 3a 5 3b R T Mifzk
fi Al N-GQDs S 4 T EP K& A A RHEE #8224
Th . FEARE (50 N) &4~ fEB G B Begli EP 11
JEEREDUEC S B b T R B B i 4 A e T
0. 12( 4P 3a), R0, ¥ N-GQDs 5| AF] EP i H:
JEEE2 R KU B N-GQDs J5T i 4385 138 i B, AU
3b HAT LA Y FEm 2K (100 N) & F T, 3N-GQDs/
EP GKE A bR B B0 10 S A B[] A AR 1)
FEREDEL, A SCHERAF R R B, Nano-AlL, O, 7F B #E4d
T 5 TR T, AR G FIREAEH
JE A WE T 5 TR R R 458 i L
A R R [ R A R RS R ST, B
W58 T AR & & N-GQDs 5 1% A0, &2 & 4=k x}
EP FE48 Y 52 (4n P 3¢ Jif R ), 0. SN-GQDs —
Nano-Al,0,/EP [EEHE A T EP RIEH K, 4T
T B SR = 2 1. 0% I, 44 K 524 b4 R EE 452 ]
B AR E 0. 08, 3% /2 FH T2 b A2 J 1 i
A B IE], I Z R BRI R 4 T B
SEFWFST T ORFIZRAT T T EP 9K A bRk i
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(c) TEM graph of N-GQDs
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(e) N-GQDs-Nano-Al O, hybridization
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Fig.2 Schematic diagram of optical properties, morphology, infrared characterization and hybridization of N-GQDs
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Fig. 3 Friction coefficient curve of different EP composites with time
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RIS ) T L7 4 8 o 36 18 R 5 T8 iU B
R, 5 SO0 P OIS Ak R e 251 i N-GQDs B A
T B IR EEROR , 45 SRR TR EE L B P N-GQDs
KAy 2x N EP HORSCEI BE 48 B IR B T
PR RO R I 2% T BRI R T B3l RN,



#
=

B S AR TSGR AL O, PR AR I T R AL 21

g
W
o
[

g
[

L
o
N
=)

—_
=4
—
[}

W/ (10*mm?® / (N-m))

< -

wn W

W_/(10*mm?*/ (N-m))
&

o
o
o
=)

¢ & &

Materials
(a) N-GQDs/EP composite under 50 N

Materials
(b) N-GQDs/EP composite under 100 N

W/ (10 “mm? / (N-m))

Materials
(¢) N-GQDs-Nano-Al,0,/EP composite under 100 N

E 4 AR EP E&MEREHRE

Fig. 4 Wear rate of different EP composites
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Fig. 5 SEM micrographs of the steel surfaces rubbed with EP composite
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Fig. 6 SEM micrograph and EDS map of the steel surface rubbed with EP composite
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Fig. 7 SEM micrograph and EDS map of the steel surface rubbed with 3N-GQDs—1Nano-Al,0,/EP
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