$57% 957 = A= Vol.57, No.7
2026 47 A ACTA POLYMERICA SINICA Jul., 2026
Cinsd

% REER R 15T REA B S & 1 R R I EE 15 1 RE RIS

IREQ BHE' B AT BEEUE BN # KBV 2BV
(TR R s vl A R 2= BRI [ Gt B TR s 24k T2pe 18 FH 471023)

W OE R R (PEEK)ZE B 2y T F AR ZRBE A L B R E ME A IS, AR ST R 8 T R LF
Y (CF)/B 28K & (MWCNTs) 2 RO P s iR 3, JF 51 A R EEEE e (PED) AES — A0SR Bk i - i (PAMAM)
PEAT B A 2F v L At RS A B MWCNTs 78 CF R A3 2 gk, Hil4 T AW E Sk 45
REH, Utk A EIE SRR S N A, BENR NS A SR L sAE ) S PEEK ML, E A MR
T B A P PPE BRI AR 42 T, Horh CF-PAMAM-MWCNTS/PEEK 545 PERES AL . 76 130 N, HoEE4 25
LG B 280 BIRRAR 24 15.8% F131.97%, 7E 3~9 mm/s 3 Fil N BE IR FRAR 2 65%~75%. PEREIR TR T £
JRUBE B s AR R4 FH SR BE BB T 1, A A 2 Ak A o R — A B 45t

KA REEMEAN; BRETYE; BRAVKAE; Fmdohk; EEEEGR

SR THRHE, BEkEE, A28, R, 0, XU, KRR E, RIS . 22 RO R SRR o X SR ok 1k i 2 5 b e} e
PEEEVERBIRZI . & 5-F F 4R, 2026, 57(7), 1551-1565.
Citation: Wang, L. L.; Xue, J. X.; Li, J.; Lu, H. H.; Wang, S.; Liu, J.; Song, C. F.; Pang, X. J. Effect of multiscale

reinforcement modification on the tribological performance of poly(ether ether ketone) composites. Acta

Polymerica Sinica (in Chinese), 2026, 57(7), 1551-1565.

FE Wk Ik R (poly(ether ether ketone), PEEK)fE
R T AT 4 T i PR AR Ao 2 45 o I TR
BRL, M H AR A RRE e, B
LA 1 e ael, FERUE AR K%
filit . TS S AT 4 i IR R T
12 SR SR, BE A AR T O B R AR A
Wi 450 ARAR 1 RE 2K AN T4 iy, 41 PEEK
MRHEARBRE T T B J 3 PR 55 T77 THT 1) JR) PR
PEH AR, HMELA & s SRS E R
P EE R A N 7 KRB 53— 7 T, A T Ak
MEAATE R B EMEMA R, i 2 MEREY L
T H RS . BRSO E, BRI S S
G OREA T EEE B A RN R AL 4y
B, PR LR ECRE . 2 T A i I gek BE T R

2026-02-25 Y5k, 2026-03-25 3%, 2026-06-23 M4 HI R .

PRI L SR T RS 45 5 2 2o v W) £ 51 R St X 3
S, FEFEPINE TR, SR SRS
dEES, MIMAFITEEMEHERAR. il
e 85 0 2 A N ERFRE I BE R AR R N T
#E— P4 Tt PEEK IZR G PERE, el 2 HLEE SR
BERE, SIAMREE . R 4E(CHIE N
B SRR O SN i HL = R A% O SR, Tk 2T 4
34 58 5 Tk Tk IR (CF/PEEK) 5 & M RL AU B T
PEEK FARHI0 RAFIE, ERFER S AR E
SEPEANEUAR B, RO 7 (R EE i B AR

JE R A BA LRI 22 RE, HHER
SIS, R RAR H S = im vE R
PEERER], SBOLS AR B SS E (1) PEEK 2%
A 2 180 HE AR AT 2800 A 2 B 5 B B A e 1),

BeWH: FERARPIEE G4 92266205, 52575206), T E MBI “SEHHIN” (5 H 5 2023Z006),
TR RS KA T AR A T H (30 H 5 2025HNKIDXYXQNCXRCO1).

" EfEECA N, E-mail: lijie@huast.edu.cn; xjpang2001@haust.edu.cn

doi: 10.11777/j.issn1000-3304.2026.26026; CSTR: 32057.14.GFZXB.2026.7591

1551



1552 = T

R 2026 4F

XS 1) R 45 & A2 B EEBE BT U IER R
W 50 5 RATHE 5 BRI RS 5 LR s, i
Jill B 45 5 1) 20 2 G MR AR PE R I 78 40 K HE . TR
U, R AT R I OE S NTEE AR MR
Fal RIS, C IR FE CF/PEEK B &4
REEEE2EVERE RO HE . B AT B CF 2 1 14 7 7%
Ao NPIERTE . A B A s A, Bk
AR ATE . FE BRI 2 o 10, 32
BT R BRAMK . SSRGS
s ARG RN E . B SAHTIRR
AV IR A B2 i 2V R s F I 5 vk A%
ST, R SR R A DR o £ 4 5
378 H T2 m] 8 M 5 1 48 52 75 Ik . Hassan S50111H
T A 2 K i Ab B Tk Tk i (PEEK -NHL, ) [#] 5 T
Tk 21 4k 3% TH (PEEK-NH,@CF), I F T il % CF/
PEEK E &ML, 45 BB R4 -k R4 &
PRI, EAEMEE B U) 558 (LSS)H &
233.4%, fifi BEA 5 A TS il ) 1R R R 2D 1 A
Ren 250121 5% FH A A4 S8 Tk A (s-PSF)/ 4840 1 SR 45 &
G BRSO 4E AT R T, BRI T
CF/PEEK & &M R & dhom fF . &S i & &
ILSS, 78435 iF 1 b 3% 5 i 5 1 5 4k 2R
Yuan SFUFF A2 i 17 1% 56 6 IV iz (SA-PT) /K 74
R, A B TRE R R St b S B AT 4R
HTE R T A EAE R, A 5 PEEK HE4R K A
r-a R oy TREgE LS, WEE$ETH T CF/PEEK 2
ARG i PERE S E BT RE . FIRRTF AR
B, b5 bR AN AR AR e W S i
2, BArmE s NI E e m R AR 5
THI 3, DRI B AT  SRe i 41 4 3 T 50V P A%
HEA R TSR AR SR . 75 S o 77 ik
P I, RS % (PED) K H 5 PEEK B A ALK
Fi R T AL ST IR R,
VB T M e b 500 DADI A S T 10 0 PR 0. SR I e —
[ (PAMAM) B IR K 737 6 £ LR (1) = 4 7 44
SER . T SRR o T DL AN H TR s
MiErEE e, "IERN “H TR a4l
SRR R A, SR I = R 30,
{H B — 73 (1) B 2R R0 AR IC R A 32 7+ 2 A 6 k)
S VERER I AFE RSN, M LA )i S B0 vy i i
T 454 5 T BT BOPUCE TR OB g
(MWCNTs) [ 51 R 77 2% 1 BRI AR AR 1) B Vv
FEME, SRR A SR R AR I

BHIeL Shy e, AR SR 7R 4% 40 PEL F R R
PAMAM HECF A 5] A MWCNTs, 381 i) 2 -
g2 R R s A 45 A S oo, sk
DL s T 4 A TR EEN T OE TR
K, 5B 2 ROBE 38 5 1 Bl 5] 25082 4 T AR A% CF/
PEEK & &M EHZE G 1ERE .

ERERNRE, SRR TR R
IF, St 3k A LR B2 T e A R b BL SR 43 F
IR DA IR SRS G RE 225 3 &S AN S VALY -l 15
S5 0] . PAMAM B4R 73 B AR B0 5 ) 4
RORMCH AR RECHK, HHEEAEESR
LRI AV S uR =P i el s Sl I B ST aE A )
K, RIS T J& 8215 < M. Gao ZEUSI
FLR I, AEBR A 4E R 8 G1~G4 f PAMAM
Ja . EAPPRNJZ [ BT U] 58 B (ILSS) A5 i 8 7]
o8 FE (IFSS) 7 ) $2 T+ 29 55% F1 111%, iEsE T
“UIRAR PAMAM #4) 2 ot 3 5 11 J2 v A ks g 77 2%
S Mg, EZ A E R L, AR
PAMAM H BE AR ZS (B AZRH, B0 75 15 1 3 [ 4
AR BIHEE . Zhao FEIONKE 1~3 A = JR U L
BOR > FHAL B CRs R, R T tvkEwi G
CF I 450 5 Tt . a5 KR, = RFANZ
SRR o T e T B 3E SR T CF R RS
HOZ S BRI R K R B, 45 —AR
WRCIR > T etk 5, CRARSEE ARG L 1H 5
U588 5 R e o 5 R 43 ) B2 T 61.8% A1 39.9%. ik
T, AW T IR S = AR R SR B e — ey
Ko FAE R, BEREFR AL 2 85 2 (1 Mo
A, ST TR A AT B K S B R R R
B\ S IV T 42 1 B AR K i, AT E Bk 2 4 3 THT
SIS i R B, R AR R AR A 8 S T
BEE A f A . SR, H RTAE S S R B
TREME MR 1T, M CFY
PEEK A S 1] 45 55 1 18 45 BE 22 AT N A 52
FEAGE, R, RS AR B AL % )5 PR
T — W BRSNS, T B R B A e
CF #ll % [) CF/PEEK & & W4 A 1) BE $2 24T Ny Fi 4
= RGN

BEXE LR i, ASHIF FUIE R b 2 ot R
¥ 2 BE MWCNTs 712k T CF &, @il 5| N2
= PAMAM #AR 73 FAE AW 3, ## T CF-
PAMAM-MWCNTs % X 36 5 A 25 1), kiR
%] % 7 46 PEEK. 20%CF-1%MWCNTs/PEEK .



7341 FERFAE: 2 UG oR R M SRR I 5 5 P e % P 1 e (R S 1553

CF-PEI-0.3%MWCNTs/PEEK Pl } CF-PAMAM-
0.5%MWCNTs/PEEK 4 i & 444 8L, FIFH UMT-
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RSP VERR IR T R, Wi s R A R
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1 SCIGERSY

1.1 SEIEHR

RWEGEER (PEEK), Z7rUfi H 0 1200#, it
2110 um, FEE R 450P, ZRIETT IR TREY
IR EVE IR A A s B ZF4E(CF), Fif27 um,
FE7 um, HARZEE T700-12K, 14T IRYIE R H
MR IR A F] ;s ZEERIPKE (MWCNTS), 70§
BN 1201, 40/5>97.5%, 1% 3~15nm, KJF
15~30 um, 4TI R F AR BR 2 7 5
R OIGIWRZ(PED, 788 7.0x104, 50 wt%7K
W T TR T AR R A PR A ]
# = PAMAM W EIRZE G, 40T 88 6909,
5 CYD-130A, W T B RIE =7 FARAHR .

Table 1

1.2 HmH&E

28 B BRI TR0 L Rl E BRSO (K 1)
CF-MWCNTs/PEEK & & #4 8 45 i & 7> 20 (2
JF & N 100) ¥ 20% CF. 1% MWCNTs fl 79%
PEEK, CF-PEI-MWCNTs/PEEK & & #4 #l h &
PEI b2 71 A 2R 38 5 A ot 52 73 50N 20%,  PEEK
JF & 7> $N 80%, CF-PAMAM-MWCNTs/PEEK
HA PR 28 PAMAM 3 I A 22 11 389 560 40 Jo 5
53 H0N 20%, PEEK Jii & 73 £ 80%. 1 ot T
5 Pk R e 2 AR, TR RS R
ZT-40-21Y BY B R Be sl b (il R AR I A7
HIRAF)LL340 °C. 10 °C/min A1 13 MPa/min [{]
HERFEETHRIN R, BRI ORI 2SN 0.1~
100 Pa, #RJ57E340°C. 13 MPa {5 1F N IRIR MR
J£ 10 min, FE YA EDIE B 4 150 °CLAT BUH A
B R BRI ST N 440 mm > 10 mm (1[5 A5
Pufk | Fe 241 4% 4 PEEK. CF-MWCNTSs/PEEK .
CF-PEI-MWCNTS/PEEK L. &  CF-PAMAM-
MWCNTSs/PEEK 4 FfA4 k) . fir ] £ 5 R 2 1f e it
800#. 1000#. 1200#. 1500#. 2000#. 3000#4>
FRRD ARAFE BE FE 40, {315 22 1 1 RELRE 2 R,
P4 100~150 nm, 2 J& HCEE TEIK A 48
0308 AL P PIF B AGEBE T4 .

Design table of reinforcement and modification.

Mass fraction (%)

Composite material

Enhancement phase Matrix group (%)
PEEK 0 100% PEEK
CF-MWCNTs/PEEK 20%CF-1%MWCNTs 79% PEEK
CF-PEI-MWCNTs/PEEK 20%(CF-PEI-0.3%MWCNTs) 80% PEEK
CF-PAMAM-MWCNTs/PEEK 20%(CF-PAMAM-0.5%MWCNTs) 80% PEEK

PEEK: poly(ether ether ketone); CF: carbon fiber; MWCNTs: multi-walled carbon nanotubes; PEI: polyetherimide; PAMAM:

poly(amidoamine) dendrimer.

1.3 SR

SERIRAE: @ B T R U (SEM,
JSM-IT100, H A<, JEOL Ltd.)M %224 1 CF I 7E
A, @S A S T RS (TEM, JEM-
2100, HA) WL et Ja (0 ST X 3k, 6 X4
22 % HL TRl (XPS, ESCALAB 250Xi, [,
Thermo Fisher Scientific) 73t iV J5 CF 32 [ 14k
22 AR . R A8 B 20 46 % 3% (FTIR, IR Tracer-
100, HZ, Shimadzu)%f CF. CF-MWCNTs. CF-
PEI-MWCNTs £1 CF-PAMAM-MWCNTs [ B fig
HEAT A, METE L 500~4000 cm!.

2 16 VR 9 1 SR AE A O A A K
(ThetaLite, 7%>%, Biolin Scientific) Kl %E CF £
PR E 2 SRR ITK T .

JIEVERERAE : 8 A A IR A 1 LXD-
D B (g S AF AR I ALES A PR 2 =) v T S
CF/PEEK & & kL EAT 58 B A, 75 e i 5 3
PR E 1 s WL HUEEBETH I i K AE, R
/DA S IHCEIE .

SHMEREERAE: W DRI S 2 R E MR
(IR TH A A B 2 =) % e 14 1T J5 CF/PEEK
BAEMER) S IR B AABETEREEAT T IE, DA



1554 RPN S

¥ i 2026 4

PEAL I LR R R M R

JEEEEVERERAE: B UMT £ Ty e BE 2 %
R HLUOMT-2, b5, A& TREAERA
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. WEBEE3. 5. 7AI9 mm/s, FHATSON, BE
PR 1A) 30 min, FHAFERPIEAKE 6 mm. @i
5B (SEM) ML 2 2ot CF/PEEK & & A1k HI
PR M . B =4 2E 5 BEAU(S neox, PHIE
7, Sensofar) i 545 ¥ 30 I 5 B8 IR U 5 AR B8
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# ¥l. CF-PEI-MWCNTs/PEEK & 4 #1 ¥} #iI CF-
PAMAM-MWCNTs/PEEK & & 44 £} Eb B 451 5%,
TR R

AV

XA o NHEBRmmY/(N-m)); AV AERK
Bl (mm?);  F N HE N 8w (N)s v o i 2l i
(mm/s); ¢ N EEHEI[E](s).

CF-MWCNTs

2 ZERE5TR

2.1 EE&MREMREREEEERE

K1 N H CF. CF-MWCNTs. CF-PEI-
MWCNTs. CF-PAMAM-MWCNTs FIiE5 1. N
P& 5 R U6 CF 7E S Br B2 FH o (19 55 55 A0 ) 4 1 R
7 FH CF 77 i 5 i 2 00f LR T AT B AR BE, Fir
DL 22 1T £ B 25 2% J5 R 21 4 o J8 220, SR 448 36 T 24t
PE K P FR R A 1) CE-MWCNTs H3 2K T 357 ) S s e
YK R BN I 5 SR TH H ISR BURTRLR
B, 1X 3R Al i AL TR & M DL SE I
MWCNTSs 3551 50 BRI 205 4% . 48 PEL 7
UM G IR AT R TR S B s R T s — 2
PEI 7§ 5, H AJ W 22 31 MWCNTS JE B 355 43 ™
WRIEGAE RN B LT e Vg iEH,  BEEA PET 1
AL E A BOEANA A MWCNTSs 3521 53
BT ik CF &5 PEEK SR TV il o0 22 4 full L i, ¢
2 G o 2 A MR B A B RE 0 &
PAMAM B B E 1 5 0B 41 4 R T P 30 B B
e R R BB A, m i EE W ROR
MWCNTs 3 5] [ 70 BUTE IR 4T 4 |, IXFP 3 5] 1)
7 o5 AR K8 0 T CF 1) 26 T RH RS i R e 26
AR, A R T 38 i 1 5 MLk % B 2% N Sk 12 T
CF 5 B ) i ST 45 A i P

CF-PEI-MWCNTs

CF-PAMAM-MWCNTs

Fig. 1 SEM images of CF before and after modification under different magnificants.
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2(b) 2 I T 5 AR PAMAM AR K2 F 3k
PG A TESN . 1555 T PAMAM & 5 AL =
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BT RSN, TS NG A R A Y
JZ 1% T ST JE I LR T SR A
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Fig. 3 (a) XPS survey spectra; Cls peak fitting curves of (b) CF, (¢) CF-MWCNTs, (d) CF-PEI-MWCNTs, (e) CF-PAMAM-
MWCNTs.
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PAMAM A1 PEI 52 J8 ixf £ 27 B 1 3 4 BRI B 15 1)
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Fig. 4 FTIR spectra of CF before and after modification.
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PAMAM-MWCNTs/PEEK % 5% ¥ £ 11 % [ ,
FRMMAEHE— BT £ 235 mI-m2. FEfih /) 4k 22
ANCUEAR, HH IR R R R TTK AR, R
[ — A4 L E Byl P B2 A AR A T 25 B TR Ak
R, BAPRHE SR A 2 EEYR, - PRiE T
RN SR B KPR ORI EH
22 EAVMREERSHMMEERA

&1 6 9 CF BT 5 52 6 04 R R RS 75 i
. 4 PEEK FAMESARECN032 W-m K,
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Fig. 5 Contact angles (a) and surface energies (b) of four
materials with different liquids.
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VE A B3% 7 MWCNTs [ 40 B, 5] 3@ ik 5 i
{2 & 1998 T CF 5 PEEK J: 44 () 45 & 9
AR T S A R S R, e Ty kR
T G A A BE ) A ERE R R R P, B T
% 92.1 HD, S ABUAF| 7 UE{EF 2 0.42
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BRI B B R FH AE CF 2R T 2 8 14 32 4882 0 245 A
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Fig. 6 Properties of the four composite materials: (a) hardness
and (b) thermal conductivity.

1£3# . CF-PAMAM-MWCNTSs/PEEK 3 H1L H} fi% 7=
AERE, PAMAM 58 =ARURPR Koy T B A FE X
A 1 25 46 R0 3= 5 I R i B Re ], BefE 5 Rk
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Fig. 8 Three-dimensional morphologies of four materials under different loads.
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Fig. 9 SEM micrographs of wear surface morphology of four materials under different loads: (al-d1) 50 N; (a2-d2) 70 N;

(a3-d3) 90 N; (ad—d4) 110 N; (a5-d5) 130 N.
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Fig. 10 Average friction coefficients (a) and wear rates (b) of the four composites under different velocities.
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Fig. 11 Three-dimensional morphologies of four materials under different velocities.
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Effect of Multiscale Reinforcement Modification on the Tribological
Performance of Poly(ether ether ketone) Composites

Lu-lu Wang!?, Jian-xin Xue!, Jie Li'*, Huan-huan Lu!, Shuai Wang', Jian Liu',
Chen-fei Song!, Xian-juan Pang!?*
(!National United Engineering Laboratory for Advanced Bearing Tribology, *School of Chemistry and Chemical
Engineering, Henan University of Science and Technology, Luoyang 471023)

Abstract To address the insufficient load-bearing capacity and poor friction stability of poly(ether ether ketone)
(PEEK) under severe conditions, a multiscale synergistic reinforcement system combining carbon fibers (CF) and
carbon nanotubes (MWCNTs) with interfacial chemical modification was developed. Polyetherimide (PEI) and
third-generation poly(amidoamine) (PAMAM) dendrimers were employed to functionalize the CF surface,
enabling uniform anchoring of MWCNTSs via sizing and grafting. The results showed that stable covalent bonding
was formed at the interface, significantly enhancing interfacial adhesion and load transfer. Compared with neat
PEEK, the composites exhibited improved hardness and thermal conductivity, with CF-PAMAM-MWCNTs/
PEEK showing the best overall performance. At 130 N, its friction coefficient and wear rate decreased by 15.8%
and 31.97%, respectively, while the wear rate was reduced by 65%-75% within 3-9 mm-s~'. The enhanced
tribological performance was attributed to the multiscale synergistic effect and the formation of a stable tribofilm,
which effectively suppress fiber pull-out and three-body abrasion.
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