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Abstract: Adipic acid is a critical raw material for polymer synthesizing, and can be used to prepare
vitrimer materials with topological structure rearrangement. Through molecular thermal motion analysis
and rheological characterization, the thermally reversible crosslinking behavior and viscoelastic relaxation
law of the material were revealed. To address the intrinsic brittleness of conventional epoxy vitrimers,
glass fibers were introduced for reinforcement and toughening. The composite maintains its reversible
network structure while doubling the tensile strength and tripling the elongation at break. This performance
improvement arises from synergistic interactions among multiple toughening mechanisms, including
interfacial chemical bonding, fiber-bridging effects, and network topological reorganization. The research
reveals the molecular-level structure-property relationship of carboxylic acid-based vitrimers and achieves
breakthrough mechanical performance via composite modification. This innovative approach provides a
sustainable solution to address adipic acid overcapacity while demonstrating significant engineering value
for promoting green circular economy development. The developed material shows promising potential for
industrial applications requiring recyclable high-performance polymers.

2025-05-25 WH,2025-07-19 51 ,2025-09-01 25 Hi iR

FEGIHH L A A E SRR H (5 H 5 25B430035), T F A H AR R RS T AEIEE (T H 5 252300421533),
MEAE TR £ H (3 H S K2316), iR A RHE BT H (35 H 5 252102230151)

TAEBE R A E 5596, E-mail: ztwang@huuc.edu.cn

doi: 10.14028/j.cnki.1003-3726.2025.25.155



10 3] TRV DRI AW IR B = 7 7 LT R R S hR 1547

Keywords: Epoxy resin; Vitrimer; Adipic acid; Structure arrangement; Composite

SIA: E5%0, B RN, 280k, R, BILAT, 155 . O I AN RS & o 1 ML R S0k

& Tl 4R, 2025, 38(10), 1546-1556.

Citation: Wang, Z. T.; Qiu, Y. H.; Li, Z. J; Cui, Z. B.; Zhao, Y. Q.; Feng, Q. Adipic acid-based epoxy vitrimer and its
glass fiber reinforced composites. Polym. Bull. (in Chinese), 2025, 38(10), 1546—1556.

O e —MAEAEE TN EMAN T
BRI, 755 itk I N BRSNS P Ak s I 2
LR RN, 3RS S ook e — o R A 46 R
SR TR A . AR Rl R
BN P Rl Y e s iR, O R T
PELANLE R B2y TR G U R AT
ZRHP, BT —u R IR AL E A
CRT XK R IR, A8k O /g™ 5
Re (R R R g K e 4, 2023 4R R [ O — 8 77 fig
K374 Jit, PR EN230 Jit, ATV ERAR T T2 2498
60%, KA TIHAEMA LRI G . DR
& 458 1 Ui % SRAF AR e, 7 B o vT R 5| K T %
PR At 2 ) . (AL, P& DL E R N ERHE
AR B R R 1 3 7 SR AR, AR T AL
IR, AR EE O R AT R k.

2011 4E, Leibler ¥ 5 41 VB 72 % B, FR R M
P& It v] 5 BRS80S D FE AR R SO, AR
B A8 | R PR ) p- R R A A, R HE T ml i
Pig A2 #8 s 87, FF % 2L A AT B A AR AR )
TR A A I8 AR, B vitrimer(Z6 3% 55 /&5 4> T M
FHSL Vitrimer A48} (0 H B, BOBI T A8 86 4
PEREGD S LMERIBER A 2 B % ZE R,
5T RE R A Y It R S RIB IR S
AL A, R A T B v AT (1) B T R
P BEE W FMIR N, B &S A UM R
e U230 gy i e U110 G ik PR R S e U100 ]
207 T g e PO | e U P2 SR Wl AR T R
FIRZFE Thee & R R

H At A ¢ T vitrimer #4 K} B 58 H 735 IR
N> BT B Fh AN 3 22, {H S 3 vitrimer 4
IR A R R RS A PR AT B .
H, R vitrimer [RIFF USSP R, R B
fo 5 L8 B R AR PR | A R AR E 1 K AR
FHRER, CRBHAA N Z OB RRAE LA
vitrimer J7 M 8 B i g5 4 /1. AR R
R E R T O R A A vitrimer, TRAIRFL T

S5 N R ) U A AL I R A A A AT O A
HR ARG E VE S BHFE L HUIE BE S5 1EAT T BT T,
DR i vitrimer AR Tk AR AR 7 RS 3R
BT R R AR -

1 SCREERSY

1.1 R

IR AR U A 48 7K H i ek R PR S TR
) (DGEBA), B J& & Mt BHA IR A & A4 7,
R E51, 72 5 S WSR618, FR 41 0.51 mol/100g;
O 2 (99%) LN EE (97%) BEES AT 4Ky K
W AR A A IR A A
1.2 SLHiIFE

FREX20.00 g IR AIR . 7.45 g LR 1.34 g
LR E T R VU QMR AR b, 7R
T 5 A58 [ 0 700 A0 e £ TR R AR 38 50 4 BT
AP AR T, LT B IRE i) 2% I 5] 28 0 N 38
AR R . P I R ol AR D # B 160 °C,
A8 S5 LA 32 A R T RO AR AR R, 4k OB —
BT 8] J5 15 BIRRURCIR R 35 M A, e 1) 46 1 (R 31 41
vitrimer 2 FVBIRE, 4§ 2 FiR 5, 4 vitrimer F5 48
O A (1 [T o A5 R T 4 ) s 4 Hh A R A
BT BE B AR LA o1, (AL 2 Tk TR R 1)
FH 5273 ) DR B B A1 50 R TR U 0% 5% 10%
8 FH 3 2T 386 5 (1 R & AL 208 5 mol%, 3¢
LRI IR NI A AR R 5% 10%- 20%- 30%.

RE YA B AN TR AR . R BT
J&i B PR A vitrimer BRI 42 8 A B B i P
BRERACALLERLE 160 °C. JE 7710 MPa 244~ #uk
10 min &8, 43 5000 T H T LA P BE I A2 o
AP BRI R 2R B R o AR AE AT EE R N T
i, AR RIS E S 8. Bt AR IEDE (A%
20 mm, JEFE 0.5 mm) FIMEES T (80K E 12 mm,
P £ 2 mm, JE £ 0.5 mm).
1.3 Wi 5RIE

T HNEIE 7B (FTIR): K A PerkinElmer Frontier



1548 =T

%

DI 8 2025 4

ZLAMEIEAL, R A R T (ATR), 9% K v
4000~600 cm ', FHERE 4 1K

PR AN (TGA): K H I HEE 4 B A (35
TGA/SDTAS851, Mettler Toledo 23 &) # 47 M| i,
X248 N 70 uL A0 EE P R A 1, IR e R
BN NE A, FE N 50 mL/min, FE 3 R K
20 °C/min, 3R FE X 8] 9 30~800 °C.

G RS ) o A O G R W O
ThermoFisher 2 ] 4= 7 [ HAAKE MARS 60 %Y
BRI ATAX, e Ha% 20 mm-~FATH . Af R ek
TR ASC I [ A4 3 R, RS E DGEBA. &
TR QBN EER A FE R TS S B T I A
SN

P AR RE R KA T R ER AL (B S
AI-7000M, 1 [H & s 2k BH i AR A A ), B
7% 1 KN AL EE 58 e B, MK S5t b 0.01 N
(54, 5 LA 1 mm/min 38 204, B 2R

prrpdilit: RAKET TR S G IRA
A B TY C-20B A2 47 i B8 A, R 1 18 52 220K,
REE N TEER RES, 3FE 10 mm x 4 mm x 50 mm.

2 SRS

IRE vitrimer B & B R S HT

TERFE WA A R I R T, 2T 79 T e 1
AR 35, B KR B 4 i [ A e . A8 e B
YIEIY B, BEF IR T 45 160 °C, M4 4541
IYVERL AR, KRR B E RIS, b
IR BL, BAT R AR T 2w R, 3
N R HER, A BR D T B SR A 5 - AR D,
5160 °C il S EA B = 7 Figshifi %,
PR AR A IR AN 8 Y AE SR TR R 1, 4R R B
FEIRARIE K, BB AL B 5 508 B A1 () -
TE S NS 3, 8 0 e T B 5 S N R 2%
R RF BT E (B D,

81 AN R S AL R, AR RIS AR A
BEER . AMERAMEATIN, & 5 E N
%1%, TEHZIT 7000 s I 44 28 H I E IR AL B % 508
Bl p,, 7K 2 SN 12000 s 5 26 P BB TR, 3
AL sE 4 (B 1afil1b). FIEEZ R, 8 5 mol%
T T TR A ) 1 e AR 2% K L 48 fse o T B (1]
F£2000 s /e A7, JONAAR R EEAE 3000 s e 4G i T

2.1

P4 (B 1e A 1d); 43 10 mol% & Bk 7 i £ i 4k
I IRNEAA Z S B Jis R (D BN TRD 7 1100 s 76 45
1A 2 Ak 58 BN ) E 2000 s /245 (Bl e F11f). &
SIS T BR R AR R © IR I B A ], AR
A5 FH A4 A 751 T e S s T 0K, B A [
A5 FH = 1) 2% 2H O S B A AR R pes BRI SRS
FH AR

Leibler 2 3@ g SR a6 E W 7 ¥t SR AR E
TR L, 38 I A2 B B- 2 L i 5 M T B TP R
GG, B AR U B- R B X AT R 5 R
B AR TR AL R BT BRAE BRI 265, TRt — S PR A
G5 0] b AT DL E 2 4N 72 5 (K 2a), FTHIACNIZ R
RifE R AR ERRE N2, RN O
FR- ISR R VBRI i v] {8 H Flory Gt ih 2k AT it
HE):

P.=

1

[r +7rp (f - 2)]
Horr, p AR s r RFEFELL, AR R =05 p
N TLo 3, R R OR R R R A S A
TG, p=1; FAZAHICHIE R, AR R LRI
NI ERAR, 4.
¥ rop AN EHRARA (D) H, 7115 p=0.816,
AT AR TR e i M B R4 R AT
(7, Fise FER L GIRE R SR IR AN [,
I SEBR 264t R R /N T4, Flory i vt & (ki
RUECSEBRRAR, AR 2R 5265 p, REE 0.816~1.000
2l G RE R R RIR AR NILE,
{8 FH S mol% fH Ak 751 (U BF 51 7E 40 min X — 5 [7] £,
RA RN R BT, S DL, B
W% . M, BEVEE ML TR, FEik vt
ARTERR, il BEA R SR AR B MR e
I 5 IR AR B B-FR 2k e B R
P B A2 4 S 3 5 IR R AL A ) O IR R
S IR A s B AN TR R IR, B % vitrimer
Rtk SEIRFE T R B, #5160 °C IR FE T EL1g
F I RE ST E TR A R AL, w18 B AR
P i, PERHE I B — om T (B 2b). X
F M ATR-IR 43 #7 2 B, 76 3440 cm ' &b H B
J& T F2 03 B8 I AR R Bl 0, X R B 5 IR AR
SN A I - PR BRI R R A5k . IR Ah, [ B
DGEBA [£]969. 913, 769 cm ' &b 38 T M A B fig
B 1 45 2 U 1 2k Y, 1696 em ' 4b VA B T

(M

172



10 4] FEREE: DR AN IR T LB R 5 Ak 1549
10° 240 6x107
(a) (b)
8
o sx107F
107k 200
106 E Temperature 03 E 4x107
7 0% E p 160 & e}
£ 10} g 2 3x107F
E 10 120 & o
i =] 7
=40 Absolute viscosity E E 2x10
&)
10 80 1x107F 7000 s
10!
0
100 A A A A A .40 . L L L
0 2000 4000 6000 8000 10000 12000 0 2500 5000 7500 10000 12500
Time (s) Time (s)
108 240
(©) (C))
107 3 3)(104 L
1200
100 .
Temperature s =
7 10° P 160 5 S
& 5 E2x10°1
= 10* E 2
= 1120 & e
=10° g e
2 o _H E1x10tf
10 Absolute viscosity 80 © 2000
10!
100 s s s s s s L 40 0 1 1 1 L
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000
Time (s) Time (s)
10° 240
f
108 r(e) 5 @
1.5x10° |
107k 1200
_10%F Temperature g E
7 e 160 E 1 ox105k
~ =1 2
g 4 g £
=10 11208 =
=103 Absolute viscosi E E 0.5x105f
solute viscosit :
102 y 180 © 11005
10!
100 n n n n s 140 0 1 1 1 L L
0 500 1000 1500 2000 2500 3000 0 250 500 750 1000 1250 1500
Time (s) Time (s)

&1

PR SRR R EAS [P B A AR S P 10 T 28 < 8 O mol% R 44 750 51 10 T 14 () 28 55 1t 482 R0 () 28 5 4% 4, 33 26 i

2e; {3 5 mol% (A 77 ] A IS R () 266 52 1 24 A1 206 32 A8 A0 3 < ity £(d)s {3 10 mol% A4 771 [ AL IR 1D (e) 8 52 ) 24 A

(F) & 2 AR AT A h 2%
Figure 1

Curing curves of epoxy resin with different amounts of catalyst. (a) Viscosity curve and (b) viscosity variation

rate curve, respectively, obtained during curing without catalyst; (c) Viscosity curve and (d) viscosity variation rate curve,

respectively, obtained during curing with 5 mol% catalyst; (e) Viscosity curve and (f) viscosity variation rate curve, respectively,

obtained during curing with 10 mol% catalyst
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Figure 2 Preparation of adipic acid base epoxy vitrimer. (a) Ring-opening reaction of epoxy groups and its crosslinking

mechanism; (b) Reprocessing procedure of epoxy vitrimer; (c) ATR-IR analysis
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Figure 3 Polymer chain movement of adipic acid based vitrimer:

(a) dynamic mechanical analysis and (b) thermomechanical

analysis
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Figure 5 Creep-recovery analysis of adipic acid based
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Figure 8 Stress-strain curves of glass fiber reinforced adipic acid-based epoxy vitrimer composites. (a) 5 wt% of glass fiber;
(b) 10 wt% of glass fiber; (c) 20 wt% of glass fiber; (d) 30 wt% of glass fiber

25
(a) (b)
GF-30% |
_20F
(o]
GF-20% T E
<
S It :
GF-10% | = E
i=}
Z10f 4o
5 ~
GF-5% N § K]
= 4l
GF-0% | .
80 90 100 110 120 130 = GF0% GE-5% GF-10% GF-20% GF-30%
Rockwell hardness Sample

9 BLAFHERE O T RREEINE vitrimer S A APRIKUE B L7 A B (a) BT 7 58 EE 1 (b)
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