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Curing kinetics model of carbon fiber/epoxy resin prepreg for aeroengine blades
ZHONG Zhurui, GUO Congcong, YIN Guoqgiang, ZHANG Jin
(Jiangsu Hengshen Co., Ltd., Danyang 212300, China)

Abstract : Engine blades made of carbon fiber reinforced polymer possess advantages of high specific strength and specific
stiffness. However, due to their thick structure, it is difficult to dissipate heat during the curing process, and the heat released during
curing can lead to local temperature rise, thereby affecting the quality of the fabricated parts. To investigate the relationship between
temperature, curing degree, and curing rate, variable-temperature and intermittent curing experiments were conducted on carbon
fiber/epoxy resin prepreg for blades using differential scanning calorimetry. Curing process was kinetically simulated using the n-th
order reaction model and self-catalytic reaction models, and the latter includes the logically corrected Sestak-Berggren model and
the improved Kamal model. Results show that the fitting goodness of n-th order reaction model significantly decreases as the heating
rate increases, leading to poor model fitting; Although the logically corrected Sestak-Berggren model can capture the basic laws of
the data, there are visible differences between the predicted values and the measured values; The simulation curve of the improved
Kamal model with a dual reaction mechanism closely coincides with the experimental data points. Not only showing a consistent
overall trend but also exhibiting high consistency at key characteristic points, and can more accurately describe the curing behavior
of the prepreg. A residual sum of squares between model calculated and experimental curing rate is 2.51x10°*. Experimental verifica-
tion confirms the high accuracy of the established curing kinetics model, providing a theoretical basis and data support for formulat-
ing the curing process of this carbon fiber/epoxy resin prepreg.
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Fig. 1 DSC curves of EH920/HF40C prepreg under different
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Tab.1 AH at different heating rates under various baseline selection methods and their averages, standard deviations, coefficients of variation

. . AH at different heating rates/(J-g ") Average Standard  Coefficient of
Baseline selection - - - - - - o .. ..
1°C/min 2°C/min 3 °C/min 4°C/min 5°C/min 6 °C/min AH/(J-g ') deviation variation
Linear 12227 13192 142.81 13843 13529  143.61 135.71 7.94 0.059
Sigmoidal(both sides horizontal) 130.68  140.14 15346 151.14  150.06  149.53 146.84 6.75 0.046
Sigmoidal (left tangent, right horizontal) ~ 140.55  134.49  135.00  134.61 135.68 13941 136.56 2.69 0.020
Sigmoidal (left horizontal, right tangent) ~ 136.22 12278  138.68  134.61 13334  122.66 131.38 6.94 0.05
Sigmoidal(both sides tangent) 139.54 97.47 117.99  118.08 116.82  113.04 117.16 13.47 0.114

Note: AH is total enthalpy of reaction
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Tab.2 Intermittent curing experimental data

Residual heat

Target temperature/°C release/(J g )

Cure degree

0.146 138 116.67
0.222 150 106.34
0.384 162 84.15
0.463 166 73.41
0.636 170 49.34
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Tab.3 Kinetic parameters of n-th order reaction model

Items Value Lower limit Upper limit
k 3.26x10°° 3.259x10°° 3.26x10°°
K2 n PSR A 25 2R n 1.105 1.105 1.105
Fig. 2 Fitting results of n-th order reaction model Notes: k is curing rate constant;n is reaction order
Tr 7 o 12
= 6t 1°C/min —Fitting =~ 6 *Elmng 2 °C/min =~ || —Fitting 3 °C/min
S —— Experiment 4 — Experiment 5 ——Experiment
= = S 8
3 4 ER R
£ 3t £ 3 5
g g 2 4
£ 5 2 5
O 1If O 1 O 2
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
Temperature/°C Temperature/°C Temperature/°C
167
- —Fitting 18 24
:‘; 1 —Ex erﬁment 4 °C/min o 16¢ 7meg 5 °C/min T, 21| —Fitting 6 °C/min
< 12f p <" 14r —Experiment ot —— Experiment
2 10t S 1ol S8
28 ERL z0
sl g 8t g 12
2 2 6 @ 9
B 4 5 4 E 6
O 2 O sl O 3
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 100 150 200 250 300
Temperature/°C Temperature/°C Temperature/°C
(a) Curing rate at different heating rates
. 1.2 .
121 Fitting 1 °C/min —Fitting 2 °C/min L L 3 °C/min
o : T — : itting
1.0 Experiment . Experiment 1.0
8 8 2 ——Experiment
& 0.8 £ 0.8 5 0.8
S ] )
% 0.6 o 0.6 'Z’D 0.6
. £ =
Lg) 0.4 8 0.4 £ 04
02 0.2 “ 02
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 100 150 200 250 300
Temperature/°C Temperature/°C Temperature/°C
Y27 pi 4°C/mi 1.2 12
—Fitting min . e . : 6 O
o 107 — Experiment 0 —Fitting 5 °C/min o 10 —Fitting 6 °C/min
208l 8 "V — Experiment o — Experiment
g & 0.8 3 0.8
& 06/ E" 0.6 & 06
£ 04/ £ 04 § 04
&)
0.2} “ 02 <02
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 100 150 200 250 300
Temperature/°C Temperature/°C Temperature/°C

(b) Curing degree at different heating rates

P30S NARTRY ] 1 5 o7 o A N I J8E D045t 28 5 S B A o |

Fig. 3 Comparison of fitting curves of curing reaction rate and curing degree of the n-th order reaction model with experimental data
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Tab. 4 Kinetic parameter of the logically corrected

Sestak-Berggren model

Ttems Value Lower limit Upper limit
C 32635 3.2623 3.2647

k 1.000 7x10° —3.299 2x10* 3.499 4 x10*
m 1.499 8 1.499 5 1.500 0
n 1.000 0 0.9999 1.000 2
Qg -7.901 0 -18.3115 2.509 6
a 0.0100 0.0100 0.0100

CT

Notes: C is parameter controlling the steepness of the exponential
function in the denominator; & is curing rate constant; m, n are reaction
orders; e, is critical curing degree threshold « ;. is temperature adjust-

ment coefficient for the critical curing degree
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Fig. 5 Comparison of fitting curves of curing reaction rate and curing degree of the logically corrected Sestak-Berggren model with experimental data
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Tab.5 Kinetic parameter of improved Kamal model

Items Value Lower limit Upper limit
4, 1.49x10° 1.423 5 x10° 1.556 5x10°*
- 4, 5.788 1x10* 5.268 7x10°* 6.037 6x10*
g E, 6.554 3x10" 6.538 9x10° 6.569 7x10*
%D E, 6.393 8x10°* 6.375 4x10°* 6.412 3x10°*
S m 1.206 5 1.186 2 1.226 8
n, 1.498 4 1.1937 1.803 2
n 14543 14206 1.488 0

2

Notes: 4,, 4, are pre-exponential factors; £, E, are activation ener-

ies;m,n,, n, are reaction orders.
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Fig. 7 Comparison of fitted curves of improved Kamal model for curing reaction rate and curing degree with experimental data
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Tab. 6 Comparison of heating conditions of different curing systems

Curing systems Process parameters

Temperature at 1/4 ~ Temperature at 1/2  Temperature at 3/4

thickness/°C thickness/°C thickness/°C
I Heat up to 180 °C at 2 °C/min and hold for 2 h 232.7 239 213.4
2* Heat up to 180 °C at 0.5 °C/min and hold for 2 h 201 205.8 193.8
Heat up to 120 °C at 2 °C/mi hold for 2 h.
3 eat up to C at 2 °C/min and hold for 2 h, 203.6 207.9 199.3

then heat up to 180 °C at 2 °C/min and hold for 2 h
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Fig. 9 Simulation results of the improved Kamal model for curing

(c) System 3

P9 By Kamal BB XEAS [ [T £ il B2 [ BE A
IR AR A5

degree and curing rate under different curing systems

ey it L P S a2 0 2 A I S 1 [ 1k
JS IS 328 258 - S 0 i B 1 — B, il SR ik
5553 AT UET PR I P S 7 o 3 A ARG, TR 28 SR EDIE 1 BT
1% [0 Bl g 2 A R P RS 4, AR T R B S A



B S, S SN R TG ET 2 PR R R B [ £ 3 ) 5 R

121

BEHAE L , AMUBE A HER R IR I Z TR [ A TR
TP SEPRAE 7 T2 243 S T 3
3 ig

K H DSC ¥ X VL8 #f B 4A BR A F A & 1
I i FH A U Rl £ 24 IR A i 2 ik 512 56 R ] b
A SE 5, WAt ] ki i | R A A
TR (8] 1) A

(1)iz F n 9 W A5 % EH920/HF40C Tii i
BT FE AT B0 D122 305 THER BRI S
S 30 A A T g 22 W 2, B PR R AR S LA
JEUA b T B AL A AN

(2)iz FH A A Ak S 0 A A (F 45 28 38 B AL TE 1Y)
Sestdk-Berggren £ %Y Fl 2 #F () Kamal £ #Y) Xf
EH920/HF40C Tz ki [E 4k i B dE 47 80 1240 o
W 1E Y Sestak-Berggren 157 B fEFH P £ AY L
AR AR TR 5 S Z B AR AT W22 . 2k
HEY Kamal SR REA BT 58 28 H R X TR RHE B
A 1P S Bl A A R R AR A R R AR A
“ EH920/HF40C T [ £k 20 g A8y | [ 4k e
I3 31 712705 8N da/di=14 900exp(~65 543/RT)(1-a)
1495415788 1exp(—63 938/RT)a' ™™ (1-a)' ¥,

(3)id 1 B UE , BAE Y Kamal #5780 Ji B H 45 e
FRE B2, AN R HEAf 4 A 2 TR R [ A6 AT
TOEAC PR A 7= T 2 SH A SR 2

% % X #
[1] ZHOU H, LI X Q,SHAO C J, et al. Review on the automated fiber
placement process for the acro-engine composite fan blade and its

feasibility in element level[J]. Composites Part A: Applied Science

and Manufacturing, 2025, 193. DOI: 10.1016/j. compos-
itesa.2025.108875.

[2] MARSH G. Aero engines lose weight thanks to composites[J].
Reinforced Plastics,2012,56(6):32-35.

[31] WEIJ H,ZHANG Y F,LIU Y F, et al. Advances in resin matrix
composite fan blades for aircraft engines: A review[J]. Thin-Walled
Structures,2024,202. DOI:10.1016/j.tws.2024.112058.

[4] FARJAS J, SANCHEZ-RODRIGUEZ D, ZAIDI S, et al. Analyti-
cal prediction of the thermal overheating in curing thick layers of
fibre-reinforced thermosets[J]. Composites Part A: Applied Science
and Manufacturing, 2025, 193. DOI: 10.1016/.

itesa.2025.108815.

[5]1 FARJAS J, GONZALEZ J A, SANCHEZ-RODRIGUEZ D, et al.

compos-

Analytical criterion to prevent thermal overshoot during dynamic
curing of thick composite laminates[J]. Advances in Industrial and
2025, 10. DOI: 10.1016/.

Manufacturing  Engineering,

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

aime.2024.100156.
TIFKITSIS K I, WINISTOERFER A, SKORDOS A A. Online opti-
misation and active control of the cure process of thick composite
laminates[J]. Journal of Manufacturing Processes, 2023, 87:
221-230.
HOJJATI M, HOA S V. Curing simulation of thick thermosetting
composites[J]. Composites Manufacturing, 1994,5(3):159-169.
PROTZ R, KUNZE E, LUPLOW T, et al. Manufacture, process
simulation, modelling and testing of thick-walled thermoset fibre-
polymer composite laminates-a review[J]. Composite Structures,
2025,373. DOI:10.1016/j.compstruct.2025.119678.
TADDEI F, STRUZZIERO G, MICHAUD V. A numerical study of
a tow-by-tow curing approach for residual stress mitigation in thick
composites[J]. Composites Part A:Applied Science and Manufactur-
ing,2026,200. DOL. 10.1016/j.compositesa.2025.109283.
Mg, RIS, T4, 45 PR REA s S A AR IR S R BR Y
BN B 32 0], R LT HE S8 HT L 2024, 49(3):20-23.
FENG Min, TIAN Tiebing, WANG Jin, et al. Curing reaction
kinetics of epoxy resins for high performance aerospace compos-
ites[J]. Hi-Tech Fiber & Application,2024,49(3):20-23.
FRRIR MRS U A T T800 Zhfii 4 skl b sl oy 2
BE5E B TTT B2 ) [3]. Ak T80 B 6 &L, 2024, 52(12): 190 -
196,202.
LU Kangyi, CHEN An, ZHAO Hongbao, et al. Study on curing
kinetics and time-temperature-transition(TTT)diagram of domes-
tic T800 aerospace prepregs[J]. New Chemical Materials, 2024, 52
(12):190-196,202.
VOTO G, SEQUEIRA L, SKORDOS A A. Formulation based
predictive cure kinetics modelling of epoxy resins[J]. Polymer,
2021,236. DOL. 10.1016/j.polymer.2021.124304.
BAO C W,WANG Y N,MUSHTAQ R T,et al. Preparation, char-
acterization, and curing kinetics of elevated and cryogenic
temperature-resistant epoxy resin composites[J]. Polymer Testing,
2022,116. DOL. 10.1016/j.polymertesting.2022.107783.
SRFAL AR, BT B IR/DDS Tt e A R A 2 B [
BN 2AWFTE R PERE TR )] P PERAR , 2024, 39(4):41-46.
ZHANG Ousheng, TANG Jianhua, LUO Zikun. Curing kinetics
and properties tuning of epoxy resin/DDS high heat-resistant resin
system[J]. Thermosetting Resin,2024,39(4):41-46.
FEL , VPSR, PN B, SRR TR MR AL Y 2 5
1 A B[] 5 [ A 5 o B T4 1 (D). A4 R TR, 2021, 49(9):
142-150.
TANG Wenyuan, XU Yingjie, SUN Yongyi, et al. Simultaneous
control of curing time and curing quality of auto-clave processed
composite based on optimization of temperature profile[J].

Journal of Materials Engineering,2021,49(9):142—150.

(T4E58 149 )



