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Energy-equivalent piecewise strength prediction for recycled carbon fiber composites
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Abstract : To address the insufficient mechanistic characterization of high-temperature strength degradation in recycled carbon
fiber reinforced polymer (CFRP), the difficulty of empirical functions in jointly capturing the plateau-turning-drop pattern, and
limited cross-system generalization, a piecewise exponential predictive model governed by the force-heat equivalence energy
density was developed. The temperature range was divided into low, mid, and high segments based on matrix glass transition and
pyrolysis. Mechanistic corrections were integrated using the Halpin-Tsai relation, a temperature-dependent interface enhancement
efficiency coefticient, and an effective fiber volume fraction to represent matrix softening, interface degradation, and fiber nonunifor-
mity. Model parameters were determined through least squares fitting with a single in-house dataset, followed by validation against
independent datasets and comparison with a widely used S-shaped empirical function utilizing root-mean-square error (RMSE) and
coefficient of determination (R?) for assessment. Two published datasets serve exclusively as independent test were set to evaluate
extrapolation capability. For a CFRP ring strap, RMSE decreases from 196.31 MPa to 125.84 MPa, while R? improves from 0.882 to
0.952. For a unidirectional laminate, RMSE decreases from 305.12 MPa to 105.20 MPa, with enhancing R* from 0.737 to 0.969.

These findings demonstrate a more accurate representation of nonlinear degradation within the mid-to-high temperature range (200—
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600 °C) and consistent performance on external data. The model achieves a balance between physical interpretability and predictive

accuracy , maintains stable predictions across various CFRP systems and temperature ranges, and delineates applicability limits along

with principal sources of uncertainty. Simultaneously, the applicable boundaries and primary sources of uncertainty were distinctly

defined, offering quantifiable parameters and performance intervals for subsequent applications to various matrix/fiber systems and

more intricate thermal processes.

Keywords : carbon fiber reinforced polymer ;

model ; force-heat equivalence energy density ; Halpin-Tsai model
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Tab. 1 Data of tensile strength of IMS60 E13 24K 830tex/XB 3515/

Aradur 5021 varying with temperature

Tensile strength/MPa
Temperature/°C

Groupl Group2 Group3
24 1 894.61 1 803.63 1934.70
100 1932.46 2017.30 1706.77
140 1 625.08 1428.75 1837.35
280 903.16 952.96 1020.58
320 895.80 797.21 922.96
400 790.28 828.89 703.78
500 454.52 368.94 315.66
600 448.07 516.80 410.88
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Tab. 2 Tensile strength coefficient proposed by Bisby

. Coefficients
Material
a b c
CFRP 0.10 0.005 83 339.54

Notes:a,b,c is empirical coefficient
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Tab.3 Integrated exponential model parameters (Ring strap)

Coefficients
Temperature range/°C

B k
<140 0.02 6.00
140~320 0.05
=320 0.10

Notes: 3 is thermal degradation coefficient, % is enhancement index.

L ARNE 1 R . HA 2L R4 N Bisby L 40
Tl 2, W €0 kR R0 il 18 00 sl A T T £
PRI g SR TN 5 LA

—e- Conventional model
2000+ %, -&- Integrated exponential model
| S = Data
< .
& LN
= 1500+ NN
= N N
< Ly
o AN
£ 1000+ S
o R AN
= o
2 s
5} S e~
= 5001 S ¢
T ~e
0 200 400 600
Temperature/°C

P ARG S S 4R B e 2 — 25 LG R b
Fig. 1  Fitting comparison of conventional model and integrated expo-

nential model on dataset 1

F L 1 AT AL TR 76 457 B B AR s A s i
BERBE T IR B B AR e SR, Fl A 45 Bl
SRR TE g TRLIX ] (200~600 °C) % 52 56 K4 4 4
B T NNG A, R A TR i 28 O R s R T
TR AR R AR LR TEAS | JR RS 04 v oy A b 5
o MHZ T ARG mR BRI T —
FR) 2R Gk i 22 , LTI 580 5 W 48 v T S A, B
i R R EE R B AT AR . X R A
UG FF T Ak, A RE T 507 18 AL T 5507 U 55 R AR EIGR
TR RIVE

it — A AR A T RE , 1A PR R )
P iR 22 (RMSE) 5 e REU(R RS, 45K,
1L H BRI Y RMSE 4 196.31 MPa, R24 0.882, Tl
Al A TREUREIA) RMSE (5 141K 55 125.84 MPa, R232
I 0952, 3X— X L TR I M 2 B, S4B 7 S
Py FEMLE S B AR P A SERN b IR T TR R



156 AR

2025 4F, 45 53 45,45 12 10

Xof SRR 1 HU RS B i R e

h T 2L B UEAS AL Y AR f PR Rz AR e T
BT HE— AR A SR B RS R S EUR A
AS AN 2R 1R SR A RS — B AN
20 7 00 A A B AR AR B TN R o RIS,
FHIE) 77 BB 55 Bisby #5151 7E 3 9 4 55088 T 10
PUMAEAE Rt b P 2 SR T AR X 55 — 20 fn
55 — 21 I 1) TN il 2% 15 S BRAE X AR L
Hrp [ 2a FTPE 2b 43 50 I 2R A RN ER = A B .
W 2a Fir 7, W58 4 S8, 78 v s T IXC )
(200~600 °C) A 5 Fidi s B R0 3 B 1R fb #a 34 Y
LA B TEELRRL, BRI E , L gsim
T2 DX [0 118 S0 25, A BB AR 300 52 0 5 A v i
G RRAE , PR KR 2 g B8 in b
RMSE 4 244.14 MPa,R>} 0.810, AL T, Bl
B T2 8 T AR f 2 B A4 ik | geRS B R I%
A SEPRIR AR £, TS BE k2 4T, RMSE F%
K2 192.70 MPa, R4 T} 2 0.88 1, X i HH il A B U 7
b3 PR 1Y) B 2R ARA T R A R AT g

-e Conventional model

2000L% = -+ Integrated exponential model
o t e = Data
% \0\‘: ~
= 1500 .
) N
§ 1 000 \
; I T3-e O =
2 o
*0
& 500 S e
LA
e
0 200 400 600
Temperature/°C
(a) Dataset 2
. -o- Conventional model
2000 F g~ -+ Integrated exponential model
s | % ~e.m s Data
E AN ; N
s 1500 - .
%‘3 N
o N o
% 1000 - Somo
o *-8
§7) NS
= RS
£ 500 ST e
o [ ]
L] ~~
0 200 400 600
Temperature/°C
(b) Dataset 3

K2 LGt i e e RS — = XL
Fig. 2 Fitting comparison of conventional model and integrated expo-

nential model on dataset 2 and 3

TE 56 = 2085 (18] 2b), 44 B} B 7E 24 100 °C
F1300 °CR I b I3 T i i AR fL R B 3/ 0N, S B
AERT PR B SR R, 22 IR LR 2 Ry BLRU () “SP- 5 7

FHIE o ARG iy T 15 1 S0 S T i e =X, Xt
X AT 5 A 20 AN 08 Ty, 53— Y I 22
(RMSE 4 157.07 MPa, R*iA 0.932). Il il & 45 £
SRS RS Ao A A B A A X AR e M B AT T
TEEA B ARSI i 2 5 S I B R Bk,
RMSE [41% 2 144.48 MPa, RA4E 1 2 0.942, L HAE
300~500 °C X [i] , fili A 15 A 0t e T % oA 7l [
I fRT AR LR B v LB R S A TRl A R
L T A T ] S

g5 b Rl G T B AR TR 2240 N7 S 5 s
A5 134 R AR G T A e 2 B A AR 1) FUIRS B RN
FPERE - B AU REEHERR LG i B AR L ok
FEIR AR R AE AR IR B PR T 5L Ge A A 2
PRI, SXUEH] 7K - R G 308 5 oW SR AL
Tl AE RS A 5 AR A
2.2 CFRP 1) B (SYT55S-12K)

TR Sy BB () Rl £ Ak B ) R AR, AR RS
MUK JRA 5 RS 15 il 4 40 35k 19 7 A 1 o
Zhang S5 5 AR IR FAE T E PR ae iR Ak,
HW7E T8 KR E il T o0 i it 5% 214k 4
BRI . PR AR B e AR A e R 4.

T4 SYTSSS-12K BHEHEOHL 38 B bR B T L 40HE
Tab.4 Data of tensile strength of SYT55S-12K varying with

temperature
Tensile strength/MPa
Temperature/°C
Group 1 Group 2 Group 3 Group 4
22 2385596 2280.480 2268.118 2246.586
200 1552713 1461.829 1657283 1598.628
300 1442481 1087.198 1401.766 1256.426
400 1191.488 1052.650 1138.193 1352.295
500 1 042.207 765.653 834.294 896.661
600 409.165 317.591 378.910 386.550
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Tab.5 Integrated exponential model parameters

(Unidirectional laminate)

Coefficients

Temperature range/°C

B k
<200 0.055 2.165
200~500 0.296
=500 1.018

Notes: B is thermal degradation coefficient; 4 is enhancement index.
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