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Preparation process optimization and performance of pre-impregnated
yarn for dry winding

YU Muhuo' , WANG Hao', YU Xuduo?, QI Liangliang' , ZHANG Hui', SUN Zeyu™
(1. College of Materials Science and Engineering, Shanghai Key Laboratory of Lightweight Structural Composites,
Shanghai High Performance Fiber Composite Materials Collaborative Innovation Center, Donghua University, Shanghai
201620, China; 2. Shanghai Huayu New Materials Tech. Inc, Shanghai 201610, China)

Abstract: Dry winding is an important branch of the winding forming process. The winding process has uniform
glue content, high winding efficiency, low environmental pollution and easier industrial automation production.
The development of prepreg yarn with good processing properties is of great significance to the promotion and ap-
plication of dry winding. Through dynamic DSC and constant temperature DSC, combined with the viscosity test,
the curing characteristics of the epoxy resin system used were studied. Based on the autocatalytic model, the resin
curing reaction kinetic equation was established and verified by comparison with the measured curing degree. A
prepreg yarn preparation platform was set up, an improved hot-melt method to prepare dry winding prepreg yarn
was adopted, and the influence of different curing degrees on the surface quality of prepreg yarn during the prepara-
tion process was analyzed. On this basis, the response surface method was used to analyze the influence of different
process parameters (creel tension, winding speed, drying tunnel temperature) on the glue content of the prepreg
yarn. The results show that the autocatalytic model is basically consistent with the experimental results, and the

best curing range for dry winding prepreg yarn is 5%-10%. The factor that has the greatest influence on the glue con-
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tent is the winding rate, followed by the unwinding tension. The temperature of the drying tunnel has the least influ-

ence. Considering the influence law of various process parameters, the optimized preparation process parameters

are obtained: The temperature of the drying tunnel is 180°C, the winding speed is 8 m/min, the yarn unwinding ten-

sion is 6 N, and the resin mass fraction is 30.1wt% at this time. The tensile strength of the NOL ring can reach
2 536.1 MPa, the tensile modulus is 162.3 GPa, and the interlaminar shear strength is 57.3 MPa.

Keywords: drying winding; prepreg yarn; hot-melt process; resin content; curing reaction kinetics
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Fig.1 Schematic diagram of prepreg preparation facility
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Fig.2 Equipment for prepreg preparation: (a) Winder; (b) Five-roller

tractor; (c) Oven; (d) Dipping tank; (e) Carbon fiber creel
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Table1 Parameters for the non-isothermal curing reaction

thermogram of HY230
Heat ratin p . .
ﬁ/(“Cmm’gl) Tonset/ C TP/ C Tend/ C
5 123 162 199
10 129 185 214
15 141 189 227
20 149 197 235

Notes: T,nec—Temperature at onset point; Tp—Temperature at
peak point; T,,q—Temperature at end point.
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Fig. 4 Relationship between curing degree @ and curing time ¢ of HY230

epoxy resin system at different heating rates

MR 3 & DSC g s, i (2) ol AR
| HY230 B I 1A 2 A5 A [ T il i R R A AL R o
SIRE THXRE, R 5 FR, 5 AR E
ML, WA S AL, JfREE THE R T
] R T A2 B, HA WA A AL SRR

I Ak 3 7 5 F 58 2 A T iR (A B B i — A
HOE T B, g DSC G A) LG B B TR R i
AT A5 AL RS A5 AL, 45 HRDREAY [ 10 B2 -1 5
27 A B A [ Al AR | iR % [ A e ]
S5 DR ZR T LTI A A ] R 4 ) e Y T A
FERE . FER XS B AL sh 2 i pt s b, A 2RI 1L
g DT BT, n SR Bl ) S R A R
W1 A Sz g o e At A R, S SRR IR 2K . 1

A A A0 AR TR X AR SC Tt R 9 1R T 25 [T Ak 70 Y Al 45
T 52y HL AT A i ) FH A

A AR A 0T FR
da

E
— =Ae "’ (1 -a)"d" (3)
dr
100 /r
80 | & iv
, £oiv
& me AY
3 m g AY
g 60t . e AY
& s o LY
o} > e
© " e Ay
2 40 + 2 oo Ay
£ $5
Q [
20 + m 5°C/min
® 10°C/min
ol 15°C/min
v 20°C/min
0 50 100 150 200 250

Temperature/‘C
€5 HY230 HAR R R AR THRESR T
B e SR T HIER
Fig.5 Relationship between curing degree @ and temperature 7 of

HY230 epoxy resin system at different heating rates

Hrpy m. n BRI N R EE SR E
ARFERIRF; ENBEA R N iGieE . F5A1 A F
FAR RS [z N 3% AL BE 1T/ Kissinger 7 f2 Rk 5%, Bl

AR\ E
mZ = -m(—)— (4)
TIZ) E )/ RTp

b BN TR ER; T bW (E R E, L B/T?
(X Bn(B/ TH AR, 1)/ TefE AT R4

R HLLMRVRRIN-E/R, HEmHE 1 RN G
fiE EN 58.3 kJ/mol, #8 Hj A T Ak 1.77x10° s7*,

WME 6 BT o
Xt (3) I A2 L,
de FE
IHEJFIW =InA +mln(1 — @) +nlna (5)
Bin(da/dO)+ E/RT N AE &, In(1 —a)fllnaly
A, AKX (B)H, FIH origin i 17T 2 H 2 4:

BH3 S InA, m. n, FTFE2,
B 28 BCE B E AR AL 2 F, 53
HY230 # g B AL AL [E fb sl 12205 #, an R X,
006

d 7
j;=159x1¢km{——77)a0”a—afﬂg (6)

Xt 3 (8) HEAT 73 M 22 il AT 45 2] [ 4L S5 5 1 ] |



a3 N ]
. 5692 - El:l#‘j*’l'%*ﬁ
9.0 ® Kissinger method Zﬁﬁﬁgﬁﬁgﬁ%o Ehﬂzzlgd:ﬁﬂﬂ/‘] H E/‘J%y‘jT
93 | — Liner fit of kissinger method MRETRSHEEBRE —EFMAET (—BAET
. 30%) (R ITTCE , MU IR2% 0T LA 52
_96 -
20 K experiment
l“ —99 | 5 0.4 ¢ 15 K experiment
N 10 K experiment
£ 102 | ® 5K experiment
03 t 20 K model
105 | —— 15 K model
- — 10 K model
= e
~108 | § 0.2 5 K model
2.10 213 216 219 222 225 228 231 01 b
1000/7,
K6 HY230 FEM SRR Kissinger J7 FEIL I [ )15 0
Fig. 6 Plot for determining the activation energy of the curing reaction
by Kissinger equation of HY230 epoxy resin system 40 -20 0 20 40 60 80 100
y e p — = Curing degree o/%
IR =4 CRE, W7 iR, WA, 75 - gémwﬁmwz
5 \ N N 5 . 8 AFITHREF T HY230 AFM AR >
%YJ}%‘IE—F, lﬁlﬂﬁggﬁﬁﬂ‘lﬁjﬁ{(ﬁﬁiﬂﬂ, ﬂgt&% , RETEILL A 2 5 90 (B % HE

RO R, 7EE R 180°C R, W EYE 13 min
B AR [E A5 4,

F2 HY230 REMEFRESELEEITSH

Table 2 Multiple linear regression parameters of HY230

epoxy resin system
Heat
rating/(‘C-min™") mn n InA
5 1.03 0.09 14.01
10 0.95 0.05 14.14
15 0.74 0.10 14.40
20 0.84 0.06 14.48

Curing degree
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Fig.7 Three-dimensional relationship diagram of curing degree-

temperature-time of HY230 epoxy resin system
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Fig. 10 Viscosity-temperature curve of HY230 epoxy resin system
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Table 3 HY230 epoxy resin pot life

Temperature/C Gel time/h Shelflife/d
-18 8383.9 174.6
0 1257.8 26.2
25 131.9 2.7
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Table4 Preparation experiment plan of prepregs with
different curing degrees

Curing degree/% Pulling speed/(m-min™") Temperature/C

0 2 0
5 0.5 130
10 2 170
15 0.5 150
20 1 170
25 0.5 160

*5 AEEBEWETIZYREBER
Table 5 Surface quality of prepregs with different
curing degrees

Curing degree/% Wetness index Glutinosity

0 Serious Low

5 Slightly moist Slightly adhesive
10 Moderate Moderate
15 Slightly dry Relatively adhesive
20 Relatively drier ~ Seriously adhesive
25 Tow curing Not sticky

HUAH] 28 AN [R] 1 1k B s 20 sk Pl L T S B I 4R
Ui B RE R A B =R S 51T 30~80°C FHIR
WA, 5N 12 ik, A EL, B E L
FERE N, WU 20 e == T 09 6 R AE R
M 2.25 Pas JF = 10.10 Pas, H 5% 5 H R4
PTG LR R o H R PRAE T 5 I N
TR T & A R Bk E AL, RIS H e R s
A AR 2 2 S A, RN R, R A R
PV LD, TRl R R

10 L e—10.10Pas

” Curing degree
% 6.53Pas = 5%
8t 10%
4.58 Pa.s A 15%
2 20%
& 6
>
<]
2 4t
>
2 L
0 L

30 40 50 60 70 80
Temperature/'C
P12 ASIR] LR R AR N o - T B o £
Fig. 12 Viscosity-temperature curves of resin system with different

curing degree resin system

2.3 WO TE % T700/HY230 B4 SREBIEZSH
R4

R0 TR 20 3R BT i A, BRI 2
SR Je 2T R S8 T 200 5 MR M BB 1Y 2
WER., KWL, 7822 W LR b, /N 1TEZ
B, gk 6 Bran, SR FH M L I 43 T vk A 5T T
RO FEAE T A8 kI ok
R OMEIE LR ) X TI0R 2D e S
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Table 6 Process parameters of prepreg yarn preparation

Parameter Pay(?ff Pulhn.g §];)eed/ }"emperature/
tension/N (m-min™) C
Range 4-12 2-8 140-180

# 4% Box-Behnken I 3 % 11 it 2PV, 25 42 ik
bk Ty, MLEIREE . WEEE S HRZ R E
VERT, DL et D o AR, R 45 52 0 [N 38 A AR
T A e R O S -1, 0, 1, it =W
RIS L3R 7,

F£7 TE2HE ITZE Box-Behnken L% it EESKF

Table 7 Levels of factors by Box-Behnken design of
prepreg yarn preparation

Level
Code Factor
-1 0 1
A Payoff tension/N 4 8 12
B Pulling speed/(m-min™") 2 5 8
C Temperature/C 140 160 180

Notes: -1—Code of minimum value of process parameter range;
0—Code of middle value of process parameter range; 1—Code of
maximum value of process parameter range.

Box-Behnken 3£ 55 45 2 UL 3¢ 8, K H Design
expert FAF X 45 1050 P R A7 50HE o b, A5 1R
975 7k
w=31.21-1.14A +2.28B-0.79C — 0.03AB—

0.42AC - 0.34BC +0.22A% - 0.68B> - 0.90C>  (8)

XF bR AR HE AT 7 25 508, SRR 9.
o P<0.0001 37N 22 F 1 5 3 P<0.05 RoR 22 7
3; P>0.05 R AE, HR9 v, BRI (P=
0.0005<0.01), L7 26 LA B 3 (P=0.4118>0.05),
FoR R RGBT, HASIT¥E L. W
PRI, R Je dk 5% el e K TR 28 Oy Wi 45 %
(B), HU ALk T1 (A), HLEEREE (C) M/,
3t M T 5 AT M e B A [ A R R 3 1
PERZAN T, W T b o o 0 B e TR
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* 8 TiRLH % ITE Box-Behnken LIGEER
Table 8 Results of Box-Behnken experiment for prepreg
yarn preparation

Number Pay(?ff 5:3;3? Tem}zera— Resin
tension/N .y ture/TC content/%
(m:min™)
1 0 0 0 30.62
2 1 0 1 27.77
3 0 0 0 32.08
4 -1 0 1 30.97
5 -1 0 -1 32.46
6 1 1 0 31.71
7 0 0 0 31.58
8 1 0 -1 30.92
9 1 -1 0 27.58
10 0 -1 1 27.10
11 0 0 0 30.75
12 0 1 -1 32.85
13 0 -1 -1 27.26
14 0 0 0 31.00
15 0 1 1 31.33
16 -1 1 0 33.98
17 -1 -1 0 29.73

&R 9 T700/HY230 SR EEE FESH

Table9 Variance analysis of regression equation of
T700/HY230 prepreg yarn

c 3.38
Residual 2.86
Lack of fit 1.37
Pure error 1.50
Cor total 66.56 16

3.38 8.25 0.0239 *
0.41 - -

0.46 1.22 0.4118
0.37

Sum of Mean F- P- Signifi-
Source D,
squares square value value cance
Model 63.70 9 7.08 17.29  0.0005 **
A 10.49 1 1049 25.63 0.0015 **
B 41.41 1 41.41 101.17 <0.0001 ***
C 4.99 1 4.99 12.20 0.0101 *
AB 0.0036 1 0.0036 0.0087 0.9279
AC 0.69 1 0.69 1.68 0.2356
BC 0.46 1 0.46 1.13 0.3231
A? 0.20 1 0.20 0.50 0.5041
B 1.92 1 1.92 4.69 0.0669
1
7
3
4

Notes: D—Degree freedom; F-value—Ratio of the mean square to
the residual term; P-value—Influence degree value of each factor;
***__Gignificant in [-e, 0.0001]; **—Significant in [0.0001, 0.01];
*—Significant in [0.01, 0.05].

M 7 TR 15 34 F00 000 1 15 5 3 {0 Fe an 81 13 s
AT DU H S 06 245 S 15 0 45 S 2 B A i — B0
FUNZMNE BRI A R S . AR SLIERE b, AT
Wi 17 18T 40 A7 1T DA RS BEAS B i b &5 5, LIS 32
Wil A2 Sy XL YRk AR AR, e B B D Z
Aep, il = dEma T R, g 14 B, 1K 14(a)
7 T IS SR A D ok 6 R 2 R Y R
M, AFLLAE H, imiBEY , BE A BSOS BORE L

Th, R P, e b T AR ] R
WA 2 AL 25 ) 384 A B R R R R R AR, A
ORISR ST R i A €4 A R DR D) DU RE
AR AN, X i TR ik ) E R R
P YEAE IR R N R TSR, U 2T 4 5 RS 7540
B, T HY230 B 7R AR T R R, RAR
R B, WA R & 14(b) R T4
I8 LR 5 TR b Kk R PR 20 B B, RN
HHAR—EREOT, W, bk BeR,
R A IR TR L TE P R T R A Sl
PR, BRI, A HE W IR ST R &
Bro fESK S —E MO, A [EMEE R X 5 =
B AHZE AR, &I AE+2% P, K 14(c) &
BT R Zb 5K ) O 6 NIRF, i A A 5 G T
X 5 R B o T LA A AR R Y
R, AT 14(a), BERTZ, BN
IR € PN A SSTERITYE D0 g icd {:0h A
LR

Predicted value
34 ¢ ®  Actual value
32
Q
=
g
—= 30
=
Q
<
28 +
26 +

26 28 30 32 34
Predicted value
[E 13 T700/HY230 Fi¥2b & it SE 90 E- 5 TR Lk
Fig. 13 Comparison of the experimental and predicted values of resin

content in T700/HY230 prepreg yarn

DLW R B L O R R AR DL AR A T
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ARG T, MR R E R B R 2 A A
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R 15 FroR . bk I e fE 8N, I MR
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Fig. 14 Three-dimensional response surface of resin content in

T700/HY230 prepreg yarn
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2.4 T700/H230 T2 b F £ 4 55 NOL I8 1 2 14 &g
X T4 T 1 28 5 120 il 4% 1 T700/HY230 &
4 Mk NOL ¥f JZ ] 57 U] 4 B K 7 i 4 fig 4n 5= 10
FiiR . 2 3]0 k] 57.3 MPa, W T30k [22]
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Fig. 15 Quantitative evaluation of T700/HY230 prepreg yarn prepared

with different process parameters

e T e e e e T EA T R

516 K 2 000 m ¥ [ il T700/H230 fiiiz 2>

Fig. 16 Actual picture of the T700/HY230 prepreg yarn
with alength of 2 000 m

o T700/HY230 {2 1 28 28 T. 2. il % () NOL 34 J2 (1]
59 U] 58 & 56.7 MPa, i fii 3 J& i5 ) 2 536.1 MPa,
& T 3C#k B T700/HY230 1A £ 9 NOL 7 i 5 JiF
2393.1 MPa, X} T NOL MRfifHamE, mT Tk
ginth R BA — & WAL, T ikg
ZER NG & Ol 30.0wt%, Wk g S A IS & & 7E
40.0wt%~45.0wt% 2 £7, T ¥k 2 48 NOL 3 Ak
FBREH AR T 2 By, (PR B R

%10 T700/H230 FiiSL) NOL IR AN R
Table 10 Interlaminar shear strength and tensile strength of
T700/HY230 prepreg yarn NOL rings

Resin Ring shear Tensile Tensile
Parameter content/ strength/  strength/  modulus/
wt% GPa MPa GPa
Average 54 ) 57.3 2536.1 162.3
value
Standard -, 4 43 76.6 411
deviation
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