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Optimization of integrated mechanical properties of PEEK/CGF composites based on FDM
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(1. China Academy of Machinery Science & Technology Qingdao Branch Co., Ltd.,Qingdao 266300, China;
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Abstract : In order to improve the mechanical properties of continuous glass fiber reinforced polyether ether ketone (PEEK/
CGF) composite fused deposition modeling (FDM) products, through the one-way test, Plackett-Burman Design test and Box-
Behnken Design test, the effects of the insulation chamber temperature , the commonly used printing paths (5 kinds), the layer thick-
ness and the channel spacing on the comprehensive mechanical properties of PEEK/CGF composite were investigated for seeking
the optimal combination of process parameters and conducting experimental verification. The results show that, the order of the
influence degree of the process parameters on mechanical properties is printing path>channel spacing>insulation chamber tempera-
ture>layer thickness. There are interactions between the process parameters, an appropriate combination of the process parameters
can lead to a significant increase in mechanical properties, with flexural strength being more significantly affected by the interaction
of the process parameters than tensile strength. When the insulation chamber temperature is 82 °C, the layer thickness is 1.0 mm, the
print path is 0°/0°/0°/0°, and the channel spacing is 0.7 mm, the tensile strength can get the maximum value of 383.75 MPa. When
the insulation chamber temperature is 73 °C, the layer thickness is 0.75 mm, the print path is 0°/0°/0°/0°, and the channel spacing is
1.0 mm, the bending strength can get the maximum value of 510.13 MPa.
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Tab.1 One-way test and results

Tensile  Bending
RUN 4/°C B/(°) C/mm D/mm strength/  strength/
MPa MPa
1 50 0/0/0/0 1.0 1.0 253.50 351.56
2 60 0/0/0/0 1.0 1.0 266.18 369.14
3 70 0/0/0/0 1.0 1.0 283.92 393.75
4 80 0/0/0/0 1.0 1.0 304.20 421.88
5 90 0/0/0/0 1.0 1.0 316.88 439.45
6 50 0/0/0/0 1.0 1.0 253.50 351.56
7 50 30/0/0/30 1.0 1.0 175.80 219.38
8 50 45/0/0/45 1.0 1.0 156.35 130.63
9 50 60/0/0/60 1.0 1.0 145.78 75.58
10 50  45/-45/-45/45 1.0 1.0 35.18 84.86
11 50 0/0/0/0 0.25 1.0 251.25 378.94
12 50 0/0/0/0 0.50 1.0 251.50 404.63
13 50 0/0/0/0 0.75 1.0 244.80 405.94
14 50 0/0/0/0 1.0 1.0 253.50 351.56
15 50 0/0/0/0 1.25 1.0 244.60 152.04
16 50 0/0/0/0 1.0 0.5 23427 406.88
17 50 0/0/0/0 1.0 1.0 253.50 351.56
18 50 0/0/0/0 1.0 1.5 217.83 307.88
19 50 0/0/0/0 1.0 2.0 182.38 257.63
20 50 0/0/0/0 1.0 2.5 160.60 225.56

Note: A4 is insulation chamber temperature; B is printing path; C is

layer thickness; D is channel spacing. The following table is the same as.
VER, ik — 2111 PB AT R G, AR 4R — /3 DUy
TEASANRZE DL A B 2% B ARERE 52
2.2 PBHBHXEE

PB A1 PRl A6 2 A0 4 B PR 3R i e P (A 1) 45 52 il
N2 1 = A ks e, i i izl e e i
HETT 22 ) AR A TS S B0 B AR R 52 i R
A BFEE

R T ESBU e L PB I
%E‘bk%ﬁﬁﬁ%Ll%ﬁ%W%ﬂiﬂwﬁﬂxﬂ’am
Bl K —28 , DUOR T 2500 H bt RE A0 22 i i
B, Hﬁfﬁﬁﬂhﬁ?ﬂﬁ/ﬁﬁi D) 7 3 B {1 953
R XTI T2 SH0KF o HAR 2 KCF 1 2
leT -Til%%ﬁ% 1~5 PRI AR B XA T 2
PEBE 119 52 M) KL A Ry BH A, 52 300 o Aol 3 25 il

x%1%¥m%ﬁgﬂ/‘]£ﬂ’ﬁﬁﬁﬂﬂ/ﬂ£%, T

%mﬁﬁ%@ﬁ@ﬁc/ﬁ?ﬁﬁ h50~90 °C, % & %] PB #r [Hl
TR0 HUIEL 178 DR ] B 5 PR W I S (220K, Ry e
B =35, BCPE SRR /N R RO B DR IR R IR R A
TE 70~90 °C; [FJHIMALF T B[ FRAR L 0°~4 5478 )2 s X T
JEJEE A PR Z R0 P 5 A i R P
T, AR i 55 a5 BEF S /N RO Y S )
il B X R J2 R R 7K 7 R 0.5~1.25 mm, 25 i 58

X N 2 R KA 7 4 0.5~1.0 mm; 18 [R] B ) R &
7J<ﬂ?6ﬁamﬂiﬁﬁﬁs X F R A5 AR 5 45 4 B
“ONFRECR” B JEN] K- HUE 0.5~1.5 mm), X T2
i 3, v T T B RSP 18 A e D) ) (R TR A I 8 R 4T
B4R EI’J@%EJED"J 0, BUE 0.5~1.5 mm. PBHTIH

R R AR I3 2 Fe3 R4,
*2 PBHTEKIEWNE
Tab. 2 PB analysis test inputs
Items Levels A/°C B/(°) C/mm D/mm
Tensile -1 70 0/0/0/0 0.5 0.5
Strength 1 90 45/0/0/45 1.25 1.5
Bending -1 70 0/0/0/0 0.5 0.5
Strength 1 90 45/0/0/45 1 1.5

Note: "1" represents a high level,"—1" represents a low level.
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Tab.3 PB-Tensile test schemes and results

Tensile strength/

RUN  4/°C BI(°) C/mm D/mm MPa
1 70 45/0/0/45 1.25 0.5 198.49
2 70 45/0/0/45 0.5 1.5 148.62
3 90 0/0/0/0 1.25 1.5 265.75
4 70 45/0/0/45 1.25 1.5 149.81
5 90 45/0/0/45 0.5 0.5 231.00
6 90 0/0/0/0 0.5 0.5 363.13
7 90 0/0/0/0 1.25 1.5 265.75
8 70 0/0/0/0 0.5 0.5 325.36
9 70 0/0/0/0 1.25 0.5 313.15
10 90 45/0/0/45 0.5 1.5 165.88
11 90 45/0/0/45 1.25 0.5 221.53
12 70 0/0/0/0 0.5 1.5 245.71
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Tab.4 PB-Bending test schemes and results

RUN  AF°C BI®) Cimm  Djmm Dending strength/
MPa
1 70 45/0/0/45 1 05 217.35
270 45/0/0/45 1 1.5 210.42
3 70 0/0/0/0 0.5 0.5 459.90
470 0/0/0/0 0.5 1.5 292.74
S 90 45/0/045 05 15 179.58
6 90 45/0/0/45 1 0.5 242.58
7 9 0/0/0/0 1 15 384.61
g8 90 0/0/0/0 ! 15 384.61
9 70 45/0/0/45 0.5 15 160.90
0 9 0/0/0/0 0.5 0.5 48328
o7 0/0/0/0 1 0.5 436.38
1290 45/0/045 05 0.5 163.69
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Fig. 1 Tensile strength-Pareto chart
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Fig.2 Bending strength-Pareto chart
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Tab.5 Factors and levels of Box-Behnken Design test

Factors
Levels
A/°C B/(°) D/mm
1 70 0/0/0/0 0.5
2 80 30/0/0/30 1.0
3 90 45/0/0/45 1.5

Note: Tensile and bending strength are common.
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Tab. 6 Box-Behnken Design test schemes and results

Tensile Bending
RUN A/°C B/(°) D/mm strength/ strength/

MPa MPa

1 70 45/0/0/45 1.0 176.62 273.21
2 70 30/0/0/30 1.5 0.59 247.80
3 80 0/0/0/0 0.5 347.40 359.33
4 80 30/0/0/30 1.0 215.62 381.60
5 90 45/0/0/45 1.0 197.13 304.92
6 90 30/0/0/30 1.5 0.66 276.56
7 80 30/0/0/30 1.0 215.62 381.60
8 80 30/0/0/30 1.0 215.62 381.60
9 80 0/0/0/0 1.5 261.40 447.66
10 90 30/0/0/30 0.5 216.81 466.17
11 80 45/0/0/45 1.5 160.44 227.70
12 70 0/0/0/0 1.0 284.76 485.86
13 80 30/0/0/30 1.0 215.62 381.60
14 80 45/0/0/45 0.5 220.66 341.33
15 80 30/0/0/30 1.0 215.62 381.60
16 70 30/0/0/30 0.5 194.26 417.69
17 90 0/0/0/0 1.0 317.81 508.36

W% 6 1R E s o | 2 Sk IR A 440 °C |
BHLSE 5 R R 160 °C™™ FTENHE 4 2 mm/s )2
1.0 mm PRI AR B 80 °C AT EP 4224 0°/0°/
0°/0° E B8] # A 0.5 mm A, $i7 458 B ik B ek, Ry
347.40 MPa.

SR K 440 °C AT S RE R 160 °C
FTENEJE N 2 mm/s JZIE K 0.75 mm PRIGASTRE A
90 °C . FTEBE&AE A 0°/0°/0°/0° i [H]#H 4 1.0 mm, 25
i B2 A 3 R, 2 508.36 MPa.
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R, =0.845 1, RIIZAAL 5150 45 R A& BEAL
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Tab.7 BBD ANOVA of tensile strength

Sum of Mean Statistical
Source df F-value p-value . .

squares square significance
Model ~ 1.211x10° 9 13460.64 10.70 0.0025 significant

A 725.25 172525 0.5765 04725
B 26 051.71 1 26051.71 20.71 0.002 6
D 38647.62 1 38647.62 30.72 0.0009
AB 39.39 1 3939 0.0313 0.8646
AD 126.33 1 12633 0.1004 0.760 6
BD 166.26 1 16626 0.1322 0.726 9
A? 14146.02 1 14146.02 11.25 0.0122
B? 31451.14 1 31451.14 25.00 0.0016

D? 1253851 1 1253851 9.97 0.0160
Residual 880543 7 125792
Lack of fit 880543 3 2935.14 1.21
Cor total  1.300x10° 16

% 8 NS HhsR Y BBD iR 22000, H1# 8
AR, R ST S AR A R B S e PN 2R
TR Im] U R A B 2 (p<0.05), K LR B E (o>
0.05), FBH A A Ak a5 i J32 52 i R 28 10 B A 7
S B s B P R R=0.935 9, I IE IR AE
R, =0.825 0, FIIZAB AL 500 25 SR 14U & 5
U %R AT )T PEEK/CGF &4 b4 125 i o 28
N T 2B H00 AT 543 Hr 5 F

25 FRTiR, th BBD {56 15 71U & ) PEEK/CGF
52 E MR A i 1 T2 S H00 H bR BE A K ml

0.224 1 not-significant
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Tab.8 BBD ANOVA of bending strength

Sum of daf Mean Statistical

Source F-value p-value . .
squares square significance
Model ~ 2.084x10° 9 23153.23 3.96 0.0415 significant
A 402523 1 402523 0.6889 0.4339
B 1.396x10° 1 1.396x10° 23.90 0.001 8
D 930755 1 9307.55 1.59 0.2473
AB 37598 1 37598 0.0644 0.8070
AD 97.21 1 97.21 0.016 6 0.9010
BD 2462938 1 2462938 422 0.0792
A? 435087 1 4350.87 0.7447 04168
B? 1141621 1 1141621 195 0.2049
D? 1602349 1 1602349 274 0.1417
Residual 40 898.58 7 5842.65
Lack of fit 40898.58 3 13632.86 0.05 0.613 4 not-significant
Cor total  2.493x10° 16
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H A8 i, i 1 Design-Expert #4711 BBD 15615 11
oIyt NI A 1393 Al 11 i3 0 p A e/ I U=
BERIIE 15 P A, FRES & SCHR[12] R 98 1 e
WS SI Y R 5 e B AR, T AR e T8
SR AN  UESIR T N 440 °C SR SR EE A
160 °C FTENFE K 2 mm/s JZIE N 1.0 mm 7R AR
TR 4 81.52 °C (FTER 4% A 0°/0°/0°/0° | 38 [] i Ay
0.7 mm I, 455 A T 0 fe i B Ry 379.52
MPa; 4 15 3k 5 5 ok 440 °C . B 08 E R
160 °C FTEREE /2 mm/s JZE ] 0.75 mm AR TEAE
JELEE A 73 °C FTER AR A 0°/0°/0°/0° T [A]#E A 0.98
mm i, BRI L 9 e RS 3Rk 517.48 MPa,

BB TR R AR LR T S
BANR X R, B A 440 °C B
HIRE R 160 °C FTEFH N 2 mm/s, JZJE M 1.0
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i (6] B5 o 0.7 mm; XF F 25 il R 1, Sk IR E N
440 °C A A6 0 160 °C AT EL# Sk 2 mm/
sJJZJER 0.75 mm AR IR EE R 73 °C TN AR
R 0°/0°/0°/0° EA]#E R 1.0 mm.
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