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Fig. 1 FDM printing of PEEK samples: (a) schematic of FDM printed PEEK sample; (b) design
dimensions of PEEK sample; (c) printing direction and quantity; (d) FDM printed PEEK sample

Tab.1 Orthogonal factor level design of FDM process parameters

Factor
Level Nozzle temperature Printing speed Platform temperature  Layer thickness
/°C(A) /(mm-s")(B) /°C(C) /mm(D)
1 390 125 0.1
2 400 130 0.15
3 410 135 0.2
4 420 140 0.25




Tab. 2 Orthogonal experimental design of FDM process parameters

Sample A B C D
1 390 20 125 0.1
2 390 30 130 0.15
3 390 40 135 0.2
4 390 50 140 0.25
5 400 20 130 0.25
6 400 30 125 0.2
7 400 40 140 0.15
8 400 50 135 0.1
9 410 20 135 0.15
10 410 30 125 0.1
11 410 40 140 0.25
12 410 50 130 0.2
13 420 20 140 0.2
14 420 30 135 0.25
15 420 40 130 0.1
16 420 50 125 0.15
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Fig. 2 Surface roughness characterization of the typical PEEK sample: (a) selected sampling region; (b) micrograph of the
sampling region; (c) surface roughness characterization result
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Fig. 3 Vacuum outgassing test principle, equipment and loading process: (a) working principle diagram; (b)
vacuum outgassing equipment; (c) sample loading process



Tab. 3 Mechanical properties of PEEK specimens

Sample Tensile strength/MPa Elastic modulus/GPa Elongation at break/% Roughness/um
1 74.68+0.41 2.62+0.10 10.03+2.49 9.31+0.38
2 73.14+1.32 1.59+0.22 8.21£1.02 8.02+0.74
3 75.26+0.55 2.27+0.77 8.62+£2.27 9.34+1.25
4 75.90+0.49 1.67+0.42 9.40+0.14 10.73+0.54
5 76.53+0.86 1.98+0.60 9.78+1.57 7.92+0.75
6 74.35+0.26 2.31+0.61 9.90+2.92 7.77+0.68
7 80.89+1.20 2.98+0.44 11.5443.55 9.85+0.43
8 75.41+0.58 2.06+0.33 12.20+1.13 11.43+0.51
9 80.37+0.52 2.7340.40 11.9742.50 6.64+0.71
10 77.40+0.66 2.66+0.17 23.44+15.20 8.27+0.48
11 76.75+1.08 1.90+0.58 11.1942.56 9.19+0.73
12 78.48+1.03 2.36+0.44 12.91+4.66 9.56+1.40
13 86.28+0.79 2.14+0.04 11.36+1.05 12.17+1.42
14 81.61+0.15 2.21+0.38 11.47+1.12 12.41+0.69
15 83.25+0.52 2.19+0.48 20.11+8.91 14.84+1.59
16 76.09+0.55 1.97+0.55 10.39+1.13 7.25+0.37
Tab. 4 Test for between-subjects effects of tensile strength
Dependent variable: Tensile strength/MPa
Source Type I sum of squares df Mean square F Sig.
A 320.583 3 106.861 45.843 .000
B 59.094 3 19.698 8.450 .000
C 113.415 3 37.805 16.218 .000
D 43.444 3 14.481 6.212 .002
Error 81.586 35 2.331
Total 618.122 48
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Tab. 5 Test for between-subjects effects of elongation at break

Dependent variable: Elongation at break /%

Source Type 1II sum of squares df Mean square F Sig.
A 525.743 3 175.248 2.245 .100
B 248.214 3 82.738 1.060 378
C 251.265 3 83.755 1.073 373
D 756.126 3 252.042 3.229 .034
Error 2731.557 35 78.044
Total 12917.770 48

Tab. 6 Test for between-subjects effects of roughness

Dependent variable: Roughness /um

Source Type III sum of squares df Mean square F Sig.
A 70.131 3 23.377 22.790 .000
B 7.584 3 2.528 2.464 .079
C 51.238 3 17.079 16.650 .000
D 85.248 3 28.416 27.702 .000
Error 35.902 35 1.026
Total 4727.518 48
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Tab. 7 Significance ranking of process parameters
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Tab. 8 Range analysis of tensile strength

Range A B C D
Tlj 298.98 317.86 302.52 310.74
T2j 307.18 306.5 311.4 310.49
T3j 313 316.15 312.65 314.37
T4j 327.23 305.88 319.82 310.79
R 28.25 11.98 17.3 3.88
Order of significance ACBD
Optimum level A4 Bl C4 D3
Optimal combination A4B1C4D3

Tab. 9 PEEK test results of optimized process parameters

Optimized process Tensile strength Elastic modulus Elongation at Roughness
parameters /MPa break /% /um
A4B1C4D3 86.28+0.79 2.14+0.04 11.36+1.05 12.17+1.42




Tab. 10 Vacuum outgassing test results for FDM printed PEEK

PEEK-FDM TML/% CVCMI% RML/% WVRI%
Sample-1 0.71 0.03 0.63 0.08
Sample-2 0.73 0.02 0.66 0.08
Sample-3 0.75 0.05 0.67 0.08
Sample-4 0.70 0.02 0.62 0.08

Average 0.72 0.03 0.64 0.08
Standard deviation 0.02 0.01 0.02 0.00
NASA-PEEK 450 0.3 0.02 0.12

TML: total mass loss; CVCM: collected volatile condensable materials; RML: recovered mass loss; WVR:

amount of water vapor regained
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Fig. 4 Satellite antenna pointing mechanism in FDM-printed PEEK
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Fused Deposition Molding and Vacuum Outgassing Properties
for High-Performance Poly-Ether-Ether-Ketone

Jiali Gao', Weiqi Li', Qin Dong', Xu Wang', Yunbo Hao’
(1. College of Mechanical Engineering, University of Shanghai for Science and Technology, Shanghai 200093,
China; 2. Shanghai Aerospace Equipments Manufacture Co., Ltd, Shanghai 200245, China)

ABSTRACT: The significance of the effects of fused deposition modeling (FDM) process parameters (nozzle
temperature, platform temperature, printing speed and layer thickness) on the mechanical properties (tensile
strength, Young's modulus, breaking elongation) and surface roughness of polyether ether ketone (PEEK)
specimens was investigated by designing a four- factor, four-level orthogonal design of experiments. And the
optimized process parameter combinations were obtained. The results show that the tensile strength of PEEK
samples can reach 86.28 MPa, which is close to the strength of injection-molded PEEK parts, under the conditions
of nozzle temperature of 420 °C, printing speed of 20 mm/s, platform temperature of 140 °C, and layer thickness of
0.2 mm. Besides, the elastic modulus is 2.14 GPa, the elongation at break is 11.36%, and the surface roughness is
12.17 pm. In addition, the vacuum outgassing performance test of FDM molded PEEK part materials was carried
out, and the results show that the total mass loss (TML) is 0.72% and the collected volatile condensable materials
(CVCM) is 0.03%, which can satisfy the vacuum outgassing performance requirements of materials in space
environment. At last, a typical PEEK starboard antenna pointing mechanism was prepared for aerospace
applications in this study.

Keywords: poly-ether-ether-ketone; fused deposition modeling; orthogonal experimental design; outgassing testing



