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Optimization of FDM process parameters for chopped carbon fiber reinforced polyether ether ketone under vacuum
WANG Xize',ZHOU Zuoxin', LIU Tengfei’
(1. China Academy of Space Technology, Beijing 100094 ,China; 2. State Key Laboratory for Manufacturing Systems Engineering, School of
Mechanical Engineering, Xi'an Jiaotong University, Xi'an 710045, China)

Abstract : In-orbit 3D printing is a new type of space manufacturing technology under extreme space environmental condi-
tions and has a very broad application prospect. In the vacuum environment of space, the heat dissipation mode of the material is
mainly radiative heat dissipation, and the high-temperature melt extruded from the print head experiences different thermal history
during the cooling process compared with the ground printing, which ultimately affects the mechanical properties of the printed part.
Therefore, the thermal analysis model of chopped carbon fiber reinforced polyether ether ketone (PEEK) composites in the molding
module under vacuum environment was established by the finite element analysis method. The heat conduction law of chopped
carbon fiber reinforced PEEK melting forming under vacuum environment was investigated by analyzing the temperature field of
the composite in the flow channel of the molding module. Combined with the results of simulation analysis, the orthogonal test
method was used to carry out the experimental design of the optimization for the 3D printing process parameters of chopped carbon
fiber reinforced PEEK with fused deposition modeling, and the range analysis and single factor test analysis were carried out, and
the optimal process strategy was established to ensure the excellent mechanical properties of the specimen printed under vacuum
environment. The finite element analysis results show that the melting process of the composite in the molding module is not signifi-
cantly affected by the heating block temperature in the range of 380—410 °C, and the higher the wire feed speed, the less sufficient
the melting process of the composite. The wire feed speed of the chopped carbon fiber reinforced PEEK composite should be kept
no more than 8§ mm/s. The experimental results show that for the tensile strength, the optimal combination of process parameters are
heating block temperature of 390 °C, scanning spacing of 0.6 mm, layer thickness of 0.2 mm, and printing speed of 20 mm/s. For
the tensile modulus, the optimal combination of process parameters are heating block temperature of 410 °C, scanning spacing of 0.6
mm, layer thickness of 0.2 mm, printing speed of 30 mm/s.

Keywords : space manufacturing ; in-orbit 3D printing ; fused deposition modeling ; composite ; process parameters ;
mechanical property

BARIEE : VORI 5L, WA Sl BIFTE T I R A R e B toR

WeFs B HA: 2024-09-18

SIRmHEs: LR, R, NI ¢ DIRRET 4o R BEBE I 25 FDM T 228 )], TSR T, 2024, 52(12):89-96.
WANG Xize, ZHOU Zuoxin, LIU Tengfei. Optimization of FDM process parameters for chopped carbon fiber reinforced polyether ether
ketone under vacuum[J]. Engineering Plastics Application, 2024 ,52(12):89-96.



90 AR

2024 4F 45 52 45 45 12 )

TEFL 3D FTEIER , NFRTEPIE M HOAR , 2
TR TR LRI G A ] 1 2 A 21 H AR IS L, i AE
BB b HEAT I A AR AR B AL B AR
A AR R 25 E NASA 21, B 9 238 1 ek
T 1 o 3 ) sl 40 B 20 W0 9% L 4R W RE T o HL AT
P 3D ATENE AR AW & R Rl e b5 E 81 3D $7
ENECAR 52 mbLas N FEPR R SF RS & 725
3D FTEREE RPN N 2 PARAS b A S fiit R A
“ b 1A A A SCHE R S AR LR T B AR ) B
PEFEA | BERZ L G ST S48 A S BRIz 28 K i A i s
[ 25, WA T 4% B SR B A5,

TEHN 3D AT BN Je e B % s M ) AT
B T2, R I P9 AN N B 5t 3 e 4
Wy AT RV SE IR A IR IR T I MR T 3D
FTERR AL T 250, BEERFIE IR A, R BaS PR
XoF 26 T2 ) R i A R B A7 B S T E A
25 ] 23 IR BE AR OR A 5 s T A B R 2500,
PEREW N5 7 I fl sk AL ol R vh A R PR B T T
bR F Jo e FIURG JE , G A1 025 IR BE T T VG i 74 1
BT AW S5 AR, Maidin M HF5E T 40 000
Pa [ BLZ5 2 X T G - T M- K 0 ¥ BH ABS)
FREFLIR (PLA)BE - BL 55 i -5 00 L 235 40 (14 52
SRR LR, Has N ) ABS 5 PLA BEMF BT TR
FESR T8 R I FT B, OS5 ke 43 B 22 B, &
JE T ATEIR) ABS 5 PLA FEAF YA AE R4 5 10T, 1T
IRl N R T VAN b w1 A OB TR (B i
rPERE TREYRE, Rk E AR (PEEK) A H A& A5 44 KL
FTHAMRS MR ZAFRM TR ZX
T LinZE09% B 100 Pa ELZS ¥ F PEEK 45 i J¥
HH 14.9% 2 T+ 28 27.8%, AN [R) 4T BN 77 [a) {9 7 A ik i
S EDALIEIR YN R E SN FE 75 W B U A 01 R E
XJ b PEEK £ P FR AR T A9 A1t 38 IR 1 28
H A 97 18 PR R AT DR 2 B ) DR e TR
A, 8k T PEEK MBS SR A .

LA S, BN AN X H S BREE T 3D TERJF
J& T — S BRI H A X T2 SR T i8R
b i H AR R FH B — AR B VAT S T T 1Y
TS A HE T 2SR R HLGS
SN, B R IUE 38 S T 0 7 IR 9% 45 34
BT TESEEH A IR TS (FDM) T A4
JoTHE PSR 43 A B L AS TR T RN A VDR 4T 4 1S i
PEEK & &b BHA7 A B Ay A s A it e iy T

B8 W e RS RS A T 3D AT
BRI T2, NI T TR AR RS
1 #EHE

TF R B2 B N VIR ET 4355 PEEK & & 41
BHTEN AT BRI 38T, R A BRI B i 7 i,
SEABHE B8 A EE T M E A AR B 3155 s [ Ak
1o A A B BT AR R R B Ao R R AR e Py
WM i A2, 7R BLAS FREE T AR FDM (R34
U I W ELZS TR 5 R FDM ATER T &S 500 s 4
%,
1.1 #EAES

TEARTR Y RE L T, RS v A0 P A
(1) S Rl E o0 AT AR AN B 1 40 DA R AR e AL 11
vitg 11 B DI HE 1 A5 1 9T 4268 7 (1 st [ b e e
[N AT 5 B4 M E M B2 PEEK B A A RHEE Y
OB DL o AERHE (R TR BT AS He vh (1) 4% 3800 M &
TR A TR B, % H ANSY'S #4247 Y Fluent F 5
BT AT

4%, SolidWorks 1] & — 1~ Ffl 747 El PEEK
R HAG A b Ak Il AU AR e (1) = SRS AY & 1 BT
P BT 5 1 K Parasolid (*.x_ ) A& =, B HL S A
ANSYS Workbench #4754 -

Cooling, ——
bracket < _—>Radiant fin
Insulated

Throat column

Connecting
plug
____ Heating
~ block

Fixing bolt «———

Sensor «

Heating rod —>Nozzle

P BB AT AR
Fig. 1 Molding module simulation analysis model

1.2 MR 4

FEAT AR A A% ) REARE B rpomT D SR
L) 2 NI ve <310 NG 5 0 N L R v
BRI LR Y BT RS R 0.5 mme X FH 6
TR A5 A R4 T IS A AL, 3 R R BT RSy
0.05 mm, DAz Bt b BCSE AR EE S Ol . A )
8 I A P T o, B 2 A R XU il A2 S 2 14 1
BT R B A 0 BRI B ECK 3 873 468, 11 a5 L
BH 886 910,
1.3 ##tEH

RS A5 2 A Y A A L BT 17 ) A e
PEREILFE 1,



FELEE 55 SR UIBRAT 4R TR IR LR B 25 FDM T 2 2804k 91

R BEEREAGEIR R

Tab.1 Materials and properties of various components of molding module

Component Material i?elf;f:llcifit)/ Ther(r\r;\?%;(i?fi;?tll)vny/ Density/(g*cm ) Surface emissivity
Nozzle H59 copper alloy 378 118 8.5 0.05
Heating block HS59 copper alloy 378 118 8.5 0.05
Heating rod 304 stainless steel 460 16.2 7.93 0.1
Sensor 304 stainless steel 460 16.2 7.93 0.1
Throat 304 stainless steel 460 16.2 7.93 0.1
Radiant fin T3 red copper 394 386 8.93 0.88
Connecting plug T3 red copper 394 386 8.93 0.88
Insulated column 304 stainless steel 460 16.2 7.93 0.1
Fixing bolt 304 stainless steel 460 16.2 7.93 0.1
Cooling bracket 7075 Aluminium alloy 502 10 2.81 0.5
S SURVIRRET 4355 PEEK S AP RHMERES: N ATENRIDIOREF 4EH 58 PEEK I, AN [F) 26 4k U T
B2, YR B3 T PN AR A T 3 i LA R A 2
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Tab.2 Properties of 10 wt% chopped carbon fiber

reinforced PEEK composite

Properties Value

Density/(kg*m ™) 1340

Specific heat/(J-kg 'K ™) 1 800
Thermal conductivity/(W-m™"+K™") 0.95

Melt viscosity/(kg'm '+s™") 10 000
Melting temperature/°C 343
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Fig. 2 Simulation results of steady-state temperature field inside

molding module channel at different wire feeding speeds
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Tab.3 Orthogonal table for optimizing process parameters under

vacuum

Serial Heating block Scanning Fayer Printing
number temperature/°C  spacing/mm thickness/ speedfl
mm (mm-s )
1 380 0.6 0.2 20
2 380 0.4 0.3 30
3 380 0.5 0.4 40
4 380 0.5 0.2 50
5 390 0.6 0.3 40
6 390 0.4 0.2 50
7 390 0.5 0.2 20
8 390 0.5 0.4 30
9 400 0.6 0.4 50
10 400 0.4 0.2 40
11 400 0.5 0.2 30
12 400 0.5 0.3 20
13 410 0.6 0.2 30
14 410 0.4 0.4 20
15 410 0.5 0.3 50
16 410 0.5 0.2 40

S LS AR K 100 Pa, FREE IR SEE N
25 °C. i FH %5 Ik £ 4 1 5 PEEK b4 6} 42 HE 3% v
16 Fp S H0 A A (R ALFTER 5 AR T ER 3 80 4~k
o RORUESTEN BT &L, 4T EPHTHE WisE FiEh 2 H i
B IV BRmEE AL ARk . FTERZS S BRIk
BB, T A RB AR R 2 RS G % 8 GB/
T 1040.1-2006 4 it HE 17 16 4138 AE (1 B4 4 GE
M
3.4 A&

Fr i fF 4% B GB/T 1040.2-2006 1BA B AE
il 4% . FI ] SolidWorks = 4k FEAR X {F 22 3D 4T ER
R B R R DL STL AR T 1, ZE 1A 4 v
WEITESEORETY S A S 3D AT EHLAT B
B PR I ATED, B2 AT B 42
D7 1615 X7 16 AT ARSI SRR O 4T ER, R fE
M4 B GB/T 1040.2—2006 HE4T , P R 5 & K
1 mm/min,

4 HER5TR

W 16 41 T2 S 500w iR 47 7 24 b Reml
T, A5 fofr s 8 R e S AR T 2 (A AR
e s frs .

HRIEHEIR AT LA B A5 4598, 16 B 2SR
TSR T2 2804 A W Tk 2T 4 4 35 PEEK
B 2R A B
4.1 MEHH

e 253 W 4 FH R PP Ak 52 30 45 SR AR AN [R) Ah 3 4%



94 AR

2024 4F 45 52 45 45 12 )

90r Il Tensile strength 17000
[ Tensile modulus

80+
B 16000
& a
Z 70 b=
5 15000 2
= =
2 60 E
° 4000 £
Z 50 2

40 3000

30 2000

1234567 8910111213141516

Group
5 2520 T2 B0 N AR i B R Ao S AR e AR 5]
Fig. 5 Bar charts of tensile strength and tensile modulus corresponding

to each process parameter group
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Tab. 4 Tensile strength range analysis results

Ttem Heating block  Scanning Layer Printing
temperature spacing  thickness speed

Optimum level 390 0.6 0.2 20

R 2.24 7.4 17.34 9.11
Level quantity 4 3 3 4
r 4 5 5 4

d 0.45 0.52 0.52 0.45

R’ 2.02 8.6 20.16 8.2
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Tab.5 Tensile modulus range analysis results

Item Heating block ~ Scanning Layer Printing
temperature spacing  thickness speed
Optimum level 410 0.6 0.2 30
R 445 501.97 1504.35  471.69
Level quantity 4 3 3 4
r 4 5 5 4
d 0.45 0.52 0.52 0.45
R’ 400.5 583.67 1749.19 42452

R S R ZE AT AT R, AR R L 4
B RAEII/INGE FERT N, 4323 JR B 2 X it ir A i
PRSI B K R 2= HOR H R, 2 )5 2
FTERER B, o e N FR R B o BRI 4 1> PR 2= X
fir i AT S S (R HE T O - o3 2 IR B> A (Rl R > T
BV P> AR S

I8 125 SEN B AR AT X6 T e g A A
i, R T 2S5 G R AR B 410 °C 9
[E]#E 0.6 mm .43 )25 0.2 mm  FT B3 & 30 mmy/s,
X T IE A2 3% AR 13 41, AH B AR e AR
o
4.2 R FIXESH

T HE UM U B B A AR R 45 R R X T B
Ja Ut 4T 4 vt PEEK UM 1 2= MERe R 2, R
LRI R ) 12 T N A 1 61 SR P a1
FTERH L 4 PR 20 {4 e B s {e s PR ASE o 11
A

ENGIESE /G O N W A I EA Gy
HAE 6 7. 4 T 228D AR 43 2%
JE B ) 5 e ARk DA Sk 5% 1 S ¥ A A ok
T2 AT BRIl 9 g 2 Ve Re . At B2 A
FT B BRE 2 SR 38 2 52 e A R B RS E N A9 4
il AR DA T S a4 T B ) Mg

o7 AV i 8 i o 1 ) S %) 458 DR 3 R, P A i
PERL R SR E A IS . mTRE Y R R =7
TR TE BB AR IE T A6 — 2 A A ) B



FELEE 55 SR UIBRAT 4R TR IR LR B 25 FDM T 2 2804k 95

66,
64
62|

&
60

% [
2‘0587/\\-
o 56
5 S4p

Z 5|
o

=501
48]
46

R
aaFs @ <2 2
Heating block Scanning Layer Printing
temperature/ spacing/ thickness/  speed/
°C mm mm (mm-s™)

(a) Tensile strength

L
S
vy

L
oo o
AN N <t

0.4+

N
S <o

4600 -

4400
& 4200
=

34000, \/
=

3800

g

§36007

5 3400
H

3200 |
3000

(=g ==
RS =
AT
Heating block Scanning Layer Printing
temperature/ spacing/ thickness/  speed/
° mm mm (mm-s™")

(b) Tensile modulus

L6 AR DR R 25 AKX L A7 i JEE AN i AR 4 (1

Fig. 6 Mean values of tensile strength and tensile modulus

.

o o
[o Ieel

(==}
<t

04+

v

DA TR TS B
S o oo o

corresponding to each level under different factors

R, 3% — 2 2 BB D AR EE TR AR T 22 A1
DU b7 15 AT B /N v B E R TS B R4S
A EINTEr , B Z AR TR R 2k RE . i 4l )
AN 0.4 mm £ 0.5 mm B 327 18 437 A 51 A5 Ui
/I, Ul B AT A AT BE A D3R 5 e sl B9 A R
B

T 8 A e e 52 R e SERL P AR 32 B 0 =
JREJEE B3 RN sl | 32 Fh T2 V5 B A, A
EFRAT BB , TR A} 4 005 AP, d5e 25
FORL )2 fE

XTI AR B2, B R F A B R W S 6
iR B2 AR A AL B 2 (B T O AR . S5 A
FLEERIAT , AR B X PEEK &2 & B1RHE iU
FREGRIATIE A R e R )R T AN Sl 2, R TR S Y
TIEEPERERE A K, X S22 0 Brai R — 2

T FEE BT T B JEE (Y38 R T/, Sl Aok
AP FAERCE AT U S, X —45e 50
AT HH B 21 1 A R R A R 4 44 e AN
FEO ARG O R HAL T 228000 5 1 264 T

RS AT EN R Z Al LG R . T REAY I
K& PEEK K H A2 5 AHBHI &5 d 55 #4225 DA
O MR SS i EE DL T 2 4% 1) B ) 78 53445 Rl 2 52
IR 56 420 ) 235 S 1A R 25 A, DR R B R
AR e il 7 SRR, 4 BN TRy, BRI 2 R
WLF) )2 e RE R 2 o T AT B 343 A 20 mm/s 2] 30
mm/s ISP AR AR SRR AT i, T HA
AT RERY PR 3R S A R S AR B
5 it
WA BRe B S IE A S A Y 1 )
WRET 445 PEEK .25 FDM 1. 2 250 51 RE , 15 31
PITF451E
(WX T HA BT A FDM T2, fE A R A 4T
ERZRAET AT BN DI £ 3 5% PEEK &2 G A1 B
PREFR LR B NI 8 mmys, DA RHA RN 72
o3, BEMIZ T EN oo
YNIFATUR XS PEEK & & M BHE AU
TH PN Rl sk AR ) S AN 3 5 1 P B R R R 1R 2k
REE 3G 4G O, 156 B 326 2l J32 R A A i 7Y
BN B Rl B AN 8 3
GO SR EE R AE RS T, AR T2
SR G X I £ 43 5 PEEK i 1) ) 27 1k g
A REFLM AT 2200 LA iR B R A 5E
R 5 W HE P A = 0 2 R > 4 il 1) B >4 T B
JE> AR B
(AT RSB, B L) TSRS
IS BE 390 °C FHH#A]HE 0.6 mm 32 R
0.2 mm fT B3 20 mmy/s ; %5F T3 {4 ) fif i A A5
L, RO T S8 IR 410 °C 34
[B]3#5 0.6 mm 432/ 0.2 mm  FTEI# 30 mm/s,
5 % 3k
[1] H/K, 2R p e . 45 ) 3D 4T ENE AR BUIR S5 AT 5 [I). 2
iR ,2016,22(4):471-476.
TIAN Xiaoyong, LI Dichen, LU Bingheng. Status and prospect of
3D printing technology in space[J]. Manned Spaceflight, 2016, 22
(4):471-476.
[2] ZEh, P R /N, A5 3 ) e —— i ) A s AR ) e
s W R [I]. 028 2 41, 2022, 43(4). DOL: 10.7527/S1000-
6893.2021.25387.

LI Dichen, LU Zhongliang, TIAN Xiaoyong, et al. Additive manu-
facturing—Revolutionary technology for leading aerospace manu-
facturing[J]. Acta Aeronautica et Astronautica Sinica, 2022, 43(4).
DOI:10.7527/S1000-6893.2021.25387.

[31 EXh, AR, IR, A A il i HOR S BUIR 5 i 22 [0]. v ]
Baf PR Sy KICH,2020,50(4):95-105.



96

AR

2024 4F 45 52 45 45 12 )

(4]

[3]

[6]

(7

[8]

[9]

[10]

WANG Gong,ZHAO Wei, LIU Yifei, et al. Review of space manu-
facturing technique and developments[J]. Scientia Sinica (Physica,
Mechanica & Astronomica),2020,50(4):95-105.
SRBL, KB B0 L, 25 ARSI 3 IR e 4 R E Lt i Ty vk
THFE[I]. A SRR, 2023,45(4):247-257.
ZHANG Qi, LIU Ming, ZHAO Shaofan, et al. Development of on-
orbit manufacturing and the research of on-orbit manufacturing for
metallic materials[J]. Chinese Journal of Nature, 2023, 45(4):
247-257.
R, kA, T S B T Y BOR T SR R AR AR
[J]. A REIEE , 2017, 36(21):503-511.
ZHANG Yingyi, ZHANG Wei, WANG Gong. Discussion on the
technical demands and application modes of additive manufactur-
ing in space[J]. Materials China,2017,36(Z1):503-511.

TI5 G BT SKIGERT 3D 3T EIAE 2 (AR S Ao i e 220,
KAFZERV 5 TR L2431, 2023, 21(4):555-562.
WAN Xueman, CUI Wanzhao, ZHANG Xiaomeng. Research prog-
ress and prospect of space 3D printing microwave devices[J].
Journal of Terahertz Science and Electronic Information Technol-
ogy,2023,21(4):555-562.
XU W 2 AT, 5 2 R A R S R RO DT
AT, E s AR AR AR, 2022, 42(6):23-34.
LIU Jie, SHI Yun, CUI Yutao, et al. Research progress and prospect

S

of on-orbit additive manufacturing technology[J]. Chinese Space
Science and Technology,2022,42(6):23-34.

PRATER T, WERKHEISER N, LEDBETTER F, et al.3D printing
in zero G technology demonstration mission: Complete experimen-
tal results and summary of related material modeling efforts[J]. The
International Journal of Advanced Manufacturing Technology,
2019,101(1-4):391-417.

WERKHEISER N. In-space manufacturing(ISM): 3D printing in
space technology demonstration: 256—544—8406[R/OL].(2015-06-
23) [2024-11-19]. https://ntrs. nasa. gov/api/citations/20150016451/
downloads/20150016451.pdf.

WA, B, 2SO 4 25 I R BT AR AR U A ok 3 B AR RO BIF

(1]

[12]

[13]

[14]

[15]

[16]

FEIUR S L] BT, 2021, 35(3):3 159-3 167.
YANG lJie, LI Jing, WU Wenjie, et al. Research status and pros-
pect of on-orbit additive manufacturing technology for large space
truss[J]. Materials Reports,2021,35(3):3 159-3 167.
MAIDIN S, HAYATI N M N, RAJENDRAN T K, et al.
Comparative analysis of acrylonitrile butadiene styrene and
polylactic acid samples’
vacuum[J]. Additive Manufacturing, 2023, 67. DOI: 10.1016/j.
addma.2023.103485.

NZEAE L THRET 2 1 S SR IR R I 525 A B W B [T, BAR
%ﬂi&ﬁ*'ﬁ%{é%,2024,60(9):7710, 17.
SU Yunhua. Research and application of CF/PEEK composites[J].

mechanical properties printed in

Modern Manufacturing Technology and Equipment, 2024, 60(9):
7-10,17.

ZEAHR K, 2558, % 35 FDM (1) PEEK/CGF & A M EL5 &
JreAPEREOLALL]. TR HI L 2024, 52(2):75-81.

LI Jiuzhen, ZHAN Li, LI Guan, et al. Optimization of integrated
mechanical properties of PEEK/CGF composites based on FDM
[J]. Engineering Plastics Application, 2024,52 (2):75-81.

AT, BiAf, 5858 3D $TED T2 S 500 R BB R (PEEK) £
HLPEBERSE R[] LA 5 A 311k, 2024, 53(3):70-73.

LIN Chuming, CHEN Bai, WANG Yaoyao. Effect of 3D printing
process parameters on dielectric properties of PEEK[J]. Machine

Building & Automation,2024,53(3):70-73.

AT IEA , 55 B T 20 - R ik ek ) A P 0 A Al 945 e N R
4 RE 19 BIF 5% 1 R [J]. R 0 K o 2% 4 (I 24 ), 2024, 45(3):
429-433.

HE Yehong, FAN Zhen. Research progress on carbon fiber-
polyetheretherketone modification to promote osteogenic activity
and antibacterial properties[J].
(Medical Science),2024,45(3):429-433.

LIU T,ZHANG M, KANG Y, et al. Material extrusion 3D print-

Journal of Tongji University

ing of polyether ether ketone in vacuum environment:Heat dissipa-
tion mechanism and performance[J].

2023,62. DOI:10.1016/j.addma.2023.103390.

Additive Manufacturing,



