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Fig. 1 Lens tube shape structure for optical systems

DOI: 10.3788/CJL240583

R EC A 42 4136 & — R LAY Fe-Ni & 4, o gk
FRIVERL ) J 2 20 55053 3910 R 6496 136 96, H i AR 435 g 5L B
Shy BT A 0 37 S5 AR . TR BL A 4 ELA IR TR B
BONE T AR A B R BLRE (230 °C) F A Ik R 2
(CTE) WA, R F R AR dr o 3 2 IR Ry 7 i T
200 R LR DRBC A A DN I A i e 1 IR S
AR R HES W B R A R R, &
A B S O R SO A B4 KT FR I R AR A R R IR
Sf 5 S 0 2 Ak, DA T i A5 R Rk 11 4 A A% i 2 A% 2
JiK 5 1 B0 4 RO A B 22 W 2 B R bR G K
PRI Ak N B G, BPPR BB o AT TR AR R bk ih
] FL AR I 45 T FH 1 8 0 B R A HLR DG R A SR AR
) 1 R s P R B A 4 IS, HL 28 800 “C ey T #u Ak #1
P K R B R 1.5%10 °°C ', Sonomura ZEM TR 23 S
IR B5E v 3 Ao BE A0 R T AR B IR AT & R
fb, LW N T = EE A WE N 11.23 MPa i)
2 pm (K BL A 4 MERE 2 M IE T LAAR @ 2 AR AR R A
T 57 MR i . Wang %55 i 6] 4136 N B & & i
B 43 B R 0.22%% B 4 %k ol M (A 4 4 2 4 Ak
I A v 0 R MR R A 4 AE 20~100 C
BB Ik R BUIKZE 0.66X10 °°C '

M T 4J36 N BL A 4 F B 10 i B R L R H e B
T B b Sy BN TR AR R L A% G Y il v T
20 NG B0 AR AR N TR R 4 AR AR i T ]

i BHEA: 2024-02-06; 1EE BHH: 2024-03-07; FABH: 2024-04-07; MEEEZBH: 2024-04-17
BEE&TB: ERELAH LI (2023YFB4606505) | 5 H & BF2= 3 4 (52175303) B A8 5 4R B2 56 42 (52125502) B

TSk HEAY B A BA TR (HITY-20190013)
BIS1EE . jlgi@hit.edu.cn

1002314-1


https://dx.doi.org/10.3788/CJL240583
mailto:E-mail:jlqi@hit.edu.cn
mailto:E-mail:jlqi@hit.edu.cn

£ 51% 5 10 H9/2024 £ 5 B/ E#:

FHIE I8 3L

K MBRHR B A B . Z ARG HE T2 IR 5
fa 4 A 30— ME L e T R i Al o OB X 4k
(SLM) FEAJE — R AR 48 & 0 9 = 4E 0] 7 B2, 12 2 3
EES R R AR N & S R A B A
U I A OROE BB R i R . MERT LR AL 4
il B A, SLM AR BAT BT A B A A
i PV B A O T, T PR ) T 45 R A 2R B
PRIk, 2 P STUME B AR il i PR FL 5 46 5 fe] 2 4 DL 22 &
Gubik & J ) S B EE A E A RA RR A

BB B Al P 16 A4 il 3 B AR SO IR B 48 5 1) i A7
AE— S8 [R5 N T BN e v B B, 7 i N B A AR 2
L ARG . BT UL, E BRI T
SR R S MG A e S D TGS TR B A 4 B
9 SLM T AU #EAT BT, & A6 52 e 1 A4 il i (X B
& 1A PR RE S R R e M R 4 1 b ) i o A v
ARG 7 A K TR IR D0 A B A HE T R
T HAB LA 45 ik 547

2 MRS A

21 ZLBEESHE

PEFH SLM % b4 ] i 1 45 #F 17 X L & 4 5 Y
SLM i, SLgp R HERI MR LG &R, H
T R [ A R ¥ A0 5 B B R AR, O PR IE SLM
if B AR, W PR Ry R 0y B AL MR T R AT I
KA SR BERE 3.1 g/eom’  REHE N
4.2 g/cm®, BRIE R 0.82, 4k 27 Al 43 0 2 1 Frvs

F1 AR

Table 1 Chemical composition of Invar alloy powder

Element Mass fraction /%

C 0.01

S 0.008

P 0.008

Si 0.018
Mn 0.8

Ni 34.29

O 0.888

Fe 63.97
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Table 2 Chemical composition of the optimized Invar alloy

powder
Element Mass fraction /% Standard /%
C 0.006 <0.05
S 0.006 <0.02
P 0.01 <0.02
Si 0.01 <0.3
Mn 0.35 0.2-0.6
Ni 35.25 35-37
O 0.034 <0.05
Fe 64.33 63-65
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Table 3 Physical properties of the optimized Invar alloy powder

Physical property Value Standard
Mobility /(s/50 g) 14.7 <16
Apparent density /(g/cm®) 4.71 =4.2
Tap density /(g/cm®) 5.2 <5.8

Sphericity 0.89 0.85-0.9
Particle size (D,,) /pm 17.4 15-25
Particle Size (D;,) /pm 32 30-40
Particle size (D,,) /pm 56.4 50-60
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Fig. 2 Particle size distribution and surface morphology of the

optimized powder. (a) Particle size distribution curve;

(b) statistical image of powder sphericity; (c) surface

morphology of the powder
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Fig.3 SLM process test results. (a) Optimized powder
spreading effect; (b) product surface quality
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Table 4  Setting of SLM parameters

No.  Power/W velofii;n/n(mmgm/ s) intSecriI:ln;l rim Thickness /mm WidItlIfI;mm densiE/n/e E?’mmg)
1 370 1000 0.08 0.04 0.14 114.6
2 370 1000 0.09 0.04 0.14 102.78
3 370 1000 0.10 0.04 0.14 92.5
4 370 1000 0.11 0.04 0.14 76.45

0.09 mm 0.10 mm 0.11 mm

P4 AT il B A5 20 0 LA R BOWTE A . () (e) (e) (@) 1T 5 (b) (d) () (h) G i)

Fig. 4 Microscopic morphology of Invar alloy samples formed at different scanning intervals. (a)(c)(e)(g) Horizontal; (b)(d)(T)(h) vertical
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Table 5 SLM parameters and mechanical property test results

Power / Scanr}lng Scanmng Thickness / EneTgy Tensile Yield Elongation /  Shrinkage
No. W velocity / interval / m density / strength / strength / o rate /%
(mm/s) mm (J/mm?) MPa MPa ! !
1 370 900 0.09 0.04 114.2 482 388 29 73
2 370 1000 0.09 0.04 67.5 468 368 29 64
3 370 1100 0.09 0.04 67.3 435 354 35 73
4 370 1200 0.09 0.04 91.0 440 361 33 73

900 mm/s

K5 AN TFE 1 B R AR 2 0 D R A SRR R ROIE S . (a) () (e) (@) B 1 5 (b) (d) (£) (h) Zh m)
Fig. 5 Microscopic morphology of Invar alloy samples formed at different scanning velocities. (a)(c)(e)(g) Horizontal; (b)(d)(1)(h) vertical
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Fig. 6 Stress and strain simulation results of Invar alloy lens tubes. (a) Stress simulation of the original model; (b) strain simulation of

the original model; (¢) stress simulation of the model after topology optimization; (d) strain simulation of the model after topology
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Fig. 7 Optimization of the lens tube model, as well as stress and strain simulation after optimization. (a) Printing support of the original

model; (b) printing support of the optimized model; (c) stress and strain simulation results after process optimization
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Fig. 8 Invar alloy lens tube and test rods manufactured by SL.LM process. (a) Lens tube; (b) fracture location of the test rods; (¢) test robs

before and after thermal expansion test
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Table 6 Mechanical properties of the test bars after heat treatment

No. Tensile strength /MPa Yield strength /MPa Elongation /% Shrinkage rate /% CTE /K
1 455 364 36 79 1.9x10°°
2 451 362 33.5 80 1.9x10°°
3 467 375 35 80 1.8X10°°
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Fig. 9 Three-dimensional scanning of the lens tube and structural deviation measurement results
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Fig. 10 X-ray inspection results of Invar alloy tube. (a) X-ray scanning image; (b) - (f) residual stress detection points
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’Beijing Remote Sensing Equipment Research Institute, Beijing 100854, China

Abstract

Objective As the main component of the entire precision optical systems for aerospace, the dimensional stability of the lens tube
has an undeniable impact on the overall accuracy and performance of space optical systems. However, the complex thermal
environment in which the satellite operates for a long time, such as direct solar radiation or the Earth’s infrared radiation, can
significantly affect the detection accuracy of the optical system. Therefore, Invar alloy 4J36, with excellent dimensional stability, can
be selected to manufacture structural components of lens tubes. Due to its unique “Invar effect”, the Invar alloy 4J36 exhibits an
extremely low coefficient of thermal expansion at its Curie temperature (230 °C) , and it can be effectively used in the manufacturing of
space optical devices. However, owing to the high hardness and poor machining performance of 4J36, traditional manufacturing
methods, such as turning and milling, require long processing time periods and result in serious material waste. Selective laser melting
(SLM) is an additive manufacturing technology that has the advantages of high design freedom, a short production cycle, and wide
applicability. Furthermore, it can be used to manufacture structurally complex products at a faster rate when compared to traditional
manufacturing methods. To date, the SLM additive manufacturing process for Invar alloy lens tubes is not mature. Through a series
of adjustments to the powder quality, process parameters, 3D models, and residual stress, we hope to obtain high-quality structural

components of lens tubes that satisfy usage requirements. This can aid in further exploration of the universe.

Methods SLM was used to shape an Invar alloy lens tube, and the Invar alloy powder material was selected according to the
standard set at the beginning of this study to ensure that the microstructure of the finished product exhibits no obvious defects. The
essence of SLM technology is the direct interaction between laser and powder. Hence, to explore the optimal laser selective melting
process parameters and optimize the quality of Invar alloy tube products, single factor experiments were conducted with laser scanning
spacing and scanning speed ranging from 0.08 mm to 0.11 mm and 900 mm/s to 1200 mm/s, respectively. The goal was to obtain
different laser energy densities. Subsequently, the surface of the test block was cleaned and polished, its surface microstructure was
observed via a metallographic microscope, and its mechanical properties were characterized using an electronic universal testing
machine. Additionally, we optimized the structure of the three-dimensional model of the lens tube, calculated its overall stress and
strain through simulations, and compared the simulation results with those of the original model to analyze the optimization.

Subsequently, heat treatment was performed on the lens tube to relieve its residual stress, and the printing accuracy and residual
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stresses at specific points were characterized via X-ray scanning. Finally, the thermal expansion coefficient of the lens tube after heat
treatment (530 °C+10 °C, 1 h) was tested using a thermal expansion instrument to evaluate its structural stability.

Results and Discussions After standardized screening, the loose density of the Invar alloy powder can reach 4.7 g/cm’, and
the powder sphericity can reach up to 0.89. Additionally, the smooth flowability of the powder surface is significantly improved to
14.7 s/50 g, and no powder accumulation occurs during the additive manufacturing process using this powder material. The surface of
the product was smooth and crack-free (Fig. 3). Experimental results show that the optimal scanning spacing for SLM additive
manufacturing is 0.09 mm, and the surface microstructure is smooth without obvious defects such as keyholes and lack of fusion (Fig.
4); the optimal scanning speed is 900 mm/s. Simultaneously, the surface microstructure is complete and smooth, without cracks (Fig.
5), with a tensile strength of 482 MPa and yield strength of 388 MPa. They exhibit excellent mechanical properties (Table 5). After
topology optimization, the service strain of the lens tube structure at the same point under the same specifications is only 0.09 mm(Fig.
6). Furthermore, when compared to traditional models, it can save materials and improve efficiency. After the stress-reliel heat
treatment, there is no evident defects inside the lens tube(Fig. 10), and the maximum residual stress is only 13% of its yield stress.
The thermal expansion coefficient of the lens tube is 1.9X10 ° K ™' (Table 6), which satisfies the requirements of high dimensional

stability.

Conclusions This study successfully realizes high-quality manufacturing of Invar alloy lens tube using SLM additive manufacturing
technology. First, by establishing physical and chemical specifications for the powder materials, macroscopic defects, such as cracks
and inclusions, in the lens tube are avoided in the initial stages of the experiment. The SLM process parameters are optimized. The
optimal process is determined and corresponds to a scanning spacing of 0.09 mm and scanning speed of 900 mm/s. Simultaneously,
the surface microstructure is observed as smooth and free of defects such as cracks and lack of fusion. The best mechanical properties
are obtained using this process. The best mechanical properties correspond to a tensile strength of 482 MPa, a yield strength of 388
MPa, an elongation of 29%, and a shrinkage rate of 73%. Topological optimization is performed using the original 3D model of the
lens tube. After optimizing the structure, the overall stress concentration of the product under service conditions is significantly
reduced, and the maximum deformation degree of the product is only 0.09 mm. Additionally, the structure adopts self-supporting
formation, which effectively saves powder materials. Finally, the lens tube is subjected to post-treatment to eliminate residual
stresses. The maximum residual stress inside the product after the heat treatment is 60 MPa, which is only 13% of its yield stress.
Simultaneously, the lens tube exhibits an extremely low coefficient of thermal expansion (1.9X10°° K™'), which satisfies the

requirement of high structural stability of space optical lenses in complex thermal environments.

Key words additive manufacturing; selective laser melting; Invar alloy; process optimization; structure design and post-processing
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