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Research Status and Prospects of Micro-Abrasive Air-Jet Machining Technology

ZHANG Guiguan®??, ZHAO Yugang"?, ZHAO Guoyong"? GAO Yuewu"?, MENG Jianbing"?,

SUN Yuli®, ZUO Dunwen®

(1. Institute of Advanced Manufacturing, Shandong University of Technology, Zibo 255049, China;
2. School of Mechanical Engineering, Shandong University of Technology, Zibo 255049, Ching;
3. Jiangsu Key Laboratory of Precision and Micro-Manufacturing Technology,

Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

[ABSTRACT] Micro-abrasive jet machining technology is a type of abrasive erosion and wear machining technology
based on high-energy fluid, which has been widely used in machining difficult-to-machine materials, complex three-
dimensional surfaces, and smooth surfaces. In order to further improve the ability of precise shape control in abrasive jet
machining, domestic and foreign scholars have carried out many investigations on basic machining theory and technology
exploration. Based on summarizing the development of abrasive jet machining technology, this paper comprehensively
summarizes the main research results of domestic and foreign scholars in micro-abrasive air-jet machining technology.
Such technologies include the divergence effect of micro-abrasive air-jet beam and its suppression strategy, the impact of
material mechanical properties on material erosion removal mode, the abrasive embedding inhibition strategy in material
erosion processing and the geometric characteristics of micro-structure erosion machining. Difficulties and the development
trend of micro-abrasive jet machining technology are also investigated.
Keywords: Micro-abrasive air-jet machining (MAJM) technology; Material erosion removal mechanism; Microstructure
geometric features; Abrasive; Abrasive embedment; Difficult-to-machine materials
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Progress on Permeability Measurement Techniques of Fiber Reinforcement

LIU Xiao"? YU Yinghong’, CUI Xiyue?, QING Xinlin?>, WANG Yishou®
(1. School of Information Engineering, Wuhan University of Technology, Wuhan 430070, China;
2. School of Aerospace Engineering, Xiamen University, Xiamen 361102, China)

[ABSTRACT] The permeability tensor of fiber reinforcement, as the decisive input parameter of resin flow simulation of
liquid composite molding process, is closely related to the resin flow and final product quality, and is the key to realize the
high-quality and large-scale manufacturing of composite materials. In this paper, the permeability measurement techniques
are classified according to the flow states (saturated or unsaturated), flow dimensions and measurement directions (in-plane
or out-of-plane). The permeability measurement techniques and research progress under different conditions are listed,
and the real-time monitoring techniques of flow front in unsaturated flow are summarized. The problems such as different
experimental factors and large dispersion of permeability results are analyzed, and the future development trends are
discussed.
Keywords: Fiber reinforcement; Liquid composite molding (LCM); Permeability tensor; Saturated or unsaturated flow;
Flow front
(i Ri#)
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Kinematics Analysis and Machining Path Generation of Mirror Milling
System Based on Dual Hybrid Robot

LIU Qi*? GUO Mengna"?, SHAN Xianlei’, TIAN Wenjie’, MA Yue"?, LI Bin"?
(1. Tianjin Key Laboratory for Advanced Mechatronic System Design and Intelligent Control,
School of Mechanical Engineering, Tianjin University of Technology, Tianjin 300384, China;

2. National Demonstration Center for Experimental Mechanical and Electrical Engineering Education,
School of Mechanical Engineering, Tianjin University of Technology, Tianjin 300384, China;
3. Key Laboratory of Mechanism Theory and Equipment Design, Ministry of Education,
School of Mechanical Engineering, Tianjin University, Tianjin 300072, China)

[ABSTRACT] With the focus on one kind of mirror milling system consisting of two hybrid robots, the canonical
forward and inverse kinematic model of the mirror milling system is developed by the vector method, in which the forward
kinematic has the advantage of high computational efficiency and accuracy compared with the solution method using the
Newton iterative method. A method for generating mirrored machining path is proposed, which specifies the positional
relationship between the reference coordinate systems of two hybrid robots, and calculates the mirrored symmetric tool
and support head paths by setting the desired machining wall thickness of the thin-walled structural part. Two methods
for executing mirrored machining path are proposed by employing 10-axis linkage and dual 5-axis linkage respectively.
The latter has the features of reconfigurability and modularity compared with the former, which supports single-machine
operation of the milling or supporting robot, and satisfies the needs of rapid on-site arrangement and efficient collaborative
machining of single or multiple machines in a large workspace. In order to verify the correctness and effectiveness of the
proposed kinematic model and methods for generating and executing machining paths, experiments of machining a large
scale thin-walled structural component are carried out. The experimental results show that the error of the machined wall
thickness can be guaranteed within + 0.18 mm.
Keywords: Mirror milling; Hybrid robot; Kinematics analysis; Mirror machining path; Dual robot control
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Gravity Identification and Online Compensation of Robot End-Effector

Based on Laser Tracker

XUE Lei*, YANG Yingke?, LI Dongsheng”®, HUANG Liang', ZHAI Yunong®*®

(1. COMAC Shanghai Aircraft Manufacturing Co., Ltd., Shanghai 201324, China;
2. School of Mechanical Engineering and Automation, Beihang University, Beijing 100191, China;
3. Ningbo Institute of Technology, Beihang University, Ningbo 315800, China)

[ABSTRACT] To measure the real assembly force of industrial robots precisely in aircraft assembly, a method of

gravity identification and online compensation for the robot end-effector based on the laser tracker is proposed. With the
help of external measuring equipment such as a laser tracker, the global kinematics model of the robot system is set up to

realize the accurate acquisition of the end-effector pose of the robot. Then, Kalman filtering is utilized to process the force/
torque signal to obtain more exact and stable external information, and the relationship between the gravity component

and the pose of the end-effector is established, considering the influence of the zero-point bias of the sensor and the error

of the robot installation. Finally, an online gravity compensation experiment of the robot end-effector is conducted and

demonstrates the effectiveness of the proposed method.

Keywords: Industrial robot; Laser tracker; Assembly force measurement; Gravity identification; Online compensation
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Research on Influence of Machining Path on Surface Quality in Robot

Grinding Complex Surface

TIAN Fengjie', ZHANG Yanzhi', ZHU Guang™®, QI Zijian*
(1. Shenyang Ligong University, Shenyang 110159, China;
2. Shenyang Institute of Automation, Chinese Academy of Sciences, Shenyang 110016, China;
3. Institutes for Robotics and Intelligent Manufacturing, Chinese Academy of Sciences, Shenyang 110169, China)

[ABSTRACT]

In order to explore the influence of different machining paths and their arrangement on workpiece grinding

effect, the influence law of robotic grinding paths on workpiece surface quality was studied. Based on Preston removal
equation and Hertz contact theory, the material removal depth model of abrasive belt grinding was established. Then the
formation mechanism of surface residual texture was analyzed. Taking curved aero-engine blades as experimental objects,
equidistant paths and cycloidal paths were used respectively for machining experiments on a self-built robotic grinding

system. Material removal effect and surface texture were analyzed. The experimental results show that the traditional linear
machining isometric path produces strip texture at the joint. Because of its multi-directional machining action, the cycloid

homogenizes the surface texture and improves the consistency of machining surface.

Keywords: Robotic grinding; Complex surface; Machining path; Cycloid path; Surface quality
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Fig.6 Scanning for reference specimens with artificial defects
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Application of Robot-Based Automated Inspection Technology in
Aviation Manufacturing

DANG Renjun, LI Zhihu, QIAN Hongyu, CHEN Rui, XU Jing
(Tsinghua University, Beijing 100084, China)

[ABSTRACT] With the development of the aviation industry, the performance of aircraft has been improving, and
the requirements for quality inspection have been continuously increasing. Compared with traditional manual methods,
robot-based automated inspection technology has higher operating accuracy and efficiency, and has been widely used
in aviation manufacturing and maintenance processes. This article focuses on the application of robot-based automated
inspection technology in various aspects such as component processing, finished product quality inspection, and aircraft
maintenance and repair over the past decade, especially in surface drilling process inspection, large, irregular and complex
component processing inspection, internal material nondestructive inspection, structural shape inspection, aircraft skin
and surface quality inspection and aircraft internal narrow space inspection. This paper reviews in detail the application
effects of different kinds of robots such as six-axis industrial robots, wheeled mobile robots, crawling robots, continuum
robots and unmanned aerial vehicles with ultrasonic, optical and other types of detection technologies. Most of the articles
reviewed were summarized in a table for reference by the researchers concerned. In conclusion, research on robot-based
automated inspection technology is of great practical significance for improving quality control in aviation manufacturing
and maintenance processes, but it still faces challenges of insufficient flexibility, insufficient algorithm intelligence and
insufficient human-computer interaction research.
Keywords: Automated inspection; Robot; Aviation manufacturing; Part processing; Overall maintenance
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YANG Wenfeng, YANG Fan, ZHU Xiaowei, et al. Research on pulsed laser cleaning process of Cessna 172 engine casing [J].
Aeronautical Manufacturing Technology, 2024, 67(5): 82-88.
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2. BN K F ok 5 ok By ak ) AT LI, i3 325035;
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[FE] AT ASHPAERGREE R, R TR T ERAH 172 RAK S IR E i &0 3ok
HORAF R . B ATHUE R R IR R B Y R BRSO, R R T AR TR AL ARk E AR R @k B
PR O F AL, B2 T MUEBOLRE RAE T E A, AR R G 6 R B R E  RARAR T B AT 4R AR
fio REN, BB E AN ENBEYRIERERE, LE % F 18.33 Jem’ 23k & 1600 mm/s B, 7T 5%
IR 98.7%, R EALKE L S, 4 2.48 um, HLE K G KA1, R & BHARE I 1.9%, % RALE R @R R EE R,
PR R AR NVAEPCRA AT HA SRR L.

KPR AE R FA BORTRG R BT AL TRIAF

Research on Pulsed Laser Cleaning Process of Cessna 172 Engine Casing

YANG Wenfeng', YANG Fan', ZHU Xiaowei’, LI Shaolong", FAN Zhanpeng®, LI Tianquan'
(1. Civil Aircraft Composites Maintenance Research Center, Civil Aviation Flight University of China,
Guanghan 618307, Ching;
2. Laser and Optoelectronic Intelligent Manufacturing Research Institute, Wenzhou University, Wenzhou 325035, China;
3. Aircraft Repair & Overhaul Plant, Civil Aviation Flight University of China, Guanghan 618301, China)

[ABSTRACT] In order to remove paint from aero-engine casing surface, a study on laser cleaning of Cessna 172
aircraft engine casing surface was carried out by using nanosecond pulse laser. By analyzing the surface topography and
roughness of the paint removal area of the casing, the influence of laser energy density and scanning speed on the cleaning
effect of the paint layer on the casing surface was explored, and the optimal process parameters of laser paint removal on
the casing were determined. The surface quality, microhardness and roughness of the casing after removing paint were
comprehensively evaluated. The results show that both energy density and scanning speed significantly affect the paint
removal quality of casing. When the energy density is 18.33 J/cm® and the scanning speed is 1600 mm/s, the paint removal
rate is 98.7%, the surface roughness S, is 2.48 pum, the casing itself is not damaged, and the surface microhardness is
increased by 1.9%, which meets the paint removal quality requirements of the casing surface. The research results provide
theoretical and technical support for laser paint removal of engine casing.

Keywords: Aero-engine; Laser stripping; Surface topography; Microhardness; Paint removal rate

DOI: 10.16080/j.issn1671-833x.2024.05.082
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Fig.1 Cessna 172 aircraft engine accessory casing

x1 ZLISSRESHUZERS (RESH)

Table 1 Chemical composition of ZL105 aluminium alloy (mass fraction) %

- ] | . ] |
si | Fe | cu | Mn | Mg | cr | Ni | Ti | v | Pb | sn | zr | Al
5.50 | 0.22 | 1.26 | 0.004 | 0.50 | 0.003 | <0.001 | 0.13 | 0.019 | 0.002 | <0.001 | 0.004 A
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Fig.2 Schematics of laser cleaning system and cleaning path
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Table 2 Technological parameters of laser cleaning test

A B4l
U0 ZQ L B3 3
e (R B 5k) | (RS v 5 fk)
ApET e o 2 12.22/15.28/18.33
REE 2 EES (J - cm™) 21.39/24.45 18.33
S ol 800/1200/1600
HE R (mm - s 1600 SR
SEBE EL4£D/Imm 0.05 0.05
Jok w5 o/ns 200 200
T flkHz 100 100
{=93.62%

Residual paint

 Residual paint

- [ | Fa
(a) BOCKRAHT b) MOUREE  (c) MOUREIR
—fiL

B3 FotRFaEIERERAIERRZEEZHELES
Fig.3 Image of casing surface before and after laser paint removal
and binarization image after paint removal
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Fig.4 Surface morphology of laser paint removal under different energy densities
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Fig.5 Surface roughness change of laser paint removal under
different energy densities (v=1600 mm/s)

BEARAT B B b 2 RGN, SO0 3 T AR Sl 5 e ik
VEFI B &, A2 e (6 (b)), A R 200,
(A AE Rk S ORISR AR 2 5 46l oA 1600
mm/s, B R B WA B AREEAA7E (K6 (¢))
MG EE R 1200 mm/s, B2 E IR AL LB 5

20244E 55674 55500 - RiATREEIA 85




,—‘i. N »
mﬁblﬁx RESEARCH

34.3
-34.3
420.2
840.4

1260.6

§-9.78 um 16808 °
(a) 2400 mm/s

Z/um

1260.6
S;=3.89 um 1680.8
(d) 1200 mm/s

50 pm

1260.6 ¥
S;=8.11 um 1680.8

(e) 800 mm/s

6 TEEMEE THLRERERR

Fig.6 Surface morphology of laser paint removal under different scanning speeds
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Fig.7 Surface roughness change of laser paint removal under
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Fig.8 Change of paint removal rate under different laser parameters
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Fig.9 Microhardness of original substrate and laser paint removal
surface
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Effect of Femtosecond Laser Surface Texturing on Shear Properties of High-Speed Laser Joined
CFRP and 2060 Al-Li Alloy

WANG Dong, XU lJiejie, HUANG Ting, JING Ruomu, ZHANG Jingquan, XIAO Rongshi
(High-Power and Ultrafast Laser Manufacturing Lab, Faculty of Materials and Manufacturing,
Beijing University of Technology, Beijing 100124, China)

[ABSTRACT] Laser surface texturing is an effective method to improve the shear strength of the dissimilar joints,
and has been widely used in laser joining CFRP to metal. In this work, a femtosecond laser with a wavelength of 515 nm
was used to fabricate microstructure on the surface of 2060 Al-Li alloy. And on this basis, high-speed fiber laser joining
of CFRP to 2060 Al-Li alloy was realized by a rectangular beam spot, which could provide a relatively uniform energy
density. The influence of ablated depth of the microstructure and the scanning line space on the shear strength of dissimilar
joints was investigated. The results indicate that the shear strength of the dissimilar joints is greatly improved through
femtosecond laser texturing. All the dissimilar joints fail with the mixed failure mode composed of the CFRP matrix
fracture and interface fracture. Remarkably, the average shear strength of the dissimilar joints is 35.7 MPa at a relatively
high welding velocity of 3.6 m/min and a laser power of 5 kW, which is 2.3 times that of the joint without femtosecond
laser texturing.
Keywords: Carbon fiber reinforced plastics (CFRP); 2060 Al-Li alloy; Femtosecond laser texturing; Laser joining;

Shear strength
DOI: 10.16080/j.issn1671-833x.2024.05.089
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Fig.1 Schematic drawings of scanning line space and ablated depth
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Fig.10 Cross section of CFRP and 2060 Al-L.i alloy connecting joint
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Pose-Dependent Tool Tip Modal Parameters Prediction Method Based on Multi-Source
Transfer Learning

SHEN Zedong', LIU Xu', CHEN Gengxiang’, CHEN Lu’
(1. Nanjing Tech University, Nanjing 210009, China;
2. Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

[ABSTRACT] Cutting chatter can lead to problems such as poor surface quality of the machined workpiece, reduced
material removal rate and increased tool wear. The tool tip modal parameters are essential inputs for constructing stability
lobe diagrams and selecting chatter free machining parameters. However, in the machining process, the tool tip modal
parameters change with the tool pose and the tool changes frequently, and the classical impact test method has low
efficiency and high cost, so how to accurately and efficiently predict the tool tip modal parameters under the changed pose has
become an urgent problem to be solved in the cutting process. In this paper, combined with the idea of transfer learning, a method
of modal parameter prediction based on multi-source transfer learning is proposed. When a new tool is used, the tool point
modal parameters under only a few positions need to be measured through impact test, and then the tool point modal parameter
prediction model for the new tool can be obtained by multi-source transfer combined with the modal parameter data of multiple
existing tools. Finally, a practical experiment on a five-axis machine tool shows that the proposed method is effective.

Keywords: Data driven; Cutting chatter; Impact test; Modal parameters; Multi-source transfer learning

DOI: 10.16080/j.issn1671-833x.2024.05.103

e DTN TR Ak AR B ARAE T — WA SEsE AU IR BRR O AF LA, B 2 70 i i v 5 | K B
(DR 5 o NP eI Ny s P I S (2P 3 s T N 18- A 1R 2 ST Wik N (3 R N e S 1 DA
BHURGEH JIR RGN TOREIRRE DI S 80E B8 M. FAT R R Tl e V2 8 A i 41 o

*BEWME : FEARFFEL T R H (52275491 ),

2024458678 555 ] - MiAEE&EEEA 103



‘_‘i. N »
HI:%IBI RESEARCH

T R T R E M R E G BOCER R TS5 B W
TN T H) TI 92 s A A SRR A s RS PR IR I )
B A B JIR BB S B S LRSS H % DI E, 1
T A e T RS AR S A ks B R, v
TRARATBE N L AR TT9Q B S SRR R PR
P AR

H I, 345 T AR GBS S8R R AT SE Yy R e
R O, 3 gk ool Sl ey 7 LA R AL Bl 4
Wi 8715 5, SR T s g e o A5 A, ) FHASE S 28k
PO R TR S MBS S8, e s . (R
W& ) HA TAEZS (B F B TR AL S S5, R i
TAE S K B EAAEHLN G, A S ORI A B ]
IR s AR S B0 T 3k 32 AT e AR A5 R A Bk
( Receptance coupling substructure analysis, RCSA ) Fll 3
RIS 77k

RCSA J7 iE ¥ HLR RN 73 I 2 A 7454, 3l 1 #5
K-35 K6 1 A % W 137 #K 0( Frequency response function,
FRF ) SEIHEHUR 1S RS S8, Schmitz 25 B
BILIR 53 1 ) LA 35 43 R R T 42 54 , 38 3k 1 e
1 23 T SR EC 0 23 B A ] R, B J 3 ok B o5 5L
RELJE B 734785 4. Movahhedy 25 0 45 i —Fh 145 14
Z AN A skt T 4 - TIAR R G R h AR
I SRS, Sy T R R 4t T LS B A o ) R
Duncan™ F1 Schmitz!"! %5 SCKHLA HE— 2Rl 40 A 7T H. |
SN IR S JIRRIER A . 5 3 4S84y, Kivane % B
B T ER 5 R IR T TIWASF-4540 SR 5575 T T) 38
G3 R SEBR LR RRPE 5 28 1 BN B 1 0 EL A4 ) 0] bR A
B, Ozsahin 25 MUK AR XS FR T] A o0 i £ B H
[ PR AR A /N AT, THR T 4% BROT R IR, B S T T3
FEAS BT YA R AR, B S5 RS AR B AR AS T LA 00 [
PREL, Ertirk 25 "7 dpt 5T T 5 IR TR
B LT S EOT B A LR 22 G AT pRE 52 A I IR
205 OO A ML AR 43 B 5l — TR — 3543 JDHF AR 4%
TINT K TITT, 5545 T4 0 i pR 45, 368 2ok e o 1 0
Fii RCSA Jy 45 th 4k — TR — 53 TIFT (8 450 bRy
B, S5 WA A A5 B 9 5500 pR AL . T 2548 Z (A1 (1)
AL B Bl 07 2F R 22 i RCSA 5 ks B 1 — A4~
F K 2, Duncan™ 1 Schmitz™ 45 1] 85 s S5 FH 2
BEAUAE A S AR SR (AR e MDA Sk w422
AR Bh Sy B TR . AR P R A B S
K T IR A o 1B 4 PO s s A TR A ] L
gham B35 B 2 A5 RH E i B B B A B
J1EFRRE SRR AR A T A W E S R T
TR, BRI WIS EUT T4 5 RCSA J7 ik
HER I B

104 RS EA - 2024458678 555 1)

UTAFEAR IR S TEAL Ay ) U R 2 G, /T
MEAESS BREINGREE 22 T A I AR
A D IR B AL 55 127 ST PERE, DL IR i
GeAU T ELRER B RAE P2, L 5 P Sl ek
B, AR T H BB AR TI R RS S A A — 2
ARORRARLE , E A FE RS 27 ) SR AT TR RS S8
T, G T RCSA J7 1% R S BN MER R A2,
ERAEF A eI — R IR ] AAS 2B, SET]
HANFAR TR AR, B AR A R o

AT — Tk T Z IR 2 S B TR RS 2
B I 1 AT ] BT ] UM Z AL T B
P PARECR P S A R, S ST V) RS A T
i FE AR AR U BN B TR LSS, A
SECEZ AR N-UPARPNEY. #0% 2 € 1 CisiiApE 2l St - M
AT AFEIHT TR IR m S SRR

1 BEFZBEEIBFIMNRSERSH TN
1.1 TIREBESEH TN o H iR

ARSI FH ) — 455 FE AT

FI X Fonti AZs 8], BIHLUR G HEA TAEZS [, X F
Xi € X, Xi={Xyi» Xais Xai Xai» Xsi}» Zo/n o 1A AKIHE , Horr,
Xaiv Xoin Xgi A FUAILIREY 3 Bl HARAR 5 Xy Xsi ALK
(R (R Al A A A s XS R XT 20 B 4 p AR TT B
1 E AR TT A AZS 8],

Y F27m i 1R A S SR L hn 28 25 (B, X
Ty €Y, y={w, &, K}, FR x ME TR IIRERES
B, Horb, w ARERFEA AR & RFERFE H; KRNI
Y S HYT AR XA XT X R A BRAE A ]

f(x)FRxEXHT(X)EY ZIAIM ITIH EHE
SR R, £ (X)) R (X) 2R RS p MR
JIEAN B AR T AR

ARG 4, B 20 IR T B TT S S S
ok, %£om b DS={D%, ---, D}, Hih, p HIFE ] EA
B, SRR, A DY={ (x%, y>)}, Hib x> eX%,
v EYS Hi=1,2,--,n%, n® A5 p AR A BEE AL

EERE e W WS G IS L T REN AR Y #o S
ol , R D=L (xT, i)}, Hidr, xTexT, yeYT,
Hi=1,2, -, n", n" i HARE b AR A g, Hom /T
PRIV A0S A%, B n'<<n®, p=1,2, -+, P,

AT 7k B AR R AT ARG ) Z2 A4 R A A
D°={D%, -+, D¥} SKHE WA A ¥ i F bR b 4
D HEA7HE A T AR S SRR f T (X)),

1.2 BEFZETIBZINTIRESESSEN

T AN T BRI TR S S RIS, A

TS B H AR ] HALS SR, AR S A —Fh I



PN
RESEARCH Hlt%tei

T R B Y 2 TS 2 2T Ok AT LIRS A R
JIAM HbR TR Z AR RE . 7 RN HZITEZ
BT, B S B AR BT 2 B A A pR

121 AT EirdRe)an sk

e U AR [ U e — T DR BIL g S 0k, W] B
7 A YNGR A a2 ARG SC & 9T LT LA
W BIMELRY T3 28, )z T AR U e i A [l )
Xf— e R RRCR AN 1 R . TIR RS S HL
FRR SRR T2 TR DN 2 e B AS S R0, KAk B
S 2o R AN RE L, DRIk e S0 e ST BEAaE FH AR S
F18 0k 7 22 R TINS5 v 1) T) AR s ZS S
=)L

SRR ] RIS SRR A XER™,

iy € R, o IZREE I do IR f A Y
UL, X PRI AL 20 X € R™, m il A i
AN T R I AR B A R

Sl X, X,y ~ NIK, (K +0, D)y,

KXkX‘ _KX‘X(KXX+GnZI)7IK)iX*] (1)
A, N R 5 | SRR 5 o I ZREs e
FERIER o

ATLAE Y S AR A T B A TR 2 A, R
YO BEAERARR R FE . b, KA R TTER
bR (-, ) BiE, B

K(x,x) ...
Ky = : '

K(x,%) - K(X,,X,)

UL RSO 2 A% R R 22 T A, R BSOR s A

PR . AR TS5 i A b, F 2RO R B

ARARLE AT B A B 2 H AR, R e A AR i o A

Hh S A R IR T F AR R I ZR A i {E

P TR I v A% R B REAB il R Bl 2 TR A SRR R
PRI T e 83 A% PR IO S B Rl U (A A o

K(x]’xn)
N c Rnxn ( 2 )

4 - —— Gaussian process regression
3l o Data
21
= Of
=
2L
3L
_4 I I | | )
0 2 8 10

4 6
LG/ TIPNIER
1 SENIREET
Fig.1 Gaussian process regression

Pan 45 P4 YR L — R AS AL R AL, T H 5 R
PRI TR B AR , B
Ak (x,x"),xe X® and x' € X"
orxe X" and x' € X° (3)

K (x,x"), otherwise.

A, A S R DR gl ) AR R f) A 18 2, mT
3 P S o3 A SR At , A T LA A S T B
WTTIER I

ST IERAZ R, PT A SCTR] G 455 B s AR
AR R I, R ) 24 8 S DS A s £ RS
A, A AR R IR E VR, DR AR s i dls
ARSI PR RS R A Ry R R

Kll K]Z

K ) (KZI KZZJ ( 4 )
P, Ky NI 9R RS 2RO S5 IR 1] A%
W5 Ky 0TI AR AS S RO AN 5 F AR RO o] A9 A% 4R
W 5 Koy 9 TR mAEAS SR IR RO 55 DR 18 O A R 5
Koo AT RS SRR Bl 5 H AR ) AR

N T BRUEAZHE PR 82 IS P 5, SEAS Rt 3 A
T PN R Ky, BT RE SR IE RS A% PR K
L R AR PR 7R A

Kz( Kll A‘Klzj (5>
AKZI KZZ
122 A TR $RiEH4FT 5%

T S ks 2 ) B RS S EEAE T B
JTEFHE A SCR FH Wei 45 P 4 H A —Fh S T AR
WA Z TR ) Bk T IR S S H .
A — 2R T ELBE X5, Y} FE bR ) B (X7,
YT} _EA TR RS B AP R AR £ T (X, Q,,
A )5 SRJE AT ARRLIE R A, AR BT RS AR A
1538 Hbr ] 2 TI 92 SRS S sy, 1

Z 2’ S,.T

Ao, 0, 4, WHIEREU T B4 g () Er
FLLHE R, FUBOSRUR R A2 FIAOCR . % s
B2 W et , A MR RO R 1 2. o7
Al

min (D) (7)

{ P2pip=l =]

2, 17 Sy EAR ] B S ECIA %) H AR
X BT ; yiT o T AR AR (e 2 e
FiE D e/ M BB BRECR AR i S50

DRIt TD 4R SR 25 BB 2 P A 25 ) 1L R 0T 43 L
TR (1) SIS AR L K HAREOR; (2) 3T

2024455678 S5 1] - D& EEA 105

K. (x,x") =



‘_‘i. N »
E{%l’ﬁi RESEARCH

S SR RS pR R S i AR [T S PR ]
R AT RPIRIE AR (3) I 2T )
TrE AR LR Z A W UG A AR 3 i SRR A R LA
AT I R BARRIAL T 5 (4) X TARFHA 2,
F AL Z T AR RR i 1R s SR AR

TIR KBRS S B [ A R (BHJE L S W, 24
TIYAFA 3] oK RN 22 F1 P RE IR, 75 P A 28 D — 4L 1)
i, ARSI i g s R (0T o e v 2 Y ST AR T
D3R ATAR [ AR, PR IAS SO s T2 A 2
SRR T

2 IEISIE

Sk B8 IE A SC T AR R A R, e — 5 Ak bR
T AR IE, T A0 EA XY, Z 34
AN AL C A LGRS e SEBRBEEDM T, th &4
2R LA AR AL S B0 T3 A2 mp 45 il 0 25 O A Tl B A
1k, PR B AR v 2 G 0 R B 1A S S S 8 A7
AR 3 AT BRI T R B, XL YL Z 3B
B IR B ARAS SRR R /N T AIC 3k B4 14
AR Ak 2 U A R ABES W % A R Z AR 1R, PRk
A E AT Al C R AL T TR SR ES
B ) A, %o AR R A HUR, GBI
jCEﬁﬁE, #?E’}'Ei,ﬂﬂii}(ﬂﬂ Xi:{Xli, Xzi} € RZ»E* A
ol ) e e U5 LR xy € [-90°,90°], C il 4 ke 4 91 1] e
X, €[0°,360°].

G FAMURH F I T RHLEs R 14, B B I 2
& BB RS AR SCEEBOR In Trp e i i T H R
F, To Tou Ta Ty JJEAS—3E, RIS A S0 EAR DL LS A4
RGBT T ELA T B SR B, AR I R T, M
T, A AT, T, X T, hmsE#I , TR
i B S ) B S5 R 1 3 2R R DT xRS 2
B S DRI AR SO a6 A AR A K B A B
[ 7, 18 i 75 114 ) HLELARE B gk 1 s .
21 HEEEI

ARZ BN UFEE T, T, A T, 3] KA A& T)
RIEFSSEEIRAE A 3 A TR , S BT E b
TR A Ky H bR , FIRHE T B R RS S
BB AR R S BAE i B R s

SRR [R5 ek ) 22 S, 2 A IR S S B0 R
AR R P AL (B il 1) 25 5 AN TR X T EL T,
5 T,, % Al A —90°~10° D) 10° 1) A 5 3 B %, B C
fl A 0°~30° A 30° YA HE M s i, I T L T, 5 T, 43
STE 247 A 28T R AE T A R B s XTI T,
B A Bl N —90°~90° LA 10° 1Y A I FA B HIL, B C il A
0°~360° LA 20° (10 #F A Bk, 5 B 4t 7T By 361 41

106 Wiz kB EAR - 2024455 674 55510

BLZETT (s pR B o B U B B AN 2 B
718 VIR T 7 ) 7 e 443 T A R T HL 7 1) [
ERET O FH 2 32 A T M AR W A5 5, SR AR IR S
S B R AR FIT T, LB R IR A BIE SR 5
U 2 i e 1 0 (B A B B 2 iy O
5 PO T AR AR S 0 75 0 4 S e 57 bR IR 45 51
ZRA AR I A R RS MIRE LA B2 L o

ARSI EAE TR T RN GBS R g I TE LT, 2
TIOR3 1 B A5 T B s RE A I 2545 2 H br )
HAR SR, 22 PR 55 ] i B SCR s T H
PRBCE R S BRI A, 2 B bR B A 2 LA A
A5 2 18] ) 0 i 22, A RE SIS BRLEG: F AR R Rz
BRI E R, TS R 5T RS , 1 AR Ko B8O S
ZN TR F AR GE R J T . Hk BB 1953
AR IE RS 5 ST BORA IR IS0, R ] BER 7R H Al
AR A1, DR AR B 56 % 8 F AR 5 IR
SEpgi| 23 [ S A () F AR A A 23 8] N 23 A
Bpogo MRAELL EENILE 2 T 10 M2, Ik 2 FR.
HRAEIX 10 ML ZA AT RS, FEIRE AR -

F1 HWNE
Table1 Test tools

HAR | R

R N - mm mm

6 50
8 65
10 85

12 85

R

2 HHIRETA

Fig.2 Five-axis test platform



PN
RESEARCH Hlt%tex

22 HIWIWIELER

FE3k45 D° A DT AR ESCA R 805 IR H bR
TIEW) IS TR, Fe A5 2 TTH T, 1[G 45
2 BASNIEEFIBEJE L A S A, Gl 3 P o

7 1% 2% ( Root mean square error, RMSE ) £l
S 27 40 %% 22 ( Mean relative error, MAE ) 3 ffi & fr
PEIT AR B MBS S E0N A Y i B 7, RMSE FI
MAE 7338 e SCh

1 N
RMSE=\/—Z<yi L) (8)
N — pre est
Ny TV
MAE:iZMXIOO% (9)
i=1 yilesl

T, Vi F Vi 2000 20 1AL 2T F50I0 0 A2 14
PSS ASE E A R NIEEAIBEJE EL 5 N 2
BHRER KN, N=247, #3455 (8) F1 (9) Al A1 2]
H br 7] BB S EOm A RS 5 F 152 22, an e 3 iR,
TOUINAR B B SCRT 3 7 v AT 3 o
23 SHEEBHITII

N0 K T HR 755 Deng 45 BT R g5k
T RCSA W7 ik A7 ek . 127 vk i Seim ik il i 3= 4

T/ BT ZE R A R, ST Kriging TR TY | 98 J Jk
T RCSA A IIARA M s &L, % T B J) 5 il 7E
i % A=0°, C=0° F #1478k o X 5 , 3+ ] ] Mehrpouya
i PO 1 300 R A (IRC ) Dy e 1A 56 451 o
SRR, SR i R0 FH DG 1 L) R 5 I A2 o7 248 14 T B il
PRI AL I e pR R . A5 43 IFE A=10° C=0°,
A=30° C=0°, A=50° C=0° F1 A=80° C=0° 4 [ JJ H.{vi %
5 Deng %5 B 5y i AT H A AR A S BT INORS
W 4 iR (455 b i 0 2 7 70000 /5 D0 422 (1 A
FIRE ).

WA SO L RCSA J5 ik B el i 06 I B v i A7
XL, AnE 4 B o DTG B B Aminm ek 5t £ vl LB
W T A=10°, C=0° T, AR SOy i X L 32 14 i
I BT TR, (B AR A 3 M P AR SO %
M F X by, L HORFE A 2% A=50°, C=0° #il A=80°,
C=0° T, X Lt 7 i A 46 R 5 s (A W) il dw 203X
JEI A Deng 45 BT 5 ik v, 1 0 W) R K B A 7
%% A=0°, C=0° ~ITE s, Rt H bk 77 25 47
TR T A=0°, C=0° i), HLAE R UER ; Ui L2 FHRA
I IZ IR RO A 2% . 27 BT, AR SO ikt T
AR S BRSBTS S RS

:2 MEBREIENXEAE
Table 2 Construct the key poses of target data
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Fig.3 Prediction model of tool point modal parameters of target tool
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Table 3 Prediction model accuracy of tool point modal parameters of target tool

R LESpTES
RMSE 5.76 Hz
MAE 0.42%

P FEJE L
0.33x10° N/m 0.59%
6.8% 8.72%
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Table 4 Comparison of the prediction accuracy between the proposed method and RCSA method under four tool poses
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TIAN Hanging, CHEN Gang, LIU Chang, et al. Injection molding of TC4 titanium alloy using quasi-spherical powders[J].
Aeronautical Manufacturing Technology, 2024, 67(5): 110-115.

IEERTE TCA Sk B EMARIEHAMTE

HSGE,BR R, X 8, BREE, SRR, SRAALL, HiEE
(b TR A APRHHARBR  Be Ao T AH A B A2 B0 R 4147 o0, 467 100083)

[FEZE] AR A8 S A (HDH) TC4 4k&-2 4 K A oot 38 1 A7 2 (Jet-milled, IMed) AR 3 Kt 47 %
RO, AT T 4R T LA . L, 5 5L HDH. JMed HDH = &, B ALk TH (GA) 3 Fr#r K A JRHt, AF 70 5
AT REH KR EH AT RABEER T RSB E LRSS BHMARA N FRESF. RN, 24
RIEA IR )G H IMed B RS0 BN, L3R H 4 R AL 22 R 46 HDH > K138 T R 515, L RHMBEE SR T UK
FRHO £ KA IL R 45 HDH £ K323 T 6%, /£ 1300 Cre%: 2 h j5, IMed #r R 45469 5055 % 4 98.3%, & TR 45
HDH 4 Kb 254 49 8 55 £ (95.3%), B 5 GA # KB 09 5% (98.4%) 48 % ; IMed #r KB 454049 B B2 7R
2 904.2 MPa, &R 3% 4 809.1 MPa, 5 GA # K452 F A8 &, b7 4L 38 1 & 8.14%, I F4L T /R %5 HDH 5 Kk
2. RKBFR B & 09K HDH TC4 B AR iE SR IG ARBEIL B B AT 64 B R 3T 5% .

KGR I R EH AT A4 IR RO, B, S A

Injection Molding of TC4 Titanium Alloy Using Quasi-Spherical Powders

TIAN Hanqging, CHEN Gang, LIU Chang, WEI Jinghao, HAN Longxiao, QIN Mingli, QU Xuanhui
(Beijing Advanced Innovation Center for Materials Genome Engineering, Institute for Advanced Material and Technology,
University of Science and Technology Beijing, Beijing 100083, China)

[ABSTRACT] Injection molding of the TC4 titanium alloy was investigated using the low-cost hydrogenation-
dehydrogenation (HDH) powders modified by jet-milled (JMed) as the raw material. Three types of powders, including
HDH, jet-milled (JMed) HDH and gas-atomized (GA), were compared in terms of maximum loading capacity, sintered
density, impurity content, microstructure, and mechanical properties. Results showed that the particle sphericity of the
JMed powder was significantly improved and thus enhanced the maximum loading capacity (volume fraction) by 6%, and
exhibited higher sintering densification, as compared to the original HDH powders. After sintering at 1300 °C for 2 h, the
density of the sintered parts using the JMed powders is 98.3%, higher than that using the original HDH powders (95.3%),
while equivalent to that using the GA powders (98.4%). The room temperature mechanical properties of the sintered parts
using the JMed powders showed the tensile strength of 904.2 MPa, yield strength of 809.1 MPa, elongation of 8.14%
respectively, much better than those using the original HDH powders. Furthermore, the strength of the sintered parts using
the JMed powders demonstrated equivalent performance to that using the GA powders, indicating the quasi-spherical TC4
powders exhibiting a great potential for engineering applications.
Keywords: Powder injection molding; Titanium alloy; Sintering; Powder modification; Microstructure;

Mechanical properties
DOI: 10.16080/j.issn1671-833x.2024.05.110
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4 By AR T G O 38 R R R R R 25 4k
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AR =5 (>100070/Kg ), 8 AR AS HASBEIITE 3511 &
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¥R (<4007T/kg ) W2 H BTER & 4 1 5 8 B0 5% 34
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S R 835 MPa; fEIEE © il HDH TC4 Bk, ik
TR L 49% 1 2% 48 Tl o v A OB 3RAS T TR,
SR, B 438 H i T T ASEDIE SR Y HDH 2k&
SR, HhE 48 a3 b AT, ARAS A T S 5 BE ARG, 2R T
FEAIE A 25 R RE BEAR S A, i L, AR A R
ek ml S A IR RIME , 25 S TE IR e 4t ok i
BRI, T PR R MR . RS ™ imiF s
B, SR FH BRI 2 v 1) 4 T oy A T ol e S s WA} i A
g2 B & T EROE BEARAYIERL, Ak, Tao 25 B0 ffi
FHAAEE (Jet-milled, IMed ) 52 A, AU AE =8 i R B AT &
HUGE NN 4 T R AR B R TEDE S, B s BB B, Wl
FT S BB A

PRI, 3 2ot el s AN DU 35 HDH K3 oK RO 1ok
P2 v 1 G T MR A A A 2 i i, ok HL RS T T S
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S ARMITEIL M, R AR EMES R, B
TEAE AL RE , IMed Ab RS ) HDH £k & 4 8 K AR
fe il 7F 500 G /kg LA, BRS L ERE ARG & R
A A 50% LA E, M S ERTE 5F B KA 4 AR
NI

1 iX%ERS
1.1 E#E

A3 13 1 E 7= 75 H HDH TC4 k4 48K . GA TC4
A4S K AR MZ IMed kb FEf) HDH TC4 k& & 0K
SRR TS BUEMT 5T, Hrh, IMed By AR & H QLMR-
150T %Y JMed 7£ 0.5 MPa it %} HDH TC4 £k& 4 #5 K F
JEEIE 10 min, FH7E 40 Hz /205 IS IR AR, 25 2mk
A2 VAR P AR AN 1 R .

AT A7 P s 5 288 68 50 4 2R R A B O 3K
B, H B B AL A I (PW ) B IR R (SA ) R 20
(PE) FIER M (PP ). 45 %45 75 2 43 B 358 43 ) PR fiE
=z 2 fims.

12 RKETE

R T ARAT A AT B RRORE, i EL ) BE LA M-
H-1L-DCSS—H R %25 HRAILAF 3 Pt A 430l LA S A28 4%
W SR TR A B . BRERAE: 76 170 CF, DL
30 r/min &4 2 h, A5 535 B mORL; ERFZ 5t i
LS5, 7E EM80-SVP/2 T I3 i f TS OB R4S 1
S FAE TR Y R F = A CIRAE AR T,
7£ 50 C AR 10 h X i SR A 7 RS s e 7E
BFZS1903111 A LA a2 vhobe sl il i, fe e 25
FE43 5124 1200 °C 1250 °C 1300 °C 1350 °C, Pt [a]
2 h, YA,

1.3 RIERAE

i FH A RM200 AU ARG 3 Aok AR ROk
IR FR B 2 i, DA 2 TPk AR ORI B i i . 7
160 CHIMEE F L 30 r/min AR A TI06 . 765
HRASORA IEZE T, Zhas s ine M e, &8
WA BB — P PR e RO S e A, DAE 2
PR AR o B S SN N, LB R B0 B SR I SR
FE M 1k H BRMA R LU PR 28 2 2%~5% ({4
FUME0) Mt gt ™,

i I Mastersizer2000 #9380 k7 FE A6 M A E 47 k0
BEAAT 5 SR FHBAT SR P HE K 2 0 abe 45 1 1Y) % 2, B¢ b
B S 3 YT 448 {1 ] Regulus8100 4 37 4 4
HL A0, WK RS0 LA K et 2 25 T ) b w2 45 i )

F1 TCAEEMERUERS EHRMAE
Table 1  Chemical composition and median diameter of TC4 powders

BIARZERL | Ti Bk iU | Al EU% |V BUESAU% | H B % | C R EU% | O Bidsi g% | N B %% | Dsf/um
HDH At 5.94 3.90 0.027 0.059 0.15 0.026 237
IMed AN 5.94 3.89 0.027 0.061 0.19 0.026 2338

GA AR 5.94 3.90 0.004 0.010 0.12 0.017 18.1
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Table 2 Main physical properties of each component of binder system

ZH PW SA PE PP
/(g om?®) 0.92 0.96 0.93 0.92
I C 70 60 120 150

WDW-100 I 1§ 7 RE I B HL LA GB/T228—2002 Frifi
XPRe g AR 5 2R ) 2R UEA T, A b ) B
4 m, PR 5 x 107 7, AEFREE SR 3 YBCE
I{E ; 8 F§ EMGA-830 RIS A ST . EMIA-920V2
AU 3 AT AN 53 00 %0 JEREA A L S e 4l A ity (3 THTHR
FE) B E TR iR TC R & | IE T 4007, AL A 3
WHCE A,

2 ZR5ie
21 MAREREPESH

K 1R TCA Bk A 4 M AR 1Y SEM Kkr B 43 A fth 28
(ESIEI NS5 VSR o o N O V5300 o Y A 1 N T TR 73
W5 Zad IMed ZbHLZ IS, IMed H3 AR BRLEE S A AR
75 R R R TR 28 55 IMed b 3 5 728 15 R 9, 3 42
FHE IMed AbFR B rp, 4 R 28t v AU b
FTEEZ )G, Fesy )y i SRS TROIE R ;s 1t
A1, B TR A BRI 7325 IMed BIF IS () 1o i 2 ] Bsf
FTHY, R IE 2 IMed Ab PR 5 R o A Ag 28 B il ad X H

8 Dsol 23.7 nm 10

Volume fraction/%
S
T

Volume fraction/%

40" i)

v 4

GA #i K5 HDH . IMed # K AMER 1, GA By REKIE
B, IMed By AR KZ , HDH # AR 552
22 MRREHE

2 43R T HDH. JMed & GA ¥y KRS+
FEAUIN TR Z R R, PR R AR TE A
HNERFE T DU, T R B A, I LY AR 2 1]
() I 25 () 0 FE 16 BH 45 700 I AR 25 . 7RI T PR 2 2%
S, ROBHA 2R BT AL BE 2 0 A 2 28 ) 14 in i 2%
MR, SR, — E AR 4R T i PR e i IR
FHRE 2 2RI, S EAEFOLT , — e A A 2R
SN )20 2 SO PR B e

mE 2 (a) FiR, HDH # KK R BTR & A b 5
PR I TSR0 BN, AE R i 58% Z AT, BRI
TSGR R B IR A HUE TR SR IE I, (HBE 2 TR A A ik
AT, PR 2 320 7 AR I A% A A T e (LB 3, o 7 2%
AR TEE] 60% Ji, B LR TF 46 s B4 K A9 50, TR
AU ME AR S , B e 0 Ak S g2 T, X R S i
W1 ; & 2 (b) Fizs, X T IMed By R IR R 5, 724
T2 64% Z AT, R RIR A AL R
IR B PR 2k i 1) HDH Ry AR AR R AHTR], 2 40 32 7t
£ 66% B, FAR AR R IR A HLAE AR I RS 21— [ e
{H, {2 IMed K AR R A2 I 1 IR A HLHE 7E 64%~66%
ZIE) IR W 2 (¢) FiaR, XF GA By KAk £ 3k
Ui, YA T 2 70% A TRAHIAE B R B 0% 3
ARG R, X HDH By R JFoRbI U, 5 FR3 2

Dso: 18.1 pum

Volume fraction/%

1 10 100 1
Particle size/um
(a) HDH

Particle size/um
(b) JMed

10 100 1 10 100
Particle size/um
(c) GA

1 TC4 $kEEMKRA SEM RALES fn H £
Fig.1 SEM and particle size distribution curves of TC4 titanium alloy powder
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