| $48 % £ 10 H1/2021 &£ 5 B/ E st

e T R 2 T HL Il S K O I 35 B0y IR OB B 5

ERWL REET L RET T BRE BRAT, 292, 2R
MR BLI TR B T B 215021,
MK R 5 TR T M 215006

WE  ETORNEBBOCR B ML R AT T 2 U4 M S50 18 8O B TE BT 5T . 28 T S5 4 0 19 H1L i R AT
2 1 R JH B 25 B0 2 ik L 1 225 400 1 — O I e e 1 1L gt 45 ) 1 v T 9 728 45 4 4 20 2 TR, R A0 2R A8 1Y
PO AWk 25 (]2 S R R R AT T Z 0 i S50 B8 . S5 R RI - T B T I 45 R 0 3 T 2R A 4L ]
TS R MRS BE(EAE 5. 579 pm LA s BUEAFF 3R 6. 03 mm SRS BB AR R T 3R 2278 — 3. 4506 ~

3. 09 % Z ] 5 B 14 6 S AMCREE B AR 271, 6~284. 5 HV Z[a], BIMH A% 4], T B89 AL MBS ik .
K BOCHER SN BOCKEE s ZonHl g BT B EU 2

FESFES TN249 XHfARER A

1 5 =

TR ZS IR HUAR AR 45 U807 R VF 2 20041
b 45 R o 510 0 368 B i sl ALk T Y RURR I L
Fegi AL rb (9 =i AR M A IR e R AT . XKLL F
FA RABTA AV 25 25 44 R AIE L 4032 S 41 il 245 44 1F
AN AR TR R IR . H R, 22 o L S5 4 1 R
0T 3 DR BE L 8 i L R T4 7 KR
U ECR I Ty A A bR R AR A A
S A6 [ BT, i 2 0 5L T i L T T R O
TS BB B ZAE 20 4 90 SRS iy —Fh o AL
(1) 4 J 0 R o RO B AR T BEAT i B L 2
SRR PRE TR L 3, DY eI ST N B3 B
s B UY Z JeHL il R O HEAT T I AR

1 e e S 5 e R AT B LR A i T
HEAR IR JE R R 00 J2 T ik B T A = oot A
A IO v T L EI R T 227 A 5 AR s RS
¥y SR ST T RVRE S5 R A R RE A BT T KR
3 J2 5 1 M FRURE 45 R I i B 471 4 3 4 S 4
X AR BE R A1 BE A B2 W L I R X T (W) 5 B A 4
BLZ L BEE I HE BUREE 1) J2 8] f B R /N T 6045
AR T — R O R S R B ) 2 ) 3

doi: 10.3788/CJL202148.1002114

BRI R T L R R I RSB T KR
107} £ U B 65 480 B I B K AR 24 R 6075 T B
A5OSR A 1A B S B U T SR W I Sk i RV
W5 T 2 W 1 0 1) A 4% ) AR 3 A8 B A Al L S
TR KA F 2 HE 22 o0 W BE 1 B SO %5
;s Dwivedi 5T AN TR e R B8 T #0OE 2
T T2 R A sk, I i A B R A2 B
Bl BT T LA

IR B PN A 22 S0 L 0 45 4 1 9 3806 4% 7
22 DL AR B — 7 [ L2 R 3 L T 6 T AR S ) A 2
T FHL FH 14 445 ) 12 P S5O A 7 ST 3 6 R 3 L I 2
T 1) Z2 7 ] 1 i 45 R R i O A R B R
FRGE . ASCHET B BN R AR,
K FBETE B W00 J2 7 W45 81 1 380 o 7 %k 132 B
Bk, SEIE T 2 oA ih 45 e 14 A HE R BUE |

2 KIS B

2.1 XWigHE

SIS A AL AR R BB AT O E AR B A B
S A PR RFL-C6000W #0688 | b as B 6 N %
¥ymisk (GTVPF2/2 Bk Ky &5, s g ) Jy 3 i R 2
H 735l KUKA #L#s A FIE R T/E & 48, R A&

B HEI: 2020-09-25; {EE B HEI: 2020-10-26; FAAHI: 2020-11-23
HETH. B AR %E4 (61903268,51675359) 119545 [ 4k B 2% 35 4 (BK20190823)

“E-mail: shishihong@suda. edu. cn; " E-mail: shituo@suda. edu. cn

1002114-1



48 % F 10 H1/2021 £5 /R E#EL

AR I TR R A

SRR B R S BRI Ol PR A Sk B8 A i B
WP 1 R . SR DG SA e AR G I AR JE 920 R
et UHE TR vh s R AR L IR A B b L R RO
BVRIREELE . B RAE TR R SR B R AR
AR e Ty B S O R S BUR ERS . 5
TG eI A EE L O % Ry B AT 5 Bk TR A
SOV AT LS B o)A A A

laser beam
optical mirror group

powder pipe

collimating gas

substrate

L # .

S ASEES e
Fig. 1 Principle of inside-laser powder feeding
2.2 MR
FEARME LR T 304 REEH . I M B BE

@ (®)

Fe3l4 @M A, ¥y KR4 N 45~109 pm, ¥ K1Y
HAR2E o L3R 1,
# 1 Fe3ld &4 KRR

Table 1 Chemical composition of Fe314 alloy powder

Element C Si Ni Cr B Fe

Mass fraction /% 0.1 1.0 1.0 15.0 1.0 Bal.
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Fig. 3 Layering method of twisted structure. (a) Layering according to twisted shape; (b) scanning direction;

(c¢) dissociation along scanning direction; (d) discrete units
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Fig. 6 Forming process of multivariant twisted structure
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Fig. 7 Formed twisted structure. (a) Height of formed part; (b) thickness of formed part; (c) width of formed part;

(d) rotation angle of the first part; (e) torsion angle of the first part; (f) center angle of the front end face of the

third part; (g) center angle of the rear face of the third part; (h) side of the forming part
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Abstract

Objective In the fields of aerospace, machinery, ships, etc., there are many multivariant twisted structures, such
as fan blades in turbofan engine intakes, ternary blades in centrifugal compressors, and ship propellers. These parts
have common structural features including large inclination and twisting, which cause great difficulties in processing.
Currently, multivariant twisted structural parts are mainly based on computer numerical control milling, casting,
electrochemical machining, etc. However, these machining methods have their own problems, such as low material
utilization and long production cycles, and in some cases, it is difficult to meet performance requirements. Laser-
cladding forming technology is a new type of rapid prototyping technology for metal parts that was proposed in the
1990s. It can be used for rapid and mold-free manufacturing of high-performance and complex parts. Therefore,
research on laser-cladding forming of multivariant twisted structures has broad applications. At present, the laser-
cladding forming of multivariant twisted structures at home and abroad is mostly based on uniform cross-section and
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single-direction twisting, while there are few reports on the structural parts that are twisted in multiple directions in
space, especially the formation of the gradual cross-section in this type of structural parts. Based on the self-
developed optical internal powder feeding technology, this paper adopts the method of conformal discrete layering to
obtain the movement trajectory of the laser-cladding nozzle, and realizes the accumulation and forming of the
multivariant twisted structure.

Methods The multivariant twisted structure described in this paper presents a three-dimensional twisted shape in
space, with complex twisting and tilting characteristics. To realize the laser-cladding forming of the twisted
structural part, based on the principle of normal delamination, this paper proposes a method of discrete layering
following the shape to layer the multivariant twisted structural part. First, the structure is divided according to the
shape characteristics of the structural part. The structure are divided into different parts for layering and the center
line of each part is extracted; then, normal slices are made along the center line of each part. Finally, according to
the characteristics of each slice layer, the slices are discretized twice to produce a different discrete cladding unit
with geometric characteristics. The movement trajectory of the light spot is determined by the position and direction
information of each part of the discrete unit. The cladding nozzle moves according to the position and direction
information in the discrete unit to accumulate and form the multivariant twisted structure.

Results and Discussions The conformal discrete layering method is proposed to layer the multivariant twisted
structure to obtain discrete cladding units with different geometric characteristics [ Fig. 3(d)]. The trajectory of the
light spot is determined by the position and direction information of each part of the discrete unit. The formation of
the cladding layer can be regarded as the translation and rotation of the tool coordinate system, where the light spot
is located relative to the base coordinate system in which the substrate is located [Fig. 4(a)]. Through translation
and rotation operations, the homogeneous transformation matrix of each discrete unit relative to the base coordinate
system is obtained, and the changes in position and direction change of each discrete unit relative to the base
coordinate system are obtained, thereby yvielding the laser-cladding nozzle's movement track. This study uses the
method of robot trajectory approximation, where, through the control of program commands, the robot does not stop
at the dislocation position, and realizes the gradual cladding formation of the multivariant twisted structure
[Fig. 4(b)]. The experiment uses a self-developed inside-laser powder-feed nozzle, which has good powder-beam
bundling, and realizes the laser-cladding forming of multivariant twisted structural parts (Fig. 7).

Conclusions  To obtain the forming trajectory of multivariant twisted structural parts, a method of discrete
layering according to shape is proposed: a normal discrete slice of the entire structural part is made, and then each
layer of the slices is discretized twice to obtain a discrete cladding unit with different geometric characteristics. The
conformal discrete layering method is used to solve the layering problem of the gradual structure of the cross section
in the multivariant twisted structure, obtain the spatial movement track information of the laser-cladding nozzle, and
complete the accumulation of the multivariant twisted structure. The inspection results of the formed parts are as
follows: the surface of the formed parts is smooth with a surface roughness value within 5.579 pm; the average
thickness of the formed parts is 6.03 mm, and the thickness of each part is slightly increased; the forming accuracy
of the formed parts is higher, with a shape and size error from — 3.45%-3.09% ; the hardness of the different
formed parts differed slightly but were basically stable at 271. 6-284.5 HV; there is no obvious difference in the
overall structure of the formed part; and the structure of each part is dense and uniform, without obvious pores or
cracks.

Key words laser technique; inside-laser powder feeding; laser cladding; multivariant twisted structure; conformal
discrete layering method
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