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Effects of High Speed Impact Surface Treatment on Surface Integrity of

Metallic Materials

GAO Yukui*?, WANG Rui®, TAO Xuefei®
(1. School of Materials Science and Engineering, Tongji University, Shanghai 201804, China;
2. Shanghai Key Laboratory of R&D for Metallic Function Materials, Shanghai 201804, China;
3. School of Aerospace Engineering and Applied Mechanics, Tongji University, Shanghai 200092, China)

[ABSTRACT] High speed impact surface treatment such as shot peening (SP), laser shock peening (LSP) and surface
mechanical attrition treatment (SMAT) can effectively improve the fatigue property, stress corrosion cracking performance

and wear resistance of metallic materials. These surface modification techniques have been widely employed in aviation,
aerospace, automobile, ship and nuclear industries. The basic principles and characteristics of SP, LSP and SMAT are
introduced in this paper. The effects of SP, LSP and SMAT on surface integrity parameters of aluminum-lithium alloys,
superalloys, titanium alloys and steels such as surface roughness, residual stresses in the surface layers, microhardness and
microstructures in the surface layers are summarized. Finally, the research and development of high speed impact surface

treatment in China are prospected.

Keywords: High speed impact surface treatment; Metallic materials; Surface integrity; Surface roughness; Residual stresses;
Microhardness; Microstructures

(Vi &)

20224E 55658 552110] « Bt RERAR 27



A N 5
iﬂ‘iﬁ_jiﬁ COVER STORY

FI XA AR JEZ IR, FRMG  F R TIRAIEIL G CLE M T Bt [J]. A Hl i K, 2022, 65(21): 28-35.
HAO Bo, WANG Wanjiong, ZHANG Peng, et al. Variant design of aircraft structure parts based on hybrid reasoning[J].
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A, 25 48 1.5 1.5 1.5 0.20 0.20

Ag 25 50 2.0 2.0 3.0 0.20 0.20
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A, 30 40 1.5 1.5 2.0 0.75 0.75

Ay 32 45 3.0 3.0 3.0 0.20 0.20
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Fig.6 Comparison of results between

traditional reasoning strategy and
hybrid reasoning strategy
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Variant Design of Aircraft Structure Parts Based on Hybrid Reasoning

HAO Bo"’, WANG Wanjiong', ZHANG Peng’, LIU Liwei'
(1. Northeastern University, Shenyang 110819, China;
2. Northeastern University at Qinhuangdao, Qinhuangdao 066004, China)

[ABSTRACT] Based on the hybrid reasoning method of rule-based reasoning (RBR) and case-based reasoning (CBR),
this paper studies the intelligent design method of aircraft structural parts. Firstly, combined with fuzzy theory and rule-
based reasoning technology, processing fuzzy parameters for aircraft structure parts design, and the intelligent selection
system of aircraft structural parts is designed to realize the type selection of aircraft structural parts. Secondly, the K-nearest
neighbor (KNN) and grey relation analysis (GRA) are used to deal with the numeric parameters of aircraft structural parts
design, and it implements cases retrieval and evaluation. Then the best similar cases are used for variant design to obtain

the target case. Finally, the feasibility of the hybrid reasoning intelligent design system is verified by taking the section steel

as an example.

Keywords: Aircraft structure parts; Rule-based reasoning (RBR); Case-based reasoning (CBR); Cases evaluation; Variant design

(Vi &)

20224E 55658 552110] « Bt hER AR 35






- . .
—— win FORUM

I thEA, 4T, fEH, F . AZ3L FERES S FIEHEHIRHE IR BN FEFT[].
38-44, 53.
CHEN Yuhua, ZHONG Yu, XIE Jilin, et al. Microstructure and mechanical properties investigation of AZ31 thick plate
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magnesium alloy double-shield friction stir welding joint[J]. Aeronautical Manufacturing Technology, 2022, 65(21): 38—44, 53.
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Table 2 Mechanical properties of AZ31
magnesium alloy
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Fig.4 Macrostructure and microstructure of AZ31 magnesium alloy Ds—FSW joint
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Fig.5 Microstructure SEM morphologies of Ds—-FSW joint

JEE 3 AT 35 Ds—FSW 422 S 4 % i
A [ Tl 3 i 2 1 2 Sk VR R 1)
A R Ay A e (L 7 (@), X T
g — THT A 1) B {0 AT I AR
LAY A3 A 34 T 3 e o {1 11 BLAE
OZ 4b, 25k 65HV; I RAE i H ER
TE 12 HAZ 4k, 2978 56HV; K28
FERSK 3 60HV 247, F)2 HAZ X
A FJE HAZ IXAEEEEA —A ik
AT RS H P ORI —
EBER, L2 HAZ XS E T4 2
W FSW SR 52 M X, FE AT 50 2 IR
JAERTO AZ B RIS 1 IR FSW 4542
B = 2R R S R, AH 2 A — A T
PERL” Iz AT 2 iz, HAZ
DX 32 FARE I B 011 58 4, HACHAGH B
A1, AT i — 2 A 1 R R, L
BEEEAA LA R 2 HAZ X B R
e, OZ Abf FEAEAE AL 22, To K
JE B A A A AL, 297 58~63HV [X.
B9 B, At DX A s 8 {1 7 A A K
Weh EEFRE T NZ J5 3 1445
WL BT (b) MKW EE
O ER T T I8 BROREE R A R, Tl
1 NZ YR B o028 05 1) 8 AR R
M “JL” FIRafhi. A NZ
TO0 08 1 JES 5 DX 3o . fofe Bl A &4
S5THV [ AR XK AE 2 7 1 3] v i)
OZ 4t 63HV LA A R E TR
J7 ) B BE AR 2 S T S T R AR Ak

*3 5 thiR B BAEAIE T
Table 3  Silver-white phase EDS

analysis in Fig.5 %
LR Bt 4 JRT 3%
Mg 8.82 13.05
Al 38.70 51.60
Si 1.58 2.03
Mn 50.09 32.80
Ee 0.81 0.52
R
EP‘D%/ \ %ZJE
s JRE
rhE
EART)
E AN
R

6 ELBHEENKERTEE
Fig.6 Schematic diagram of joint testing
position sketch

R

FSW $223k 114 I8 S hifi 5 43 7 327 iy
AR R BEFNTIE AR S5 R R 1Y
s U H o OZ B BE A4 v T Ak
55 L AL A TCHE AT (20 A1 A 5
R 4 Hall-Petch 2% 5 P, 43 3L 1 i
i 5 55 R R HAT R R B AR DG

20224F 565 & 5 2100) - At EEAR 41



- . .
—— win FORUM

OZ w1 fibhr 27 B PR B P s BUERS
BEFEAVE T, 5 A an /Nl e 45,
PR B FEAE AR S T 3 1 — 20 40
AR . SRR/ , R A AR
K, A7 28 B R A, AT A T
B AR R B, TR, T 0Z X
Z BN PRBEFEVE T, A S A T i
JNSR g i ELTCSE A AlgMng .95 4T
T S 20/ NIURR I 9k B0 A T I X
I, e s X I (R ST
222 BkipAREAR

Kl 8 N AZ31 ¥ & 4 BM Al
Ds—FSW Y] J 4z 3k hr il e 1) T 72
N 7 — o7 A8 il 2k, DL R A 45 A FR BT
7558 T J A 3R 7 P B A

IRZE I, AT HIBERS AR BR B o
( Ultimate tensile strength, UTS )
B )5 fi K- % ( Elongation, EI) 4351 K
253.7 MPa 1 26.31% (% 2% #
P B AR U) 3k 3 MR
R S5 R0 B ). &8 (a) i
1~5 5 Y) Rl ke iy TRER F) — Ry AR
MR 2 o5 2 B IR 82 YT A 1 RNl
2EAREEYI 2 R 2 AREED | 3.
S LIEMRAEY A 4 1 IERSE Y A
5, N & FF4Ric. ME 8 (b)
AR, A BM T &, WA 3k
UTS F1 El #56 B1 R REAK, VIR
DN SE I VAL Y5 N S N se U R =
TRy U1 Sk UTS FiEI

f) Fe KA M BLAE 5 50 Ak, B
55 1 B AREE SR Bl U B
L, 235 232.5 MPa il 17.83%.,
A, U0 A3 UTS i EL B/ ME
HELAE 2 500 Fa AR, 430l 168.1
MPa F1 8.93%. [w] i, AH Lt 2 %5
4 'SP 4k, 3 S A sk AE UTS
FEl L #A WE 3T, HAE 32
Ft #| 217.7 MPa fl 14.65%. 1 5.
35 F 5 S UL b 45k ok i R B R4
SEFIEERE 22 [ () UTS HeR) 23 518
82.97% .85.81% #il 91.64%.,

FSW 1E R —Fh#in T. 1.2, 7
FSW b # rpr, s Ayt A 58 4 i
FEJG LR Nt AR v HA R o 2

O o bz or :
o th :
sl TR i 0 S 650 : I
S J o] z A
Q' ~ o 2 N
z Wiy /L\“\a/ A bip u . / VA
& Al y e \ / : \
i) ° ﬁ,‘( ° 1 2~
551 ] [ °
£ i
|
Mo 15 10 5 0 5 10 15 20 M5 10 15 20 25 30 35 40
Bk 2R IR S /mm PRSI M 25 /mm
(a) WA ) b BCRE B 53 A1 (b)) WYJEERE Ty ) S AWk L 43 A
B 7 AZ314E4 Ds-FSW #3K 4 FCRE B ph 2%
Fig.7 Vickers hardness curves of Ds—=FSW joint in AZ31 magnesium alloy
- 300
300 = LR ) 3
7777777777777777777777777777777 W R
250 ‘ 2501 130
- 3 31 i
200 - 200+ 2
S 2 vy 1 g S
g ------- - - : ! : —33 I z 420 Jé\q_
= 150} P R = 150+ vl
= ] Pl T3S = 115 &
= 100 ' I = 100 i
H ' Lo | H {10 =
[ : | : :
50 I b I ! I | 50 -
R : 1°
oy : | | |
0 oy | i \ | 0 0

18 20 22 24 26 28

Bt 1 2 3 4 5
IRk
(b) TARRL - A A AR A

2 4 6 8 10 12 14 16
TR A%
(a) TREN 7 A% i £k

8 AZ31$4A% BM 0 Ds-FSW ] sk R ik e R 1A
Fig.8 Tensile properties of sliced tensile samples of AZ31 magnesium alloy BM and Ds—-FSW joint

42 WiZREEEA - 20224F 55655 5 2110]



Advanced Welding/Joining Technology mﬁﬁlﬁﬁﬁ*

B EH A, FtS BM M,
Bk 1y 1 2R PE A W RGP, 1R
M 1 B R A rp TR 1)
FEAER S TR AR IR R BT
TR IRAR P MR BE B 1 £ Sk
Br, Ds—FSW $23k M |2 F 32291
BEARAY Ry e il - AR - R AR A
B, PIERRAEN R D) Ak (1R
545 ) FLAT RO v A AR L B
L b 42 R A 9P AR T R S A
Bl T FE 12 X 38 25 7= A= L PAZ 5
B AN/ N BURE, A0 4 (¢) FIFs
3R AZ AT, X B2/ Ok
S BELRSAVE 85 ok A0 Ao ok A v i 7
FEMERN, TG 2 5 F0 4 54 ek
FLA W SR RN IS R R,
Ah, i 2 9] Rk i B B s bt
P RN R R 2 m T A
Bk 10 XOER Sy ED) Ak
L2 F] T PR FSW AR, ks
U 5E 4> 45 i A R A0 A5 RS
BENE SR RITR 1K S AR LS S|
O3 TR — K3 T AN R
F W LA, BT AR A
R 1) B s, R HA /N b R
R ARIOUE 5 ) K EL AT B 3 R S 3
ARSI fiE ) B TR, SR LA A
B2 /INUTE AR L 25 B #5323, A
T RAREE K I L ) B vh AL e
I NS A — i A S (R
A PR S A B R L A 3
A 3k MU A 7

XF T A 45 FSW $ Sk ok i, 4%
Sk i A A 1 DRy 284 A7 ' R B R AR
£ TMAZ . HAZ =% /i #F ] 1) NZ 5
TMAZ [ 58 F Ak B0 i A, b 4>
1E NZ . NZ 5 TMAZ (¥) 5t it /& A= W
S P2 s ik Y B 2 BT R A
TR 4R AR A R AR B B
TR A A2 B, 1K 9 R
M AZ31 B 4 45 Ds-FSW 4] A 42 3k
PR S 1 B S . RTAT,
RIS PaE R LiRmY = 2 NS RA ) Vo
P AP RE Y 7R 5 3 o 26 2 R
45° [P0 BT 24, 7 2407 B 2 ol 2

i [l ]

HEE

1 el ]

HTHEM

9 Ds-FSW 3L S E i il A
Fig.9 Tensile samples of Ds—=FSW joint
after fracture

Sk AT HE NZ 5 TMAZ ()38 B4k,
X 5 1% 55 FSW 42 3k 3 8L % A 1
O EAAN . rhEVZY) B AR
W2 e A AR 2R LA A T a0 A A
2 FFREE R [0l NZ 5 TMAZ 1958
Ak o 3 3 ) LI S A 3 Sk
T2 RIS, K BB A7 B REAR
T Mo 5 v ] J2 S ARAORE BE A AR DCFE I
a2 NZ Fl TMAZ 28 54 i ok
FEFAIRIE )M 5THV .

Ds—FSW $2 3k Wt 2 35 G 5] 10
e, AT, W T S AR e il
BRI 5. Ds—FSW 23k 3
T 153 BRI 4 7 24 114 R i R
AN, TR S,
RSN S RS N [
W] B A B SIAELE B BRIR 1 /N 65 B
(EMRET-G ), /NG B8 Rl A R
iz , B2 W BRI T 5 1
(10 F e B i B pric it ),
3 HELAEIN Ay e B4 A S B0 BT
TEAE S, HIUL, B AR AZ31 EEA 4
Ds—FSW 4 3k Wiy 24 AL i 25 81 A LA
RURIVEWT 2R T2, A7 7050 531 ik PR

HNIR AR
3 &g

AN 40 mm JE, UTS 25k 254
MPa 1) AZ31 B 45 4 A i 47 0 52
o8 FH UL T 3 e FEE A 0 X SRR AR B
ST i, Bk KTk
RERFTUNT o

(1)40 mm JE5E A 4 bt nl LU
T8 1k B A 28 Ds-FSW k47 3%
B, e eSS A 300 r/min, Sk
4 80 mm/min TASECE , BEIRTS
BRI TCHA Ak

10 Ds—FSW #£3k i AR
Fig.10 Fracture morphologies of
Ds-FSW joint

(2 )Ds-FSW #223k i i 21 5%
4t FSW 223k B i 4 5L AH [R) 1 44
443X, 4 NZ . HAZ . TMAZ . BM,
ME— A [A] (1) & Ds—FSW 23k 77 AE—
AN B X (0Z), X & X —X
WAZ B PRBEFEVE - o X — T X3
(14 S R B 2230 TR, IE PR
el NSRRI vl

(3) A BM fii 7, Ds—FSW #%
L) UTS 1 EL B REAR, YD R 23k
B UTS F1EI | 2T 2 8 R AIG
G E B, 15 35 M5 51
F Sk RE IR B R 1 Sk 5 R
(3L FNBEBF Z (8] B9 UTS R, 4
Ik 82.97% .85.81% il 91.64% .,

(4) Bk b a] 2 ) R sl kE W 24 7
55 1B SRS F O R ER 2 1A AR AR
[l NZ 5 TMAZ ()38 R ab b, H
AU R ke W A B 38 8 A e A gk
il NZ 5 TMAZ 1) 28 FL 4k, % 5 1%
4t FSW 23k & A 1 T B M 47 5 AH

202245865 & 52100 - Bt hiEHAR 43



- . .
—— win FORUM

[, H. Ds-FSW 4% 3k W7 AL il >y Jit
TR) 1 W 22 AR e 2 W SR 9 A
L o

2 % X #

[1] BEGUM S, CHEN D L, XU S, et al.
Strain-controlled low-cycle fatigue properties of
a newly developed extruded magnesium alloy[J].
Metallurgical and Materials Transactions A,
2008, 39(12): 3014-3026.

[2] LIUJL,YUH]J, CHEN C Z, et
al. Research and development status of laser
cladding on magnesium alloys: A review[J].
Optics and Lasers in Engineering, 2017, 93:
195-210.

[31 NYBERG E A, LUO A A,
SADAYAPPAN K, et al. Magnesium for future
autos[J]. Advanced Materials and Processes,
2008, 166(10): 35-37.

[4] SINGH K, SINGH G, SINGH H.
Review on friction stir welding of magnesium
alloys[J]. Journal of Magnesium and Alloys,
2018, 6(4): 399-416.

[5] GAO M, ZENG X Y, TAN B, et
al. Study of laser MIG hybrid welded AZ31
magnesium alloy[J]. Science and Technology of
Welding and Joining, 2009, 14(4): 274-281.

[6] HAO K D, WANG H K, GAO M, et
al. Laser welding of AZ31B magnesium alloy
with beam oscillation[J]. Journal of Materials
Research and Technology, 2019, 8(3): 3044-
3053.

[71 CHALMERS R E. The friction
welding advantage[J]. Manufacturing
Engineering, 2001, 126(5): 64-65.

[8] THOMAS W M, NICHOLAS E
D. Friction stir welding for the transportation
industries[J]. Materials & Design, 1997, 18(4-
6): 269-273.

[91 MISHRAR S, MA Z Y. Friction stir
welding and processing[J]. Materials Science
and Engineering: R: Reports, 2005, 50(1-2):
1-78.

[10] RAJAKUMAR S, BALASUBRAM-
ANIAN V, RAZALROSE A. Friction stir and
pulsed current gas metal arc welding of AZ61A
magnesium alloy: A comparative study[J].
Materials & Design, 2013, 49: 267-278.

[11] LEE W B, LEECY, KIM M K,
et al. Microstructures and wear property of
friction stir welded AZ91 Mg/SiC particle
reinforced composite[J]. Composites Science

A4 Wiz PG EEA - 202245 65 & 55 2110]

and Technology, 2006, 66(11-12): 1513-1520.

[12] SKEZ, T W, BlmiE, 5.
AZ31 He a1 PR R AR AR 3 K A U b b 1k
fiesr i [9]. BT T2, 2009, 38(3): 106-107.

ZHANG Yanjun, DING Chenggang,
QUAN Gaofeng, et al. Microstructure and
impact properties of AZ31 magnesium alloy
FSW joint[J]. Hot Working Technology, 2009,
38(3): 106-107.

[13] WENGF, LIUY F, CHEWY, et al.
Double-side friction stir welding of thick
magnesium alloy: Microstructure and
mechanical properties[J]. Science and
Technology of Welding and Joining, 2020,
25(5): 359-368.

[14] ZHANG Z, XIAO B L, WANG D,
et al. Effect of alclad layer on material flow and
defect formation in friction-stir-welded 2024
aluminum alloy[J]. Metallurgical and Materials
Transactions A, 2011, 42(6): 1717-1726.

[15] R%E%, 45, bk, 4. sic/
2A14 S MERHE A FSW 4223k o 414145
SFPEREL]. TP A g JE 2 i, 2022, 32(8):
2251-2260.

GE Junwei, ZHONG Yu, ZHANG Linhan,
et al. Microstructure and mechanical properties
of SiC,/2A14 composite thick plate FSW
joints[J]. The Chinese Journal of Nonferrous
Metals, 2022, 32(8): 2251-2260.

[16] CHOWDHURY S H, CHEN D L,
BHOLE S D, et al. Friction stir welded AZ31
magnesium alloy: Microstructure, texture, and
tensile properties[J]. Metallurgical and Materials
Transactions A, 2013, 44(1): 323-336.

[17] LASERT, NURNBERG M R, JANZ
A, et al. The influence of manganese on the
microstructure and mechanical properties of
AZ31 gravity die cast alloys[J]. Acta Materialia,
2006, 54(11): 3033-3041.

[18] XIAO L, LIU L, ZHOU Y, et al.
Resistance-spot-welded AZ31 magnesium
alloys: Part |. dependence of fusion zone
microstructures on second-phase particles[J].
Metallurgical and Materials Transactions A,
2010, 41(6): 1511-1522.

[19] COMMIN L, DUMONT M, MASSE
J E, et al. Friction stir welding of AZ31
magnesium alloy rolled sheets: Influence of
processing parameters[J]. Acta Materialia, 2009,
57(2): 326-334.

[20] LIU X Q, LIUHJ, WANG T H,
et al. Correlation between microstructures and
mechanical properties of high-speed friction stir

welded aluminum hollow extrusions subjected
to axial forces[J]. Journal of Materials Science
& Technology, 2018, 34(1): 102-111.

[21] CHOWDHURY S M, CHEN D L,
BHOLE S D, et al. Tensile properties and strain-
hardening behavior of double-sided arc welded
and friction stir welded AZ31B magnesium
alloy[J]. Materials Science and Engineering: A,
2010, 527(12): 2951-2961.

[22] FAIRMAN M, AFRIN N, CHEN D
L, et al. Microstructural evaluation of friction
stir processed AZ31B-H24 magnesium alloy[J].
Canadian Metallurgical Quarterly, 2007, 46(4):
425-432.

[23] MAOY Q,KELM,LIUFC,etal.
Investigations on temperature distribution,
microstructure evolution, and property variations
along thickness in friction stir welded joints for
thick AA7075-T6 plates[J]. The International
Journal of Advanced Manufacturing Technology,
2016, 86(1-4): 141-154.

[24] XUWF, LIUJH, LUANGH, etal.
Temperature evolution, microstructure and
mechanical properties of friction stir welded
thick 2219-0 aluminum alloy joints[J].
Materials & Design, 2009, 30(6): 1886-1893.

[25] AFRINN,CHENDL, CAO X, etal.
Microstructure and tensile properties of friction
stir welded AZ31B magnesium alloy[J].
Materials Science and Engineering: A, 2008,
472(1-2): 179-186.

[26] MAOY Q,KELM,LIUFC,etal.
Effect of tool pin eccentricity on microstructure
and mechanical properties in friction stir welded
7075 aluminum alloy thick plate[J]. Materials &
Design (1980—2015), 2014, 62: 334-343.

[27] PANFS,XUAL,DENGDA, etal.
Effects of friction stir welding on microstructure
and mechanical properties of magnesium alloy
Mg-5AI1-3Sn[J]. Materials & Design, 2016,
110: 266-274.

[28] YANG J, XIAO B L, WANG D, et
al. Effects of heat input on tensile properties
and fracture behavior of friction stir welded
Mg-3Al-1Zn alloy[J]. Materials Science and
Engineering: A, 2010, 527(3): 708-714.

[29] YANG J, WANG D, XIAO B L, et
al. Effects of rotation rates on microstructure,
mechanical properties, and fracture behavior of
friction stir-welded (FSW) AZ31 magnesium
alloy[J]. Metallurgical and Materials
Transactions A, 2013, 44(1): 517-530.

(TF#% 53 1)



Advanced Welding/Joining Technology ﬁﬁﬁlﬁﬁﬁ*

GI AR BIRA, th2f, IFRIE, F . A EIGRAA I LSHH [ $h o 2B AR HER DG AT L[]]. ME#BHAK, 2022,
65(21): 45-53.
JIAO Junke, XU Jihao, JING Chenghu, et al. Numerical simulation of laser welding of carbon fiber reinforced thermoplastic
composites and titanium alloy[J]. Aeronautical Manufacturing Technology, 2022, 65(21): 45-53.

A IR B RBUE SR/ K FRK
RIEEBERR

Rn
ERR YV, RLeT L HERELY B AET L HERELHXRLE R’
(1. M K3, M 225009;
2. P EHF R TR ARE TR, Tk 315201;

3. HM T IRILHF A F NAREA FR 3], 4591 225009)

[E ] AP LEIGRAIB L SAH (CFRTP) 54k A48 8 3 ik 2508 4 45 Sk B oL, 38 & T & A )
Bk R R AL, 5T CFRTP/ 4RG3 b & ik # S5 I 2 AP B R, A A TR L7 ik s i 44 LR B o it
TS E, 2 T LD R T B F 125 T ¥ AHTE LB TR H g, TRt L4 R5
KP4 RIAT TSP oA, 48R AW, A A A FRTAELIT A AL B BT TAM CFRTP/ 4k&- 242 K 0RE ) 5 ; i
iR R IR LE R A AL HT, T VAL 3L CFRTP/ 4k -4t g i A2 P i Sk iR B i ey Tml; 223b it 4 RS

PRI 2 R Kb, F AR IE A4S h CERTP/ 4k 44 & i S8 b I3 1242 30 36 1 .
KGR AR AT R E S AT (CERTP) 5 4K 44 oI 4E; 1223, A TR TAELHL
DOI: 10.16080/j.issn1671-833x.2022.21.045

gaH
g, EL, ARFE AL
SRR,

* BETE WY Bl o8 E AT H (JCYd

20200109144604020 . JCYJ20200109144608205 ) ;

M TRIT R 11 R ( HIZ2021003 ) 5 9% 1l
2025 ERFHE (20222013 ),

i 2T 4 3 5 IR L 52 A R
( Carbon fiber reinforced thermoplastic
composites, CFRTP ) HLAT )i | =58k
JE TR ik U 5T A0 RAERE TR
MR Tz Mo kA e
h—Mig e E A e Rt R A
FYERE, WA AR DU A Bk
Mzt biRt B B CFRTP 5k &
G 57 SO R A 23 0 R 2 o o
R B W i, 3 2 1B
Jo e i HE R S T S A AL P RE Y
KA, WOCIHE B BAT H B R
G5 2N S E Bl WS
CFRTP Sk & & mimitsk LA
L ON I

CFRTP/ 4 J& POt I 422 19 2 AR
J B 2 i AR A O R R A &
Ja T, 4 J SO BE R O

A B R A% 3o B B T, A
fill CFRTP A% g 3L 44, J& il B g 7%
CFRTP/ & )& 11 L 32 0 i a1, 7657
T IR R E TN 5 48 Mkt
454 B CFRTP/ 4:J@ 3%k . HAT,
E N5 R CERTP 54 @bkt
F IR B AR TR T 250 T A0
5%, Jung % T JF R T CFRTP 54
B4 ARG BN O B
TR, 3 A X 25 A T E LB AT 5
K, CFRTP 5 & J& M B a9 45 & L
il A FEHUR L A2 A A
2k £ Heckert 25 P15 5o 7 48 A
G ) A% 7 W O A K R
), S — A5 T LA AL i %o 42
KSR FE RS ML . Huang 25 " )
FH X 52606 i 7 RE 1% L (XPS) 18
CFRTP 5%k& 4 (1423 Ji] Bl Az ) 2]

20224E 55658 552110] « Bt hERAR 45



- . .
—— win FORUM

T Ti-C 1 Ti-O %, FRUIb 5
BRI E RN, Li &
FIXT CFRTP R & 4 O L5 1)
IS AT THRSE, 45 R A 0, 48
e B rh e A R & B CFRTP
H5EASZ BT RIEE X
B HEE Y RS A R TR
R4 4 5 CFRTP ST DX (14 322 firh T8
1

CFRTP 54 J& WOt 8 72
R 2 Sk T P R e R R A O
B BRI R Sk PR S 1 4y
A7 43 R X RS 47 EU S R4S
P53 MR oy A A BT B, /N Ak
2EFAEX T AT T — SRR
5% . Lambiase 45 B2 52 [ 4 56 ]
5 BRICEEIAR S & W vk i AT
T RBRHES S AISI1304 NEAIOE
FEE IR S W 5T, AR TR T
BT HREI R R 5IREY
A BR TR 4D 25 R AT 8, 45 3]
TR R OC R UERT T B
P AT AT, 7R 5 SE k58 h 3
TLEE S I 5 BRI S T T2
SR . Rodriguez—Vidal % M
AT AR 5 PA6GF30 Ot i
P20 A BR TR L, S IS A4k} 0 4%
b5 AR R R AT T O, Sk KA
LR LA S I TS E0E
Fil, Tan % U 57 T CFRTP 4k
B A O IR A BROTAE Y B 5
T OG5 X CFRTP A4k &
G 7 P 0 R Y R, 4 SR B
HHRGEE K, CFRTP )51k
SR e Biwe: by =R A N = VAL L)
BUE AL R E— 20 g B T CFRTP/
KA & kP ey e A B s i R
K. Wang %5 U9 X % 2 06 1%
FREE 05 L k04T T Ak B
N T (RSM) 38t 4 8 1 ( GA)
HARSH R TR 25 &,
U 1 56 s ] v TR A N £
WERG P, I 38 1 — 22 303 6 % i
7P = A Bl B IAARE Y R AT B IR
T —FERET SR RSM 1

A6 WiZRIEREA - 20224F 55655 5 2110]

Bp AR ST T i AR RN
AR 2 [A] B9 & &R 6 A, Hussein
EORUEY S SV 35 P i
(PMMA ) F1 304 RN IEOCIR A
FROTARAY BT T $ Sk TE AR R
DL BE G IR B R R R T
FET ik s [a] | Jik b = A A0 R A
G S T 2 SHONRE S5 i
IR . Liu 25 B XL Ge o 44
1B AR A FR TR B ()
HEST T O T AR 1 A fal
Y X AR T R R BRI AT T T A 4y
BT, 855 B0, I b A 8 5 S
RUE Ol — 2, A% U5 i gl v
XFR PR £ R (PET ) fgk &
4> TiIBAIAV FYHOEIE S 3 = 4
WEAS KRR, SEPL T 0 AN R OG S
MR R IR S e R A
TSR L

LA E 5 A i 55 BT LA Yl
I HE 5 AR AR BEAS T O IR 4
IR Sk IR A AR, LB
CFRTP/ 4 J [1) 5 Jit 1 5t 22 4 A1t 7
WXHEMT 2S5 S 55
FEAE PRS0 E LX)
T CFRTP 2 TH R 28 15 0 I 9 1Y BiF
ST SR B Y, T CFRTP 4 eI IR 1
FERZ M B3k R0 P A TR
JE S I RN e o B L I e Sk 1)
PEfig. BT I, AIRABSE CFRTP/
K A ORI R v i AN A
RSk T8 ML ER , i — A5 W T A [
T LS RO 43 J e ok 1) 5 T R

(&) fri B

Bl 1 CFRTP/ k& &HLEREETERE
Fig.1 Schematic diagram of CFRTP/titanium alloy laser rotary welding

PATNINZ
JERLIX

A SCHESE T CFRTP SR 40O
o T T 1 (R B AR |
A BRCE T R IR EE S 0T BT
FF A A AL T B FUE AL TR BEAE by
iy s IR T P B S O
RO O BER S X Sk TR
Iy SRR TR LA it
CFRTP/ Bk A 4 30 = Uie i 5421
56 X5} 45 EARALL 45 A T IAIE , AHOC T
fE¥ 4 CFRTP/ (k& & T LS5
Pk, SB35 e o a2
IR,

1 CFRTP/ A& &I
BRTER

1.1 BRTHEBGET

AR SR FH O o o e 2 e
AR 4T CFRTP 54k & & e &
SR, W AT R PR, N
AT LU S0 /N G I A Bk A
G BRAG BO RIS, Ay sk fo AR
A A R R B AN AL 5 | A T ) B
() 7= A=, FE 5 2 TH B U N T 80 pm
JE B SR BE R PA) B 2 BT, dnf&]
1 (a) FiR, sk & 4 R e o6 I bt
TR CRE R, P A A AR T LA
S0 XA 3 5 e B 1w S AR
g LA J CFRTP &2 M g Jas 1k, ks
BB 7E R 1 (VR R AR B, O
K5 4 J@ 3 1 T4y 4 fih, 1RV H) B A
JE R . AT LA ok
TR G 2 AR s Ay o ST 1k ) D a2
F(E 1 (b)), ZEEEMA AR £

y
P G} - WOt EEE
& a @
/ w=2xf %
AN -
A N
(Xg Yo )\, /

Ly

\
B ——

(b) HEAEROHTRR




Advanced Welding/Joining Technology mﬁﬁlﬁﬁﬁ*

NN
X (t)=x,+vt+acos ( 2nft+¢,)+a

{y (t)=yp+asin (2nft+e, )
A, t BT v O R a
WOCAIRIE ; T HOCHBER N4 5 9,
TR C I R AR £ 5 X0 AR
Fe T 07 WA AR 5 yo Ry T4
F 5 I AR ER A AR , 3k FLIRCR) 4 Ak B
RARFRIE A o FETETRIBESY  F
YA PRIE a %k 1 mm, $1 45 15 4 7]
# d %4 0.2 mm, # 4R A7 F H =,
R v SOR O HR AR X
T X GE 1 B 2l R, 5O
PR e e A % £ R 4 I (R B d 22 (]
e ZR I 0 2) B,

v=fxd (2)

FEROCIIEAL R T T, TS
SXTHOCHRARIBCR SN, AT DA
SR T AR A B Ay v i oA 1 T BA
PR PRI, CFRTP/ Bk & 4k
R T e AR A PR A AR TR
H(3) FRs
FER I PELLOLN

r
[x +acos(2mfi)—vi-a |’ +
[y+ asinz(Zcht) ]

expy —
E
T(x,y,z,0) =T, t=0
aT
_kan—Q(x,y,zJ) Z_O
aT
Kb (- e

(3)
Arh, g ARREEE; P oAROCHIL )
B 1 AEOEHRIARCER; kA
FEG n OhRAPAKRE; R WG4
XGRS, R E s XK
SR T B AL B S B R
IR 20% Ao A7 5 JEHERITRTRE Ti=25C;
Y ERE h=20 W/ (m*-C ),
fii A BR o #4F ANSYS it 17
T S 0 0 B E AR, A B T AR 7R R
H Solid70 #4443 Hr o6, A &S
CFRTP JU5}#124 50 mm x 25 mm x
2 mm, #535E X AR 25 mm x

20 mm, HrH, CFRTP 1 PA #IE2E
TR 2 2 A4 (K 1 (), 5
JRIEEEZ R 200 um, 4R TTHRAL
B FUNHE B XU A T S A R
LS UG [ WS E  JURA =R -3 0)
R DX IR ) XA THEA T N, A A
WE 2 s .
1.2 #RIE A IEMERE

JEREIFE ] TCA 5k54:, CFRTP
WHRELL SR Wk e PA S LA, 3 22 47 4
T700 S HEGTEAFRE, SR T2 pli 8,
Hiv PA B S 75 B 24 7 50%, CFRTP
P BESHNE 1 B PO AR SR
& CFRTP BRIt TC4 L&
& I BV e AT AR 1R, Al 3
Fi7R o
1.3 BHRTEUSHIEE

CFRTP/ Bk & & WO IR e b 72

s WA S R R 3 43 A i £ 2N

RGO & R OB
PRESH ., AR EAL
TG 3 A4 T8 S HOT S R

Yy sgm 00 S H NSk 2 B
TRo T CFRTP/ 8k4 4 0% 5 i
TREFE SR A2 10 A BROTA R XS 3 2 th AN
[ S 5L A T W IR 3743 A it
AT 3R it , X6k R i 45 S A7 BUE 4%
Bro

2 BHGRSRSH

J TR AWFSE CFRTP/ 4k & 4
POGTHE e W e 2o A v 4 3k L A
R IR S AR IR R
WAHLEE, P 1 HSH(SH83 . P =
110 W, v=6 mm/s, r=0.6 mm ) JF &
15 FLASLAUL, I 0642 3k R TR s 5 it

TTEUE T
2.1 CFRTP/$k&&BLieikigRiE
BEGSH

WOCHEAEITE TCA SR G &5
T, 2ol < R 1 4 L DR | T
T, TR B it o ARG AP AN 2
ESEE O e (W | SN D2
Wi X, i TCA BRA 1 2 MEREREAR .

PATRIIE '

B2 AHRTMEEE

Fig.2 Finite element mesh model

R 1 PA 5 T700 HMIRIERE S H ©
Table 1 Thermophysical parameters of PA and T700%"

FRFRLCKI

L% C/

R pl

" Jon NENE

*j‘*"l’ (W' m—l_ oC—l) (J' kg_l‘ oC—l) (kg‘ m—S) kgm\/oc ﬁﬁ@émg/oc
PA 0.25 2500 1150 253 330

T700 6.5 712 1760 3000 —

20224E 55658 552110] « Bt hERAR 47



- . .
—— win FORUM

35
30
25
20
15
10

SREBK/ (W-mt-C1)

(a) TR

®2 CFRTP/#kA&HNAERMESH
Table 2 Simulation parameters of CFRTP/
titanium alloy laser welding

i WOCTIR Pl BHEAEE v R4 1
YT

W (mm-s™) mm
1 70 6 0.6
2 90 6 0.6
3 110 6 0.6
4 130 6 0.6
5 150 6 0.6
6 110 3 0.6
7 110 45 0.6
8 110 7.5 0.6
9 110 9 0.6
10 110 6 0.1
11 110 6 11
12 110 6 1.6
13 110 6 2.1

AT B PR B O R e e AR e
AR ET LA/ IN SR 5 A Frg i ] fof 90
7L b I alyp e ke YN ] 5 A% ) 2ot
Pii. B 445 T EOER M 14N E
SRR T, KA A 2R TH R 43
(Horp T, = U, L AR N R KA K
ATRIRA v x Tos | R —AJE T4
1 O Y VAR W EX 8 G P70 SV SR VA R s
). WTLVE W IZF A 4
T 114) J5g 15 T, B 24 Oy 1424.48 °C., TC4
I TFRUEIRA

bl A ISR C RSN Sl Rk
4 T TR A AL R | VAR A 1)

A8 WiZFHIEREA « 20224F 55655 5 2110]

1
0 300 600 900 1200 1500 1800
TREEIC

_8s0p 4500
7. 800 . 4400
5 750 L 4300
Z 700 4200
= 650 < 4100
2 600 i 4000
% 550 * 3000}

%9300 600 900 1200 1500 1800  °°°0 300 600 900 1200 1500 1800

TRLEE/C ELEEIC
(b) HL#hEs (c) %P

3 TC4#HWMBESHMERENETWL
Fig.3 Variation of TC4 thermophysical parameters with temperature

s =
25 335.996 646.992 957.989 1268.98

180.498 491.494 802.491 1113.49 142448
5/ C

(a) t=t, (b) t=ty+T /4

(c) t=t+T /2 (d) t=t,+3T /4

(&) t=t+T,

4 FOLEREEE 1A ARANEERE

Fig.4 Temperature nephogram of laser rotary welding in one cycle

BERE 5 mm EHCT 5 Tikiacboc, Y BEREEE VR B LR B, A&

d.e(

K5 (a)), & niibBEREI B A SR04 a9 I AR S5 iR IR v 1 2

AR R MIE S (b) . WRIE @ e R B, e R — i



Advanced Welding/Joining Technology mﬁﬁlﬁﬁﬁ*

BT PN I, HLES 2 AR IR
WS = T 1A B, X 2R
P M e 2 A e e R e X
R AR 2 P VR R B I] — 4 0, an
5 (a) 7R, M HEE AR SE I S,
7SR DR S R IR 1 T 2%
ThE A RS 1 R Bk A, 2
PUER 1R EE . PIRARERTR
7 TR LR SR iR iR 3 TR 28
TR, R RS 2 IRBNATY 5, 4
LA 2 MR . TR
PRI SRR, 5 2 A1 I
R AT B TR

Syt B Bk AL
TEVEBE AU AL CFRTP FiEH 5 4
Waifogohiilj (B5 (a)) g
HEAAL, M5 (c)fIFH, &
TR E AR LR SRS &R
SEAAR ], BT R R AR A 4
RIMAAAE— WG, X & T
TERK A 4 P FRA% 36 JUT S 000 ) (1] 428
R XF SR h A 4 U BE AR Ak i
LTLLE L WS 2R 0.4 s (E
5(d)). 74, CFRTP 314 35 4
) T AR L T A R B S ) R
JEE W, 332 T IO A R R
ARG & NI LB RE 514k,
WAL R CFRTP JZI}, A 15
O3 AT LR TR R
CFRTP R 11 6 5 A 14 f5e e I B4R
15T PA B A4 550, 16 BH S 2 4
Ji§ LA B2 CFRTP 3 2B i BE i 15 1L,
CFRTP W] 54k & 4 3R 1 45 5 I8 Ut
ek

CFRTP/ Bk & 4 FL i s 4k 5 1
TR B S A it 43k 1 2# MR RE 1) Sk )
R PO S o RO O BT R
PRSI . &6 (a) 44
T IO R GE 313 x=12.5 mm Y
3R R 57 4 = B, T CFRTP
FA TR A A A M e TR
T3 (R S RV RIS, Ab T3 IE T
T3 BIASE B I AN R IZ I 2T 43k 1 e
TN FE NG TR, I AR it S (457
BT, RUSAR 1 M4 2 e

1600 -
1400 -
1200}
> 1000
= 800
% goof
400 F
2001

4 5 6 7 8
YEITR
(a) WS EoR A (b) TCA FiiEE L

500 1500 - ]
— f
400 + —9 1250 -
—h
— 1

1
1
i
1
& 300 : c
;hp( — 1 1 T 4
Egoo ’| i: CFRTP
1 1
100 . T -l‘éxtt
|
0 1 2 3 4 5 6 7 8
B i) /s YETR

(c¢) CFRTPEmRE Ak (d) TCA/CFRTPZ IR E AL XT L
B 5 CFRTP/ $k& &N IEEIEENERITOM

Fig.5 Finite element analysis of CFRTP/titanium alloy laser rotary welding

179.659 488.976 798.293 1107.61 1416.93
-_— 4 e — HE/C
25 334,317 643.635 952.952 1262.27
(a) M4812.5 mmAb$Ek B E 50 A
350 - 350 -
300+ s i 300
250 -==---==o---- \--- oo 250
i:;( 200F | £ 200
g;é 150 JEIE %= 150
100 ' ' 100
o/ ol |
O 1 1 1 1 1 1 0 1 1 1 1 1
5 10 15 20 02 04 06 08

T FE Imm W /mm
(b) CFRTPUTI#ACIRIIEZ 1L (c) CFRTPI#kAE21Y i B 221k
B 6 RELBRMAENITE
Fig.6 Calculation of joint melting depth and width

20224E 55658 52110] « Bt RER AR 49



- . .
—— win FORUM

i, A4 PARIAE R &L K T

253 CHYIX e SR 196 T R

W, WK 6 (b) #(c) Fraw, izl

T CFRTP It i il B 274 338°C,

3k B KAV 29 3.5 mm, fie K

R4 0.085 mm,,

22 BNINE EEEE LHER
TSR A B Y R N H AR
WA T ESBONHRIE R

VA T8 BRI R, X S PR R e o

FE R T EL A R P A A

SYHTRT LA il it CFRTP/ Bk G 4

WG R B 7 1 5 B, T LASE B

P S I AL TR B RN 58 B I TR . P

T8 JE TR R/ B3 R

A0 T Jes RS it T A AR B A Y

22 /0 ) 32 BP0 P A R R

M, B A /I, B fb i ik

b, CFRTP RN SEkB 45,

ML IR . B AR

KISE, BRI FE 53, A B T4k

FERFET A R A A 2 5

g XIR EE s, T R PA R R A

fife, 77 A AL R B, X Sk i B R A

FURIREA o PRI UL, ZEARE I R it

OGS T 6 BA T, DLSCE

CFRTP/ k& & Bt 1 i 4%

PO 202 5 ma O A A 1Y
HES R, EHMEESEA TR
GNNo I ESOPNAN S AR TUN
Y 2 /b HE I 52 B2 Sk 194 D R
IEGR. 7 (a) i T IR

5- -0.15
A+ 10.12
€3 410.09 E
£ £
=2 H0.06 ¥
¥ &
1r 40.03
0 40
70 90 110 130 150
HOETIEPIW

(a) Hotds

6 mm/s, Y BE 245 4 0.6 mm B, A
[FIBOG DI 26T 3 3 0 v A TR 1) A2
fta#, LA L EOBTh R,
CFRTP 2 T 1) #1323k
(A5 Ak 56 B RV AL TR B R, B
AT AR R, Y ROGIE R 70 W
i, CFRTP 1 i) e i B 249°A 232
C KT PARIRIA A5, RIZW R A
RElEfb, CFRTP INBES TCA A #L4s
A MBI 90 W, 110 W, 130
W . 150 W i}, CFRTP % [ % =5 Tt &
43 285 °C ,338 C .388 °C . 437 °C,,
= T PA RIS &, R B RHE AT LU
1k, CFRTP REfE kG &AL &
TRk

SRR FE POE TR R T 2
JCHR SR FH B[R], 2 52 OGS
ABN T —EHES 8, YEOLTIF
110 W, OGB48 0.6 mm B, AN
[ R 2 T T Sk I T B0 5 AN s
WK 7 (b) FroR, Bl G IR
ARG, 42 B s Ak B B2 R AT
BRI/ , 362 R T R A LT
OGRS VE RIS R 0, Bk B 4 T RE I
W) O RE HE AR /D, CFRTP 218 Y
Pm AR N BUE a2
P, YIEHEEE N 9 mmis ), #Ad
A it /N, CFRTP 2 W5 K g ks
b, TSR G &AL A; Y
WM 7.5 mm/s.6 mm/s. 4.5 mm/s,
3 mm/s i}, CFRTP &2 5 nT DL
b, BB SRR G S A RSB

= fi%E 1025
6 =R 1020

1S i £

E4l 015 E

= H0.10 ¥

o0 %

4005

25 60 75
FEPEE V) (mmest)
(b) Jpzd

BN A2 X HOE Y #di A
A —E R WG O CHEE AR 2RI
SR RE R, RE % N
AR 7 0] (A% 1B BE U L K
o MR AR R AEER G A b TGk
CFRTP 1 (1 #4 i fb 25 B AIK, 2 M
R 3 CFRTP 2 [ B i () 45 1, £l
SRR SRR/ I 7 e T LE
MR N 6 mm/s, BOGYIER N
110 W, EEEA2 43120 0.1 mm 0.6
mm.1.1 mm.1.6 mm.2.1 mm 1550
T, CFRTP 3 [ iy #5635
AR R KB BEAIR, RISk (9
TR 58 BE PR AL R B W/ N . BUE ST
2E LRI, LB 42 4 0.9 mm i,
CFRTP & M it B f (IR 29 269 C,
T PA R IR LIRS s YeBEA2
0.1 mm i}, CFRTP 2 Ifi ik J¥ %
20 347 C, FEIOGBEE AR L E N,
CFRTP ] 5k & &AL G IE
RS o Rl I, B4R
BEHOC)R MR E X CFRTP #
THT AR K A R 1 5 T R G 5 /N T 4
FATE AT F) T80 MO O 42
i 2% 1 AR A, B Sk i AR
JhE . PR, 76 KR 4% A vhoe] DLE
T 38 RGBE 2 4% 552 B X #A A B 1A
o, SR Nz Sk BB 3

3 (REHUERXRIIE
CFRTP 5 Bk £ 4 Ay Ot i ik
i e R R R T B B AL

50.10
0.08
£
006 E
0.04 &
OF 0.02
0.1 0.6 11 1.6 2.1
FeBEAE/Imm

(c) Jepfie

7 TZS¥3t CFRTP/ Sk A & IR AR A K200
Fig.7 CFRTP/titanium alloy joint melting depth and width with different process parameters

50 MmisshiEEEA - 202245 565 & 552110



Advanced Welding/Joining Technology mﬁﬁlﬁﬁﬁ*

IR RS, K8 (a)
FioR, R B E R T MAX MFSQ-
150/1500W HUAR HE % 252 S 27 Ot
(% K 1080 nm, % 2 45 5 e K ) R
150 W ). Zbtk ZB2D20B1064 =% 1
iR B AL R R R
ARG AFT BT R sh T2 e B
Ao MR AR LA RO SR T i
BE PRI A A R A R
il g B ] e s ik
BN 0.3 MPa, #4h, b TBiIEERA
G T A AR, SR R Al R
1) 77 SR KR GE AT O, A
2974 10 Limin, 42 5 i 42 kA an
&8 (b)fim,

FRPEAT FROTA I ZE S, BEH 5 41
LB IR T2 B350 3) R
W, KT 5% 2 TS EUY
SRR R WME 3 iR, T E
T ) b 56 TF BRSO LA AL, BRI
T 4 Sk SEAE R LA RS
W2 Ry, K9 (a)
Y5 T CFRTP/ B & & WOC IR 1%
LR JE E R S oL, W LUE
ih, CFRTP SR ¢, K i 2 4
1 PA B AEZE BRI 7E TC4 Feimi L, Ui
CFRTP 5 TC4 Z [B]JE W T &1 o &
B Sk . T o] U Y 7E
CFRTP [f7 A7 B & 1 AL IR 38, i
XA Y v FE W& CFRTP [ B 4%
FRTERE . MEZTEE , SIS EE
TS, NI 22 A S
BT B4 SEBEAT 3 ARG, U i
25 5L 0 BB Ry f 2 S 9% i
H. W9 (b)) T s dliEESH
T CFRTP 45 5 11356 5 A48 4 X6 L
i WLIER M, EEAY SR
ZETE 13.15% LI, Ui iZ A BT
TRUR 58 T il 552 P K42 2o A o LR
Yy g w0, LA B 42 3k 0 5 A TR
BOEARL, R 27 A A B R
TE i BRI b oK 2% [ CFRTP 5 4K
B A 4 T 2 (8] B[R] B R s SO0 B
T A& A2, DL & CFRTP 181y
K ISEPELE

4 i

SRS e 2T 2 SR 5 A
FHRH CERTP ) 56k & 4 0 5 e
LR T LB, 2R [ A

(a) JEEFMOLI R RS

BB P23k T AR AL, ST
T CFRTP/ 8k & & WOL IR L T
1) = A7 FROCHCRY , I A FROC )T
X KR e R v A TR B A A R AT
VRN S T e S SRS

1T

(b) CFRTP/EKA 4 ik

8 WNIBERSFS CFRTP/ k& &Ll
Fig.8 Laser welding system and CFRTP/titanium alloy joint sample
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Table 3 Experimental welding parameter configuration

WEgns | BOLIRPIW | R v (mm- sT)

1 110 6.0
2 130 6.0
3 110 45
4 150 6.0
5 110 3.0

FemhIX

(a) CFRTP/AKA 43k Fimi

SeBERAR rimm | 2 2 XF TS

0.6 3
0.6 4
0.6 7
0.6 5
0.6 6

e e

(b) CFRTPHIfikE FEA AU S50

9 WIGEREIKIWERI
Fig.9 Comparison between simulated and experimental results
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Numerical Simulation of Laser Welding of Carbon Fiber Reinforced
Thermoplastic Composites and Titanium Alloy

JIAO Junke®?, XU Jihao', JING Chenghu', ZENG Kun®, SUN Shengyuan', RU Haolei?,

ZHANG Wenwu?, WANG Bin®
(1. Yangzhou University, Yangzhou 225009, China;
2. Ningbo Institute of Materials Technology and Engineering, Chinese Academy of Sciences, Ningbo 315201, China;
3. Yangzhou Hanjiang Yangzi Automobile Interior Decoration Co., Ltd., Yangzhou 225009, China)

[ABSTRACT] In order to study the formation mechanism of laser high-speed rotating welded joint of carbon fiber
reinforced thermoplastic composites (CFRTP) and titanium alloy, and explore the influence of process parameters on the
joint quality, a mathematical model of laser high-speed rotating welding of CFRTP/titanium alloy was established. The
temperature distribution was calculated with finite element method, and the influence of laser power, welding speed and
spot size on the weld width and penetration was analyzed. The theoretical calculation results were compared with the
experimental results. The results showed that the finite element simulation can predict the temperature field distribution of
CFRTP/titanium alloy joints. Through the numerical analysis, the weld penetration and weld width of CFRTP/titanium alloy
during laser welding can be predicted. The theoretical calculation results are basically consistent with the experimental
results, which means that the simulation can provide theoretical support for high quality laser welding of CFRTP/titanium
alloy.

Keywords: Carbon fiber reinforced thermoplastic composites (CFRTP); Titanium alloy; Laser welding; Temperature field;

Finite element simulation

Bt 4 %)

(E#&% 44 )

Microstructure and Mechanical Properties Investigation of AZ31 Thick Plate
Magnesium Alloy Double-Shield Friction Stir Welding Joint

CHEN Yuhua', ZHONG Yu', XIE Jilin', ZHANG Timing", WANG Shanlin', GE Junwei’
(1. Jiangxi Key Laboratory of Forming and Joining Technology for Aerospace Components,
Nanchang Hangkong University, Nanchang 330063, China;

2. Guizhou Aerospace Tianma Electromechanical Technology Co., Ltd., Zunyi 563000, China)

[ABSTRACT] Single shoulder friction stir welding was used to achieve a 40 mm thick AZ31 magnesium alloy double-
sided butt welding, the microstructure and mechanical properties of the joint were analyzed. The joint can be divided
into five zones: base material (BM) zone, heat affected zone (HAZ), thermal-mechanical affected zone (TMAZ), nugget
zone (NZ) and overlapped zone (OZ), of which the OZ is unique to Ds—FSW joints. The existence of ultra-fine grains and
diffusely distributed precipitated phase AlgMnsg in the OZ significantly increases the ultimate tensile strength (UTS) and
elongation (EI) in this zone, respectively 217.7 MPa and 14.65%, resulting in a high joint efficiency ratio of about 85.81%
of the base material. The joints are mainly fractured at the junction of NZ and TMAZ on the advancing side, and their
fracture mechanism is a mixture of ductile fracture and quasi-cleavage fracture.

Keywords: Friction stir welding (FSW); Magnesium alloy; Microstructure; Grain refinement; Mechanical properties

(Vid £ %)
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Table 1  Chemical composition of 6151 aluminum alloy (mass fraction) %
Si Mg Fe Cr Ti Zn Cu Mn Al
1 0.95 0.51 0.12 0.03 0.06 0.21 0.09 i

1 FSLW TZHIEE
Fig.1 Principle diagram of FSLW process
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Table 2 Samples of welding process parameter

JF5 | B/ (re mint)

1 1200 100
2 1200 100
3] 1200 100
4 1200 200
5 1200 200
6 1200 200
7 1200 300
8 1200 300
9 1200 300
10 1400 100
11 1400 100
12 1400 100
13 1400 200
14 1400 200
15 1400 200
16 1400 300
17 1400 300
18 1400 300
19 1600 100
20 1600 100
21 1600 100
22 1600 200
23 1600 200
24 1600 200
25 1600 300
26 1600 300
27 1600 300

FETR R ESR(F3) 5 ¢ H—TM
0 F| 1 WREHLEG d %G e i
WA R B K R AL H
P B IS R AR5 i U o ik 2
BOAT IR . MRS —Is &
BT AR BIE VR IS AL AT
AMEBEATXTLE, PEAF 250K, BRIV
W REEE A B R A R 4%, RN
RS — 05 , BB TR AR
B, T ha(4) 5

JEH [ (mm- min™)

0.05 4.67
0.1 4.4
0.15 3.88
0.05 4.02
0.1 4.62
0.15 4.73
0.05 4.09
0.1 441
0.15 4.42
0.05 4.61
0.1 4.15
0.15 3.83
0.05 4.49
0.1 4.69
0.15 4.77
0.05 4.25
0.1 4.44
0.15 4.55
0.05 421
0.1 4.12
0.15 3.69
0.05 453
0.1 4.29
0.15 4.29
0.05 438
0.1 451
0.15 4.58
®3 MUSH

Table 3 Optimized parameters

Rt
A 75
B AU

WA O
LAINE S
PR ] AR
i AL A~ R

1~9
—2~2
-3~3
10°~10"
10°~107
10°~10"

Tt /mm | BT / (KN- mm™)

HEN R | KR

1

24

24

1

1
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[ABSTRACT] Friction stir lap welding of 6151 aluminum alloy was carried out by using the tip-half-thread pin, and
the process parameters were optimized by combining radial basis function neural network (RBFNN) and ant colony
optimization (ACO) algorithm, to improve the characteristics of lap interface and maximize the bearing capacity of the
joint. The result showed when the rotational velocity, welding speed and plunge depth were 1504 r/min, 207 mm/min and
0.12 mm, respectively, the highest tensile shear load of the joint reached 5.06 kN/mm, which was increased by 6.08% than
the highest tensile shear load before optimization. The RBFNN combining with ACO provides an effective way to optimize
the welding processing parameters and further enhance the strength of aluminum friction stir lap welding joint.
Keywords: Friction stir lap welding (FSLW); Tip-half-thread tool pin; Radial basis function neural network (RBFNN);

Ant colony optimization algorithm; Parameters optimization
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Research Status and Development Trend of Brazing Metal Porous Sandwich
Structure Toward Aerospace

LUO Yun', HU Shengpeng"*®, LI Zihan®, LIU Yazhou"*, SONG Xiaoguo"**, CAO Jian'
(1. State Key Laboratory of Advanced Welding and Joining, Harbin Institute of Technology, Harbin 150001, China;
2. Shandong Institute of Shipbuilding Technology, Weihai 264209, China;
3. Shandong Provincial Key Laboratory of Special Welding Technology, Harbin Institute of Technology (Weihai),
Weihai 264209, China)

[ABSTRACT] Porous metal sandwich structure has light weight, high specific strength and stiffness, high temperature
and corrosion resistance, sound dissipation, heat insulation and other excellent properties. The application of high-end
equipment in the aerospace field is receiving more and more attention. Brazing is the preferred method to realize the
joining between core and face sheets of porous metal sandwich structure. However, the process of large area brazing of
core and face sheets is prone to defects such as melting of brazing filler to thin-walled base metals, low brazing rate, large
brazing deformation and formation of continuous brittle reaction products at the interface, so large area brazing of porous
metal sandwich structure is still difficult, and basic research on brazing of porous metal sandwich structure is urgently
needed. Scholars at home and abroad pay attention to the adjusting of joining interface micro-reaction products for the
type and distribution, dissolution prediction of thin-walled base metals, welding heat deformation control of thin-walled
core and other challenges. The study about new methods of brazing interface microstructure control, brazing process—
morphology of brazing fillet—-microstructure of brazed joint—the mechanical properties of the joint was conducted to
clarify the microstructure evolution of the brazed joint and optimize the mechanical properties of the joint. It has important
scientific significance and the value of application. The progress of domestic and international research is reviewed in terms
of the interface micro-zone control of the brazed joint of the metal porous sandwich structure, the micro-morphological
design of the brazed joint based on the optimization of mechanical properties, the effect of the brazing process on the
mechanical properties of the structure, and the predictive model for dissolution of base metals in molten brazing filler metal,
respectively.
Keywords: Aerospace; Metal porous sandwich structure; Brazing; Interface micro-zone control; Predictive model for
dissolution of base metals in molten brazing filler metal; Micro-morphological design of brazed joint based on
optimization of mechanical properties
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Table 1 Chemical compositions of TC17 titanium alloy (mass fraction) %
./ /| ' | |

Al | Sn | Zr

Mo | Cr | Ti

4.5~5.5 | 1.6~2.4 | 1.6~2.4 | 3.5~4.5 | 3.5~4.5 |

(a) TCL17 (R ) Bl#F

AR

5o, M i

7

Buart 7t

(b) TC17 (4R ) R4

1 TC17 (WM& )5 TCL7 (ME ) shE & ZBMUAR
Fig.1 Microstructure of TC17 (bimodal)/TC17 (basket-weave) titanium alloys at
room temperature
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Fig.2 Macro-scopic morphology of TC17
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Fig.3 Microhardness distribution of TC17
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Fig.4 Schematic diagram of sampling to microstructure and fracture toughness specimens in
TC17 (bimodal)/TC17 (basket-weave) LFW joint
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displacement curves of as welded TC17
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toughness specimens
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Study on Microstructure and Fracture Toughness of Linear Friction Welded
Joint of Bimodal and Basket-Weave TC17 Titanium Alloys

MA He', LI Ju®, WANG Yue', LI Xiaohong®®, ZHANG Tiancang®’, ZHANG Yanhua'
(1. Beihang University, Beijing 100191, China;
2. Aeronautical Key Laboratory for Welding and Joining Technologies, AVIC Manufacturing Technology Institute,

Beijing 100024, China;

3. Beijing Friction Welding Technology and Equipment Engineering Center, Beijing 100024, China)

[ABSTRACT] The microstructure and fracture toughness of a bimodal and basket-weave TC17 titanium alloys linear
friction welded joint were investigated to meet the manufacturing demands of titanium alloy dual-performance blisk.
Metallographic examination reveals that fine-grains with metastable phases are formed in the welding zone (WZ),
thermoplastic deformed microstructures with partially dissolved primary o, phases are formed in the thermo-mechanical
affected zone (TMAZ). Fracture toughness examination shows that the fracture toughness of the WZ and TMAZ is
significantly lower than that of the base metals, resulting in an obvious brittle tendency of the joint. However, the post-
weld annealing heat treatment can decompose the metastable phases into the equilibrium o+ phases in the joint, which can
alleviate the brittle tendency of the joint to a certain extent.
Keywords: Titanium alloy; Linear friction welding (LFW); Microstructure; Fracture toughness; Cracture mechanism
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Development of Electromagnetic Pulse Welding of Al / Fe Dissimilar Metals

ZHANG Liping **, XIE Jilin®, YU Xi’, WEN Jinpeng’, YIN Limeng®, CHEN Yuhua®,

ZHANG Hehe?, ZHANG Long’

(1. Beihang University, Beijing 100191, China;
2. Chongging University of Science and Technology, Chongging 401331, China;
3. Jiangxi Key Laboratory of Forming and Joining Technology for Aerospace Components, Nanchang Hangkong
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[ABSTRACT] Al/Fe dissimilar metals welding has the advantages of lightweight structure and good comprehensive
performance, which has a wide application prospect in aerospace, nuclear power energy, automobile, electronic and
electrical appliances and other industries. However, due to the difference of physical properties, there are still many
problems in joining methods and processes of Al/Fe dissimilar metals. Electromagnetic pulse welding, a solid-state welding
technology, which can effectively overcome the welding problems caused by the different properties of dissimilar metals,
is widely used in welding of dissimilar metals such as Al/Fe. This paper briefly analyzes the problems existing in Al/Fe
dissimilar metal welding, and the welding principle, process, characteristics of electromagnetic pulse welding technology.
Then summarizes and analyzes the new progress of electromagnetic pulse welding technology from the aspects of process
research, equipment optimization, joint performance, interface morphology and bonding mechanism, numerical simulation,
and the combination of various welding methods, and puts forward corresponding suggestions for the future technological
development.

Keywords: Al/Fe; Dissimilar metal welding; Electromagnetic pulse welding (EMPW); Process parameters;
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Fig.3 Microstructure at wetting interface of porous Si;N, ceramics using different ultrasonic powers

(a) 333.3W (c) 1000 W

6000 2500 6000

—7n J _Ei \ _g
- L 3 . - | — - —si
 so00F — S EM W, 22 N, g 500 | =
S 4000F —si M Y / M 2 1500 —sn S 4000 Iy ﬂ r —2n
> A > >
% 3000 [ |y llﬁ/ Z % 3000 M
pe (i | | | 1000 , i
% 2000 MM N Al L [ N ¢ 2000f -
e I 1 e 500 % { |
R 1000 | I\{. ] A 'R 1000+
J 0 i DO |
0 Pt mmnmsselelh_ s et il oporstiAbssslonsscruotodigms
0 10 20 30 40 50 0 20 40 60 80 100 120 0 30 60 90 120 150
2 D/um 1 25 D/um M D/um
(a) 3333W (b) 666.7 W (¢) 1000 W

4 FEBEINEFFEIL SN, BENENEEE

Fig.4 Width of infiltration layer at wetting interface of porous Si;N, ceramics using different ultrasonic powers
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Fig.1 Schematic diagram of NiTi/Ti6Al4V laser welding
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Fig.3 Microstructure morphology of NiTi/Ti6Al4V laser welded joints with Co/Zr interlayer
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Fig.4 Point composition analysis of NiTi/Ti6Al4V laser welded joints with Co/Zr interlayer
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Table 2 Results of point composition analysis of NiTi/Ti6Al4V laser welded joints with
Col/Zr interlayer
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Fig.5 XRD pattern of NiTi/Ti6Al4V laser welded joints with Co/Zr interlayer
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Fig.6 Microhardness distribution of NiTi/Ti6Al4V laser welded joints with Co/Zr interlayer
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Fig.7 Tensile stress-strain curves of NiTi/
Ti6AI4V laser welded joints with different
interlayers
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Effect of Interlayer on Microstructure and Mechanical Properties for
NiTi/Ti6Al4V Laser Welded Joints

CUI Jiangmei*, CHEN Long®, ZHOU Zhijie’, TESHOME Fissha Biruke®, KE Wenchao’,

YU Hongmei', ZENG Zhi

(1. Chengdu Technological University, Chengdu 611730, China;
2. University of Electronic Science and Technology of China, Chengdu 611731, China;
3. AVIC International Holding Corporation, Beijing 100101, China)

[ABSTRACT]

In order to reduce the formation of brittle intermetallic compounds in NiTi/Ti6Al4V dissimilar laser

welding and improve the mechanical properties of welded joints, NiTi/Ti6Al4V laser welding was performed by adding Co
and Zr interlayers respectively. The effect of Co/Zr interlayer on microstructure, phase structure and mechanical properties
of welded joints was studied. The results show that the microstructure of the fusion zone in NiTi/Co/Ti6Al4V and NiTi/Zr/
Ti6Al4V joints is composed of equiaxed dendrites, columnar dendrites and some macroscopic segregation zones. Co and Zr
can respectively replace Ni and Ti in Ti,Ni brittle intermetallic compounds, which inhibits the formation of brittle phases.
In addition, the maximum hardness of NiTi/Co/Ti6Al4V and NiTi/Zr/Ti6Al4V joints is near the NiTi boundary, 543HV and
467HYV respectively. Meanwhile, brittle fracture occurs at the NiTi boundary. The NiTi/Zr/Ti6Al4V joint has a large tensile
strength of 315.9 MPa and fracture strain of 1.74%.
Keywords: Dissimilar metals; Laser welding; Interlayer; Microstructure; Mechanical properties
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GUO Zhenguo, MA Tiejun, CHEN Xi, et al. Microstructure evolution and mechanical properties of linear friction welded
Ti,AINDb/Ti60 dissimilar joint[J]. Aeronautical Manufacturing Technology, 2022, 65(21): 98-103.
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Microstructure Evolution and Mechanical Properties of Linear Friction
Welded Ti,AINb/Ti60 Dissimilar Joint

GUO Zhenguo', MA Tiejun*, CHEN Xi', YANG Xiawei', LI Wenya', TAO Jun’
(1. Key Laboratory of Friction Welding Engineering Technology of Shaanxi Province, School of Materials Science and
Engineering, Northwestern Polytechnical University, Xi’an 710072, China;
2. Aeronautical Key Laboratory for Welding and Joining Technologies, AVIC Manufacturing Technology Institute,

Beijing 100024, China)

[ABSTRACT] The linear friction welding (LFW) experiment of Ti,AINb and Ti60 alloys was conducted. The
microstructure evolution of the joint was analyzed by using an optical microscope and scanning electron microscope, and
the mechanical property of the joint was tested as well. The results reveal that the microstructures of thermo-mechanically
affected zones (TMAZ) on both sides of the joint deform along the direction parallel to weld interface. a,—B2 and O—B2
transformations occur in TMAZ of the Ti,AINb side joint in which the fraction of B2 phase is higher than that of base metal;
B—metastable p—a transformations occur in TMAZ of the Ti60 side joint, resulting in fine lamellar secondary a precipitation.
Dynamic recrystallization happens in weld zones (W2Z) on the two sides of the joint. During welding, the WZ of Ti,AINDb side
joint completely transformed into B2 phase and retained after rapid cooling; the WZ of Ti60 side joint is firstly transformed
into high-temperature B, and then f—a’ transformation occurs during fast cooling, leading to o' martensite precipitation. In
addition, interdiffusion of solute elements occurs at the weld interface, forming an element diffusion layer about 1 um in
width, and the grains on two sides of the weld interface are intergrowth. Under the coupling effects of strain strengthening and
precipitation strengthening of TMAZ and fine grain strengthening and precipitation strengthening of WZ, the tensile strength
(939 MPa) of the joint is not lower than that of Ti60 base metal, and the fracture mode is ductile fracture.

Keywords: Linear friction welding; Ti,AINb; Ti60; Microstructure; Mechanical property
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L1 Zhuolin, FU Junhong, WANG Jian, et al. Mechanism of Mg-Al ultrasonic-assisted transient liquid phase bonding[J].
Aeronautical Manufacturing Technology, 2022, 65(21): 104-111.
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Table 1 Chemical composition of test base metal (mass fraction) %

I N N
pZp s | Al | Zn Mn | Cu | Mg
AZ31B | 3.19 | 0.81 0.33 | 0.05 | 95.62

6061-T6 | 98.28 | 0.15 0.13 | 0.42 | 1.02

*®2 KEEMEHFIERE

Table 2 Mechanical properties of the test base metal

|
| BB IMPa | ISR MPa |

LR HEE(HV ) SEAHAR /%
AZ31B | 260 | | 59 | 11
6061-T6 | 333 | | 109 | 14

B

-5

(a) ST

fid i I T) RIS ) R B )
g( b ¢ d e\ \’m\\
L
= \Z
5 \ A7
iR \\
8 f
Hf[al/s

(c) BT

(d) BRI

1 BEEPRSEEEETEE
Fig.1 Schematic diagram of ultrasonic-assisted transient liquid phase connection
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Table 3 Scanning results of each point in Fig.2 and 4 ( Atomic fraction ) %

?M—QTTTW

A 1.08 97.25 1.22 0.45 Al

B 1.77 93.87 3.85 0.51 a-Al

Cc — 0.52 99.18 0.30 Zn

D 24.60 0.63 74.28 0.49 MgZn,

E 48.01 1.37 50.07 0.55 MgZn

F 50.92 0.85 47.88 0.35 MgZn

G 65.08 1.73 32.71 0.48 Mg+MgZn

H 67.92 1.37 30.10 0.61 Mg+MgZn

| 98.73 1.27 — — Mg

J 38.87 56.29 3.99 0.85 Al;Mg,

K 68.09 25.95 5.19 0.77 (Mg) +Al;,Mg,

L 65.89 4.27 29.03 0.81 Mg+MgzZn

M 91.26 3.77 4.28 0.69 a—-Mg
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Fig.3 Typical Mg/Zn/Al joint map scanning results
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Fig.4 Microstructure of Mg/Zn/Al joint under different ultrasonic time at 350 °C
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Mechanism of Mg-Al Ultrasonic-Assisted Transient Liquid Phase Bonding

LI Zhuolin?, FU Junhong"?, WANG Jian"?, WEI Shoujing"?, SONG Xiaoguo™?, BIAN Hong"?
(1. State Key Laboratory of Advanced Welding and Joining, Harbin Institute of Technology, Harbin 150001, China;
2. Shandong Provincial Key Laboratory of Special Welding Technology, Harbin Institute of Technology (Weihai),
Weihai 264209, China)

[ABSTRACT] The Mg-Al composite heat dissipation structure has a good application prospect in the aviation industry.
In view of the key problem that brittle Al,,M,,, Al;Mg, compounds are easily generated in the connection of Mg-Al
dissimilar materials, this experiment adopts the ultrasonic-assisted transient liquid phase bonding (U-TLP Bonding), and
uses pure Zn as the interlayer, the reliable connection of Mg/Zn/Al joint is realized at 350 °C . The effect of ultrasonic time on
the microstructure evolution and mechanical properties of the joint is studied. Under the optimal process parameters, the
joint is mainly composed of Mg+MgZn eutectoid structure, and the average shear strength of the joint reaches 50.2 MPa.

Keywords: Ultrasound; Transient liquid phase bonding (TLP); Microstructure; Mechanical properties; Metallurgical mechanism
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Mechanism of Rapid Wetting Porous Si;N, Ceramics Under Ultrasonication

LI Zhengwei, XU Zhiwu, CHEN Shu, ZHANG Mukun, REN Boxu, YAN Jiuchun
(State Key Laboratory of Advanced Welding and Joining, Harbin Institute of Technology, Harbin 150001, China)

[ABSTRACT] To solve the problems of high temperature, long holding time, vacuum environment and active elements
when vacuum brazing porous ceramics, this work used ultrasonic assistance to realize the rapid wetting of porous
ceramics, and the effect of ultrasonic power on the wetting effect was studied. The results showed that the Sn9Zn non-
active solder wetted the porous ceramics within 10 s at 230 °C under ultrasonication. When the ultrasonic power was 333.3 W,
the solder infiltrated the ceramic matrix by a width of 25 pm. The width of the infiltration layer increased with increasing
the ultrasonic power. The width of the infiltration layer was 80 um when the ultrasonic power was 1000 W. Due to the
low temperature during the wetting process, the residual stress in the infiltration layer after cooling was low, and thus the
ceramic and the solder were closely bonded without cracks. The results of transmission electron microscopy showed that
the wetting interface was enriched with oxygen and zinc elements. In this work, the rapid wetting of the porous ceramics
can be attributed to the intense cavitation of the solder inside the microchannel of the porous ceramics. The extremely
high temperature and pressure caused by the collapse of cavitation bubbles caused the non-active solder to rapidly wet the
porous ceramics.

Keywords: Ultrasonic wave; Porous ceramics; Wetting; Soldering; Interface
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Fig.11 Prediction system for machining deformation of monolithic components
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Research Progress on NC Machining Distortion Prediction and Control
Technology of Aeronautical Monolithic Components

GUO Kai**, WU Chong"?, SUN Jie'?

(1. College of Mechanical Engineering, Shandong University, Jinan 250061, China;
2. Research Centre for Aeronautical Component Manufacturing Technology and Equipment, Shandong University,

Jinan 250061, China)

[ABSTRACT] Due to the coupling effects of various technical process factors on numerical control (NC) machining,
varying degrees of NC machining distortion is almost inevitable for most aeronautical monolithic components. This brought
critical negative effects on guaranteeing product accuracy, improving machining efficiency and reducing manufacturing
cost. The NC machining distortion of aeronautical monolithic component is one of most severe challenges in aviation
manufacturing industry. This paper summarizes and analyzes the factors, internal mechanism and prediction technology
of NC machining distortion of aeronautical monolithic components. Furthermore, the research progresses of distortion
control and distorted components correction technologies were expounded. Finally, prospects for the development trends of
distortion prediction and control technologies of aeronautical monolithic components is presented.

Keywords: Aeronautical monolithic components; Machining distortion; Distortion mechanism; Distortion prediction;

Distortion control; Residual stress; Intelligent fixture; Digital twin
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Table 3 Cutting process parameters and cutting force, cutting temperature
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Fig.7 Deformation cloud diagram of the machined parts
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Table 5 Maximum and average value of workpiece deformation under different

cutting conditions

mAhEIN | AR
i | AETTCRY | T

AR
=ay) 7= X

e 5
B RASTE & Jum 3.34 2.47
AR B fum 0.92 0.84

ZFIBET] | ZFIEET]
(i R 71 | (R 1)

)
251 4.67 5.16 4.54
0.91 1.30 151 1.79

| mE

8 IR S ERANTE

Fig.8 Cutting test and deformation detection process
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Influences of Tool Path on Machining Deformation of Trapezoidal Frame

Thin-Walled Parts

YANG Dong', YI Liyang*, CHEN Jianbin’

(1. Anhui University, Hefei 230601, China;

2. Anhui Tianhang Mechanical & Electrical Co., Ltd., Wuhu 241000, China)

[ABSTRACT]

Integral thin-walled structural parts are widely used in the aerospace field. However, the stiffness of the

thin-walled parts is poor, and machining deformation is easy to occur, resulting in low production efficiency and product

qualification rate. In order to control the machining deformation of the trapezoidal frame thin-walled parts, the effects of
inside-out, outside-in, parallel and zigzag tool paths on machining deformation were studied by using Python scripts and
element birth-death technique-based simulation method. Simulation and experimental results show that small machining
deformation can be obtained by using the outside-in path. In addition, under the strategy of outside-in tool path, cutting
from the small end of the workpiece can reduce the maximum machining deformation and average deformation of the
workpiece. Finally, an optimized tool path strategy for machining deformation control of the trapezoidal frame thin-walled

parts was recommended.

Keywords: Trapezoidal frame parts; Thin-walled parts; Machining deformation; Tool path; Simulation analysis
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Fig.10 Relation between radius of curvature and lift height of left and right rollers
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Research on Roll Bending Precision Forming Technology of Variable

Curvature Section of Middle Fuselage Skin Frame

CHEN Minghe', XIE Lansheng’, FENG Rui‘, WEN Songtao’, LUO Zhihui®
(1. Nanjing University of Aeromautics and Astronautics, Nanjing 210016, China;
2. AVIC Jiangxi Hongdu Aviation Industry Co., Ltd., Nanchang 330096, China)

[ABSTRACT]

In order to solve the problem of accurate forming of asymmetric cross-section truss strip of skin frame

of C919 domestic large aircraft, the constitutive model and springback law of materials were obtained based on the
performance test and evaluation of 2099-T3 and T83 Al-Li alloys with 2-shaped profile and L—shaped profile. At the same
time, a new piecewise constant curvature progressive roll bending process is proposed. Combined with the theoretical
analysis and calculation of roll bending forming, the finite element model of constant curvature four-axis roll bending is
established, and the influence factors of roll bending springback and curvature radius of two types of profiles are analyzed.
The simulation results determine the reasonable roll bending process parameters of asymmetric cross-section profiles
as follows: the friction coefficient between profile and roller is 0.10-0.12, the clearance between profile and roller is 0.2
mm, and the limit lifting heights of left and right rollers of 2—shaped profile and L—shaped profile are 43 mm and 30 mm,
respectively. Finally, the qualified variable curvature profile parts were successfully produced by the MC4P4311AS CNC roll
bending machine using the method of piecewise equal curvature asymptotic roll bending, and the roll bending process test
verification of variable curvature profile was completed. The maximum clearance value is only 0.76 mm, which successfully
verifies the feasibility and accuracy of the variable curvature rolling forming scheme. At present, the research results have been
successfully applied to the roll bending production of fuselage skin skeleton truss in large aircraft of C919.

Keywords: C919 large aircraft; Variable curvature of skin truss; Al-Li alloy; Progressive roll bending; Finite element model
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Fig.9 Stamping scheme 2: Sheet displacement result after coil discharged at the first position

BHY R ARG R S IR Zs R, 18
FEERHIZR BT, vh A 1A
HL R U A R T AR} 2 T 5 B L 5%
ZAE 0.11~0.26 mm 2 [, Ak} i 3
[Fl5HE A 166 mm., R 7ZE 2 FH
T R A FH R Aokl 2 1 5 A 2L 15 22
7 0.15~0.25 mm 22 [a] , Ak} o 35 [a]
N 104 mm. 55 E 2 MEFRS
PR EL , 28 18 22 Yk L Je Ak [l
FEAIC T 78.1%), I HLAURE & 1 JCE: 1L
FEAE

T R B, Al P T SR 2
AT DA RAS 5 R A B AR I
TR 7] 50 HE EEL R R Y A 15
L ACRHELR N R R R R 2
2 AR 5T, I 12 (a) e
% B LR B AR AR S
12 (b) o5 2 58 kV ik
LR ORI IR IR 45 R . Bkl
T G, CHR S5 AR [ 5 B I8 B AR
& 13 i SRR B XS L, 10w

250
-0.016
200} |
& 150} sy 0015,
s e SRR |00 S
R 100 H
B g 0.013 &
= =
o9 0.012 &
-50 0.011
0 200 400 600 800 1000
A 1] /s
(a) R 3/ AR -1k i) fh £
2150
2145
_, 2140
iz

29 2135
213.0

212.5

0 200 400 600 800 1000
TR /us
(b)) B B o ¥ PN AR RE AR 1k

B 10 MEFE2: ZEEE 1 ME
MEBENN - HESREER
Fig.10 Stamping scheme 2: Stress-strain
and energy results after coil discharged at
the first position

20224E 55658 552110] - Bt hER AR 147



L

SPECIAL TOPIC

160 0.24

160

120 120
£ £
E 80r £ 80
® ol
5 5
% 40 e 40 0.19
—— BEARRER ]
s R sE
ot . 0.8, , . ol EER o152 | |
0 100 200 300 400 0 100 200 300 400
WEEARL, B X Sl B /mm WrHARL, BEX flA B /mm
(a) WIEJrZ1: R RUE A oRt 48 B [l i (b) WETTR2: HIREMUE S BRI Il
11 [EISEEREHE L SR A R AR A o
Fig.11 Simulation results of springback and sheet profile
YN 2Ll Hkt T FEAR R} e s S HAN Zhiren, ZHOU Shuyang, LIU

(a) IR

TR AR [T 3 5 2R

(b) iXE4s

12 mEEESREER

Fig.12 Forming device and experimental results

— BlER
o IREE R
1 1 1 1 1 pssse,
0 50 100 150 200 250 300 350
WEEARL, BE XA EE R /mm
(a) Ak AR S A AE B0 L

Wz 50 A /mm
2

£
0
é -30
5 001 — pumes
= -1201  KELER
~N —150 1 1 1 1 1 1 1
S0 0 50 100 150 200 250 300 350

WEigARL, XA EE 5 /mm
(b) 8 KVHL IR S YA BEXT b

13 &SI REEIRTLL

Fig.13 Comparison between simulation and experimental results

SRR & T TR
b, P, R 3R
BB F £ R, 7T DA
A I 90 5. ., 425 LTS 2

4 Z5ig

(1) HORHE LR ) ST T 1)
L[EEHS, Y m T BRI, AB A2 FE
(BRI

(2) MR ZE LIFE T
Bl K vl 34k 445 mm, FE R
558 2 AR  BORkR R Il g
47.6 mm, XEHTHELTZE 2 T

148 W% HFEHEA - 20224E 5 658 5 2110]

R AT RIS TE . B i
05 S5 FREA T HLRE O | R B
o AE BEXAHE R, MBS RRAIR

(3) MR A T4 2 1), 26
22 YR R RIS L B % 5 A ARk 4 ]
4 10.4 mm, FLERRS PR T R
[ SRR T 78.1%, HARKI R DL
W a5, 50 UE T A LAY oE A
P

2 % X W
[1] &, A, X158, 4 JE
T ANSY'S 1952 BT S U AL B AR BT
S [3] W B AR R 2 24, 2017, 34(1):
15-19.

Baoming, et al. Research on loading trajectory
optimization technology in stretch forming for
aircraft skin based on ANSYS[J]. Journal of
Shenyang Aerospace University, 2017, 34(1):
15-19.

[21 Bl FLBRSE , drEd, & WL
BN ARPUEHTTE [3]. HURBET S5
2016(4): 258-261.

HAN Zhiren, KONG Qingmeng, MENG
Xiangtao, et al. Study on loading trajectory of
aircraft skin in stretch forming[J]. Machinery
Design & Manufacture, 2016(4): 258-261.

[3] PENGJW, LIW D, HAN J Q, et al.
Kinetic locus design for longitudinal stretch
forming of aircraft skin components[J].
The International Journal of Advanced
Manufacturing Technology, 2016, 86(9-12):
3571-3582.

[4] HEDH,LIXQ,LIDS, etal. Process
design for multi-stage stretch forming of
aluminium alloy aircraft skin[J]. Transactions
of Nonferrous Metals Society of China, 2010,
20(6): 1053-1058.

[5] bl . FERIHLER A 4 XU 52 )%
N U B B RAT S [D]. WA IR ©
JREE TR | 2020.

MA Zhanpeng. Research on springback
technology for cold stretch forming of titanium
alloy with hyperbolic skin[D]. Harbin: Harbin
Institute of Technology, 2020.

[6] #Ekmn, WEERL, sKAERMG | 4 . k3D
Al BT B U AR 52 e A5 [J]. MR
TS TR, 2019, 39(6): 138-142.

HUANG Huili, YAO Guofeng, ZHANG
Chengpeng, et al. Effect of vibration



Aircraft Skin Forming Km%&ﬁiﬂ%

assistance on springback of single and multi-
curvature skin[J]. Earthquake Engineering and
Engineering Dynamics, 2019, 39(6): 138-142.

[7]1 PSYKV, RISCH D, KINSEY B L,
et al. Electromagnetic forming— A review[J].
Journal of Materials Processing Technology,
2011, 211(5): 787-829.

[8] IRIONDO E, ALCARAZ J L, DAEHN
G S, et al. Shape calibration of high strength
metal sheets by electromagnetic forming[J].
Journal of Manufacturing Processes, 2013,
15(2): 183-193.

[01 il , THEEF , XAt &5 e
& TIE B U REROE IR WF 50 (9], 280 T
2£4% , 2020, 27(7): 86-93.

HE Yihan, YU Haiping, DENG Jianghua,
et al. Experimental study on electromagnetic
shape correction of aluminum alloy with T—
profile[J]. Journal of Plasticity Engineering,
2020, 27(7): 86-93.

[10] LIUW, ZOU X F, HUANG S, et al.
Electromagnetic-assisted calibration for surface
part of aluminum alloy with a dedicated uniform
pressure coil[J]. The International Journal of
Advanced Manufacturing Technology, 2019,
100(1-4): 721-727.

[11] CUI X H, YU H L, WANG Q S.
Electromagnetic impulse calibration in V-
shaped parts[J]. The International Journal of
Advanced Manufacturing Technology, 2018,
97(5-8): 2959-2968.

[12] CUI X H, ZHANG Z W, DU Z H, et
al. Inverse bending and springback-control using
magnetic pulse forming[J]. Journal of Materials
Processing Technology, 2020, 275: 116374.

[13] XIAW Z, CUI X H, DU Z H, et al.
Springback control with small vibration using
electromagnetic forming[J]. The International
Journal of Advanced Manufacturing Technology,
2022, 118(9-10): 3133-3145.

[14] CUI X H, MO J H, LI JJ, et al.
Electromagnetic incremental forming (EMIF):
A novel aluminum alloy sheet and tube forming
technology[J]. Journal of Materials Processing
Technology, 2014, 214(2): 409-427.

[15] LONG AL, WAN M, WANG W P,
et al. Electromagnetic superposed forming of
large-scale one-dimensional curved AA2524—
T3 sheet specimen[J]. The International Journal
of Advanced Manufacturing Technology, 2017,
92(1-4): 25-38.

[16] R4 . FRG 4 AR 7 R R BE AR

L OB HLEE S RIS [D]. P92 pEdE T
MrR%:, 2018.

TAN Jingiang. Research on mechanism
and rule of electromagnetic forming for
aluminum alloy grid-rib integral panel[D]. Xi’an:
Northwestern Polytechnical University, 2018.

[17] SUH L, HUANG L, LI JJ, et al.
On the forming uniformity during a single
layer forming of electromagnetic incremental
forming[J]. The International Journal of
Advanced Manufacturing Technology, 2020,
107(11-12): 4561-4572.

[18] DU Z H, YAN Z Q, CUI X H, et al.
Springback control and large skin manufacturing
by high-speed vibration using electromagnetic
forming[J]. Journal of Materials Processing
Technology, 2022, 299: 117340.

[19] LI N, YU H P, XU Z, et al.
Electromagnetic forming facilitates the transition
of deformation mechanism in 5052 aluminum
alloy[J]. Materials Science and Engineering: A,
2016, 673: 222-232.

WIRAES R, B HE, BTS00 S ML
LS FORF

Influence of Predeformation and Electromagnetic Forming on Springback of
Aluminum Alloy Curved Parts

DU Zhihao', YANG Huan®, CUI Xiaohui***, WANG Shipeng’, YANG Guang’
(1. College of Mechanical and Electrical Engineering, Central South University, Changsha 410083, China
2. Light Alloy Research Institute, Central South University, Changsha 410083, China
3. State Key Laboratory of High Performance Complex Manufacturing, Central South University,

[ABSTRACT]

Changsha 410083, China)

In this paper, aluminum alloy single curvature skin is taken as the research object, and the problem of

large springback of sheet metal is solved by using the method of combination of tensile and electromagnetic progressive
forming. The effects of two predeformation schemes of fixed clearance and variable blank holder on the deformation and
springback of sheet metal were studied by finite element method and experiment. Compared with the fixed gap stamping,
the springback of the sheet is greatly reduced, and the springback is 47.6 mm. Then the electromagnetic progressive method
of skin parts with elastic pad is used to reduce the springback of sheet metal. It is found by simulation that the tangential
tensile stress of the sheet decreases and a small plastic strain is produced. The plastic strain energy increases, the elastic
strain energy decreases, and the springback decreases. When the coil discharges 8 kV in 6 positions, the springback of the
sheet is 10.4 mm, which is 78.1% lower than that of the quasi-static stamping, and the surface of the parts is smooth. The
experimental results are consistent with the simulation. The research in this paper provides a reliable means for the accurate
manufacture of aluminum alloy skin parts.

Keywords: Electromagnetic forming; Single curvature skin; Incremental forming; Springback; Numerical simulation
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