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Research Progress of Low Plasticity Burnishing on Surface Integrity of Materials

GAO Yukui, LIU Hongfei

(School of Aerospace Engineering and Applied Mechanics, Tongji University, Shanghai 200092, China)

[ABSTRACT]

Low plasticity burnishing can effectively enhance the fatigue performance, corrosion resistance and

damage tolerance property of materials. And it has been widely used abroad in surface modification of aero-engine industry.
The basic principle and advantages of the emerging low plasticity burnishing are introduced in this paper. The effects of low
plasticity burnishing on surface integrity, such as residual stress, surface roughness, microhardness and microstructure, are
summarized. The detailed influences of different processing parameters on surface integrity factors are also analyzed, such
as ball diameter, pressure, burnishing speed and number of passes. Finally, the research and development of low plasticity
burnishing in China are prospected.

Keywords: Low plasticity burnishing; Surface integrity; Residual stress; Surface roughness; Microhardness; Microstructure
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A Review on Human-Robot Time-Space Sharing Collaborative

Assembly Technology

XIAO Mingzhu, ZHU Wenmin, FAN Xiumin
(School of Mechanical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China)

[ABSTRACT] With the development trend of intelligent manufacturing, the production process of products is becoming
more and more flexible. Human-robot collaboration with high flexibility and automation level has become a research
hotspot of manufacturing industry. In product assembly, the assembly operation with high flexibility and complex operation
still needs to be finished by human, while the robot has the advantages of good repeatability, high load and high accuracy.
In time and/or space sharing environment, robots are used to assist workers in assembly, which will reduce ergonomic
pressure and workload, and achieve complementary advantages. Based on these understandings, this paper summarizes the
research of human-robot collaborative assembly with time-space sharing. This paper reviews the current research status
of the four hot spots developed around by scholars in recent years, namely, task allocation for human-robot collaboration,
intention recognition for human-robot collaboration, path planning for human-robot collaboration, and safety design
for human-robot collaboration collaborative assembly system. The development trend of these four aspects is discussed
and prospected.

Keywords: Human-robot collaboration; Assembly; Task allocation; Intention recognition; Path planning; Safety
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Study on Simulation and Mechanical Properties of Titanium/Copper
Electron Beam Welding With Offset

ZHU Jun*?, GUO Shun?, PENG Yong?, ZHOU Qi°, WANG Kehong®

(1. School of Materials Science and Engineering, Nanjing Institute of Technology, Nanjing 211167, China;
2. School of Materials Science and Engineering, Nanjing University of Science and Technology, Nanjing 210094, China )

[ABSTRACT] Electron beam welding simulation and joint properties of TC4 titanium alloy and T2 copper were studied.
By adopting the welding method of multiple offsets which means welding is carried out on copper first and then on titanium
side, and the two welds are close but not connected, the tensile strength of Ti/Cu joints can be greatly improved. In order
to explore the thermodynamic behavior of the joints, the finite element method (FEM) was used to analyze the temperature

field, deformation and stress distribution, then the strengthening mechanism is discussed in combination with microstructure
evolution and mechanical properties. Welding on titanium side can remelt the heterogeneous interface formed by welding
on copper side, and improve its stress concentration. The tensile fracture shows that it is brittle cleavage fracture, the phase
composition on the fracture surface changes from TiCu to Ti,Cu, and the brittleness decreases.

Keywords: Electron beam welding; Titanium alloy; Copper alloy; Numerical simulation; Mechanical property
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Table 7 Impact force measuring experimental parameters of

abrasive water jet
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Fig.14 Impact measurement results of abrasive water jet
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Numerical Simulation of Flow Field Distribution of Abrasive Water Jet Based on

Comsol Software

HOU Rongguo, WANG Tao, LU Zhe, TIAN Yebing
(College of Mechanical Engineering, Shandong University of Technology, Zibo 255000, China)

[ABSTRACT] With the help of Comsol software, the distribution of magnetic field intensity and flow field inside and
outside the focusing tube was simulated. The distribution law of magnetic field intensity was analyzed as well as the

mechanism of magnetic field acting on water jet, and the optimum magnetic field intensity was obtained to achieve the best

focusing effect of water jet. The results indicate that the best focusing effect of water jet was obtained with the current of 2.2A.

The difference of flow field outside the nozzle was observed and analyzed before and after the magnetic field was applied,
the vibration and dynamic signal acquire analysis system (CRAS) was used to measure the actual impact force of water jet.

The experiment results show that with the magnetic field applied, the effective diameter of abrasive water jet decreases, the

focusing effect increases obviously, the original water mist disappears, and the impact force of abrasive water jet increases

with the increase of current intensity.

Keywords: Abrasive water jet; Magnetic field assisted; Flow field distribution; Comsol software; Dense turn coil
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Fig.2 Schematic diagram of laser hole
making principle
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Research on Hole Drilling in Carbon Fiber Reinforced Composite by

Using Laser Cutting Method

YE Yiyun', JIA Shaohui', XU Zifa', OUYANG Wentai', JIAO Junke', WANG Feiya’, GE Ende®
(1. Ningbo Institute of Materials Tecnology and Engineering, Chinese Academy of Sciences, Ningbo 315201, China;
2. COMAC Shanghai Aircraft Manufacturing Co., Ltd., Shanghai 200436, China )

[ABSTRACT] Carbon fiber reinforced polymer (CFRP) is widely used in aerospace and automotive lightweight
manufacturing due to its lightweight, high strength and corrosion resistance. However, there are still some problems in the
processing of CFRP, such as edge burrs, interlaminar tearing and so on. Many new processing schemes for CFRP materials
are proposed in the industry. As an important processing method, the laser processing has become one of the research
hotspots. The hole cutting process of carbon fiber composite plate was studied by using 532nm picosecond laser. The effects
of laser rotary cutting, parallel filling cutting and cross filling cutting on machining quality were compared. The quality of
the hole and the range of heat affected zone were observed by the confocal microscope. The experimental results showed
that the scanning method of laser rotary cutting has the highest removal efficiency, the smallest tapers, and the hot affected
zone was small. At the same time, D5766 open-hole tensile standard was adopted to conduct tensile experiments on three
kinds of laser scanning hole making samples and mechanical hole making sample, and the results were analyzed. This
research would provide new research ideas for high quality processing of CFRP.
Keywords: Laser drilling; CFRP; Laser beam cutting; Laser rotary cutting; Tensile test; Laser application

(B #=F)

20194E 55628 55 18M] - Bt &R AR 55



— .
—— BIx FORUM

BT S L X G
HIPEREDER

El:l 12 =4,

®iEE A % BT ERBYVFL WY
(1. 7 I RFMAAFE T2FR, &7 210094 ;
2. HTHIKFZEVIREREHBRILERELLLT, B % 210094 )

[HE] RAFETHMALHNET RN SRMFFOGM A4, Mtk RRR AL AR E REF G, AT
R L m AR AR, R T AL MAT 248 R B R e K ik, MR R A, B R ARE g
RFAET, & 7 AT & A Limm i8R K 2 RS ZHBNA R 27 LW BHLRR, RN/ & RN
BAE 3 AR E, | RUR @ RN | & IR AR A RIS A Tm 4 |1 AL 69 b A i R 2, & SR AR A R AR S
RAKR 5[ TF ok ¥ R0 LR TR A R Afead JE K2 U4 1 AR, sl xR @ 4 24T EDS 447, 45 R

AN BRE, Crfe Ni 622 R ARE A2 1| 2R @A 12U, oo RAC A 1%, T A A1 %4 T0pm
Ao 40um, AF R d K RIEAT AR K, K 2E R KRR B o RACTE A — B, AR EIMROR Ty

25 > AR & > AR,

KRR AF BT FM; TR &R0 Rod s TR
DOI:10.160801j.issn1671-833x.2019.18.056

®RR
HIHRE, FENEFRRR
HHHIE TERHR.

* BEWE : FERHE QTR X5 H .
56 RisshiEEA - 2019455628 551810

FEL S 22 38 o o 3 2 >R T R 3
VERTURIE, 45 5 8 22 M I AL R 12
JEZAE TR, AT A OE J5
o PILIERR I DIRCR R
PRIPBCRAFRORE AL T2 TS
UL R A5 ER ) H AC HY < A A ) R A
TERUE M,

BIVE gt BE R S A BE 2 N
T WS Tl (ARG A7k K S, B
— PO R oIk 2 T AU
REZOR, ZM B E 5 E A &8
PRI R TR R A B, b o 3 R
SHEYI R B R BB T, RS
—YERE F RS o, AT
5 A SR R AT D, AR5 RE AT
St AR AL PR, SEELA R - 25 —
U N AN (S = () g (R
8 3 b ) i 2 A P, S A R 2 Y

Sh AbE A A 2 7 AR AR B
2550, AT 5 M B2 G 2 U X 3k
378 A R | 2 2R T AR v o R
AT

B S S SO R 23 ok U DX
Oy AR AL LS AR I, bk
TEAR A 4 i 3 3 SA-516-70N JE41
RTINS, IR T R Ao
FUZ HERUZ =B 2R R AIR B R
A, 3LV R U0 AR R AR
WAk ®r. Ming 2 ©BF5T T 9N
AT WL A 2V b, Rt
s & P A R E AR UIE T
T DX 35 1 B [ T 2k B PR — ik
Zk” #E, Wang 25 TSR T
F 4% FIIRE 1% SEM/EDS ). 3% 5 Fa. 4%
(TEM) Z3#r T A508-Alloy 52 fit5
ez, R I AE PR o 8 B0



High Energy Beam Machining %%*MI

FrrE SCA | BT A 1 RS, Hrp
| 750 55 1 Sy B S (R 5 AT i 1 R
FLiE A AS08 Al Alloy 52 M Z [8) 4%
T Ey FC AR ZH 2 X d

H A, TSR 2 At X
WA AR e N AU AR AT TR 5
X R il 3 1 R P B SR AR 25 A
b I DX B R R T . AL
TR, AR SO SR 55 18 - S SN 3 A4
il 3 2ok S XY 3 A X AN
AR g AN A o DX AU 2B, R
SEM/EDS #47R 43 #T , HoR 5
R By SR 8 AT M RE Y
A ZMEIT LS A S T A 1
AT —E 2%, AR — R AR
TEBET AL T T L%

A3 56 R FH 9 2 M A 500mmix
300mmx12mm 4 5L il 316L A 454K
M, B UL AR AL R B AR g1.2mm
1 ER316L A %5 X it 22 Fll ER130S—
G mm AR 22 50 M BT & AWS
A5.9-93 Fil AWS A5.82 Hixk , JuA Fl
RRL2Ab 2O WLER 1

R R FH 1) 45 B8 - 14 M4 T 1 R
i TR ABB AHIE IS A
P EE UL AR L R Sl 7 4L,
i1 Fronius 2 &) #2459 Magicwave
3000 TIG % H it — & 1k 45 HL Fi
Thermalcut A FH A PWM 3000 455
TR TR AT ERIE , AR B 15
RGN L 22 Z 550 50 WA B - S o
T

1o B 2 W, R D 48 %)
316L JE A AT T B, R FH V9
X R 2R TH AT U, R BR R
15 . FEE A RERR R U AR,
LA Ty 7= AR T, 5 W LA O R
FeE M, DR R T2 e L
M, W AR AR T o LA I R
Ar+2% O, fE R R4, R R
HOM 18L/min, B FREHAIE, <
B 0.9L/min, R3S R A
Ar+2% O, 1) H BI7E T R e

P 0 R R TE W , RS
PRETIRLE . SN A S5 A Si.
Mn AT R, TR R PR Ak
ST, DTkt A R 00 v R AN s S
N A L. AR s N AN 5
WP PENE2E S HIT TR
MIT S8, 0 2 s, IR
W RTTRUE S, e R A H A,
DU AR 1 R, 2522 [0
AR ) A 3 B AS 4

W4T Z 57 1) KGR A 1 R
g ARt SRR R H B b 4Rk

UAT S G AR A, e R R
] 84 T — BT, 76 4 A Pl S B i
FH W2.5 (194 NIl b s 8 A T4
R HE R AR AN [R) X IR I 2 B S fefe 4
21,439 2R FE A R TP R B AE 60°C 7K
TEIREE T 1Y TR TR R R A PR T AS 175
T 2 i 4 AR R TR, IR AL S i
Fl Zeiss 2 W BT AT WSS, it
Ffl D8 Advance X STZRATHHIET T4
AT, B 2Kk 0.02°, 455 B8 B ]
R 0.5, R 43 BT 3 b 14 S 5T B T
AL oAk, LA EDS 1

F1 ERUREZLEERS RESH

Table 1 Chemical compositions of base plate and welding wires %
e © Mn Si Ni Mo Cr Fe
316L Skt 0.019 1.97 0.69 13.4 2.67 16.9 At
ER316L 0.014 2.07 0.55 12.9 2.28 19.2 AN
ER130S-G 0.074 1.78 0.63 2.18 0.57 0.44 At

R2 HEMEERIZSH
Table 2 Parameters used for additive manufacturing

. TURUHE / RLHIE -
s = 3 ] i ez 3 u} L.
*j*“l’ %%EE{}IL /A ( cm- min—l ) ( m- min—l ) ﬂ*f\%ﬂ /mm U‘L*/\%k /mm
ER316L 130 12.6 0.6 5 3
ER130S-G 110 9 0.75 = =
z
P
X
~—— 5 UJZER316L

. 55 —)ER130S-G

~— %5 " JZER316L

/ 4i—)2ER130S-G

Bl TR E ARG R X
Fig.1 Diagram of construction of additive manufacturing system and the generation of
a sub-path

20194E 55628 55181 - Bt hE AR 57



— .
—— BIx FORUM

Yy kS g A T o B, TR
B Z 5 ) X R A IR T A
A 0 5, 03 o i e 4 )
k1 100g F1 300g, X Lz [14 0 3 (A1 B A
50um A1 200pm, il 4% 6} (6] & 10s, i@
T 0 I A% R 2 A B T A
FERIRTA (U

1 EWMALARIE

85 B S5 T HG A A 2 P A AR T
WA 2 JT s o e S B RAS 55 4K 1 i
Ttk B 25 S, DAL R FH i TS s
VIR 2 1l 2 1T BE % R 2 BH B A e
Z5. IWE 2 hRgsE 2 & 2 11
A 1l 15 BB A5 15 21 AT 3 A A
PR , R A AL i
KIEE GG RIS, /L
T B A RE R AR T RSN L
SE R TS 2l O DXL R, 3 L
U6 R RS BN B N B S A7 A
TPV IX BB RE 1) B2 R R A
B8], RN 2R EE S 1.5mm, (&5
B S kg 2.3mm, 1 P X R B N
Limm, MR A T R
oy, A2 M 518 2 RIS AE
BRI
2 BRELARME

85 B S5 TR A A AN ) DX Jk
HAUESUNE 3 Frs , 1A R B X 4
DR o7 22 5 R E 0 8 45, S 30T
HAPE RZES. WK 3 (a) Pis,
AN X 32 202 ph TR PG AR A i

it U
—

S
NN

R

4mm

E2 EeaEsEeR
Fig.2 Macrostructure of the
as-fabricated part

58 RiZsshliEH A - 2019455628 551810

RHLA I, b e e R BRR
RS PUOMIEARR p BT X
R HERCHEARN 23 A A AR 1E 2510
FRGE BE RIS A 2L
eV N ISP RN ¢ Wi LIPS
TS5 A, 1275 T R AR A B
B, 9 B AR, TR HOASE ity A 4 T 1)
B TR ® AR bR Y
5 50 N B 5 < B, FLA LS A
A O, Y A R R BE S
T R Th E A2 21, v A 38 3 1 )
2578 DL FRAR A 2 7 i 22U
WA, PR RS (A IS
10 P A, S B R A LR
SEHUTE A A R 0 DL R 4

B AR AR AL ALRL, Jm) 3 X 0L 23 H
BURLIR DT FC A28 3 (b)), %45
5 Z AR IS R4 B
K3 (c) i, e PEIX, B 73 i o
A RIAS 5 A e R 4, fE AR IR
BAICERIYE 2, T TE SRS 20

JE T e TE BT AR T BFSE
FWL, b P2 NI &R KT
5%~6%, 1:f ¥ X 35 2> 7 A I [ AR 4]
g1 W e e B R T SR A
TEANGEAN s, o i 4K DL AR 2 RS
b — 2 AN N T s Al TR A, S
R AN 2, N SRR
5%, M B T 2k 8 X5 {H 24 A4
R EAE B R A B, TR
TR R AR A, NS R
2, IR AR 2L, =i 8
DL AR AL 2100 35, T TG 5 B B
1P X Shy S A R — A
K FH XS 2 SiE A o A A X3 1 A
I HEAT 50 M, A SR 3 (d)
Jin, Hah 5 e A 20— 3K
3 WESREALFE

L B 5 ST A AL R 1 S T 2
SURFIE AN 4 i YRS AN A T
Fo o B R, BT AR A T 41 2
A, 50500 | RS 1 RAE

i
BRE M EraTe
(a) NEHNIX (b) EBRAIX (c)id X
RFHIX

HRGA (33-0397)

AR (06-0696 )
;P( TG (44-1293)
e
o
% 1 1 1 1 1 1 1 1 J
= BN X

BRFER (06-0696 )

1 1
40 45 50 55 60 65 70 75 80 85 90

fikt 200 (°)
(d) & X3 XRD ik 5

E3 RN AT

Fig.3

Microstructure and XRD results of the specimen in different regions



High Energy Beam Machining %ﬁﬁﬂim]:

4 (a) Jrs A e s B AN 55 4
| 750 ST AN R g 5 A 2 ) A
TH T AU, JCA I X R
RN AT 1 B SO i 4 (b)
I 7S, T8 1o 5 B0 R0 AS 5 80 =22 18] A7
120um 1) B AR 2 43 [X e, AS 455 40
s Nz [ SRR 20 | RS,
HA DR X R, X 52
HTABIFFE 25 SRA — 2 ™, i 4C )
BT 7, A 3G b RE A v R BT 5 3
PRI ZE RS FEASG AN DR I X Y
YEA AN, LA E Z A A7
TE B 0 A A db L 2L iR 4 X 5y
BRI B AR 2 IR b e S B
TiA N TR T

— BT A RNV ER S 5

N 2 2R A (1 R 3, AR =2 i
LUrHT R I, e i i X A 40
DU RAA BV R IR L, TR A X
HIH BT 5 FAR 2, 3 U B A 2o)
P SR A H R e T
FERRBER /N W BE R BE X 2H SO B
ARSEIEL N, TR A X L A2l
LY AR (Y 2 R 2 DRt
B3 A R X 2 AU AR R A T 4
Bro X AR IR ZUR G X
Bl B 2 R I A S AR T
FO A R, MER S bR
AR 2 e R X R OC, AR & R
AR O I P T B
Cre Fl Nig (JTHES3%k, % ) ATl R =X
ok v,

R+ TK
ARG R
[
(a)l B (b)) 1 A (c) B

E4 RRFEARFHRIEFHIE
Fig.4 Optical macrographs of the dissimilar materials interface region

Cr,=Cr+Mo+1.5Si+0.5Nb

Ni,=Ni+30C+0.87Mn

HHE155] ER316L [ Cr,, il Nig,
4352k 22.305 #i1 14.355, ER130S-G
() Croq F1 Ni, 43947 1.955 i1 5.29,,
¥ ER316L #l ER130S-G J Cr,q Fl
Nig, H 2 W 7E & BB L, niE
5™ R, AT LA B, 7E A [A] i
R AR S ENE S R TR /R e R AN
R BRI AR 2, L, Y
ANEE N e ) FOAR L 28U, BT
FRRL R P VR AR Bl R DA 2 2
BRI A BB L B /0 st TR B
TV BB Y B AR R R L
B, ST R YRR, AT B
RIS, S A BAEA S
B, W ORI, v 5o A A TR e
TGN, A2 FCAR L 218 18 5
A5y By PR 2, 2 i A R A
I FAE R, A ATE B 5 PR AR 41 41,
(AL TCTATE B 5 42 1) B AR 21, d5
LD CIA TR RIRTR A 252
R, BRI R 1 BRI, 3% 5 4 B
Ay P R I 235 SR —
4 HERERHSTN

85 B T 5 0 MR A AN

L
28 ;;////
N T | 4/6 A
24
. <] A (BT ) — s //»///
< \ 9l /
é 20 N / <\,°Q\° //
i \ /// oL /
g 16 @1&_ // / Qo|c A
o o AT,M 7777777777777 . 1 B
s 12 N \/ /'/A+ F %QQ/Q //
- ST
B ///ﬁ<::lfzfgiiil:>~§5;;,—_ 100%F
M+F //)>f/' FOBZ )
/ H
12 16 20 24 28 32 36 40

(Cr,,= Cr+tMo+1.5Si+0.5Nb ) /%

E5 &3EANE

Fig.5 Schaeffler diagram used for prediction of microstructure in ferritic, austenitic, and ferrite

20194E 55628 55 18M] - Bt AR 59



PR .
—— BIx FORUM

B s R AN A TET B SEM I R D
EDS Z5 R unE 6 Fron. s R
BE AU F AN T T A Z ik, A g
& 6 HREMSFE B | B R LT 2
2 B 1 BB AN, BA—
ERIINE . M EDS L4k B hk

EEEiVACY

i E#), ER316L [t ER130S-G HA5 I 100m A

BRI Cr 1N 53 X T 1 2 k| -

Cr I Ni {55 B AE Sum B FEN & 500 RS- < ERGIOL EL%.

T 2R AR AL, AR 1R S 400 Mo Ks
300 -

Cr

cps

A GG AT R 70um,
B A= H BT R &

200

100

Xj‘lll ?ﬂﬁﬁ%iﬁﬁ?gi?ﬂ%biﬁﬁ O 1 1 1 1 1 1 :l 1 1 1 J

*ﬁ’ﬁfﬂ Cr $l] Ni g%m%%’rﬁ%ff{ 20 40 60 80 100 120 140 160 180 200 Zzoum

1, A A L R 40pm. (a)l B GH

5 WiESFEEETL
85 B T S JOT G BE A A 1 e A

A AR X A5 SR 7 R, [ anmie |

0 0 3 4 A e, 00 3] B A
0.2mm. MIE 7 HFREFE i o A

I I T8 A B A 5 R R I I8, ] .
5 X S e R, 7 22THV -
Y1 9 50, L e R T R o I
55 A% i 7 ok 312HV, 5 5 B [ s < |
A3THV . 5 3o X 125 350 0 3 25 o 20 | N —
ST 5T L A T A S
Pty Hh 5 RIS , ST R AN ol o
KRS A — A R W 1 i S S S —
DO B A e P I, FUBR 2k T . o
R R4 1 T ER A2 48 e

H SR S A 0 T B
FE IR0 KM /s o 50um,
IR FH 100g 19 28 far , 3082 4f A5 3k
2R 5 0 1K 7 R A X, FL
G 8 TR, REUS T H, 76 | A
S R A LR 2, 3
Bl U [ 7E( 340420 ) HV, Y 1) i 3| 450 - R M Kal
R G A S o [ it L%,
280HV, Aifi i 2 il T R T Sk 50pm . g ggg | ERazeL <—§ i
00T R TP 0 | | e
S A ST O 0 % 8 1 1 51 w0 | B
1 423HV, ] E% F ER130S-G [y . o- 00 Zt;lO 300 200 500 500
FAREE LA FE B 49 B 15 R "
PRBCIL, X3t PR AR, B Ho AN ENRESEME K REDSE LR
HBL T B 0 R B, T R T Fig6 SEM image of the ER316L/ER130S-G interface region and EDS results

60 RiZshEEA - 2019455628 551810



High Energy Beam Machining %ﬁﬁﬂim]:

450 ~

400 -

AEEEHV
w
3

1
I

B
w
S
1S3
T

250

Sz
W

FHHZE
R
%;E
RE ER316L

AR

200 L L L

4 5 6 7 8 9

WA E /mm

E7 SRR E

Fig.7 Microhardness in the cross section of the specimen

440 - A
BN
IEE T
400 | NEEE ]
<7360
I
#
B
= 320 |
i
280
240 1 1 1 1 1 1 J
0 50 100 150 200 250 300 350
0 A A

Ee REEMEEMIKER
Fig.8 Results of microhardness in the inteface regions

BRT 150pm i 111 7Y 55 g ff g AR
PR IHEAT 4B , FLAH B A7 A By, B
e BB S 400HV, R EE AR AL T FRL N
100pm., A B8 O T 2 SURFAE , T AR
Gy A X BVRFE P AR R . 4
4 3 P AR E i 7T LA B,
3 i AL T Ao A A 1 B R A
JE 5 7E S BE A/ — B B 1 RLA
1 > 11 B >1 7 AL

(1) %551 5 Jo 08 b A4 1 B9
HAEAE SRS IEE 2, E AN
[ SN L R AR A S AN B

i, RN X B A Ak 2 AR
A X PE X AR BRILZ4h, B4
TEANGEAN i 5 4 | 7R 5T R AR
ST | AU A B A A A
11 70 R T A A 5 0 R vy 5 A 2 () £
FES IR

(2) 2R FH % B 7 58 b ) i £
AR AEE IR AT K AT Y S5 o 386 A4 4 1F
ER316L Fl ER130S-G & &1, 45
A RAF, AL RIS A e i 45 i
B o S5 B S5 SO 1G M A 1 A A i
B RV RS 1 20l A7 3 Tl JiE,
4330 B FCARZH R NS X, 2k
ZAC DL ERAACZEL A 4 B A X 2

TR R I I X

(3) ANE5 4 45 v o A 1 TR IR
1 Cr Al Ni BU53 76 A AL 2281k,
ARALFE LA T Sum, (H AN A 5=
SRAN T B FLE AN 11 BUAE Cr A Ni
B e 18 R ), AR AR SE o il A
70um F1 40pum.

(4) 55851 55 00 M4 A4 1 1
TR A8 A8 AR Bl el 5 A T B
MR B IMER A 1 B w > 111 B
] >1 RIS

& % X #t

[1] DING D H, PAN Z X, CUIURI D, et
al. A practical path planning methodology for
wire and arc additive manufacturing of thin-
walled structures[J]. Robotics & Computer-
Integrated Manufacturing, 2015, 34: 8-19.

[21 sk, Wk, XI%EEE 55 ARG
A Y U SRR RO LR 4 2 A R[]
PEHFHR | 2015, 29(21): 98-102.

ZHANG Wenxin, YAO Wei, LIU Yingying,
et al. Joining process feature and interfacial
microstructure properties of dissimilar alloy[J].
Materials Review, 2015, 29(21): 98-102.

[3] NIKBAKHT S, KAMARIAN S,
SHAKERI M. A review on optimization of
composite structures Part I1: functionally graded
materials[J]. Composite Structure, 2019, 214:
83-102.

[4] FRTE . WG )m s AU A5 i
M TS ARWIE[D]. Bat: At TR,
2017.

CHENG Weiqgin. Research on
manufacturing technology of plasma arc with
double metal interwoven structure[D]. Nanjing:
Nanjing University of Science and Technology,
2017.

[6] JAEM, A3C, ffe, 5 WL

TIG BRI R UG PERE[]. —
AR |, 2017(2): 51-56.

ZHOU Yanlin, GU Wen, ZHU Xinghua,
et al. Microstructure and property of austenitic
stainless steel cladded layer made with twin-

tungsten electrode tig welding technique[J].

20194655628 55 18M] - Bt hlER AR 61



— .
—— BIx FORUM

CFHI Technology, 2017(2): 51-56.

[6] MING H L, ZHANG Z M, WANG J
Q, et al. Microstructural characterization of an
SA508-309L/308L-316L domestic dissimilar
metal welded safe-end joint[J]. Materials
Characterization, 2014, 97: 101-115.

[7] WANG S Y, DING J, MING H L, et
al. Characterization of low alloy ferritic steel—
Ni base alloy dissimilar metal weld interface
by SPM techniques, SEM/EDS, TEM/EDS and
SVET[J]. Materials Characterization, 2015, 100:
50-60.

[8] HIAW] . AEEM 2SO I B ] i
BB T ZRFFE[D]. MEARIEE @ WA R Tl R
2015.

Shen Faming. Characteristics of wire-
based laser additive manufacturing for stainless

steel[D]. Harbin: Harbin Institute of Technology,

2015.

[97 RODRIGUES T A, DUARTE
V, AVILA J A, et al. Wire and arc additive
manufacturing of HSLA steel: effect of thermal
cycles on microstructure and mechanical
properties[J]. Additive Manufacturing, 2019,
27: 440-450.

[10] 50 . SIS 22 1 ) i e
TN T EERBFIE[D]. I« AR R
2017.

CAO Jiaming. Fundamental study on
wire and arc additive manufacturing technique
for high strength steel components[D].
Wuhan: Huazhong University of Science and
Technology, 2017.

[11] RKHE ARG SR m A S
AR HERERIBIFR[D]. PO T T2, 2012, 41(9):
191-192, 195.

SONG Tiange. Surfacing welding
austenitic stainless steel on surface of high-
strength low-alloy steel by strip electrode[J].
Hot Working Technology, 2019, 41(9): 191-192,
195.

[12] MING H L, WANG J Q, HAN E
H. Comparative study of microstructure and
properties of low-alloy-steel/nickel-based-
alloy interfaces in dissimilar metal weld joints
prepared by different GTAW methods[J].
Materials Characterization, 2018, 139: 186-
196.

[13] KOU S. Welding metallurgy[M].
2nd ed. Hoboken: Wiley—-Interscience, 2003.

WIREE: AR, 542 LA S0, 057
Ji1] Sy 1 A AR A B 5 6 1 3 45, E-mail .
cheezhou@126.com,

Interface of Dissimilar Steels Fabricated by Plasma Arc Additive Manufacturing

XU Jungiang*?, ZHOU Qi"? PENG Yong"?, WANG Kehong"*, KONG Jian*?
(1. School of Materials Science and Engineering, Nanjing University of Science and Technology, Nanjing 210094, China;
2. Key Laboratory of Controlled Arc Intelligent Additive Technology, Nanjing University of Science and Technology,
Nanjing 210094, China)

[ABSTRACT] The stainless steel/high strength steel dissimilar metals component was fabricated by plasma arc additive
manufacturing with no defects such as pore, non-fusion and slag inclusion and so on. The stereo microscope, metallographic
microscope and scanning electron microscope were carried out to study the microstructure of the interface between
stainless steel and high strength steel. The results show that the transition zone with a width of 1.1mm will be found when
high strength steel is deposited on stainless steel, but no obvious transition zone will be observed when stainless steel is
deposited on high strength steel. There are three kinds of interfaces between stainless steel and high strength steel. Type |
interface is composed of stainless steel, high strength steel and fusion boundary. The fusion boundary of type Il interface
is not obvious and high strength steel and stainless steel is separated by martensite. Type Il interface is not obvious and
is separated by martensite between high strength steel and stainless steel. The transition zone, stainless steel and a region
composed of austenitic and ferrite are defined as type III interface. EDS results show that a sharp concentration change of
Cr and Ni exists in the type | interface region, but the concentrations change slowly in the type Il interface region and type
IIT interface within a distance of about 70um and 40um respectively. The microhardness of the interface area was tested,
and its results show that the abrupt hardness width and the component change width had the same trend. From large to
small, the order was type Il interface > type Il interface > type | interface.
Keywords: Plasma arc additive manufacturing; Dissimilar material; High strength steel/stainless steel; Interface; Microstructure
(Tigh #)
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Fig.3 Microhardness distribution of the laser welded joint for TC4 titanium alloy
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Development of Advanced Welding Technologies for Titanium Alloys

SUN Wenjun, WANG Shanlin, CHEN Yuhua, HUANG Yongde, KE Liming
(Jiangxi Key Laboratory of Forming and Joining Technology for Aerospace Components, Nanchang Hangkong University,

Nanchang 330036, China)

[ABSTRACT] Titanium alloy was known as the intelligent metal in the 21 century. Because of its excellent properties,
it played a key role in the welding of high temperature, high strength structure and special joints. As one of the mainstream
technologies in the manufacture of high-end equipment, a great deal of attention is being paid today to its advanced welding
technology. In this paper, the related properties and main application fields of titanium alloy were briefly introduced.
Aiming at the three advanced welding technologies, such as laser welding, electron beam welding and linear friction
welding, a review of forming process optimization, defect control, organization evolution rules and mechanical properties

analysis were carried out.

Keywords: Titanium alloy; Advanced welding technology; Forming technique; Defect control; Microstructural evolution;

Mechanical property
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Effect of Hole Cold Expansion on Fatigue Property of FGH95 Superalloy Under

Room and High Temperature

YU Yang', LUO Xuekun®, LIU Yongjun?, XU Xin®, SUN Ruijia’, WANG Xin*,
ZHONG Bintao?, TANG Zhihui*
(1. Aviation Key Laboratory of Advanced Corrosion and Protection on Aviation Material, AECC Beijing Institute of
Aeronautical Materials, Beijing 100095, China;
2. AECC Hunan Aviation Powerplant Research Institute, Zhuzhou 412002, China)

[ABSTRACT] Hole is widely considered as a kind of geometrical-discontinuous structure with high stress or strain
concentration.The effect of direct hole cold expansion (HCE) using the mandrel on the fatigue behaviour of centre holes
of FGH95 superalloy was investigated. The fatigue fracture and the main parameters of surface integrity of hole wall were
characterized by scanning electron microscopy (SEM), roughmeter, X—ray diffraction (XRD) instrument and microhardness
tester. The mechanism of the HCE on the fatigue life was also investigated. The results show that the median fatigue life
of the HCE specimens increased by above 0.9 times and 10.3 times under room temperature/650MPa and 527°C/575MPa
conditions compared to the specimen without HCE, respectively. It is found that the roughnesss of hole wall decreased
sharply, while the deep surface strengthened layer with high hardness and residual compressive stress were formed around
the hole after HCE. These changes are of great benefit to the enhancement of the fatigue life under room and high temperature.
In addition, the exit of grain boundary and the difference of crystallographic orientation of neighbor grains have an evident
effect on the fatigue crack growth path.

Keywords: Hole cold expansion; Powder metallurgy superalloy; Fatigue life; Residual stress; Hardness
DOI:10.16080/j.issn1671-833x.2019.18.076
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Table 1 Basic mechanical properties of FGH95 alloy under
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Fig.1 Geometry of the plate with a central hole
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Table 2 Comparison of the fatigue life of specimens without cold expansion and with two different methods
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Fig.2 Typical SEM morphologies of fatigue fracture
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F1 specimen after HCE2
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PN
RESEARCH Hlt%tei

FHA R FFLBEIE B — e TR AR A TR )2 7272 i
TRALBESE PR32 EK -, A R T4 e o7 a0 A 59
FF o

FiAb, S AT AP R LT AR AR AR A
A2 I ) 22 St n] (R SO & AR A AL . I 3
(a) F1Ch ) AT, & A A7 FURE 208 Aok b 1427 i)
MRS X FGHO5 & 4 57 May) e Jr 1y A T &5
M, WE 3 (a) iR, divki GL Fll G2 2 [8] /) fi A R 7N
FARE AL CLAGB ), b B i It HE S EE AR ], [
U, AV 4 AT L34 22 g M ks GL RS 3 ok G2,
HSZEWE 3 (b) fiw, XAk G3 Fl sk G4, i T 9
Gz AR KA B L P HAGB ), B N 3 0 S5 HEF &
ANFELEI P57 S BUn AT AE B3 25 5% IRl % 57 34
Sy A B i H O 1 kA T AR . FRIE AT L, S48
o2 A o AT DA Bl 30 55 2480 e, AT 5
BP9 F5 i, X PRI Gt 7EFLEY s fh ) 6061-T6
A4 rhplomges) B,

33 FREREHFN

IR K =R IR IR AR, rhu O LA R R %
$ir — Ay VR A, 1 BT 2 er 1) LA T 82 10
B, Rt 2 30T 5 AL Ag 2R Ak 1 FLE 7 T 4 v Ak iy
2 AR R R 5 B A T L%

K7 MARFFEIREE D3 MFLRER 55 U8, AT %0, fLEE
FMAFAE 2 20 A RIIE (lined A1 line2 ), W5 45 RIJRAH
F— i ST IR A TS A . LB R A L AL
BETE B T 5% A% I 15, AR T FLEE SR 11 7 3 K-, i
FLE L5 v 1T 114 58 b 100 Hh 14 a8 MERTT R AR B 254
BRI S5 ) 1B X, S B0 55 480 5 1 b i Ak
A il B R BB A AR TR — 0 AR, i
— AR R 05 FR A

FiAh, FLRE R ORLRS BE LS SRR . R R VEH
TEAR 2 THDHLRE B2 A4l o 457 FR R v O FL I B 2 m
T RECH], fURER RSB R, 24 0.926pm, fLEEZ:
BEENIN TS, 2 RS R, 3% PR, HCEL AT
[ 2 0.312um, 1] HCE2 IR KE FR#EF) 0.287um., HF
TR FRIADHDRE B RS 5 5 | e Ry i e rp, A
T4 P 57 240 i A LR B2 R, v 1 I FLRE
e TRPHLRE B A B AR ) O FLAR AR 8 55 5 Y

.

4 #ig

(1) 5REF AR AH H, o 00 XL BE 19 7% B5F
FEAE KR 5 T FGH65 & 4 bl FL izt FE 78 25 1R
650MPa Fll 527°C /575MPa 511 F I9% 35 54 o

(2) S BR BF A FH AR T FLRE R THDRDRS B2, Il

600

—=a— Untreated
—A— HCE2

520

480

Hardness HV

4401

400 1 1 1 1 I

Distance/mm

E6 AREIZiAHEH OimpfLEAREE L%k
Fig.6 Micro—haredness as a function of distance along the
cross—section of the exit of different specimens

100pum

BE7 A2KRBFERHEES IR
Fig.7 Typical SEM morphologies of fatigue source of A2 specimen
without cold expansion

FUREFR TR AL T — R VR R 5R A% 1 1 )2 F gl 4Lk
JZ BRAY RN 7 )2 A 4 A2 A TR B Y B 1o 2 )
BETINE K, bR SR S R SR AR A 55 F A )
P HA mEAEH .

(3) FLEFETE A5 A KR J1 34 527 CHEFE T
LI RrpfaseEtt.

(4)FGHO5 &4 v il A B A7 AE AR A o T A 2
B ) 11 22 S 95 440 TR A EE LR

2 % X

[1] CHAKHERLOU T N, ABAZADEH B, VOGWELL J. The
effect of bolt clamping force on the fracture strength and the stress
intensity factor of a plate containing a fastener hole with edge cracks[J].
Engineering Failure Analysis, 2009, 16(1): 242-253.

[2] CHAKHERLOU T N, OSKOUEI R H, VOGWELL J.
Experimental and numerical investigation of the effect of clamping force
on the fatigue behaviour of bolted plates[J]. Engineering Failure Analysis,
2008, 15(5): 563-574.

20194655625 55 18M] - Bt &R 81



‘_‘i. N »
HI:%IBI RESEARCH

[31 LIUJ, XU H L, ZHAI H B, et al. Effect of detail design on
fatigue performance of fastener hole[J]. Materials & Design, 2010, 31(2):
976-980.

[4] FUYC,GEED,SUHH, et al. Cold expansion technology of
connection holes in aircraft structures: a review and prospect[J]. Chinese
Journal of Aeronautics, 2015, 28(4): 961-973.

[6] il KA, &, 5 . AL R AR Y e 5
BA]. s 244, 2018, 39(2): 1-17.

WANG Yanli, ZHU Youli, CAO Qiang, et al. Progress and prospect
of research on hole cold expansion technique[J]. Acta Aeronautica et
Astronautica Sinica, 2018, 39(2): 1-17.

[6] FERDOUS S M D, MAKABE C, MIYAZAKI T, et al.
Improvement of fatigue life of a holed specimen of aluminum-alloy
2024-T3 by indentation and hole expansion[J]. International Journal of
Modern Physics: Conference Series, 2012, 6: 336-342.

[77 WARNER JJ, CLARK P N, HOEPPNER D W. Cold
expansion effects on cracked fastener holes under constant amplitude
and spectrum loading in the 2024-T351 aluminum alloy[J]. International
Journal of Fatigue, 2014, 68: 209-216.

[8] ZHANG X, WANG Z. Fatigue life improvement in fatigue—
aged fastener holes using the cold expansion technique[J]. International
Journal of Fatigue, 2003, 25(9): 1249-1257.

[91 BONI L, LANCIOTTI A, POLESE C. Some contraindications
of hole expansion in riveted joints[J]. Engineering Failure Analysis, 2014,
46: 140-156.

[10] STEPHEN G J, PASANG T, WITHY B P. The effect of
pitting corrosion on split sleeve cold hole expanded, bare 7075-T651
aluminium alloy[J]. Journal of Manufacturing Processes, 2013, 15(1):
115-120.

[11] FRE, JRade, FHEDC, % . TCA MRALISHr R fLaka
N 354 5 9% 55 i [J]. o ERLRK TR | 2015, 26(7): 971-976.

GE Ende, SU Honghua, CHENG Yuangqing, et al. Residual stress
fields and fatigue life of cold expansion hole in titanium alloy TC4[J].
China Mechanical Engineering, 2015, 26(7): 971-976.

[12] YAN W Z, WANG X S, GAO H S, et al. Effect of split sleeve
cold expansion on cracking behaviors of titanium alloy TC4 holes[J].
Engineering Fracture Mechanics, 2012, 88: 79-89.

[13] W%, RN, 45 . ZRFLETRSR AR Ti1023 £k
B eALBESFERERZ[T]. TS MBI, 2016, 36(6): 68-73.

YANG Guangjun, LI Meng, SONG Yinggang, et al. Effect of
twice hole expansion on fatigue property of Til023 alloy[J]. Journal of
Aeronautical Materials, 2016, 36(6): 68-73.

[14] SRR TR, ORI, % BIRsR A TC17 Bk fL4k
A5 F3Air AU SEIA L. s AR 43R L 2017, 37(6): 82-87.

Al Yingjun, WANG Xin, SONG Yinggang, et al. Effect of cold
expansion on fatigue life of hole structure of TC17 titanium alloy[J].
Journal of Aeronautical Materials, 2017, 37(6): 82—-87.

[15] £k, BREHE, 5k30E, 45 . A-100 BIF 4R EFLET IR
FRBRAN F135[3]. vh I TR | 2011, 24(5): 64-67.

WANG Qiang, CHENG Xuemei, ZHANG Wenguang, et al.

82 WizshiEHEA - 201945 625 55181

Residual stress induced by cold expansion with sleeve process of A—100
steel[J]. China Surface Engineering, 2011, 24(5): 64-67.

[16] W EpEL. fLEFEBRIEXT 23C014Ni12Cr3MOoE #3575 M fig
BYFZIAT]. 428 b, 2007, 32(11): 34-36.

GAO Yukui. Influence of cold hole expansion on fatigue property of
23Co14Ni12Cr3MoE steel[J]. Heat Treatment of Metals, 2007, 32(11):
34-36.

[17] WANG Y L, ZHU Y L, SHUAI H, et al. Investigation on
fatigue performance of cold expansion holes of 6061-T6 aluminum
alloy[J]. International Journal of Fatigue, 2016, 95: 216-228.

[18] ZEE , FMort , skhh , % . 7B50-T7451 $R -4 AARM LT IR
TZPERERTSE]. UZS BERL £ | 2011, 31(4): 45-50.

GONG Peng , ZHENG Linbin , ZHANG Kun , et al. Effects of hole
cold—expansion on microstructure and fatigue property of 7B50-T7451
aluminum alloy plate[J]. Journal of Aeronautical Materials, 2011, 31(4):
45-50.

[19] ZHOU Z, GILL A S, QIAN D, et al. A finite element study
of thermal relaxation of residual stress in laser shock peened IN718
superalloy[J]. International Journal of Impact Engineering, 2011, 38(7):
590-596.

[20] FIEFT , B2% . R AIBAR FGHO5 My A £LIE 1[5 4b B
HL R MERENTSE[T]. MR T AR | 2009(S1): 61-63.

WANG Xuqing, LUO Xuejun. Study on microstructure and
properties of complicated shape disk of FGH95 PM superalloy[J]. Journal
of Materials Engineering, 2009(S1): 61-63.

[21] AR, Ak, BCSRL . ERRATEAERR AL T
(D). FARESI I TR | 2004, 19(5): 447-449

XUN Baiqiu, LI Qi, ZHAO Wuen. Application and development of
high temperature materials in gas turbine[J]. Journal of Engineering for
Thermal Energy and Power, 2004, 19(5): 447-449

[22] OZDEMIR A T, HERMANN R. Effect of expansion
technique and plate thickness on near—hole residual stresses and fatigue
life of cold expanded holes[J]. Journal of Materials Science, 1999, 34(6):
1243-1252.

[23] K%, BT, Mk, 55 . GH169 Ml A fLet) il
A2 TIORZERE [J]. A% ¢4 |, 1996, 17(1): 125-128.

SONG Deyu, LUO Zhiping, YANG Yurong, et al. Microstructure
of the hole expansion strengthened layer of high temperature alloy
GHI169[J]. Acta Aeronautica et Astronautica Sinica, 1996, 17(1): 125—
128.

[24] MAIYA P S. Geometrical characterization of surface
roughness and its application to fatigue crack initiation[J]. Material
Science and Engineering, 1975, 21: 57-62.

[25] BORREGO L P, COSTA J M, SILVA S, et al. Microstructure
dependent fatigue crack growth in aged hardened aluminium alloys[J].
International Journal of Fatigue, 2004, 26(12): 1321-1331.

BHAESE : BB WL, TR, AR5 07 ) 4 i A o o5 3R 1
sk AR, E-mail : luoxuekun1987@163.com,

(Vi #=H)



‘—‘? » »
RESEARCH m%tﬁi

KU EHET LM T RERAHARS A

ey, i EBABE i, BEE, T iE
(A= T A kLT (£ H ) A PR AL 3], ax AR 610092 )

[fEE] MA A bt Regbeik LR, A RMEMM R HHERE T 2H092R, Bt st
PR KA 2 e ZE A AR B SR E R, R T A A A R AR R RIS A FRX
S, 3B A xR AP DS Z A AR T e TR K AR TR KL A & e T LY ik RARRARR N E
RBERAR,F A TRALEM Y TP B X RG TR, REMERESLGE TR ERERRE, B K
BB R LA, RAFIL R MM A F LR B X S ST Rl B R T 2 AT RAER .
KEEIF: kMY AFINAEFE; T T N E; FiksE
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[ABSTRACT] With the rapid development of advanced aircraft manufacturing technology, higher requirements are put
forward for the design and manufacturing of aircraft structural parts. In order to meet the needs of flexible and automated
manufacturing of structural parts in aircraft manufacturing industry, foreign advanced aviation manufacturing enterprises
have started the production mode of aircraft structural parts represented by automated production lines. Therefore, this paper
summarizes the processing mode of the three-coordinate production line of small and medium-sized aircraft structural parts,
and studies the key technologies of the production line for aircraft structural parts processing technology, numerical control
programming and measurement etc, which will be applied in the processing of typical structural parts, aiming to verify
the feasibility of the key technologies, improve the production efficiency and product quality of aviation manufacturing
enterprises, reduce the waste of resources and save costs. Then finally realizing the manufacturing mode of aircraft structural
parts production line and playing an important role in improving the overall level of aviation manufacturing technology.
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Fig.7 Conversion relation between composite universal tools and coordinate system
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Table 1 Comparison between the original and the optimized scheme
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Fig.9 Process diagram of parts processing completion
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YSZ-Ti.SiC,E S ERESEEREHE

BRETC LK ML kL R EEELRERLE K

(1. B RFMEAFE D251, LiF 200444 ;
2. P EAR T AT R PA FRFAENE] , L 200241 )

[fZE] KA TLSIC, 4 A#H A AReH, A A KAF BT ¥ e 469 YSZ-Ti,SIC, b & w3k E. AU
M 208 T ik B BB L L) B RAAT Hy, @it S B AT 0 7 K AR B R BT 240, St E T 1050°C = AL A5
PHEAT IR AL, B SR B LB AT G e AR AR SR TR I iR B e 3R o TiSIC, KRG 2 E
TiC 5 Si0,, # A Gk B R @ A5 E A TiO,, M E A TiO, F= Si0, %AWty R ELH . £ ARSI REY, 28RN
8RS F BALE K Si0, 5 TiO,, [ & 7 #4% ) 69 BAL R 7R W 47, ALY 2 3 AR B SH3AANA &L, st £ Si0, 5
TiO, & M4 F B 5| RIS IKAE LS R B A — R R 7, 1RIL T AR, REAZARSZ S

KEBIR): AR L F B TR BAS; SRAAM; A4 MAX 4

YSZ-Ti,;SiC, Thermal Barrier Coating and Its Self-Healing Mechanism Under
High Temperatures

CHEN Hongfei', ZHANG Chi', YANG Guang', LIU Bin', GAO Yanfeng', QIAN Lingyi’, GAO Dong’
( 1. School of Material Science and Engineering, Shanghai University, Shanghai 200444, China;
2. AECC Commercial Aircraft Engine Co., Ltd., Shanghai 200241, China )

[ABSTRACT] As a new self-healing agent, Ti,SiC, was added into yttria-stabilized zirconia (YSZ) thermal barrier
coatings. By atmospheric plasma spraying (APS), thick coatings were prepared using an YSZ-Ti,;SiC, mixing powder. To
observe oxidation and self-healing behavior, cracks were prefabricated on the surface of YSZ-Ti,SiC, coating by uniform
external load. The prepared samples were then isothermally treated at 1050°C in air. The phase and morphology evolution
of the coatings, as well as the self-healing behavior were investigated via several analyzing methods. The results showed
that a part of Ti,SiC, was decomposed into amorphous SiO, and TiC after spraying and a double layered structure composed
of a TiO, outer layer and a TiO,+Si0, inner layer was formed after isothermal treatment. In the process of self-healing,
oxidation of the healing agent in the coating led to the growth of silicon oxide and titanium oxide in the cracks. These
oxides gradually filled the cracks due to the diffusion-controlled oxidation. Meanwhile, the compressive stress induced by
the volume expansion due to SiO, and TiO, growth in the crack enhanced the healing effect. Eventually the prefabricated
cracks were healed.

Keywords: Thermal barrier coating; Atmospheric plasma spraying; Self-healing; High-temperature oxidation; Crack;

MAX phase
DOI:10.16080/j.issn1671-833x.2019.18.090

%4 2 ( Thermal Barrier Coatings, TBCs ) 2523/ KIFEEFETE DRI FE , B CO, FI NO, B ES
TR as & shpl S RIR AR P R ke = S5 il IRIIHER Y, —E R RS T REMMERIVER
P 2RTE (S RS A SRR BT . TBCs 1yff TBCs £ 45 )2 i A AL T s 3 sl A K Ak 9 )2
ALK R A 4 A TR $ 1 150~200°C, A5 R il (TGO), HARKFF G a, SR )5,
THARE S ERERL R A 1b, SRl & ShHLE TR R AR TS AR A 2R BSOS D BT 7 A= 1 g g i

* BETE : EE HREFEIE4 (51402183 ); Mias Bl 54 (2017ZFS6002 ).
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Fig.1 Morphologies and particle distribution of powders for plasma spraying
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Table 1 Coating fabrication parameters by APS
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Fig.2 Method for fabricating coating cracks
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Fig.3 XRD patterns of YSZ-Ti;SiC, coating before and after heat treatment
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Fig.4 SEM images of YSZ-Ti;SiC, coatings before and after heat treatment
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Fig.5 Element scanning maps of YSZ-Ti;SiC, coating surface after heat treatment at 1050°C for 4 h
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El6 YSZ-TiSiC,ik EEERANIEEHBES ST SEME
Fig.6 BSE-SEM image of the cross-sectional morphology of
YSZ-Ti;SiC, coating after isothermal treatment

F2 E6EBHSEMAESTENEFASE

Table 2 Elemental composition of the points in Fig.6

L R Si Ti Zr 0
A 15.09 14.47 0 70.44
B 16.33 34.64 3.62 45.41
C 24.06 16.61 0 59.33
D 1.12 29.09 6.61 72.18
E 0 20.40 6.17 73.43

94 Wiz MG EEA - 20194 5625 55 1810]

CPS

—_

(a) oAt i
Ti
Si
Ti Zr
0 5 10 15 20
Energy/keV
(b) WA XMITRHM

BEl7 YSZ-TiSiC# EEBAMIER 1050°C, 4h HRLMEE
Fig.7 Healed crack morphology and elemental composition of
YSZ-Ti,SiC, coating after isothermal treatment at 1050°C for 4h
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Fig.8 Schematic diagram of crack healing
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[ABSTRACT] The finite element analysis is a numerical method for solving mathematics and physics problems, which

is very effective to analysis complex structures or multi-degree of freedom system. To solve the problem of cantilever beam

in electrochemical machining (ECM) device for closed integral structure, two devices were designed and finite element

analysis was done based on UG. The result shows the strength and stiffness of device B both better than device A, which

offered the gist for choosing device. Finally, it is effective for shortening the development cycle to apply parameterized

modeling and finite element analysis in ECM device for products.
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