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Application of Ultrasonic Energy Field in Control of Microstructure and
Properties in Metal Additive Manufacturing Technology

JIANG Fengchun®™?, HAN Xiaofan', GUO Chunhuan®, CHEN Zubin’, DONG Tao’, ZHANG Hexin',

LI Haixin?, YANG Zhenlin®, SUN Wenyao®
(1. School of Materials Science and Chemical Engineering, Harbin Engineering University, Harbin 150001, China;
2. Yantai Graduate School, Harbin Engineering University, Yantai 264000, China)

[ABSTRACT] Various techniques to control microstructures and performances have been developed to address the

problems of microstructure defects, residual stress, and anisotropy in metal additive manufacturing components. Based

on the recent work performed in associated with additive manufacturing assisted by ultrasonic energy field, this paper

analyzes the “liquid—solid” dual effect of ultrasonic impact, and summarizes the influence of ultrasonic impact treatment on

the microstructure, surface roughness, microhardness, residual stress, corrosion resistance and other properties of additive

metal materials. The results show that ultrasonic energy field ensures that the internal microstructure and grain size are

significantly refined, the porosity is reduced, and the corrosion resistance is improved. At the same time, the microhardness

of the additive component increases, and the residual tensile stress is transformed into residual compressive stress that is

beneficial to the mechanical properties of the parts.

Keywords: Ultrasonic energy field; Additive manufacturing (AM); Ultrasonic impact treatment (UIT); Refining grain;

Residual stress; Microhardness
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Applications of High-Energy Beam Surface Modification Technology in

Aviation Field

CHEN Jun', LI Wei’, HAO Shengzhi'

(1. School of Materials Science and Engineering, Dalian University of Technology, Dalian 116024, China;
2. Anshan Institute of Dalian University of Technology, Anshan 114051, China)

[ABSTRACT]

As an effective means of performance enhancement for aviation components, high-energy beam surface

modification is applicable for all kinds of metals and alloys, which can significantly increase the surface hardness, wear
resistance, corrosion resistance and et al. This paper summarizes the basic principles, equipment structures and modification
applications of six different high-energy beam surface modification techniques. Laser transformation hardening can
strengthen the steel surface via martensitic phase change; laser cladding achieves surface repair and surface performance
improvement by choosing diverse powders, which focuses on how to control the crack defects; laser shock peening can
efficiently solve the problem of high-cycle fatigue fracture of aircraft engine components; high current pulsed electron
beam and high current pulsed ion beam should improve equipment performance and operation stability on one hand, and
positively carry out modification attempts for aviation component on the other hand; and ion beam assisted deposition
can effectively repair fretting wear by preparing solid lubrication coatings. Finally, the development of further research
on surface modification mechanism of high-energy beam, development of specialized intelligent equipment, realization of
multi-beam source composite and integration are proposed.

Keywords: Surface modification; Laser transformation hardening; Laser cladding; Laser shock peening; High current pulsed

electron beam; High current pulsed ion beam; Ion beam assisted deposition
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Research Progress on Ceramic—Polymer Composites Prepared by

Cold Sintering Process

GUO Jing, TAI Xiaogian, SI Mingming
(State Key Laboratory for Mechanical Behavior of Materials, Xi’ an Jiaotong University, Xi’ an 710049, China)

[ABSTRACT] Typically, ceramics are sintered at temperatures of above 1000 °C by traditional sintering route, resulting
in long sintering time and high energy consumptions. The high sintering temperatures adversely affect the interface control,
phase stability, and material co-sintering, and thus, it is challenging to co-sinter ceramics and polymers with polymers as

the fillers. Cold sintering process, employing an intermediate liquid phase and dissolution—precipitation process, enables

rapid densification of ceramics at temperatures < 300 °C , which effectively addresses the co-sintering issue of ceramics
and polymers. This review introduces the development of cold sintering process, sintering parameters and cold sintering
mechanisms. The application and current status of cold sintering process in ceramic—polymer composites, such as
microwave dielectrics, ferroelectrics, lithium-ion batteries, varistors, semiconductors and thermoelectric materials, are
discussed in detail. Finally, the challenges and future prospects of cold sintering process are analyzed.

Keywords: Cold sintering process; Ceramics; Polymers; Composites; Co-sintering
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Fig.1 XRD patterns of the as-deposited coating samples M1 and M2
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Fig.2 SEM surface and cross-sectional images with EDS regional analysis of the as-deposited coating samples M1 and M2

60 RiZEMEIEHIA - 20244F 55674855 410]



Advanced Ceramics %ﬂm%

K7 R KE B M1RT M2 £ at
1000 °C4E4L 80 h 156 i B 2 1 AR,
1 SEM %, i 7 (a) iR, k¢
i M1 R Bt — 2L e, )&
TR A e B A 14.95 um ; QifE 7
(b) Fizn, Bl M1 LaMA 29 1] 24
LUk — L e, B YSZ 2
R AR U 2, T H AE YSZ 5
CoCrNiAlY ¢ U 4b H BRLA 1] 51 2 4
o0, PAIHFR S M1 7E28 04 80 h 4 ki
B aRR. M2 R, mE 7 (c) M
(d) iR, it A 5 80 h J5 , #
fn M2 R TEOR 85 Rk ALO; 594
AEXTECE , HAFAE D R A R
Ty YSZ 2 B/ ) i s e,
SEAAEXT R e, R A R A, o —
HAIESE Al P 2 525 1 ) WU e A
WRZTE KRR BB I T W EEdi A
fePERE.

& 8 Jy £ i M1 il M2 £ i
1000 “C AT 5 1 TGO LS AN
EDS £AFZEH ., & 8 (a) iR, &
i 20 h A ALK 56 )5, 72 AR 5 ML
YSZ-CoCrNiAlY $t i JE p — />
/) TGO JZ; WK 8 (b) iR, &
i 40 h AR fe, B2 BT
PR R B I, P TR Y EE
Jinid s 285 80 h 4R fLIREG ) , e
TGO Z i AR 22, K 1 TGO
2 AE A A B0 o R b B Y
P EO S, B RS (F 8
(¢))o MHHLZ TN, fEEIRE H, FE

o M1
~ B8F eM2
‘ng-
11
£ 10t
= 9f
i o
Iﬂlﬂ 7+
=N
5 1 1 1 1 1 1 I
10 20 30 40 50 60 70 80
SEALFFE]
B 3 #& M1F0 M2 7E 1000 CE A 80 h
MU 2%

Fig.3 Weight gain curve of samples M1 and
M2 after oxidized at 1000 °C for 80 h

i M2 T E Y B TGO A= il %
XN, Ikl 8 (e) fiis, &8
AL 20 h Ji5 , 7£ YSZ-CoCrNiAlY

N ¢ LaMgAl O,
* LaAIO,

Intensity (a.u.)

te . .
;:lni.m Dt A Ao 20n

.Q‘
Bt it et e et 4 20
1 1 1

S R A TGO 25 i H.,
wmE 8 (f) i, & ad A A 5 40
h J5, 1% TGO JZ /& B 4 & B 8.
+ LaMgAl, 0,

* LaAlO,
+AlLO,

-

’m . 80h
., 4 *e

'9.,'ﬂu,'|¢ij ,._j.;\_,lﬁ ___jtf « 40h

[N ’“Q‘.Q.. n 9‘0 KA . 20 h

Intensity (a.u.)

20/ (°)
(a) M1FEEH1000 C44L80 it XRDiE £

200 30 40 50 60 70 80 90

20 30 40 50 60 70 80 90
200 (°)
(b) M2F£541000 °C4(1L80 hi)XRDi% A

4 1000 CE 4L 80 h [FHa M1 F1 M2 i XRD i&E
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Effect of Al Plating Layer on High-Temperature Oxidation Resistance
Behavior of CoCrNiAlY-YSZ-LaMgAl,;;0,, Dual Ceramic Thermal

Barrier Coating

XIE Zhiwen, TAO Haotian, LIU Tianxin, CHEN Yongjun, HU Suying, MA Beiyi
(University of Science and Technology Liaoning, Anshan 114051, China)

[ABSTRACT] An Al plating layer was deposited on the surface of CoCrNiAIY-YSZ-LaMA dual ceramic coating by arc
ion plating (AIP). The high temperature oxidation behaviors of these coatings during the air exposure were comprehensively
characterized by using XRD, SEM and EDS. Results showed that LaMA coating without Al plating layer underwent severe
volume shrinkage during the oxidation test, which triggered the initiation and propagation of longitudinal micro-cracks. These
micro-cracks acted as the internal diffusion channels for O,, triggering a sustained mass increase tendency, rapid TGO growth
and severe elemental diffusion, and consequently resulted in a serious coating fracture. However, the coating with Al plating
layer showed better high-temperature oxidation resistance and structural stability. The surface Al layer reacted with O, to
generate an in situ dense Al,O, barrier layer during the oxidation process, which prevented or delayed the internal penetration
of O,, and thus resulted in a very slow growth rate of TGO layer. The weight gain of this sample increased slightly from 8.59
mg/cm’ at 20 h to 9.46 mg/cm? at 80 h. These current experimental results provided a new technical way and theoretical vision
for the life-extension design of dual-ceramic thermal barrier coatings and the regulation of interfacial thermal growth stress.
Keywords: Double ceramic thermal barrier coating; Al plating; High-temperature oxidation resistance; Thermally grown
oxide (TGO); Structural stability (vig & /)
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EFBETHRSHAXAERE SHI%F Mo,NiB,
xEBRAL TS

BT EE -, BIERE ", XIRAME®, kL0, XITE3R T, R &L =k, X ER®

(1. ki&#F R, Lif 201306;

A

2. b o kAR S AR R R s, B 200237
3. L ANT R A Fe i A5 7 B, Lk 201699)

[HZ ]

KA KRAE BTk k4 Q235 1KaR 4N A f 4] & Mo,NIB, 24 4 £k &, B 300 W 4= 500 W 2 2+

BATHOA T . SREW, AT TR FR Y BB ST, R LM AT BB 5, Foda 2Lt B L5 62 B A

RATH G2t A, FEBCH RIRG, R R0 1658 Aol AR PRI &, IR

K &54-3% % % 38.08 MPa, 5 /N i 4k d,i7

4 0.033 pA/CM?, ARLAR JE Faifif P AR, 5%/ B8 JE A 1781HV,,, i KARAR A F 4 6.25X10° mmY (N-m). LR F & T

SR BRI F B TR Mo NIB, i & 2658 8 i ik Ak
DOI: 10.16080/j.issn1671-833x.2024.04.064

BRI

B, L, HRARAMRME
BETREMYEMRSHRE/PIE
MHESBRHE RERRREFR
5.

4 I Ve A R HL & B A L)
e B, DR W R R ) i
bt AR S PERe  CAETR
iz T ILALAR BE scm e A L
A b T N B e R
AHAFRE, v 4 8 B KB A
3L At R ik
A FREAL, BRAL Y 4 R B B L
A B R T S PR A A
AP R (R REATAE H i
FaPEAEE , AR 25 (R e 2 R 44
b AR BRI T AR, B =
JCHIME S R E AN e B R
WL = e b RE e 1 TR 1,
= JSLHLY) Mo,NiB, It 4 J& Mg s bt
L Mo,NiB, fifi 5T AH Fll Ni 3 5 25
AL, B RIFRZEAEREZE

WA 2 FPEORE R4 MO,NIB, 228 T8 Bk B 6 A8 FE | 4 AT% B i e Fadit i A AR PA 2.3 T Q235 18 4R K,

TR EE T PR PR RE , E 9% 12 N H T
A T A4y,
KAFEETWE T2 &R
JE TR A Ry AR I BB Ak i 4
RICIRAS , J5 i L 5 21 SEAR SR 1w, A
FAE el T RS BRI A
R 3 = A (= PR B B AT AU NS
)2, ARG K2 AR eE 4 FLBR A2
a0, PSS FER RN S5 MRS, S AR 2
R AN JE . S B SR 45
IR £ Mo,FeB, — ol k¥
SIBEIR)Z , BT IR AR I A
FIFLBR 2 R IR 2 P E0s P AR TR
245 4 8 . Qiao 45 Mk B 4
BT mR 8YSZ MR IRZ LI,
- H I I LR 25 ke 25 7= A
BERIIN ST IR 20 J124 b

* BHEWA: EHEARFEIE4 (52072236 ) ; EHFR HARARESTHAED H (52002242 ) 5 [E5 [ AFARE4 1 I H (52371069 ) 5 i ik il

J7 AT AT A (g2 4 S AR )

64 RiZEREEBIA « 20244F 556748 55 410]



Advanced Ceramics %i&m%

g, WOLHEE R HTBORER
JZHE AR PR A AT LA SRR 2
HIFLBR 6, s/ 24801 = A, S
PRIR] R HLBRES & R 455 EEAR
[ B RT LR 53 A s Ak 14 Uk 2
ARGEF LA FyHE ARG A1, W BR TR
RO AN S G, iR 2
PEREAS B e 1, Xu 45 B R g
R, BOGTE I NIALEZ T LIS R
RIZ P AEAE R LT NI AT AL A2 B
7 45 K6 43 A7 34 51 AN AH 5
A 4L NIAL TR J2 6 7 0] LIk 3
(492.4 +16.2 ) HV,,, J& T % &b BH i
) 3 4% . Manjunatha % ™ %} APS
Mo 2 A THOCE R, &3 Mo ¥R
JEFLB % 10.83% [% & 1.34%, i
TR B A 630HV,, 4255 3] 750HV,
HJFE R N HOCEKE T LLE Mo k)2
EILR B A FIHLSS & 1R S 45
BEAR L Yu 45 U AR T FE APS
AlLO;~20% ZrO, (Jii 440 B2 )5
KB, FEAE T TR 2T S el A 5
T W EPERIETE , N2 1000HV, ; Hn
#I| 1600HV o5, H I A HOGE 1A 1T L
THBRIRZ LB 25 B A2 AR G5 F 2
THOWZER AN 20 Feng %5 U1 %t 28
BOLTEER APS ZrO,~Y,0; ( Yttria-
stabilized zirconia, YSZ ) I La,Zr,0;,
%2 VT 1100 °C R AR, &
MHOCHIF GRS A LR L &
R I PR A A1 SR e LA 3 3K
FHY IR ZIEA N B IR )2,
AT $E v T AR I 2 A i i e S Ak
PERE. R, X APS Mo,NiB, 4>
J& P B R A T G E A A, R
WOCE IR 7 vk X U )2 418U 2540 5
AE RS2 M B, X Mo,NiB, 34 &

R P E (1 AR VA [ o S

ARSCR R B TR I vk
£ Q235 IK s 4K % 1 il % Mo,NiB,
HEBERZ, ZFHEARFYPRT
XPHATHOCTE G . X458 1 iR
TR 2 RO TR 5 TR 2 1 P A RS
VGO 235 #8145 43 A, e I X i 2
) 124 PERE S DlbE RE SE R AT 1
AT, R OEE A X APS Mo,NiB,
F 4 J PR U 2 AL S i 5 e B
(e

1 WRRAE

56 R F Y 3L AR 4 8 Q235
AR50, R~F 2k 30 mm x 30 mm x5
mm, 2 56 [T 2 i mE b I G
7K Z B A 30 min, DA IIE JE A &
AT )78 9 B FIORELRE . 56 F R AR
Mo,NiB, 4 J& P % # A (IN58, | AR
SRR A BB A BRA A, B oK
EIAR7E 50~100 pm ZZ[H], By R B % 4n
1R, 5 AT Mo,NiB, # K
NG 2 3L e R
B[R] 2 h, TR R 1 R 80 “C LA
R M AR AL 7K 4. Mo,NiB,
& BB AR A= R N 2 P,
Q235 A AN b2 Lo i 3 i

% Oerlikon Metco 2 & A 7= 11
KA B MR 25 1l & Mo,NiB,
4 @ VB IR 2, Wk L R bl
FAMB Wikt , 583 30 g/min ZAR
i 10 L/min # S & 5 L/min Wit
A HE 2 mm WG YR B EE 500 mm/s . i
WRHLYE 550 A AU E 45 L/min,
I 4 25 80 mm, M ¥4 i A2 v DA GR
SRR ER, GANENAR MH
FEWTR T 2R RZE R E sl

*1 =W ELSERESEY
Table 1 Characteristic of ternary boride based cermets!”

ESil] HHE pl (g cm™) fEEE(HRA) | PUATRIE /GPa it
Mo,FeB,—Fe 8.1~8.3 80~92 1.00~2.50 B
Mo,NiB,~Ni 85 81~82 2.40~2.60 izl
WCoB-Co 8.3 79~80 2.50~2.80 i A

M1, 7EfHFH ML )20 4 T2 8
il U 2 J5 R L g s w) AR
PO IE B 1 24 24T 300 W .500 W
2O E T, 300 W B A 5 1821
#°0 M2; 500 W 15 G IRIZ 424 A
M3, #& J5 Xt 3 Fh i J2 f# 1] Ultima
IV 7Y X5 2 07 565 A 53 B H: 4+ 45
¥4, HL K 50 KV FL T 40 mA, 3 #iE
FEl 20°~100° . 45 4 # & 5°/min . 2 &K
0.02°, iE4 Hitachi TM3030 F94
- I8 T L 5 LWL 5 44, 1) FH RS
5 iy Oxford Swift 3000 fiE 15X+
IVE W 0 T S i e T VTR
FH 0 28 B2 AR S B BT A 7= 1Y
HXD-1000TMC/LCD %I 4 [ & i fiff
JFETTIN VR SR, AR 2 R T
5 A7 B HEA T O YA, 3
k200 of , P87 B[] 54 10 s, #84s
FH 40 5. ffi H UMT-TriboLab /&
BRI ALE = IR T IR )2
AT T B, BE 52 R S WC Bk
(EEH 6 mm), Mtk 40 N, i
5 Hz, FEHERT R 2 i 10 min, &
AT 30 m. i1 BGD 500 %4 i
L P2 B 2 SR A i 2 45 A
JEVEATINGE , X 3 i 2R 4 i) ik
AT 3 W IME IF WO BME ., i Bt
Metrohm Autolab F k2% T AE ik %) 4
PR JZHEA T b RE I, 76 T
HAMECH 3.5% 1 NaCl % R
= H R, 2 R A Ag/AQCI,
NoF B AR AR, T AR AR A B el
RES RS R TR 1 em?,

E 1 Mo,NiB, & EFMEMKBHME %
Fig.1 Microscopic image of Mo,NiB,
cermet powders

20244E 55675 540 - RIATRIEEIA 65



- . .
—— Ix oru

2 ZR5ie
21 EAREBXREWHEEME

2 5 Mo,NiB, # K il 3 Fh
Mo,NiB, 7&)Z2 1) XRD &3, AlAl, 5
R R 5 Mo,NiB, B %A . rha]
AH MoB, #i1 MoB 4 i%; 5 Mo,NiB,
W A 1 B A, M1 IR 2 9 XRD
P Hh 25 A S e H B A 20 A
KA, RV B 00 AE AR A, A
FEEAE 58 5 1 BEAR Ak, 00 B 4
Fmi i i FE rh o R AL S Mo,NiB,
AHATS A5 LA AE, {5 Mo,NiB, i) A
X ATT 5 5 B A T T R, T MoB, Al
MoB A 4 FF X 177 5 58 85 A7 BT 38
Ui B Mo,NiB, #H & A= T & 43 77 fit
AT B F T4 B R A PR
S EEEAT A5 B A AN R
0y, WE 2 (e) il LLUE H, M2
WA EIE R B AR S ML AR, J
V(DR T AR fL, Mo,NiB,
F A7 59 i B 0, T MoB, 1 MoB
AH BT S T R, BB A
R Z A RIS Ni TR kA%
G IE R T Mo,NiB, #; MK 2
(d) ATRLE Y, M3 IRZ TS IE 0 &
5 M1 {7 w7 & A e, ek
SRS AR B R L, AR T Fe,B
1l Mo,FeB, %5 #r ¥ #H, H MoB, #lI
MoB HH () 47T 5 it B 1E— 28 B, i
Mo,NiB, FH 777 5 5 B iff— 2L 58 i,
DO T & N ROLRE AR R 2
B 38 S PG, 4 4% Mo,NiB, #H
A RSN, T Q235 kA E MO
REE Al S i PEE R, (15
Fe TR H5IRZICE KA FE, i
A A AR
22 BAEBRIRERRF SRR

& 3 K 3 F' Mo,NiB, 14 )2 I 32
I O SR, 3 (a) Al A,
ML ¥ )2 3R T4 75 58 22 AR s il 1)
R 3R T A B IR AL AR v,
43 Mo,NiB, 3 AL A 5 42 I il 1%
TERAT R A PR B [ S5 3 5 A
FE ML TR 2 3 TH A7 FE 1 Rl A

66 RiZEMIEHA - 20244F 55674855 410]

JEBFIIES; IEI 3 (b) ()l
A, O CEIE IS M2, M3 R 2
AT A S B0 1 45 S TR Je A, L
i V2R A R A Al e M R 4 4
TH A, T RO ST, R =4 T
KRBT A Ao bz
W) F R 43, SR FH EDS %F M3 % 2

R TCER AT 4T, QnlEl 4 Jr
TRo WOCE AR )Z R R B O
JEAERET Mn TR, HAEAE 5
Cr.Fe.V.B %I E , WHHIZAHN Mn
SR EE MR Rt/ s S DA N
4 HRE LB, Mo, Ni 55 Mn 3 Ff
TUE 53 B Ay B A ) 3 25 R

&2 MoNiB, EEMEMRUER S (RESH)

Table 2 Chemical composition of Mo,NiB, cermet powder (mass fraction) %
Mo Ni B V Cr Mn
42.42 42.16 2.89 3.61 6.38 2.54

£33 Q5 REBSRILFER S (RESE)
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Fig.2 XRD patterns of Mo,NiB, powder and Mo,NiB, coatings
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Fig.3 Surface microstructure of Mo,NiB, coating
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Fig.4 Element distribution on the surface of M3 coating
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Fig.6 Element distribution of M3 coating cross-section
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Advanced Ceramic Binder Jetting Additive Manufacturing Technology:

Development and Prospects

FENG Kunhao', ZHAO Wei', MAO Yiwei', ZHANG Zhengtai', YE Chunsheng', CAl Daosheng*?,

JIANG Wenming', WEI Qingsong’

(1. Huazhong University of Science and Technology, Wuhan 430074, China;
2. Wuhan Easy Manufacturing Technology Co., Ltd., Wuhan 430000, China)

[ABSTRACT] Over the last two decades, ceramic binder jetting additive manufacturing (BJAM) has emerged as a
revolutionary technique for fabricating complex ceramic components, demonstrating significant potential and value in
critical domains such as aerospace, biomedicine, and electronic information. This article comprehensively reviews the
fundamental principles, material selection, process methodologies, performance characteristics, and manufacturing defects
of this technology, along with an in-depth outlook on future challenges and objectives. Initially, the article elucidates the
forming principles of this technology, juxtaposing its advantages and limitations against other additive manufacturing
processes. It then synthesizes global research advancements, focusing on ceramic powder treatment and its properties,
binder configuration and its dynamical behavior in powder beds, process parameter adjustments, and subsequent
densification post-processing, discussing how these factors impact the density, porosity, microstructure, and performance of
both green bodies and final components. Lastly, based on existing research outcomes and application limitations, the paper
proposes forward-looking recommendations for the development of powder materials, binder design, and process parameter
optimization. This review aims to provide comprehensive guidance for understanding and applying ceramic binder jetting
additive manufacturing in scientific research and engineering practices.
Keywords: Additive manufacturing; Binder jetting; Ceramics; Powder; Binder; Parameters
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Table 1 Material properties of YSZ®
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fifi & /GPa ~13

FnE, Zhang % ' 7E TBCs ' F&AK TBCs Y {81 JH % fiv. 3 o) 455 750
PR EMZFR P AL, O35 A SRFUN 43 B9 s A A= K X TBCs 43
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embedded oxides
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P y
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Voids internal oxides
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Fig4 Schematic diagram of failure mode of thermal barrier coatings®
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Fig.5 Backscattered electron images of TGO microstructure in YSZ / NiCrAlY coatings
during different thermal cycles
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Fig.8 SEM images of powder morphology after hot corrosion test at different temperatures ™!
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BES4E | TBCSHKR | FEEm | SMERIRE/C | BRI
WDS 835 | 8YSzZ | ~150 | 1093 | 1191
WDS 836 | La,Ce,0, | ~350 | 1044 | 61
WDS 837 | La,Ce,0,/8YSZ | ~300 | 1022 | 5386
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Research Progress on Corrosion of Zirconium Based Ceramic Thermal
Barrier Coatings

HAN Xu', GENG Hongbin', WANG You', LI Yang®, ZHANG Xiaodong'

(1. Harbin Institute of Technology, Harbin 150000, China;
2. Binzhou Liufeng Thermoelectric Co., Ltd., Binzhou 251905, China)

[ABSTRACT] In recent years, with the rapid development of aviation and marine industry, engine blades with the
advantages of high temperature resistance, long life and corrosion resistance have become important parts of the
development of a new generation of aero engines and turbine engines. Thermal barrier coating (TBCs) is a commonly used
thermal protection technology to provide thermal insulation for the metal substrate of the engine blade part, protecting
it from hot gases and corrosive media. But on the other hand, the higher operating temperature of the engine makes the
blades and their surface TBCs suffer from serious environmental sediment corrosion, resulting in premature failure, and
the corrosion types mainly include thermal corrosion, CMAS corrosion, molten salt corrosion, etc. Corrosion has become
a problem that limits the operating temperature and service life of TBCs, and anti-corrosion protection is the focus of
research in the field of TBCs. In this paper, the main characteristics of TBCs dominated by Yttria-stabilized zirconia (YSZ)
are briefly described, and then the reaction mechanism of different corrosion of TBCs is briefly described, focusing on the
influence relationship between coating microstructure design, gradient coating design, coating component modification
and doping modification and coating corrosion, and the characteristics between TBCs modification method and coating
corrosion are expounded. Several methods for future coating improvement and protection are proposed, and finally the
application of TBCs in ultra-high temperature environment and the development direction of corrosion protection are
prospected.
Keywords: Thermal barrier coating (TBCs); Yitria-stabilized zirconia (YSZ); Corrosion failure; Thermally grown oxide (TGO);
Modification (vids 20 )

(L35 71 70)
Study on Microstructure and Properties of Mo,NiB, Coating Prepared by
Plasma Spraying and Laser Remelting

ZHAO Yuantao™, PAN Zhengyang', LIU Minghui®, ZHANG Shitao', LIU Shengiang’,

ZHAO Dongdong', LI Wenge', LIU Yanbo®
(1. Shanghai Maritime University, Shanghai 201306, China;
2. Shanghai Nanotechnology Promotion Center, Shanghai 200237, China;
3. Shanghai Songjiang District Landscaping and City Appearance Administrative Bureau, Shanghai 201699, China)

[ABSTRACT] Mo,NiB, based cermet coating was prepared on the surface of Q235 low carbon steel by atmospheric
plasma spraying, and laser remelting was carried out at 300 W and 500 W power. The results show that the laser remelting
method can significantly reduce the defects of the coating, make the microstructure more dense, and the weak mechanical
bonding at the interface is transformed into a good metallurgical bonding. With the increase of laser power, the bonding
strength and corrosion resistance of the coating are improved, the maximum bonding strength is 38.08 MPa, and the
minimum corrosion current is 0.033 pA/cm?; But the hardness and wear resistance are reduced, the minimum hardness
is 1781HV,,, and the maximum volume friction rate is 6.25 x 10°> mm®/(N - m). The hardness, bonding strength, wear
resistance and corrosion resistance of the above plasma sprayed and two kinds of laser remelted Mo,NiB, based cermet
coatings were significantly higher than those of Q235 low carbon steel substrate.

Keywords: Laser remelting; Plasma spraying; Mo,NiB, coating; Bond strength; Decay resistance (g ® 1)
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CHEN Shuai, CHEN Zhitong, LIU Chao, et al. Research on combined machining technology of milling and grinding of blisk
for full profile finish machining[J]. Aeronautical Manufacturing Technology, 2024, 67(4): 104-109, 117.
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Research on Combined Machining Technology of Milling and Grinding of Blisk for Full Profile
Finish Machining

CHEN Shuai*, CHEN Zhitong", LIU Chao’, CHAI Jinfeng’, LIU Cheng®
(1. Beihang University, Beijing 100191, China;
2. AECC South Industry Co., Ltd., Zhuzhou 412002, China)

[ABSTRACT] The blisk consists of a number of blades arranged in a circular array on the hub. Because the blade is a
weakly rigid part, tool wear, chatter and tool deformation are serious during finishing, which affect the further improvement
of machining quality. A new combine machining technology of milling and grinding for full surface finishing was proposed.
The blade is processed by grinding, while the blade root and flow path are processed by milling. The full surface machining
was realized by controlling the joint error in the overlap area of grinding and milling tool rails. The experimental results
show that the combined machining technology shows good machining quality, the tool connecting error is controlled within
0.01 mm, and the overall blade profile error is less than 0.04 mm. The feasibility of the multi-spindle array machining of
the blisk is verified by the double spindle machining experiment, which can greatly improve the machining efficiency while
ensuring the machining quality.

Keywords: Blisk; Full profile machining; Grinding; Milling; Multi-spindle
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Fig.3 Structure of toroidal grinding wheels
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Fig.13 Blade machining effect by double spindle
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Research on Real-Time Monitoring Algorithm of TC17 Titanium Alloy Laser
Cladding Melting Pool

L1 Zifan', CAl Zhenhua', LIU Qi***, NIU Shaopeng®, DENG Chunming’, YU Zilin®
(1. School of Automation, Wuhan University of Technology, Wuhan 430070, China;

2. Science and Technology on Power Beam Processes Laboratory, AVIC Manufacturing Technology Institute, Beijing 100024, China;
3. Beijing Key Laboratory of High Power Beam Additive Manufacturing Technology and Equipment, Beijing 100024, China;
4. Aeronautical Key Laboratory for Additive Manufacturing Technologies, Beijing 100024, China;

5. Institute of New Materials, Guangdong Academy of Sciences, Guangzhou 510651, China;

6. School of Information,Wuhan University of Technology, Wuhan 430070, China)

[ABSTRACT] When the titanium alloy compressor blade of the aircraft engine works, due to the long period of high-
strength service and foreign body damage, the blade will deform, dent, wear, crack and even break. Laser cladding
technology has become one of the important methods of blade repair due to its small heat affected zone, good deposition
performance, high forming accuracy and high degree of automation. The geometric characteristics of the melt pool are the
key factors affecting the quality of the cladding, so this paper proposes an identification measurement algorithm based on
image processing for the real-time monitoring of the melt pool. First of all, the ROI region is extracted by the image mask,
and then the gamma transform is performed on ROI region, the threshold bination is valued to realize the segmentation
of the melt pool area, the contour area feature is calculated for denoising, and finally the AABB enveloping box is used to
extract the geometric characteristics of the molten pool, which realizes the real-time monitoring of the length and width

* BE TR« A2 R2F 54 ( 2019ZE025001 ) 5 [ By Rl ( JCKY2019205A002 ) 5 AL 5T [ ARk A4 (3172042 ),
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of the molten pool during the cladding process. Finally, through the multi-parameter orthogonal experiment, the average

recognition error of the verification algorithm is 0.24 mm.

Keywords: TC17 titanium alloy; Laser cladding; Molten pool monitoring; Image processing; Process parameters
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Table 1 Proportion of molten pool at different thresholds
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Fig.5 Statistics of molten pool area
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Fig.7 Schematic diagram of molten pool size
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Fig.9 Melt pool length optimization
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Table 3 Experimental parameters
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Fig.11 Screenshot of molten pool geometry feature recognition
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Table 4 Experimental results of molten pool geometric feature extraction
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Simulation Study on Strength of Stitched Composite T-Stiffener Panels
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[ABSTRACT]
Finite element model (FEM) analysis and axial compression test were carried out on the non damage stitched stiffened panel
and the impact damage stitched stiffened panel. The cohesive zone model was used to simulate the interface and the bonding

In order to improve the interface strength between composite ribs and skin, stitching is an effective method.

element was used to simulate the stitching for FEM analysis. The deviation between the test results and FEM results is no
more than 8.5%, which shows that the FEM of cohesive model and bonding element is feasible. The test results and the FEM

results both show that the stitching has no significant effect on the compressive capacity of composite stiffened panel.
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[HEE] #4383 5 44+ (Carbon fiber reinforced plastic, CFRP) B 24k B 69 A 52 b 48, 4k 32 B A TALE ALK AR
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Research on Optimization Method of Tool Cut-in Angle of Milling Multidirectional
CFRP Based on Three-Dimensional Roughness

LIU Congle, REN Junxue, ZHANG Yali, SHI Kaining
(Key Laboratory of High Performance Manufacturing for Aero Engine, Ministry of Industry and Information Technology,
Northwestern Polytechnical University, Xi’an 710072, China)

[ABSTRACT] CFRP (carbon fiber reinforced plastic) is widely used in aerospace field because of its excellent
mechanical properties. Under the premise of ensuring the stiffness and strength of the aircraft, the application of CFRP
can effectively improve the flight performance and reduce the weight of the aircraft, so as to achieve the purpose of energy
saving and emission reduction, and improve the economic benefits of the aviation industry. CFRP is a typical difficult-
to-machining material, and in order to ensure that the structure has load-bearing capacity in different directions, CFRP
multidirectional lamination is generally used in the aero-engine industry, which makes the anisotropy and inhomogeneity of
the material more complex. In this paper, the milling fracture mechanism of CFRP unidirectional laminates and two kinds
of CFRP multidirectional laminates is analyzed, and it is found that different fiber direction angles have great influence on
the fracture mechanism during CFRP milling, resulting in different surface quality. Among them, bending fracture will lead
to a sharp decline in surface quality, which should be avoided as far as possible, and the surface quality of bending fracture
at different angles is also different. Based on this, an optimization method of tool cut-in angle in multidirectional CFRP
milling is proposed, and the rationality of this method is verified by experiments. This method can effectively improve the
machining quality of the first-stage composite fan blade of a certain engine.

Keywords: Multidirectional CFRP; Milling; Tool cut-in angle optimization; 3D roughness; Anisotropy
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Table1 Milling experimental parameters of CFRP multidirectional
laminates [0°/90°/45°/135°]
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Table 2 Milling experimental parameters of CFRP multidirectional
laminates [0°/45°/0°/135°]
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1E CFRP BEHI AN T, BB XU A AT AL LA
FMH T
2.2 %I[E CFRP #tHIMIT NEIANBEMRLEN

JIELUIA S B AR fE X 22 ] CFRP #E N T 47 7E
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(2) 480 T2 10 B £ 4 7 1) F — 2t , AS ] 1 Bk
175 3 OIBE Bl B8 ) XN T3 & A /INe 3 s i, (L 22
AR

5 b WA MERRAE S5 2 10 CFRP £ 2474
Wi S B FE AR | DL 27 2 D1 £ 715 A A, e 0}
N5y AR R, X 5 e M i R ) S AT 4 R Y
Bk AE

EATISCIIESIE, 6 CERP BElin T/ J1 B4 A
FAFE AL LT T

(1) 7 s o T 3 T A 8 4 7 ) o 8 B 1 24 O
FAE [0°,90° 2], kS T 2R 1 iy £F 4E W 2 e =k
LT . R EL 2 R o3 2 B )WY A i T 2L ) e e
Jo 2 AR R W

(2) A7 TC I AH 27 2 J7 10) £ FE B v () BT A JC 2R AR AE
[0°,90°1 Z PN, BLET, 25 il Wy 24 TG vk bt £, 2944 5 1) £ 6,
IR PR 90°~120° K% 165°~180° 3% Fi~ X Ja] , LB AN
JEPE 135°~150° [X[H] .

(3) Y 2o )2 8] 43 125 A 5y U W 54 mt, 3R

| == N VA

ELE

D

&3 Hm CFRP $EHIIKIE = 4EtAKERE

Table 3 Three-dimensional roughness of unidirectional CFRP milling experiment

G5 R4 ) F RG] A
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120° 165° 120° 75
[150° 15°  150° 105°]
5-11
105° 150° 105° 60°
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a 150° 15° 150° 105°
J7 1) S,/um Sy Sw
0°—A 0.860 -0.215 4614
0°—iH 0.960 -0.148 4.229
45°— A 0.587 -0.126 4.706
45°— 1, 0.677 -0.172 6.532
90°—A 0.740 -0.331 4.329
90°—ih 0.697 -0.425 5.597
135°— A 1.783 -0.328 4.849
135°—H 1.597 -0.167 14.498

S, /um
72.380
72.760
60.637
85.580
30.333
48.000
47.667
47.000

N Sy /um S, /um S,/um
0.030210 5.898 6.119 11.833
0.030400 6.360 5.205 11.179
0.025337 5.517 4.284 9.800
0.035760 58383 5.410 10.743
0.012673 4.431 5.381 9.649
0.020057 5.330 7.741 13.072
0.019913 13.668 10.535 24.203
0.019637 48.468 35.798 84.266
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Fig.4 Surface topography of cut-in and cut-out edges when & =90°
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Fig.5 Surface topography under different fiber orientation angles

JFhE AR A, BRI S LT 4E 7 18 F SRR TP e R
T [0°,45°] Z [8], 0] AskE G K0 £F 2 [ 5 42

M2, TE CFRP Z ] )2 G A B I n Ty, fiy ) sk
G TR MAFAE S WL s 5 o kabE o, T S ke T
N TSR R R 2R AR AT R A
2.3 RALEMLEIET %
2.3.1 [0°/90°/45°/135°] 4% & #9 CFRP % 151 BA-# X B

IhiE

R 1R AR & T VLA B AT 4k 7 )
I — 0T £ 24 U0 B A — ) iR, 7Rz
INTZECN o TR & 2 g 2e v e —
B, A4 A8 AL X A —2, B o 4l 4-
(2k=1) 14— (2k ) (P45 ( 0<k<3 ). WAL T 4k
ITHI 6 5 B — S5OmT DDA A B2 RN T4 7 1) ff A PN — 3K
FRES: , FE AL TS50 N BN T 3R 1 1 45 JZ 4R 4E VI H|
PR DX ] 58 42— 3, T 298 A0 — 2, B h g
5oh 4— (2k) Fll 4— (2k+1) (P 413X 55 ( 0<k<3 ), iF
A — 20 ke, B e R AR T LA ME T —A 5
JZ A NAA — 2 W 288 X Oh 25 i W28 (HZ 4F 4k 7
WA TR M i 22, 7 R ikt e RS RTEZ )

128 Wi B - 20244E 55 674 55 410]

HYUIASET — 002538 8 A 762025 e, R4
HISCHI T AR AT 4 D7 0] A T It R 4T, R AEBAT
S I HLAIA A B 5 S AT LSRR A £F 4y 1) F, B
55 4-9 5 4-10 1 4-1 %2 4-8 HEA T LU o a1 e X) HEia R
AT LLHIWAS SCHE R 0 ) HAA A B ARSI 75 A B

X 2.2 A5 B H B o TR T AT T AR
(I B, HETE T UL A AR TR A PR BRI v 1 — 4
FERE BEHER-T-SAE o, M A5 ISR 4.

3T 4 REEIE AT LR IR, ZEAS GRS B R TT A
FARE AT N T2 i AT 22 AN K Sy Sy Sio UEHH
FEARVGRI P N TR A 7R3k A AnZcE— ek & He
AR, VIR B AR ARSI T LIS AR

T 24 £ 4k 5 1] £ R0 B — S5t B A B —3%0), £F
AU ) A S B 2 6 o T T 1) 5 B ST A — A ST
TEIX 5 R4k Ty o) A A AR TR 0088 b, o T mifE
SIS FB i T i Sk D) 0 i o e R 4
VI S, 23 LI A3 st 20%~55%. [A]H, /E 4)
IR TR WA S, . S, . S A FLI A B8 hn T3
AL T —E MR X — 25U S i TR 1 £F
HEWTZHIE 2058 2 — B0, AN R B £ 411 £ 115 23 06
TN T2 T A 48 B T A — A PRI T 4 2T 4 U0 £
— BIMTEF 475 1) AN — B0, gm0 ) 6 B o B
IR B E IS, B 4-4 F 45 XL IRIG A, H
RV BT KW 8, Z AL S, 4
FKAB LB/ ME R 1 T 70%~94%, 11} 4-4 F1 4-5 ] CFRP
LI RGP BN 17%. 33 156 B 21 45 10 1] £ 56
XN TR T A R AN, HIGHL A, X T8k e
FEPEE A ARG A A B ——F e 5 R A SRR 12 K
F AR i TR e B T AR A B

ns R R TS g, 2 g, WA LS Z 57,
WA T 17, A g, B 22 F 7, Ay, FEA L F ] — KO 2K
n~n, BIRHA 25% HYLF4E 240 T4 f s > v (H
I A0 R T REMEAIC T 50% MYLF 4820k T2
MWL .. X ULIITE CFRP BEEIM 1.0 4%k hn 132
T A4 2T 24D 1 £ Sk 135° A, S T3 o o 4 M AR
R R, 7E CFRP 2 [0] )2 A AR BEHI N B, g
TR T A A5 T 2R e by b 12 A
2.3.2 [0°/45°/0°/135°] 44 B4 CFRP % ) BA-HiX s

na

2 2 APAL IS T 2R T 2500 % Fik
85, 0] LA ST AR 2y T f R ) B A2
VI £ 4 W 25 PR 25 60 CFRP 22 i) J2 4 A BE ) I 1 1
PISEA o TARYE ] ELULA A DA RN 22 )2
B AT I A N 6, =45° ), IUIS i 2T 4y
) f R G [45° 90° 45°  0°],#E4T CFRP £ 1024



‘_‘i‘ » »
RESEARCH Eltﬁbrex

BRBEHIIN T 27 4 2O A 5 2 i L
MR SHOA T, P T AT

YI A 5U H 11 = kRS 1 -2 oy, = 4EHURE 8
PEWE 5,

W 5 FR, ny RERARIE 2.2 35 S U B o 14 Foe 1
YIAMEE . il fa &8, Hoim KA S, (M
YIS BEAT R W 0 R B BB B T 2% 11 (9 2 3%
TG PR S BRAIG

(] B 38 A AR [ U0 AR B AS R BE Jr =C Y =R 1
YRS JE SO LR B, 2T 4 VD H f R R R TR 2 X
% 1H] Tk 3 B — A S, S, {E AR Ak B K 24 7E
2%~67%. T3 Ak A [7] £F 2 U1) 11 £ 200 B AS ) 21 24 7 1)
FARRE (VLA A ) (2 100 = 4EHIRE B0 T LUK B, H
S, T AR AR IR JE K27 41%~93%, 3 Ut W T2 1f )
FEIHI UL A 2 T YRV A A BRI N 25 4805 1) Ff
A3 T2 TR P 52 M R B

Bk, XFRTZHAR , AU BE S 90N T2 18 1) £F 4t
WAl 8 oA A Hh L by, R g X ISE AT 5 T F
&?éiﬁij[0° 45° 0° 135°] F1[90° 135° 90° 45°],

P R B — R W 2B 2 ik AP0 A A
B R i AR R e, [FIR, M4y A 0,= 0°
B £ 4 W 240 X 2 0] 43 255 >4 0,=90° i 2F 4 W 24
AR BT OIS, 3 AT A R 2 1T 0 a0 i 1 Y

JZ 8] 53 8 RN BB W7 SR 10 9 5 i 22 I A K

1T 74+ 115 1 11 3 IR HAT 2l —2F L) 27 4
JE A KT, 33X 3 VA 42 1T o et AR X A
25, 2T 4 J7 1) f A R 3 31 o4 [135° 0° 135° 90°].
[120° 165° 120° 75°] Al [150° 15° 150° 105°].
Horb, s F1 e BRXF R 75% 14T 4k )2 i W 2008 Rl 25
Eﬁaﬂsﬁﬂ L 16 X 50% FET 2 J22 4 17 8 ki i 14 25
i DT 24 3, RG22 1T T B W AT s XA A AT
N T AR YA i ) T ELAT A o8 10°, BRI 4 27 2y
] Ff 0,=105° B, L5 i DBy R4 175 20 0 AS 7™ 50, PRIkt v A
TN mg BN gy XoF 17 2 —FEA 50% A £F 2 J22 ik 25 il 7
Wz, P B, ne SERCAIAAEL T s 2 T
25% IS T TR A 2R 4 )2  (HH: — B RERE B S RO A —
, S, EAHLL s U £ 14%, X AAIE T #£ CFRP £
[i] )23 A R AN B 6 1 4R V) 11 £ 3 R #E 135°~150°
(5 B , [ Bt D5 ) T 25 T 28 T S B804 2R T 5 4
X CFRP BEHIJin T2 11 5 it £33 LA 7™ 3 (A 500
S5 TR IR AR SCHR ) CFRP i) J2 A A 2T 4k
W S4B L K CFRP 22 [ )2 A A8 M T 0 H) A £y

FE AR TS A B
3 #ig
3t RGN I AT AR T LRSS

(1) 1E CFRP BLHIIN T, J1 BADA S B AL #1
HIR 5 ) Sk 2 T BT RO B2 AL, AN R AT ROE

F 4 [0°/90°/45°/135°] i) CFRP %[0/ &R FtHIR I H = HEERE E
Table 4 Three-dimensional roughness of [0°/90°/45°/135°] CFRP multidirectional laminates milling experiment

ETR=2 Sy/um S Si
4-1 3.377 -1.109 6.574
4-2 4.817 -0.904 9.857
" 4,097 -1.007 8.216
4-3 2.483 -1.135 6.830
4-4 2.977 -1.388 10.853
;72 2.730 ~1.261 8.841
4-5 2.543 -1.149 7.627
4-6 3.933 -1.394 10.538
3 3.238 -1.272 9.082
4-7 2.327 -1.161 7.847
4-8 3.277 -1.312 8.912
s 2.802 -1.237 8.380
4-9 2.533 -0.999 6.366
4-10 3.563 -1.329 7.053
s 3.048 ~1.164 6.709

S,/um
71.840
78.517
75.178
69.797
74.283
72.040
71.400
89.440
80.420
69.120
92.520
80.820
72.317
87.907
80.112

Si; Sp/um S, /um S,/um
0.022130 21.145 23.986 42.525
0.024187 29.287 36.389 65.612
0.023158 29.287 36.389 65.612
0.021500 13.393 21.019 31.076
0.022880 21.011 29.660 50.671
0.022190 21.011 29.660 50.671
0.021993 15.522 21.043 36.564
0.027550 26.178 36.258 62.436
0.024772 26.178 36.258 62.436
0.021190 13.105 19.213 31.969
0.028497 16.710 31.129 46.475
0.024843 16.710 31.129 46.475
0.022477 13.803 15.847 29.650
0.027077 17.685 23.918 39.472
0.024777 17.685 23.918 39.472
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Table 5 Three-dimensional roughness of [0°/45°/0°/135°] CFRP multidirectional laminates milling experiment

G Sy/um Su Si
5-1 1.490 -1.776 14.225
5-2 2.497 -2.131 13.206
1 1.993 -1.954 13.716
5-3 1.767 -1.000 7.126
5-4 1.223 -0.539 4.296
;12 1.495 ~0.769 5.711
5-5 2.370 -1.143 8.198
5-6 1.497 -1.307 9.579
. 1.933 —1.225 8.889
5-7 2.290 -1.333 9.293
5-8 1.930 -1.316 8.286
- 2.110 ~1.324 8.790
5-9 2.930 —-0.981 57
5-10 3.000 -1.118 6.063
e 2.965 ~1.050 5.969
5-11 2.437 -1.014 5.983
5-12 2.763 -1.097 6.366
e 2.600 -1.056 6.175
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66.407
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