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Development and Application of Electromagnetic Riveting

Technology in China

CAO Zenggiang"*, GUO Chengxiang", CAO Yuejie’, CAO Yong®
(1. Northwestern Polytechnical University, Xi’an 710072, China;
2. NPU Xu Hang Electromagnetic Technology Co., Ltd., Xi’an 710100, China;
3. Chongging Jiaotong University, Chongging 400074, China)

[ABSTRACT] As a novel riveting technology used primarily in aerospace applications, electromagnetic riveting has
distinct advantages over conventional rivets in riveting difficult to form materials such as titanium alloys, the riveting of
composite joint structures, the installation of interference fit fasteners, and the improvement of joint life. In this paper, the
development process of electromagnetic riveting technology in China is reviewed, the characteristics of electromagnetic
riveting technology are introduced, and the problems in the development and application of electromagnetic riveting
technology in China are analyzed. It is believed that the application research of the electric rivet technology and
the formulation of the process specification of the electric rivet technology are urgently required. Four directions of
development have been proposed in the paper: Application research of electromagnetic riveting technology, preparation
of electromagnetic riveting process specifications, development of automated electromagnetic riveting systems, and
application of electromagnetic riveting technology for green assembly. In conclusion, the further promotion and application
of electromagnetic rivet technology is one of the necessary ways to promote aviation manufacturing technology for the
realization of green assembly and intelligent assembly.

Keywords: Electromagnetic riveting; Composite; Long-life; Aircraft assembly; Interference-fit (Vi # %)

20234F 55665 523 /7241] - iatBEEA 19



s L
%‘TEIE—'— COVER STORY

FI XA K, AR, AR, ARIEHF, . BB IRIRS) o R AR F AR [I]. AR #iEF R, 2023, 66(23/24): 20-27.
DENG Jianghua, YAO Yujie, LIN Yongfeng, et al. Calculation of riveting driving force and visualization system design in
electromagnetic riveting[J]. Aeronautical Manufacturing Technology, 2023, 66(23/24): 20-27.

B R OR 3N h i L R AT L R

MBI, PREEA, PRZESE, SEIRH
G M X, %M 350108)

[BE] bt —f e IR G EER, ARG AL TR REN X8RN E. ATEEY
FEONAEIR B ) 0 TACHUAE, 12 R P ERL T ok, ML C R IR 3 ) K fFd A2, 2 2 RN X5 A3 X b #5385
HHAR SRR, Sl RIS TR T LA 2 S 9 T . B4 MATLAB App Designer 3t #2487 4238 25 /1 3+ 5
BT T TAAM Rt , ST s AR g A e MAR T . AT A%, A BB R BRI A B, AT T @
BHSTHAEIR S F 09 %A . BER4E R AR, 20 b JE Ao, 25 69 3% Jn VA B =) 34, FL A 19 34, BB, O, R A TR
2 B R XA IR 3h ) e e T AR &,

KEBIA : AR IR E) ) B X AU K AL AR TA A %

DOI: 10.16080/j.issn1671-833x.2023.23/24.020

By £
R ELESH, MRAEMAR
R B ETE,

L, 7% % ( Electromagnetic
forming, EMF ) J& 20 it 22 60 4F 1t
1 4 Ja FE A BUE B e 7 R i &

* BEWE : R AREEIE4: (51774097 ),

Ji A Sk 1) —Fh U O vk, R FL 2
AL I FEZR P 5 T 2 A A Y
Jik w3 0 A T AR R AR SRR AR A
U AR FR A 1 ok it O | EU R A RO
B LR RUY 7 A8, 2 H AR
Iz B R RE RS ( High energy rate
forming, HERF) 77 % 2 —. HT,
L G A B2 T b AL ik
& B BEIE WA $ AR 4 45,
L, 10 90 A L O T A A 3
AU R 14 9 FH 22 — M

H AT, Hr8 AT 25 it fh
AR R T 1) & R, K
o AT REPE DL R s AR B 0 B O
FERE R P R T ARG,
H AR Jovk 58 S0 A TERas /i
SR B, PR AE AT 25 3
KHATHLZERET Y., IEAEAT
O T T R T R DL RO A
TRAEI A, Tz MO T R AT R
1, JE— R R T B,
St R AT IR R AL R T SR

20 RiZEmEEA - 20234E 5566 4% 5523 /241

ARE R, B a LS SR AR I
FAAEZ o B AT AR BT
VAP, 7 RAT AR 3 e R AR
2 L N iR ey o A
AR ZRBE T , i i B R AR T o
TR T, WA R R b
e R B R AR IVE T I, AR S e
X DL 2 B AT AR B X i
H TR EOR . BTSRRI, B
BOREE TR AR E TR 2,
TERIE AR PP e B ph b )N
ARG S S A R 2
FE A% A5 4 1 Tk 1 TR 45 A A ) 4
P 20K, E g B B /AT
il rp B,

LG IR TR Z T LARERE B
R ffp R T 0 7 VA ME LA B
(14 TR AL, HARAR J5 PR 7 T L i e ™
A= 3R 3 I 19 75 305 8 AN [
FL G B — AR R — s A T —
THEINET KA A B A, A
PO A7 0097 A T R R S R



A
COVER STORY iﬂ‘ﬁx?‘

7 AR R R K Bl i AR R,
— b h it AT PRI R R I S
N CRUh re= R LK (S W P )
V5 MRS ) i 7 A AT Y A2
W7 35 5 e e ARSI Bl ) <4
GG AR e ISP R N B FE L 18
TN 2 3 EUIAT I AR T HLEEAS
[F] , RGBT A PR BT D] 10 75 =X
ARSI , DAL B UK )y 2 phe s BT AL
TIPS A ISE IR € ek
FEUKE 7 B AR AL, PR S B
FEUKE 1 73 BT LU H, R T AR I
FH AR S o e i U5 5 Al
FEL T 90 4 9K 8l R oR S ad AR, E ST
A A R R 004 SR 2 T B T
B, JF X oL BN K Bl ) R AT
AL

1 HBEERE

BET LRGN I L, 7 FL R I
F% RE A K 2 T A PR 2 B ) O T
PRISERERS I, R AR T T R
eI MELME TSI, TR BIL )
YERT, ek TAFFR D 9K 3N F, K 38 5
NSRSV N 2
A A A AR P BV it 2 Ay £ 4
FIF LR IRVEARTE | DT S BURTRL Y 2
e, LA 1 (a) s, #EIK
BRI TR 2R R S5 UK BN g 2 )
AR AR, LR Bl g 7 R A
Jit LSRR T I

P N 2 R R 4 S B T A
T BRI T2 Bl L S R Bl
i ) R RGN, DAY i 2 R F L U

LA U HLEE JFR

£LIEl

sk
ekl

Bliesi)ey
LN

UK Bl A SN T I =22 0] AN i S B0 ¢ 42
A, S EO A BE A HRAL, [FR,
AT £ P A3, R B A B RN
R A SR AR B
TRV, A T HRE RS
FHARFE T 00 32 B B X
A, HFEMNE 1 (b) fis., 28
1 58 2 B G 2 P AR ) K 3R B
F 2R 2 08, il 1 B
Iea] i [ Al b, Ak PR B I i
il i e B A4 AR AR FE R A R B
BETARTE () LR . A R =
BT SCIEIET T - i — 1k
fegiil: (1) “WIE” Jrim, B
2] S R 2 B i R L 9 2 D 1) 5
NG, e A R, 7R A R R
AEfE T, BEAT ALHR S B0k 3l 7, 52
BUIC L /R B R I S 00
SR EARET IRE 5 (2) FE “RL
PE” 5T, T PR B T AL T B
ZPORAS, AT SE A i A i 2k
R T8l RS TR T8
T 11, A8 T Dy AR R AR AL T
{14y e S S, S PR A o 1
F R

2 HEHHEENHBETE

HEEMES

G TS I T
7S T B 3 91 SIS e A
ECEGR L. R )
SRURT WL 5K s 2 A
TR P, e 2 Bl T A S 1 25
I FLRBLETTNL, S IFAR DRI, FRh

LA AR FLEH JFR

Ll.fmlm—}.r -

282

O
ik
¢

(b) A

1 FRREIEERE
Fig.1 Principle of electromagnetic riveting

SPHRAZ R T 4K Bl 3 2R A
4%, IR, ZELR B Rk 3h
S — IR I 2 i ] B L, 2% 5
RS ) E AR N Sy T T
BE TR, 76 Z 0% 2 B i e 14 L
LR TN T e A -t NI P 2 I V=
5 BB R R 2 B K 5
AR RN R 2 Frs iy Rl
[T Fr 2 P 25 AR

HR A RE e e A, 7 0 B3
AR AR TP A e I
8 3 AR RIE X RE R, 43 2Tk
FEL R ] B AR I FARE LG (T
A AILAR RE LA K [0 ¢ v i ™ A= W %
figdt, AT OGRS

dE = dE, +dW+dQ (1)
K, E NHARIMEAEHRE; E, WG
Yitigtt ; W R HLBGE ; Q #kAE.

R 2 E G A I FR RE AT AR

dE = u,i,dt+u,i,dt (2)
Ao, uy W L W R i
228 1 HLI ; U, N8 2 Bk )
i 7 P HL 5 1, A e el 2 BEK
R ; t A HL S AR H Y IS R]

d
u, —%HIRI
ll/l _ilLl +i2M12

A (3)
u, =——+i,R,

dt

U, =1,L, +i,M,,

A,y WERPE 1 FLREEE s Ry Wk
Rl 1 HRH s Ly 2Rl 1 R v, N2
Pl 2 sl B Bl Fy U G B 5 R, 2k T8l
2 SRS H B L, S ERPEl 2 ks

0~0
Il

EEEEE L

Clelelele) 3 2kH
_ (N )

[ele]e]e]e]

[=]e]e]e]=]

O~ O

B2 [Eh% LB s RE
Fig.2 Coaxial multi-turn coil structure
model

2023455665523 /24 - RiAsETEA 21



A N 7 8
iﬂ‘m—jx?‘ COVER STORY

LR My, 2R 1 5408 2 3K
BTN
3 RARK(2) haT LIS
dE = i?R,dt+i/R,dt+i,L,di,+
i, My diy+i,L,di,+i,M,,di +
2i,i,dM,, (4)
Hrp, Wi ne s 548 1 wEhE .
2L Bl 2 B KBl g AR LA b — K TH]
HERRERE R R AR N

1,

E_ =71L, +%L§L2 +i,0,M, (5)

T HL A S LA A B 1 254
SR R, 12 Bl AR R RO AN
Az %5 Ko S

dE,=i,L,di,+i,Ldi,+i,M,,di,+
i,M_,di,+i,i,dM,, (6)
[ it v F BEL ™ 2 A A BE T AR
Y|

dQ=i’R,dt+isR,dt (7)

Jif R 3 R A A R B B )
SIXTER R 1 Nl 2 35 B 3 R i
B5) IR e 1511 2 S A T %

) di, di,
u‘:L‘(R"+R“)+(L“+L5)d7+ME
0 iRl di, Mdll

B PRSP
(i, +i,)
du, = - C dt
0 u, =0
id = u.
Rd u; <

(10)
Aorp, U W E ARSI R Ry Ry,
ke 1 59R 5 LR 5 Ly L HER
Bl 1 5IK30 s Lo hiR & RS
HLEG R, WA REHBH ; Ry LT
HLBH; D Wi A i NI sk
TS BEHLL s C I HLAY s M Zk
B 1 5980 R B
H T A el =X B 2 R
ZRCER [ A B, 5P L [
PRSI 3 (b) s
[) A 114, R 90 % B I L R
A, TR 2 [ P B

K, Uy U, HHLARE 1 RIS 2
P L 5 Ry Ry, SHZRRE 1 FIIZEE 2
FBH 5 Ly Lo, ERIE 1 FIZERE 2 HLJER
Ly Lo WA RGHEEG Ry Ry N
WA ARG iy i MWL
B CuL C, MIZAHE; M B
Pl 1] L JR%

R a(9)~(11) vl %1, 78 X 4l
LK 8l F1 LA B H 3 A oK i i
TR, R W K £ WS B0 SR i,
£ 5 45 B R OK sl B A H JER(E L H
FEL{E B AE DL K B (] B Y S
B, Horp 28 18 RN B 3h A Y H R H
FHAF RS 5 A B4 S5
FHOE . AR R 2 Ho 2k el Fn ok sh | %
5T A AT B 1) 8] il 22 I 1) 2 P8 &5
i, 356 T A5 R 15 B 1, L ) iy 2
I (14 £ R 4% FA A5 1 A O FE AR PR
R 4 Fir i, 3 7. 46 B TN Ok 5l A Al
KHBEEH A G585S HUR %
E

3 3k X 4% I 2k Rl A R BEL A

WRARE TSR D A HEL [PT B H Ro  RE N F B B RT 75 5] 25 P 1 7 1 e B
S dW:!:dh - N N ( 8 ) Ug= il ( R01+R=1)+(L(-1+Ls1 )%"'M % {EO
U, F RIS J; h o [T ‘,
LR 2 SIS SRR o= (Rt R )+ (Lotly) b k=Y, 2 (12)
A LR PTAT /SIS, Govin) #Pa b
ST REIR SN ) 4k, o= =g SR pey 7 S B N 2
p_dw_ i, du e -2t in) SATHC 1 WA | LRI s 2
KNRE (9) 0 L, i
% TR R ek |, |, 24 P P A 2 9 B 1 2%
SRS TR T | R, Y <O Pl 2 1] ) R B R M T2 L
e B S 3 () . (0 w20 HURTT A 53 , 3 (R PP £
SRR AT |7, =1 uy u( 0 ] 5 2 S T LA i 3 [ 24 P O 5 17
575 B 5 L B 1 o [ Ry "¢ I P A SR B,
Wy I, (11) &»h
i i i i i i i
' | ' | I '
oL PR 5 |a L, 5 « [N S |4 L4 |F B
CT| iy o [E " 3 STl ik (e W (T TS
R[ # |'R, R, R #| |lRy R,Z| [ [IR,
LS R LSl R R LsZ

S

(a) R

(b) A=
3 RERZUHN B R X FR R SO0 A F [l B S S FE R R
Fig.3 Equivalent diagram of induction and self-excited electromagnetic riveting discharge circuit

22 WiZEREEA - 20234E 55664 5523 /241



A
COVER STORY i,j‘ mi I$‘

_________

~

\
\

a

A SN
\\ \,’
N

1

10

1
S

1

!

1
1
-Lo
1
1
1
1

4 [E)%h B R IR 2k B SE A Y
Fig.4 Coaxial single-turn ring coil
structure model

M(r, ,r,,h) =/.L0-m[(%_k).

K(E) - 2E(k) | (13)

K, g MHIARE TR 5 vy, KR
[ FRL B2 A2 5 h S R BRF- 1T ] 1Y)
PR, WA [R5l R B T 6] —F
i, h=0.

4er -1,
k= | —————
(rp+r,)" +0°

KM)J

(14)

V1 sin‘a
(15)

Ewﬁﬁ/ﬁﬁﬂﬂm (16)

Sooh 4 R 1R S
D L S REL

- /5
Te=al

b, ROVERREIEAR 5 v MR O
SPRERCEE.
2 ST A

(18)

L= ZL (r, )+ZZ ZM(r r,;,0)

(19)

24 Pl [ 4 R T SRR RT3 e X

(7 1A ] > T 1 £ P [T 5 [T 22 (1] )
HRME AT B E

M. (k)= \Z ( AZMf)z
in1 =1
NX

S (XM
Sl My W L0155 15 5208
2 Ul F e § TR N,
LI LA N, 2K 2 SR

(20)

SRR T WA 15§
5, LR IE 2 SN F A | A
R 0 ) W, 716 R 50
SR I | T B TR SR
SR 1 A BT L
X 6 5 4 P 7 2
o Tl 1 4 R S
ik
Wt )= = ]
[y,
o (1-ksin"a)”
L I8 ) 4 e T
SN

Mum=;(;M%F
3

3 BFREMEEE

A R 5 B Bl R 5ek
LA TIos AvaGER s L IEm Ik S o DRI
IERPE. R AT B 5,
B PR Pl 5 T L ) A it FRL R

2uhr, 1,

(21)

N,

S M (rrh)

i=1

(22)

T F 3 DA S IR By A
o MERE, TE 2 QLB A n 1
0 1] 61, )l 1 e X A
i H B RENG RS, H e T
PN HLp O A B I it A5
TR . Hrp a5 T AR
ﬂ%&%m%ﬁu&%@ﬂ%@ﬁm
LEMISHO AN 1R 2 B,

JE N 3 FEL R B AN [R) R
P, FEL 9 T 0K 3 B AR
B A5 N2 3 FIIK 6 Firan; I
it X EEL A0 B 2 A FH B T I EEL EEL YA
FTHLRE IR 20 7 BB TR 25 R 50w
ML RN 4 K 7 s

AR ALK 6 FI T A H,

N5 A B = G B B UE T
%ﬁﬂ%ﬁ%%ﬁ%%ﬂ%%%ﬁ
1045 S PR T2 56 v ) 5 3
) FEL G REK BT ) I 2R PE FEAW) 5
AR FEL I DA S R IR B T DAL 1Y)
THRERZERE/N, a7 R B 20
U X B 422 i P, v A R P
9K B T B TR R T S [
B, MAT RN 2 5 A AT A, AR AR

B 5 MEBRRS EEW?!E@j]E’]E#E
Fig.5 Measured equipment of discharge current and electromagnetic driving force

x1 BESY
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Table 3 Calculation and measurement results of electric current and electromagnetic driving
force under different voltages of inductive electromagnetic riveting
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Fig.6 Comparison of electric current and electromagnetic driving force curves under different
voltages of inductive electromagnetic riveting
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Table 4 Calculation and measurement results of electric current and electromagnetic driving
force under different voltages of self-excited electromagnetic riveting
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Fig.11 Discharge current and electromagnetic driving force curves under different discharge voltages
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Calculation of Riveting Driving Force and Visualization System Design in

Electromagnetic Riveting

DENG Jianghua, YAO Yujie, LIN Yongfeng, FAN Zhisong
(Fuzhou University, Fuzhou 350108, China)

[ABSTRACT]
force is the most critical factor affecting the forming quality of rivets. In order to master the influence law of driving force
in electromagnetic riveting, the mathematical modeling method is used to simplify the solution process of driving force
in electromagnetic riveting process, and the numerical calculation model of driving force in inductive and self-excited

Electromagnetic riveting is a riveting technology that is driven by electromagnetic force, and driving

electromagnetic riveting is established. And the reliability of the numerical calculation model was verified by the experiment.
At the same time, the MATLAB App Designer is used to design the visualization system for the calculation of the driving force
of electromagnetic riveting, and the simple and convenient calculation of the driving force of electromagnetic riveting is realized.
Based on this system, the influence law of the electrical parameters of the self-excited electromagnetic riveting is analyzed. The
results show that the increase of discharge voltage and capacitance, and the decrease of loop resistance and loop inductance
are beneficial to improve the peak value and change rate of the electromagnetic driving force of electromagnetic riveting.
Keywords: Electromagnetic riveting; Electromagnetic driving force; Induction; Self-excitation; Numerical calculation
model; Visualization system (Vthi £ %)
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A Novel Electromagnetic Loading System for Medium Strain Rate Dynamic
Tensile Testing and Experimental Method

CAO Yugjie!, CAO Zenggiang®®, LI Xiang®, ZHANG Minghao
(1. Chongging Jiaotong University, Chongging 400074, China;
2. Northwestern Polytechnical University, Xi’an 710072, China;
3. NPU Xu Hang Electromagnetic Technology Co., Ltd., Xi’an 710100, China)

[ABSTRACT] The research on dynamic mechanical behavior and related failure mechanism of new aerospace structural
materials, represented by light metal and composites, under the intermediate strain rate environment has attracted more and
more attention. To fully explore the corresponding relationship between the performance of new structural materials and
strain rates, a novel experimental system that can achieve dynamic tensile testing at medium strain rates has been developed
based on the electromagnetic riveting system. This provides a scientific and efficient experimental method for dynamic
performance testing of metal and composite materials and their joining structures. The article first introduces the basic
principle and functional characteristics of the electromagnetic loading device, and then provides a detailed explanation
of the loading system, control system, and data acquisition system; The following mainly introduces the changes in
corresponding mechanical responses under different parameters during the dynamic loading test process and the consistent
results under repeated tests, thereby verifying the stability and reliability of the entire experimental system; Finally, the
mechanical properties of 2024-T6 aluminum alloy under different strain rates were tested using this system. The results of
this research show that the electromagnetic loading dynamic tensile testing system can accurately reflect the effect of strain
rate changes on the performance of 2024-T6 aluminum alloy, providing strong technical support for the structural safety
research of new aviation materials in service environments.

Keywords: Electromagnetic loading; Dynamic tensile; Medium strain rate; Aviation aluminum alloy; Composite
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Development of Electromagnetic Riveting Gun Operated by Single Person

CAO Yong', GUO Chengxing®, ZHANG Minghao’, ZUO Duquan’
(1. NPU Xu Hang Electromagnetic Technology Co., Ltd., Xi’an 710100, China;
2. Northwestern Polytechnical University, Xi’an 710072, China;

3. Civil Aviation Flight University of China, Guanghan 618307, China)

[ABSTRACT] Electromagnetic riveting can solve the riveting problems of large-diameter and difficult-to-form materials.
Compared with pneumatic riveting gun, generally the electromagnetic riveting gun with larger volume was only used
for riveting in open structures due to the addition of damping system. Therefore, the development of electromagnetic
riveting gun integrated with riveting gun and support iron operated by single person aimed at solving the problem that
the application of riveting gun was limited in non-open structures. Firstly, this paper explained the operating principle of
electromagnetic riveting, and then introduced the structural design of riveting gun including support iron, clamping system,
damping system, and cooling system, as well as analyzed the strength and stiffness of the support iron through finite
element simulation analysis. Finally, its riveting ability and the riveting force of titanium-niobium rivet of electromagnetic
riveting were both tested. It was concluded that the riveting gun can generate as a @4 mm titanium-niobium rivet with good
repeatability of header size, and the structural strength of the riveting gun is also safe and reliable.

Keywords: Electromagnetic riveting gun; Electromagnetic riveting; Single-person operation; Structural design;

Integrated structure
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YANG Yanjie, CHEN Chang, WEI Yuhao, et al. Study on manual electromagnetic riveting process and riveting quality of
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Fig.7 Geometric dimensions of the test pieces (mm)
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Table 4 Measured thicknesses of titanium alloy and composite panels

A5 i JEE fmm 2 BIEE Himm
A4 -AL 3.12
A-l 6.84
St -AL 3.72
BRA AT -A2 3.10
A-2 6.80
5T -A2 3.70
M -B1-1 3.68
B-1 7.42
B it -B1-2 3.74
2 M -B2-1 3.68
B-2 7.42
B it -B2-2 3.68
17 16 16 . 16 16 , 16 16
----- O --0O---O-----O---O---6----1- |30

130

8

IR IR R EE ( mm )

Fig.8 Waterjet cutting axis of test specimen (mm)
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Fig.9 Measurement positions of nail rod diameter
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Table 5 Measured aperture sizes on titanium alloy-composite test specimens mm
215 fL1 L2 fL3 flLa fL5 fL6 L7 (i
A-1 4.221 4.218 4.220 4.215 4.217 4.220 4.222 0.0022
A-2 4.218 4.218 4.219 4.231 4.221 4.219 4.217 0.0045

®6 $%AEE-EMABREFIRTNER

Table 6 Measured sizes of headings on titanium alloy-composite test specimens mm
215 ZH HET L BIET2 | BVET3  BIET 4 | BETS  HIET6 | BNET T | BRifEZLR
BkE4: | 560 | 555 | 554 | 544 | 545 | 532 | 529 >5.20
o BkmE | 205 | 210 | 208 | 205 | 204 | 218 | 224 >1.20
BkEA: | 544 | 550 | 529 | 552 | 541 | 552 | 538 >5.20
e BkmE | 232 | 230 | 243 | 219 | 242 | 217 | 240 >1.20

A8 WA HIEREA - 2023455665 5523 /2410]

AR A-L A0 (BT
M), K i B oK 218 0.092
mm, 5% /) 2% {8 0.019 mm, ok B2
1T A-1 4liRE a5 R s 1k
[FIAE, K 13 i & b RHIR TP
ST EE AR E ) B S P 407, IR R A
ETJa AT OO INE B , &2 A kLR
FEAEARI
BRI, 254 bk il 45 5 mr %,
RGN EEIE R B & - EMIEE4
HORT DB AT A TS R i
K RSE, LR R iETHL T8,
HAZs il 2 M8 AR AEAE Bk
—— fLfi1
42~ — fLhi2
| fL{%3
- fL{74

£ 40F — fLfi5
| — fL{i6

fi7'%5:2 '3

RS ALY

L

R A-1 HIETR~HNEE
Measurement of rivet size for
test piece A-1

(a) fl4

(b) L6

B 11 R A-LAKYIEIRTL 4 RFL6 K
HFERERR
Fig.11 Electron microscope photos of holes
4 and 6 of test piece A-1 after waterjet cutting
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424
422
IS L
E 4.20
m 4181
I 4161
Z a14f
K 412
g 410+ +}L’fi1 +}Lﬁi4
a ——flhi2 —FLAi5
4081 g {13 —— fLfi7
4.06 — — —
{1 {2 {3
R A
B 12 R H A2 SISTRTNEE
Fig.12 Measurement of rivet size for

test piece A-2

(b) fL7

13 KM A-2 KITBIRTL 4 RER

WETEFL 7T W FRHERA
Fig.13 Electron microscope photos of hole
4 after waterjet cutting and hole 7 after
removing rivets of test piece A-2

S/ IVEHET B4 ) AL
222 BMIAMEERE

R NN R =g R L R
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B AR 0 2 A MR AR T I
PRI, 285 5 R A iR e A 3478
W, IR FLd A & N A
PR

K8 NEM I EME)IZ KM

x7 EM - EMRBRGFLELNE

Table 7 Measured aperture sizes of composite-composite test specimens mm
215 fl1 fL2 fL3 fL4 fL5 fL.6 L7 i 22
B-1 4.217 4.221 4.218 4.218 4.220 4.219 4.221 0.0015
B-2 4.219 4.219 4.217 4.224 4.223 4.220 4.216 0.0027

®8 EM - EMBHELRTNEE

Table 8 Measured sizes of the headings on composite-composite test specimens mm

400 S #ErL ) giEr2

Bk EA# | 526 | 522 | 528
o BokmE | 232 | 230 2.43
5o BISkHEAE | 528 | 5.26 5.25

BekE | 215 2.21 2.28

R EICE RSH A, T 0L, &R
=R R =S N R Ll 7 i KA K=
S RF [l RR 8 L BLA2 KT 5.20mm
EERT 1.20mm 1ESR

B-1 4 & b — 5 M4 25 40 (1) B
2, BVET T M R 1l (B an 18] 14 i
N, KV E G U R R
15 . M &5 1T LA H
LT ¥ i R 2 4 Y, X & N
Sk 1 SRR M B A T, LR
B T LS IR A 28] R TR REZ K
B A RT3/ BT S b RSTHEK,
ORI AME R T 8, LR
4.1 mm, /N F L H 4% 4.2 mm, [H
X ETFF IR B T — 2 BREIVEH
SRk TWHRN ETAF K B
AR 5Y,3 I B KA 2% 0.237
mm, T T A, A
W REBEL G R T 2%k, B
iiTE e

g o 1T 29 Bk i i
B AT R B L B A ¢ R
e A . (HME 15 s LA
F R, G A MRS 52, AR
LR W A0, PRER VT 5 17 o
Rl uE B, &2 A AR = A 45 4, 3
VLI B S E A AR R T R
LRI IR

B-2 ZH HET 1 A R~ I+ 4 4n
& 16 fi 7w, K D) 5 o 7 2 e R
FnE 17 B . ilFLRS BE A, VI

BIET3 | HIET 4 BIET S

WIET 6 | BIET 7 | BRifEELR

5.32 5.24 5.22 5.26 >5.20
2.39 2.29 2.42 2.27 >1.20
5.29 531 5.26 5.29 >5.20
2.25 2.24 2.28 2.23 >1.20
—— {71+ fL1i5
415 —o— fLfvi2—< L1176
: —fLHi3 - fLAE7
410+ —~fLNi4 :
1S
£ 4.05f —
g i
= 4.00
= 3.95F
53.90-
3851
3.80f
3.75—— L —
{7 #1 P2 {3
W)
14 ReH B-1 YISTR~TNEE

Fig.14 Measurement of rivet size for
test part B-1

(b) fL2
R B-1 A PIBIEFL L FAFL 2 B9
BFREMERA
Fig.15 Electron microscope photos of hole 1 and
hole 2 after waterjet cutting of test piece B-1

& 15
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Fig.16 Measurement of rivet size for

test part B-2

17 {38 B-2 KEIRIFIRBRIIET/EFL 2 70
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Fig.17 Electron microscope photos of
hole 2 and hole 4 after removing
rivets of test piece B-2
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Study on Manual Electromagnetic Riveting Process and Riveting Quality of

Composite Materials

YANG Yanjie, CHEN Chang, WEI Yuhao, TU Juncheng, FAN Xifeng
(AVIC Chengdu Aircraft Industrial (Group) Co., Ltd., Chengdu 610092, China)

[ABSTRACT] To study the processability of electromagnetic riveting technology, we explored the feasibility of manually
operated electromagnetic riveting by experiments, and analyzed riveting quality through the analysis of rivet formation,
the interferences between rivet and hole, as well as the damage of composites. The results show that it may be not easy for
operators to hold the riveting gun and top iron stably due to the instantaneous impact force of electromagnetic riveting.
Compared with pneumatic hammer riveting, the impact force of electromagnetic riveting increased the muscular load of
the operator’s arm by about 50%. In addition, on composite-titanium alloy and composite-composite structures, the size of
the titanium-niobium rivet upset head met process requirements without obvious cracks. In addition to no damage observed
inside the composite, reliable interference fit can be formed between the nails and holes. However, the problems of skewed
heading and small inclined edges of the heading limit the application of electromagnetic riveting.

Keywords: Electromagnetic riveting; Processability; Maneuverability; Riveting quality; Composite materials
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Fig.1 Geometric structure diagram of CFRP single-lap specimen (mm)

2023455664 5523 /24 - RiAriETEA 53



- . .
—— Ix oru

W, 455 S E BRI O, A H AL
i ZB4116G 1Y 7 A IR, R H AL £L
K Z R A AL Oy AT i AL 1 B
—JInT.

A YAR K % T 4 A A
B 0.0.5%.1.0% F1 2.0% (43 il X
BT E5 5 e Do Ly A1) IR G #F
LA A E R . R
WE 1T )22 Fe p 3% #2 AL ™ 4% [R) %,
LT o AR e S . Al
FLAT, 7555 R H A TIALN 40k 1% 2
1) 2F—E650 B 5T 4 5l Sk 7 i e ikt
A1 2400 r/min, {I% 2 45 3 2k 0.056
mm/rev ~ BE47 52 AR RHZE Hb T
fL( 3.1 mm) Byl & SR, ¥

MR T 1% A E A% D/mm

4.7625
I 4.7625
47625
4.7625
Iy 4.7625
4.7625
47625
I 4.7625

4.7625

FL R EIAR

(a) DIJ¥E

HlFLLARIEERRIFL T 29 FLE ¢ 4.6
mm; e R ARG T 4 BTG
JIVA F Bl 33 500 r/min #E45 & 0.056
mm/rev &L EIREREE. I T
1R A2 T 1 mm EAGES
VE M, BCEJZ A T 7, 8 P
Gi—EEm T, #£ 1 ARKIREE
FEALTBRRGT A LRS R S
7 Bowers XTRO6789 It i 45 15 N 42
T3 RO &5, M HE A% 2+ 0.001 mm,
e BT P A A AR T
AN
D-d
d
A, D AIEFFEAR; d HIEASLE

1

x 100%

F 1 ERFEREALRS

Table 1 Dimensions of bolts and connection holes
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Fig.2 Experimental setup for DI and SI experiment equipment
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Fig.3 Resistance—displacement curve of interference fit bolt insertion
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Table 2 Maximum resistance under
different interference sizes

T DI J5k [ SI 5k [ DI J5iEARRT S|

N N | Pkl Bl /%
I 554 668 17.07
Iv 774 1084 28.60
I 1139 | 1663 31.51
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Fig.4 Different pressing methods corresponding to different interference
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Fig.5 Microscopic damage for DI and SI method at various interference sizes
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Study of Dynamic Installation Method for CFRP Interference-Fit Bolted
Based on Electromagnetic Load

WANG Xiaohe, GUO Yingjiang, WANG Yuehaoxuan, LI Liang
(Northwestern Polytechnical University, Xi’an 710072, China)

[ABSTRACT] A dynamic insertion (DI) method of CFRP interference fit bolts based on an electromagnetic riveter
was developed to improve the quality of bolt-hole contact interface and enhance the bearing capacity of the joints. The
experiments were conducted to investigate the insertion process for the DI method, and the corresponding static insertion
(ST) method was also investigated as comparison. The insertion force-displacement response during the interference fit bolt
insertion process was measured. The effects of the insertion method and the interference fit sizes on the insertion damage of
the laminate were evaluated from macroscopic and microscopic perspectives. Moreover, the quasi-static tensile properties
of joints after DI and SI were compared, the effect of DI method on the joint properties was assessed, and the mechanism
of the DI method in joint performance improvement was initially discussed. Results show that DI method can significantly
reduce the interference fit insertion resistance compared to SI method, and the larger the interference size the larger the
reduction ratio. Furthermore, the DI method improves the quality of the bolt-hole contact interface. In static tensile test, the
DI specimens exhibited higher ultimate strength and joint stiffness than the Sl specimens.
Keywords: Carbon fiber-reinforced polymer (CFRP); Bolted joints; Interference-fit; Assembly interface behavior;

Bearing capacity (Tt & R)
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Table 1 Material parameters of Q235 steel rivets and Q345 steel sheet material
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Fig.1 Riveted specimen
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Fig.2 Electromagnetic riveting equipment
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Fig.3 Electromagnetic riveted connections
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Fig.4 Rivet header with different discharge
energy for hole diameter 10.1 mm and 10.3 mm
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Fig.5 Relationship between header size and
riveting process parameters
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F2 AEWHALEEIEELFEHL
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Table 2 Discharge energy ranges for riveted
joints with different prefabricated hole
diameter meeting header criteria
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Fig.6 Relationship between the amount of

nail bar interference and riveting process
parameters
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Table 3 Comparison of interference fit size
between electromagnetic riveted joints and
hydraulic riveted joints

RIS, | ORIk

il

% e | OVE .-
ey | Foa| R
% %
mm mm
1 10.42 | 317 | 1048 | 3.76
2 1033 | 228 | 1024 | 1.39
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Fig.7 Shear load—displacement curves of
electromagnetic riveted joint and hydraulic
riveted joint
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Table 4 Comparison of mechanical

properties of electromagnetic riveted joints
and hydraulic riveted joints

MG, | Rk
Wit | it o i
kN kN
1| 2774 | 96.68 | 26.79 | 89.21
®PF2 | 2785 | 96.79 | 26.71 | 89.02
P3| 2764 | 96.54 | 26.93 | 89.37
SEHME | 27.74 | 96.67 | 26.81 | 89.20

A B L ETRF B R ETFL =
TPB R BE R/, DA Tl L 1
£ 101 mm I b R IR A
KTHikFL B4R 10.3 mm dieREk

(3) i il FL £ 4 10.3 mm 4 $
L TECR e 15.5 kI A AR HR
K, bRl BET 4%
ERLANEENRE TS5 Wi
1 8 Wi L B4R 10.1 mm et
LBH AN, SRR AR R X B 2
A5 B EARSNONET f g e i
T ESHON U FL B AR 10.1 mm il
i fEHE 15.5 kJ.

(4) WIERAET 2 S 80H %
)R ELAR BT H R e Sk,
T ¥ & 2.15%, 5% 04 4 3k
(1.75% ) SR H 5], i KEid]
o por S e (A = U ek

& x x o

[1] AEBIAE , BASCOHE, R, A LT
A BROCHY AR = A SN T3 275 # (9], B
%1t , 2022, 39(S2): 1-5.

DU Mingxu, ZHAO Wenhui, WANG
Junfeng, et al. Mechanical analysis of automatic
cockpit cover riveting based on finite element
method[J]. Journal of Machine Design, 2022,
39(S2): 1-5.

[2] WUJL, CHEN C, OUYANG Y W,
et al. Recent development of the novel riveting
processes[J]. The International Journal of
Advanced Manufacturing Technology, 2021,
117(1): 19-47.

[3] WANG H, ZHANG J L, YU J Y.
Squeezing force detection and signal processing
for robot assisted pneumatic percussive riveting
system[J]. Journal of Manufacturing Processes,
2020, 57: 389-399.

[4] TRTEAT . BRI A A B 4 AT R
JEAMT [3]. A | 2020, 45(2): 118-128.

XU Deyan. Finite element analysis on
hot riveting connection for railway vehicles[J].
Forging & Stamping Technology, 2020, 45(2):
118-128.

[5] LIM, TIAN W, HU J S, et al. Influence
of riveting die configuration and squeeze
force on the mechanical properties and fatigue
behavior of aircraft lap joints[J]. Engineering
Failure Analysis, 2022, 142: 106772.

[6] EMIC, Bk, JRissk, &5 .

64 WiZEREEA - 20234E 5566 4% 5523 /241

RS T 55 15 25 F S8 VT S o Ji 5 e B
[9]. fias244H | 2021, 42(5): 524651.

WANG Binwen, CHEN Xianmin, SU
Yunlai, et al. Research progress and prospect of
fatigue and structural integrity for aeronautical
industry in China[J]. Acta Aeronautica et
Astronautica Sinica, 2021, 42(5): 524651.

[ wisdl, s, 224, % iR
FeHOR [E N AMIE S IR [3]. A 8 N8 TR
2021, 13(5): 51-57.

HUANG Yunkai, ZHANG Xu, LI Jie,
et al. Development at home and abroad on
electromagnetic riveting[J]. Journal of Netshape
Forming Engineering, 2021, 13(5): 51-57.

[8] HHiug , sREHEE, WA, SF LR
M BT OIEROREEIA [9]. 2 i
R, 2023, 66(1/2): 26-37.

CAO Zenggiang, ZHANG Minghao, TAN
Xuecal, et al. Overview of riveting technology
for aviation composite structure[J]. Aeronautical
Manufacturing Technology, 2023, 66(1/2): 26-37.

[91 fLakfh, ZEwaas, 750 . 30kl
/NHAREERY R H SR IIE R T [0
MURSHE , 2022, 50(20): 135-140.

QIU Jiwei, ZUO Yangjie, SU Jiao. Semi-
automatic electromagnetic riveting system
design for small curvature structures[J]. Machine
Tool & Hydraulics, 2022, 50(20): 135-140.

[10] FiEF, s, Bk, 5. KE
TR A S EET LA CER AT AT M e Y [0
MRS R AR | 2016(4): 1-4, 12.

YU Haiping, ZHANG Xu, ZHANG
Maoyun, et al. Experimental investigation
on feasibility of substituting large diameter
riveting for bolting[J]. Aerospace Manufacturing
Technology, 2016(4): 1-4, 12.

[11] ==, TV, I, % . o8
mm 2A10 fR-& GBI RGBT 2RI AT Y
[3]. MRl H AR | 2012(3): 7-10.

ZHANG Maoyun, YU Haiping, SUN
Ligiang, et al. Electromagnetic riveting
experiments of @8 mm 2A10 aluminum alloys
rivet[J]. Aerospace Manufacturing Technology,
2012(3): 7-10.

[12] H¥hsm, B4, AW, % . K
EARGNET B0 S B [3]. A A
1996, 39(2): 27-28.

CAO Zenggiang, TAO Hua, SHE
Gongfan, et al. Stress waves riveting with large
diameter rivets[J]. Aeronautical Manufacturing
Technology, 1996, 39(2): 27-28.

[13] Zth, Brvz , ¥, % R4%
SRRk rh LA AT AT EEOE Y (3] Sk TR
24, 2017, 24(3): 1-6.

LI Guangyao, CHEN Qian, JIANG Hao, et



Electromagnetic Riveting 'ﬁm@nﬁ

al. Feasibility research on structure of magnetic
pulse riveting for truck frame[J]. Journal of
Plasticity Engineering, 2017, 24(3): 1-6.

[14] #z%, WbI% , BolBL, 4. ML10
HAGNET R Nk D 2 PR AT 9T 9] 2k
TR, 2021, 28(3): 92-97.

HU Xin, TAN Yuanan, DUAN Chaoqi,
et al. Study on mechanical properties of
electromagnetic riveted joints with ML10 steel
rivets[J]. Journal of Plasticity Engineering,
2021, 28(3): 92-97.

[18] EF, mZm, BXHE . LT 5T
RIBRE R TR E [J]. A 4
fEFAR | 2004(1): 12-13.

XI1A Ping, WU Anru, MAO Wengui.
Deciding on the length of rivets in the 5T
farm transporter[J]. Technology of Equipment
Maintenance, 2004(1): 12-13.

[16] CUI JJ, SUN H, JING L J, et al.
Failure analysis of pulse magnetic induction

(7] BRARMK, B, BF s, 4.
Cr12MoV 4 3 75 115 45 b ik B2 0 T g A S AL
REAEL[3]. H R o4l (A S BE~2 ), 2018,
49(3): 536-543.

CHEN Senlin, LIAO Dunming, TENG
Zihao, et al. Dynamic recrystallization
simulation of Cr12MoV steel using cellular
automation method[J]. Journal of Central South
University (Science and Technology), 2018,
49(3): 536-543.

[18] #FEE, Wi, B, & KL
ORI AU 147 1 58 B0 2 MR A MR 8 3 i
A AT [3]. R R (H SRR AR,
2014, 45(1): 91-98.

LI Xiuzhen, DENG Hua, LU Xingmei, et
al. Growth analysis of surface crack on high-
strength connecting bolt thread of yaw gear
ring of MW wind turbine generator system[J].
Journal of Central South University (Science
and Technology), 2014, 45(1): 91-98.

fiber reinforced plastics/aluminum alloy
single lap joint produced by electromagnetic
riveting technique[J]. Composites Science and
Technology, 2017, 152: 1-10.

[20] KO . HLREEHE REANET B A5 A
TEARIEAT N S A AV RERIE ST [D]. WA JRYE :
JREET AR, 2016.

ZHANG Xu. Research on dynamic plastic
deformation behavior and microstructure
and mechanical properties of rivets in
electromagnetic riveting[D]. Harbin: Harbin
Institute of Technology, 2016.

[21] M, AxB% , HLLF, 5 T
VAR 5T F A 0 R A3 BT (9], AR s S
A3k , 2021, 50(2): 87-90.

YANG Yue, YU Lu, JIANG Hongyu, et al.
The effects of interference-fit level on fatigue[J].
Machine Building & Automation, 2021, 50(2):
87-90.

coil in electromagnetic riveting[J]. Engineering [19]

JANG H, LI G Y, ZHANG X, et  EiEE: {EREE, 22, 4k SR, 350
Failure Analysis, 2022, 136: 106178. 5

al. Fatigue and failure mechanism in carbon  5¥77 [ Jy SRt b o e Fo AR

Study on Electromagnetic Riveting and Tensile Performances of
Large Diameter Steel Rivet

LIAO Yuxuan', JIANG Hao", JIN Changcheng', LI Guangyao“’, CUI Junjia’
(1. State Key Laboratory of Advanced Design and Manufacturing Technology for Vehicle, Hunan University,
Changsha 410082, China;
2. Shenzhen Automotive Research Institute (Shenzhen Research Institute of National Engineering Laboratory for
Electric Vehicles), Beijing Institute of Technology, Shenzhen 518118, China)

[ABSTRACT] Electromagnetic riveting (EMR) technology can effectively form large-diameter rivets in a single
process and quickly produce high-quality joints. It has broad application scenarios in the aerospace industry, but there are
few studies related to EMR joints for large-diameter steel rivets. In this paper, an EMR platform for large diameter rivets
was built, and the riveting process test was carried out for 10 mm diameter steel rivets. The results show that the header
diameter increased with increasing discharge energy and the header height decreased with increasing discharge energy. At
the same discharge energy, the larger the preformed hole diameter, the smaller the header height and the larger the header
diameter. In addition, the interference fit size of riveted joints gradually increased with the increase of discharge energy for
both prefabricated hole diameters. The interference fit size of riveted joint with the prefabricated hole diameter 10.1 mm
was always greater than that with 10.3 mm. At the same time, the value (10.3 mm) was not suitable as the preferred process
parameter because the riveted joint with the prefabricated hole diameter 10.3 mm tended to be skewed during the riveting
process. In addition, the optimal process parameters were obtained by combining the discharge energy: the prefabricated
hole diameter of 10.1 mm and the discharge energy of 15.5 kJ. Finally, the interference fit size and mechanical properties
of the EMR joints were compared with those of the conventional hydraulic riveted joints. The results indicated that the
interference fit size (2.15%) of the EMR joint prepared according to the optimal process parameters was larger and more
uniform than that of the hydraulic riveted joint (1.75%). The maximum shear load and energy absorption values were
slightly higher than those of the hydraulic riveted joint.
Keywords: Large-diameter steel rivets; Electromagnetic riveting; Process testing; Mechanical properties; Interference
(Dt # %)
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CHEN Weibing, DONG Dexiu, CHEN Zhenhua, et al. High frequency ultrasonic phased array inspection technology for
T—shaped welds of titanium alloy in aircraft wall panel[J]. Aeronautical Manufacturing Technology, 2023, 66(23/24): 66-69, 78.
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High Frequency Ultrasonic Phased Array Inspection Technology for T-Shaped Welds of
Titanium Alloy in Aircraft Wall Panel

CHEN Weibing', DONG Dexiu’, CHEN Zhenhua', LI Chenggeng’, LU Chao™*
(1. Key Laboratory of Nondestructive Testing of Ministry of Education, Nanchang Hangkong Universtiy,
Nanchang 330063, Ching;
2. AECC Shenyang Liming Aero-Engine Co., Ltd., Shenyang 110043, China;
3. Gannan Normal University, Ganzhou 334001, China)

[ABSTRACT] Dual-beam laser welding of titanium alloys for aircraft wall panels has gradually become the main
connection method for high-performance fuselage structures. In view of the high requirements of wall panel welds, variety
of defects, and large-scale welds, there is an urgent need for a non-destructive testing technology that takes into account the
characteristics of high efficiency and high precision to ensure its safety performance. The high-frequency ultrasonic phased
array inspection technology for the welding seam of aircraft wall panels is proposed in the research. The phased array
ultrasonic inspection probe and the contrast test block are designed to perform fan-scan imaging detection of the internal
and external defects of the weld seam, and then, the detection is verified by the metallographic method result. The research
results show that the high-frequency ultrasonic phased array inspection technology can effectively detect the typical internal
and external defects in the wall T-weld seam, including: non-fusion, pores, undercut, poor weld formation. The advantages
of high efficiency, high precision, intuitive and reliable characteristics, make it suitable for non-destructive testing of
aircraft wall welds.

Keywords: Dual-beam laser welding; Ultrasonic phased array; Aircraft wall panels; Defect inspection; Metallographic method
DOI: 10.16080/j.issn1671-833x.2023.23/24.066
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Table 1 Chemical composition of TC4 titanium alloy (mass fraction) %
FBILR BT
HAbrz
Al \% Ti Fe © N H 0
EA> p=vill
5.5~6.8 3.5~45 A 0.30 0.10 0.05 0.015 0.20 0.10 0.40
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Fig.1 Testing specimen
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Table 2 Specimen size mm
R I w, W,
A 150 100 18
A, 150 100 18
A; 150 100 18
0.2 0.2
10.9
14.0
(a) Feoo et (mm)
N
— IR

(b) Ty
B2 RLigitRikwmAx
Fig.2 Transducer design and experimental setup
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Fig.4 Sector image of intact welds
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Fig.5 Sector image and metallurgy photo of typical non-fusion defects (Sample A,)

1 3 5 7 9 11 13 15 17 19 (/%
1 _104l$ — ks T T 90
S 70
E3 2.5 r
S %
&

! - - 30
ol 10
(a) BB m ARG

5
B Imm
1 3 5 7 9 11131517 19 iE{ti/%
1 salisssnibases S J- ... 90
70
g3
= 5 50
4%
£>»7 30
9 10

(a) BREGRFIAIG

e ] | e
. b
WA
(b) 4HIF (c) AGREERHIE CRAHOR )

6 SAREBEREARNBEAEGMESEE(A, KF)
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XIE Zhiyong, XIE Lijing, GAO Feinong, et al. Characterization on mechanical properties of carburized layer at gear root
based on nano-indentation technology[J]. Aeronautical Manufacturing Technology, 2023, 66(23/24): 70-78.
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Characterization on Mechanical Properties of Carburized Layer at Gear Root Based on
Nano-Indentation Technology

XIE zhiyong®, XIE Lijing", GAO Feinong', WANG Xibin', REN Yan? LI Hongwei’
(1. Key Laboratory of Fundamental Science for Advanced Machining, School of Mechanical Engineering,
Beijing Institute of Technology, Beijing 100081, China;
2. NORINCO Group Beijing North Vehicle Group Corporation, Beijing 100072, China)

[ABSTRACT] The carburized layer at 18Cr2Ni4WA steel gear root has mechanical behavior different from the substrate.
Its accurate characterization is important for the analysis on the crack initiation and fatigue properties of the gear root. The
nano-indentation test is taken as the test measure for the characterization of the local mechanical behavior in the carburized
layer. Nano-indentation tests are carried out within the carburized layer. The finite element simulations of nano-indentation
tests with different sets of constitutive model parameters combination are performed. Based on the simulated and the
experimental load-displacement curves, the combined prediction errors of curvature, residual depth and the ratio of plastic
deformation work to total deformation work are calculated. In result, the constitutive model parameters are defined for the
carburized layer. It is verified that the constitutive model derived by this method can reflect the mechanical behavior of the
carburized layer.

Keywords: Gear root; Nano-indentation test; Constitutive model parameters; Load—displacement curve; Principal stress
DOI: 10.16080/j.issn1671-833x.2023.23/24.070
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Fig.1 Loading and unloading diagram of nano-indentation
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Fig.3 Microstructure of gear root (2000x)

72 WiZEhEEAR - 20234E 55664 5523 /241

i — 20 %) EBSD 43 #fr & B (&1 4), 1 AR 7E ¥ % 1l
0~300 pm FIEREESL (& 4 (a) 22 =T ), foki R <f
FEEH 0.5~2 um, iR S35 . FEFEER T 0~150
wm R T B B R RS A5 #E 150~300 pm A9 IR JE
70 [N AT AW 3 o RO S 80— A 3 40 A B
H, R AR ARHLR o X AT BB OB )2 220 &
RS M R 2, e B AR AR
ik, e 222 1] BRI b R S B — e AR
Oy
22 REERS

2K R IR 5 T H 13 45 A Keysight G200 7 4 >k
FRIRAX, e 3k Sk 4 WA B B £ Sk, il 2 5 001 1 ) £y
4 65.3°, A 2 pm, {8 Ok 10000 kg/mm?, H T
JEEANBERE THEUT 2000, 25 1 /N 507 B0 MR 2 1
30 um (&5 Ca) ZEMl R MR R 1M ), H 2% S B ) g
30 pm B E — AT, B E 10 AR, WEl S (a)
e, iR 5 R Sk AR BE i K24 1000 nm. R E4h
XL G2 A L BEHEA T RETE 2B , il 5 e A ) B it
B B T 205 R S e i e 2 IR L AR 0, LA
TR IR 25 5 0 8. RIS (b) ATLAE 2,
it 5 TR 82 A G I, 5 e e R ARG, AT FE 300 pm TR
b e AT i T IR AR e i (1 0.13%~0.19% ) o

(a) WM KB

0.201
0.18f
0.16f
0.14

o

20.12

g

& 0.10

€ 0.08

g0
0.06
0.04
0.02

1 2 3 4 5 6 7 8
Grain size D/um

(b) FRRSE At
4 EBSD &#f
Fig.4 EBSD analysis



,—‘ig N »
RESEARCH Efﬁ’ulﬁl

AAKEIR AR IS5 SRR B, 10 > A A RE R 5
SPEARL R A 22 AN K, A BEG AR T 90 pm &b T 5
R AL R SRR (LA O A S B N, el 6 () P
o AHNLHE , 76 AR A B 15 Bk B A/ IME, 3 AT
AEE A D 15 ik AR Ak B PR AR A A /o 1 PR A JRE A
R A AR AR B AR, TR B R RS B 5 K T
IR Sk (8 RO A 25, BE A AR 18T 90 pm AR K TR IR T
R BRI R AR IR TR, A 6 (b) AT LI
WLEEE, 0 R U AR T 90 pm Ak JHs i A9 i 28 il £ S 15
T AR T AR B £, A A% T i A AT — (375 it
LRE AR WIRIA AR AR 180 pum AT s 1 e AR
JE BT /N T A i, AN S A8t 485 A s i A
FEARL . VLEIHr R, B 0IZ N A T AR R
TR ER 22 AN K, B AR)Z BB RL A K 75 75 AT A3 B
AR e AR AT A . AR SCrp RARE
ARSI 30 pm Ak 1T )i 6 A dls o Bl 455 4 oK
FEIRBA BROTAT B, 70 30 14 AR S B J= i A1 5 e

3 ETFHRERSBHANSTASEITE
31 MAKERGE

BRI 1 9K IR R B0 T RARAR R Sk AR Bt
TR ER AT — RLRS LR, IF 0] LAt — 2 AS 20 kR A
JE R s AR (H BRI R SR A S R HIFEAEE
Gy ARSCK 25 G A BT BB AR 2 A Ak 1) Y3 P A A
T,

WTARGOK IR RS R T = RHE 3 3k,
FIH Abaqus A FRIGHT B ARS8 K R B R A T
YRR, DRSO RS M. D R IR R
FPULY 40 pum x 40 pm x 24 pm B9 RAE Rl AR AR
PRUE IR ) 45 1) RH 3 e R IR TR 19 10 155 4
A1 =R HE B QR Sk il 4R 5 ) 1 71 Oy 65.3°, B T7E
PRI AR P RSk AR AR, B E MR U kR
FH C3D8R HLItiE AT [A% Kl 43, 7 H23 e 3k 1 X Itk A 7
TS Rk B SRR T BT A T SR T 6
H R, HeSk A — 0280 R 1k 4 il e Sk 225 i S
RSB, T AR HIR I e Sk i — 18 R R
FRAS I, —BoA A v A ) A T 3 233 L e 0 kg 1 72
AR, FHRAS R AT LA AL 65 1 A8 R IR I, Sk
BRI — SN 3 5 8 X L4 SR ) RE M AR R Ik
Je S Brp Sk N — SRR AR 972 nmis., ff B it
BLERE  RBUE LS % 8 B0 R 5 AR 1 A0 AR AR
i, 2l T - AL

B TR AN Sk (0 JUATASE RS DL K T A A4 R A AR 4
BERY K HOIR A R BT 45 SR A iR 5 225 1R

(a) WH IR

30 60 90 120 150 180 210 240 270 300
PR /um
(b) FHis i

5 WIRERESBEDST
Fig.5 Indentation and carbon content distribution of gear root

12 1230
—— WIRTHEE

W F —e— AR A 1225
10 1220
9 1215
8 1210
7 1205
6 1200
5

4

fifi % /GPa
F PR IGPa

1195

1 1 1 1 1 1190
0 50 100 150 200 250 300
PR /um
(a) BEEES oA i

- FEIGARERT30 pm  —— BRI 180 um
o PEURIRRM60 pm —— BEVTARFRIAI210 um
—— BV TE90 pm —— BE IR IRI240 pm
- BEGAR M 120 pm —— BEIGHR 270 pm
—— FEUTARER 150 pm —— B IG MR E 300 pm
180
160 -

140

0 200 400 600 800 1000
FEATRE /mm
(b) #ar-fifg ik
E6 HIREREES T
Fig.6 Distribution of gear root indentation data

2023455664 5523 /24 - RiAsETEA 73



,—‘? N »
E:I:jl‘lﬁx RESEARCH

DU BRI SRR . (1) RSk 55 U0 1] () R 52 R 8K
(2) T B
311 B ZHK

TEGR IR P, e Sk 5 9m R 2 [ A 42 ik X
BN, 2 f AU T 1 R 45 R UM B ME R i o, R R )
At — VS R 152 ) DG R B A K LA IR HER 14
W, ASBIF 3 o) AR AN K R IR (7 AR R B 4 R R K
INFEATHTRT L R LA 5, LIRS B BE 4 SR B0 9K IR
WIS, &7 AT 0L, R [R] R AR A f R A —
NIRRT A, IR R h AR ; BEE R
HE s, Xk 7 Fe Sk A R R A TR BE T B 2807 A AR 4k, 5
P T3 FCH SR HE MR, e Sk S5 =2 o] B R4 T A in
o Loy AR N AR L BRI R BN — EI 4
SEMEL, FE G S B B BRI R AR B 0.1,
3.1.2 Ak

BXHTA RS L —1% Sk 0.25~0.30, 2 T BF X i FE b4 K}
FITA A B SO0 9K IR 2 B 07 B s, 6 1L 0.25,

0.27 1 0.29 X 3 FhyAAS HLBIHLGH K IR 1 72, WiF 5% 2%
fir — PR <R gt R C M E IR AR h, 10751k
FH &L 8 FIHT, YA EL 3 n, gk il 26 i >R RS A 1, X6 Ry
AHT) R Sk FE A TR BE 1 28 A s A 348, (5 S 20 % A TR
AR . R L YA HRHm — 12 % 5 mi L 6, 7 I 2
P EA CEARA L A 0.25,
32 WMRIAHMSHITHE

T4 1] R R A ), LB AR B ] AR N
S ALY B

Ee, oso0o,

(10)

o= E "
a‘(l +*3p) , O>0,
) o 3

y

P, E NSRRI A K IR, ik LB = 1Y
SR 212000 MPa; o, R0 HRE AREESE 5 n AR
WEACIR R & MIBVENAS . Horp W AR ARSR L oy )i
ARREACRE R n S5 A S8, Toik ih 98K He R

180 f=0 200 1900
160F 7 —=— a2
140 o L 100} T BRiREh, 1875
o o
120 - 2 S 1850 E
% 100 o 3180 _CD;-
= 80F : = — Tt 185
= eor ] =170 &
20k # 4800 &
=
20 160 1775
0 - z
_20 L 1 1 1 1 J 150 L 1 1 1 1 750
0 200 400 600 800 1000 0 0.2 0.4 0.6 0.8 1.0
fiF/nm P A At
(a) NFFEER BT -2 M2k (b) RIS R S04
7 AEEBERBNFEERSN
Fig.7 Analysis of simulation results of different friction coefficients
180
leol " IHAH0.25 2 2001 o 7900
ol ° M L0.27 o " ﬁ;i“ﬂ}fsﬁz 880
TR 0,29 .‘_.';‘ : s 190 F —— FRIREZh, Jaso
_ 10t . O] E
£ 100} S Z 1801 1840 =
iz & = - I
#® 80r 7 “ = 1820 %
L X =170 &
60 b = i ~
- o = 800 ax
i 7 : £ 160 780
£ Q - i
20+ /-/ b
P— 1760
Ot ol 1 1 T J 150 1 1 1 1 1
0 20 400 600 800 1000 024 025 026 027 028 029 0.30
fAsMmm THFALL

(@) AENARS H B 2T~ L% I 28

(b) ARFEARA LRI SR A1

8 AEIAMLEETRERS T
Fig.8 Analysis of simulation results of different Poisson ratios

T4 WiZEhiEEA - 20234E 5566 4% 5523 /241



‘_‘i‘ » »
RESEARCH m%rex

R AT — LR HNZR B it vl AEEARRI S8
B AT B IBUIEL Y 1 P 35 A () 400 2 o R e 38 {145 AN [
AL FE BE A TR I T A A S HA G AR
BT FF R4 K e IR 3 R 5 B B0 AR 8 Y 87 — A%
285 9 K IR I th R E A T EL , i e 1R 25 B/ N AR
MSHAE .

18Cr2Ni4WA #1 K} (1 Ji I 58 & & 1010 MPa™,
WU S ) 4 e AR B 3 1) T RE B YE [ > 1000~1600
MPa, [i1] % 200 MPa HUHE 5 i 22 i Ak e 45 %) UL Bl oy
0.43~0.52, [A] ff% 0.03 HUfF. M 17 75 21| %) 4 Ji Al 5ie &8
N AL TR 16 NSE A MR 16 SRR
o T 16 MAPRASHY R IF R 9K R L BT &
FRE L AT — LRSI R, Ik ih Ze iR C
IAMET S B Z W, /W, BRARTRE he G55, 50 25
X HE B AR L B R 2, ATl 9 . RN, g

220
[
o
Q
O
200
=
Eud
=
& 180
= 0.52
050 o
160 048 W
1500 B
14001300 046 NV
mﬁ@%ﬁv 1200 0.44
B g, 1000 ¥

(a) Jmakhkii4c

W) 5 152 HOW W,

(c) MHES 5 BT HOW, W,

£ % C BRI T R 2 % o7 720 R A i R iy 184 K T
pNRUAEY YT SR R R R E LN TS SN
AR TA) TR B BT it S ) B . BRI 5 S Z L W, /
W, Bl A7) 1 Je R 5 5 % 7 725 B A i 501 1 R T s/ N L 146
BRI R Jee IR 5 32 % i A5 B A8 HORR R, BB M T o L
AN, BRI O BRARIRE he 5 W, /W, A AR BLY
AR, A T P R 7 A R A R 1 T s
Ne RS T AR B A 2T — 150 8% i ek oy fin A th £k it
Ay C=173.42 GPa, FRANTKSE A h=732.3 nm, #3105
SMIZ IR W, W=0.6831, Keimakidith % C aRpik
J e JEVESH S M2 T W, /W, X 3 TS 15 B S
IRz 22 e X SR 2 LUAE I S iR 24 (E,
B 3 TS it MR 2E (EHEA T IMALT-X , AR Ky 1/3,
MEARISEA G TS REEGIRE W ETEN IR Ik
2% 6,=1000 MPa, IS RE AL TE 4L n= 0.46 I, ZE5 1R 22

1100 1200

?ﬁg% 1300 0.50 &
iy, 1400 S
ﬁ?@&/MPH 1500 | =~70.52 <§A/

(b) BEAEIER,

n
ay/MPa

0.5 . 0.43]0.46|0.49(0.52

—a— CIRZANHE 1000 112134
04l —o— hiRExE 200 [5]6[7]8

WA T T T e

i

0.3+ —v— ZERIRE

W2E(HI%
o
N

00123456768 910111213141516
RSEH GRS
(d) ZHHA TR 2T

9 FESHHEESMKERET - UBHMLESERREN
Fig.9 Parameters and errors distribution of load—displacement curves of nano-indentation with different parameter combinations

2023455664 5523 /240 - RiAsIETEA 75



,—‘i. N »
E{‘%tﬁx RESEARCH

&/, E10 (a) MK 9 (d)H 16 AT EBEHE M
TG R B AR — RS Hh LRI, 18] 10 (b)) ML f &
SR G BRI AT - AL . A 10 (b)
TR, Peik 0 BB A i 2 5100 th Ze 7e i 28 By
B A MEARLE , U AT FR OG5 FUA R BEAR b A 40 40
KRR

YK IR IR I8 194 FR T BRI LAY 4 4 1 MR R
YK HE IR G B rp A A 78 T R 0 AR A3 A A s L

250 - 7 HELS — {2

HHE3S — (fHE4T
HHE5S - (E6S
o0l MIETS - fiE8s
- {HHE9 %)
- ?‘i%n ;
----- JiF13
% 150F {}i #15
:}\E —
#1001l g
50}
-
O 1 1 1 ' 1 1
200 400 600 800 1000 1200
i F%/nm

(a) NFAZSHALE - A2z

11 (a) FCh ) 2 2 He Sk in 48 22 de R R FE ) M 1 405
i) Mises I Jj <&l AT VR Y Sk in g 28 i R IR R
JEIR AL () 1 B K, B K Mises W /14 5381 MPa, 5¢
SHIERJE , IR K IBN SE /N, 55K Mises i 1 {E 7E
IR ERAL , ok 5109 MPa. 1 30 12 BRI AL, gkt
R HIR DX SR 1o e )

38 A A BR o B AT DAYE A o 2 R IR AR R Sk 2%
2 I R R A 25 IR AR, aniEl 12 s,

200
1801 e fii ¥ (,1000 MPa, n=0.46)

T ——

140+ '
z 120+ j]
E

iE 100

60 /i
a0t / %;

20} i
0 j

200 400 600 80
i F%/nm

#
(0]
o
T
Ty .

1000 1200

(b)) PLBLEI AT SR A (i BRI A~ A% 1 4%t LE

B 10 ZRERGESIREEHLT - (IF &It
Fig.10 Comparison of load—displacement curves between simulation and test of nano-indentation

(a) AR I R Miseshi J) 2 4]

(b) HI#HJ5Mises) 1 = ]

(c) fndk =z i R e K30 ) 2 4]

(d) HAG IR ER =K

(e ) fngk =z fr R e/ N FE N ) 2 ]

(f) S e/ N F R ) 2

11 IEEM AN HEE
Fig.11 Stress nephogram of loading and unloading

76 WiZEhiEEA - 20234E 55664 5523 /241



‘_‘i’ » »
RESEARCH Efﬁlﬂfex

H IR — 2 b e BOWLEE B A, W] LR B B8 A% 1 4%
SR S S T 2 28 5 RO B I RN B B A A T
BRI AR, 31X P 5% 1 2t 2 i S fin 48 22 i R I

(@) RN 2 i =&

(b) JELBEE R = &
1200 —— g B e R IRE iz 8
1000F * HEUG Mzl (i 5%
800
600

400F ;'
200F /3 :

0 C 1 1 1 \"1'-— J

0 0.002 0.004 0.006 0.008 0.010
PR ARAL AR i X el BE 2 /mm
(c) Mt BT S hiAs 2E L

fiFInm

(d) MBS MR M 180 umih IR

B 12 #RERAERECERREER
Fig.12 Sample displacement of nano-indentation simulation and
test indentation

I A8 5 F R A B A BT A ) T O |, % I8 20 iR
Je AR5 BE 0,=1000 MPa, 1 42 iff fb. 5 %4 n=0.46 X 2 4
IS HH G 1 he DR 2248 X0 {8, HIR 19 SE PR PR IR 1
TR BIRTEGIR HIR I oL R AZ 1 Gt 5 14
77 AR B T AR AZ (402 FE R 7 b RUEE 40, W
K12 (d) Hr s B9 RIR , 768 IR DN 4ok &
PP RHR NG . TR, i 40K FE R 015 3 Y 28 —
10 2 BE A% AT 55 b S A L (4 SO P 1 24T o

4 kg

ANTCE L 18Cr2NidWA 75 B 14 56 1 AR 28 112 1 4
AHFITCER Wi T B 2 AR BIEFE A DI, X B ik
JEFFREGR IR #0854 BRIC O B AR A
i VAR R TS 2= AR AR S50 A5 B I R 4518 .

(1) £ 18Cr2Ni4WA i % 1t #1998 B )22 IX BN,
12 4 AR ZR 1T 0~150 pm Ak, PRI B4 5 I B 1 AR 3 T
150~300 pum 4k, ffkr iz AR, dik RO 23— 1Y
T BE A AT REAE 5 B4R 1 6 25 TR BE B3, 5 B e i T
R ER 9K T R R 2 I, 7 B 2 04 AR 1T 300 pm
BT B2 N B il e A i ROSH 78 J2 TR L A6 B 40 A O
WA 1 R E AR ZE S

(2) £ 18Cr2NidWA 145 5¢ 15 #2512 X 38 P9 A
FERR A IR, T A0 45 He A i 3 ar — (2R il
LR AL, £ A S TR B A AR 5 R A 22 R K, AR
PR T 30 pm Ab R i AR B0 B s S St H R AR 12
WIZ A IS 4564 oo B AR AN R A
SR AT Wk th Ze ih 2 AR ER R IR EE T S
M2 3 WSEIIM 2R A iR 22, i 2R AR 25 i
/N 18Cr2NidWA U 56 Vi AR 1B filk |2 A K4 2 B0 W) 06 I
Jik52 ) 0,=1000 MPa, =R {E 550 n=0.46 , SIS By
212000 MPa, X W AR A 0.25,

& £ X o

[1] kbt , AEAHH , SkaZ0E , 45 . CISIC A MEHIIK RIRAT
MROCOTE [3]. #ORRRRA 5 TR, 2016, (1): 49-53.

ZHANG Hanbin, REN Chengzu, ZHANG Lifeng, et al. Finite
element simulation of nanoindentation of C/SiC composites[J]. Journal of
Materials Science and Engineering, 2016, (1): 49-53.

[21 S5, BFM, KL, 5 BT YR IR A FRoBRY
WOLKE AL 3161 AERFIAVERERTIY [0]. HME TR0, 2017, 24(2):
128-133.

DONG Qi, LI Yuhang, GUAN Hong, et al. Nano-indentation and
finite element simulation study on the elastic-plastic properties of 316L
stainless steel by laser cladding[J]. Journal of Plasticity Engineering,
2017, 24(2): 128-133.

[3] CHEN X, OGASAWARA N, ZHAO M, et al. On the
uniqueness of measuring elastoplastic properties from indentation: the

2023455665523 /2400 - RiAsIETEAR 77



,—‘? N »
lﬂ:l:jl‘lﬁx RESEARCH

indistinguishable mystical materials[J]. Journal of the Mechanics and
Physics of Solids, 2007, 55(8): 1618-1660.

[4] ANTUNES J M, FERNANDES J V,MENEZES L F, et al. A
new approach for reverse analyses in depth-sensing indentation using
numerical simulation[J]. Acta Materialia, 2007, 55(1): 69-81.

[5] DAO M, CHOLLACOOP N, VAN VLIET K J, et al.
Computational modeling of the forward and reverse problems in
instrumented sharp indentation[J]. Acta Materialia, 2001, 49(19): 3899-
3918.

[6] KUMAR S, KUMAR | A, MARANDI L, et al. Assessment of
small-scale deformation characteristics and stress-strain behavior of NiTi
based shape memory alloy using nanoindentation[J]. Acta Materialia,
2020, 201: 303-315.

[7] RUIZ-MORENO A, HAHNER P, FUMAGALLI F, et al.
Stress-strain curves and derived mechanical parameters of P91 steel from
spherical nanoindentation at a range of temperatures[J]. Materials &
Design, 2020, 194: 108950.

[81 TEZAh . 18Cr2NiAWA (% 55 K JE 4t nl SR 5T [D]. WA /K
T MR AR |, 2019.

WANG Hongwei. Research on fatigue and wear reliability of
18Cr2Ni4WA steel[D]. Harbin: Harbin Engineering University, 2019.

[9] IEIMS . BT AR IR E AR DY SR IE PR R G 28 5 I ) £
55T [D). P« IR TR | 2019.

YAN Peng. Research on the measurement method of constitutive
relationship inversion of elastoplastic materials based on nano indentation
technology[D]. Xi’an: Xi’an University of Technology, 2019.

[10] OLIVER W C, PHARR G M JJ O M R. An improved
technique for determining hardness and elastic modulus using load and
displacement sensing indentation experiments[J]. Journal of Materials
Research, 1992, 7(6): 1564-1583.

[11] EHIGHE . K HRVA R ARG SRR R ) 26 [D).
TR OME KA, 2011

MA Zengsheng. Characterization of the mechanical properties
of metallic films by nanoindentation method[D]. Xiangtan: Xiangtan
University, 2011.

[12] BRKIE . AT YRR SS316L/BNi-2 £ A L i X
JI2EPERESRIE [D]. L ARZRBLT R | 2016.

CHEN Daging. Study on mechanical properties of SS316L/BNi-2
brazing joint based on the nanoindentation method[D]. Shanghai: East
China University of Science and Technology, 2016.

[13] LI H, CHEN J, CHEN Q, et al. Determining the constitutive
behavior of nonlinear visco-elastic-plastic PMMA thin films using
nanoindentation and finite element simulation[J]. Materials & Design,
2021, 197: 109239.

[14] LIL, SUNLJEF A. Experimental and numerical
investigations of crack behavior and life prediction of 18Cr2Ni4WA steel
subjected to repeated impact loading[J]. Engineering Failure Analysis,
2016, 65: 11-25.

SIS L SO T BF507 1 h S I T T A A
INT TR I EHR B 1153 RGO AR %
(Tighi £ %)

78 WiZEhEH A - 20234E 55664 5523 /241

(L% 69 )

ZHAN Xiaohong, OU Wenmin, WEI Yanhong, et al. Application
status of advanced welding technology of aircraft panels[J]. Aeronautical
Manufacturing Technology, 2013, 56(22): 42-44.

[4] WANG P J, WANG X, LIN L, et al. The method and
experimental research on seam tracking and dual-beam laser welding
for T-type welding seam[J]. Applied Mechanics and Materials, 2014,
687-691: 309-315.

[5] gl MR, TR L RER YA IR BIST []. A
25 TRk | 2018, 9(1): 69-76.

ZANG Weifeng, CHEN An, DONG Dengke. Test research on
fuselage panel subjected to internal pressure load[J]. Advances in
Aeronautical Science and Engineering, 2018, 9(1): 69-76.

[6] FFI . HARRAT — B AR AR S LA I AT [9]. KA
2020, 43(8): 56-60.

MAN Kaiyuan. Radiographic method analysis of pipe & plate fillet
weld[J]. Welded Pipe and Tube, 2020, 43(8): 56-60.

[71 YENUMULA L, ACHARYA RV, LINGADE B M, et al.
Radiographic evaluation of gas tungsten arc welded joints used in nuclear
applications by X- and gamma-rays[J]. NDT & E International, 2019,
102: 144-152.

[8] EBLR, AT, BRAbh A AR MR I HAR 5 0T (M),
Jest  ERG ol A | 2014,

WANG Yuemin, LI Yan, CHEN Hekun. Ultrasonic phased array
detection technology and application[M]. Beijing: National Defense
Industry Press, 2014.

[91 Xk . B AR T B AR GRS AN AR RIS [D]. Kt :
RHR , 2010.

LIU Jing. Research on flaw detection technology of ultrasonic
phased array for T-weld[D]. Tianjin: Tianjin University, 2010.

[10] HARARAW, ALTAHAN A. Attempt towards the replacement
of radiography with phased array ultrasonic testing of steel plate welded
joints performed on bridges and other applications[J]. Russian Journal of
Nondestructive Testing, 2018, 54(5): 335-344.

[11] LUO H, CHEN Q H, LIN W. Graphic augmented defect
recognition for phased array ultrasonic testing on tubular TKY joints[J].
Journal of Nondestructive Evaluation, 2020, 39(3): 1-10.

[12] T5Fs, XEA . CRISIGEEAR LR [M]. L5 54
o N , 2012: 381.

DING Shoubao, LIU Fujun. New technology and application of
non-destructive testing[M]. Beijing: Higher Education Press, 2012: 381.

[13] WRERfE , S SR04 AR SE B Y k7 A
PEREAA MR RAE AT [0]. R0 ST, 2014, 9(3): 146-150.

CHEN Zhenhua, XIE Changhong, GUO Wenguang, et al.
Characteristic analysis on ultrasonic phased array image of defects in
stainless steel weld[J]. Failure Analysis and Prevention, 2014, 9(3): 146-150.

[14] N5 . AR AR T OCHE R R BIESY [D]. KHE K
HERA 2012

SUN Fang. Research on several key issues of ultrasonic phased array
technology[D]. Tianjin: Tianjin University, 2012.

BINVEE : WRIRAE, 50, W, T BEHTSE 7 160 o 8 745 MR 2 e A
R T AT AR AR A W TC R AR K
HRG%, (g £%)



‘_‘i‘ » »
RESEARCH Eltﬁbrex

FISAER: #51k, 545, N, 5. T 5 IKk3 & F09 JFHUE 5 3R Z AME[I]. AL #li2# R, 2023, 66(23/24): 79-85.
HAN Wei, CUI Yiming, LIU Kuo, et al. Volumetric error compensation of CNC machine tools based on method of sequential
step diagonall[J]. Aeronautical Manufacturing Technology, 2023, 66(23/24): 79-85.

BT NS LR MBS 2 BlIREAME

B FLESEELY FLBREREELE OELEXRE]
(L KEFEIRFPHZELHAMIKFHRETLEEFT, KiE 116024;
2. R I A T3], K% 116600)

[(BE] ZEFEZ20NEL5AMERRAIR THEOERF . KRR —F K Tk % £ 844 n 24069 o
WARAT A REN IR T IRG TR EZ L FE, R, AT HFRLF TR, F5 T X m I Foeh s £ 4
LSRR B AR G R 7 R Fse THRE AR EZ4ME, HSHERT FMN S &K kML, 5 F R A&k magie
B, ilat 4 kMK Bk 3RAT 12 R KA UATIR 20 F . R A2NMREAMERIELE R AW, In T 8oy BARAE E KT A
T K& AR &, AR A 2532 2 AR A JR R # 32.5%.

KR AR £ TRt g Kok, R EAME; IR E PR FRLART LS

Volumetric Error Compensation of CNC Machine Tools Based on Method of
Sequential Step Diagonal
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2. Kede Numerical Control Co., Ltd., Dalian 116600, China)

[ABSTRACT] The measurement and compensation of volumetric error is an important means to improve the machining
accuracy of machine tools. A measurement method based on a laser Doppler displacement meter is used to identify the
geometric error elements of the machine tool. Then, based on the theory of homogeneous coordinate transformation, the
volumetric error model of the vertical machining center is established. And use offline modification of G code to implement
machine tool volumetric error compensation. Compared with the laser interferometer multiline method, the method of
sequential step diagonal is simpler and faster, and 12 key geometric errors can be quickly obtained through 4 tests. The
results of error test and compensation show that the overall accuracy level of machining center has been greatly improved,
and the body diagonal error has been reduced to 32.5%.
Keywords: Volumetric error; Method of sequential step diagonal; Error compensation; Error identification;
Homogeneous coordinate transformation matrix
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Simulation Research and Experimental Verification of Abrasive Flow Deburring for
Servo Intersecting-Holes Parts

TANG Zhangzhe', SUN Yuli', WANG Lifeng®, ZHU Limin’, KE Tailong", ZUO Dunwen'
(1. Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China;
2. Shanghai Aerospace Control Technology Institute, Shanghai 201109, China)

[ABSTRACT] Aiming at the problems of low efficiency, poor uniformity, and poor consistency of the existing burr
removal process for the intersecting-hole parts top shell in the servo mechanism, a suggestion of using the abrasive flow
deburring process was proposed. Through the analysis of the internal structure of the workpiece and the planning of
the deburring processing path, the runner simulation model of each processing path was established, and the flow field
characteristics of the corresponding path of each inlet runner group were compared, analyzed and optimized for better
process path. Deburring verification experiments were carried out on the top shell workpiece. The results show that the
uneven distribution of the streamline inside the flow channel and the large difference in the streamline pressure can be
effectively improved by increasing the drainage section structure at the exit of the large hole and extending the length of
the flow channel. Finally, the problem of inconsistent burr removal effect during processing can be solved and the sharp
edges at the entrance and exit can also be effectively protected. After the experiment, the internal burrs of the runner are
removed, and the edges of the internal small holes are rounded, which improves the surface quality and performance of the
workpiece.

Keywords: Abrasive flow machining; Deburring process; Servo intersecting-holes parts; Top shell; Flow field simulation
DOI: 10.16080/j.issn1671-833x.2023.23/24.086
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Fig.1 Appearance sketch of the top shell

2 FMIXERIAOREE
Fig.2 Marking diagram of the area to be processed and the mark of holes
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Fig.3 Simulation model
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Fig.4 Streamline distribution of entrance 1 paths
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Table 1 Streamline pressure at each burr point of

each path of entrance 1 MPa
AR A4 M1 M2 M3 A4
A% 1 0.57 0.55 0.12 0.09
A% 2 0.6 0.61 0.47 0.47
Heiz 3 N/A 1.54 0.28 0.26

®2 ANOLIREAZERNSREEE

Table 2 Streamline velocity at each burr point of each

path of entrance 1 (mm-s™)
AR 24T Ml M2 M3 M4
A 1 20 25 12 3
Bz 2 16 8 5 5
4% 3 N/A 6 7 5

R BN, B BRI o FEAR R T
BRI 22 AP AL T AT, AT
BRI BRECR . RS A LR BUN AT 1 iTE
ZHEY N T 4%
22 AO2.AO3 N0 4 REARFESES T EEE
etk
& 6~8 73l M AT 2 AT 3. AT 4 5 AR 26
IR, TTLLE Y, BRAR 4 B84 7 1EAE 5 %42 1 M IR
(R Bt s, BV L b et A/ INFL A B A 2 1777 ol
INT A, J4% 5 4% 6 %1% 8 48 O fAfEis Bah &
el BN T80 AR ARG 4 e 5, 648 10 rh i B R AT DL 72
WHAEANRIE , 70 A BB R IR T B 2 BR AR .
ot R 5 AR 1 AR At 7 X o I AE AR
45T RO E T KM ER 4 mm K
10 mm (95 B o AR5 1A T 264347 an &1 9 1 10 i .
AL AR A S R 4 o A AR TR AR R A T B
WCE  TEBH Tz AR A SR S A T A T AT AT
A3t 3 4L TE 2 B 45 B AR AR R T Tk
JE VAT, AR BN 5 ERM M 17 v BrZ B M|
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ZX
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(b) DiEm& i
5 MUALEHER1REAER ANERBEREZS
Fig.5 Burr points mark and optimized streamline
distribution of path 1

£3 HRUEMEE 1 EEMRREHE
Table 3 Streamline data at each burr point of optimized path 1
ZH =1 2 .3 4
J£7) IMPa 2.08 2.1 1.71 1.7
P/ (mm-s™) 10 6 6 4
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Fig.6 Streamline distribution of entrance 2 paths
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Fig.7 Streamline distribution of entrance 3 paths
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Fig.8 Streamline distribution of entrance 4 path 10
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Fig.10 Burr points mark and streamline distribution of optimized path 7

2023455664 5523 /240 - RiArETEA 91



,—‘i. N »
E:I:%Iﬁx RESEARCH

B0 BT

17

HHG HEN

11 HOLHEOGHAONMEES
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Fig.12 Burr points mark and optimized streamline distribution of path 11

H 441 sk gk, 0 E BN 4 mm K
10 mm BY5 1 EL .

A 3B AN T 48 A 3 FEERE, 1.0, K,
L 4/ E R R, O K B B A 4 mm K
10 mm 51 B

A 4 GBI TS (1) AT 4 JEEERL, M
N.O 3/ ETEEF B RE; (2) A 4 SFESEL T F
L

3 FEEARERLIN X E RIS

X SRS AR T A4 T BRI 25 BN T2, FH LABSIE
PSR T 2Bl . AR ULALE A T 3% 4%,
Bt —E TSk AR 2 B AR 5 AR
M EERIS] Ak, f# ] Extrude Hone—Easyflow ALK, Jil
T A1 3 MPa, BERLE R 2R SiC, kel 0.2 mm,
I B[R] AR B AR 90 s, i T =Xk B in T2, X 3k
TR T A TN T

TN TS8R, A VeI T AR TR i, el
FHRE S P VML T AR A T v {9 885 ( Karl—
Storz ) LI T A4 P9 28 AL B BRSO, & 13 F1 14
SN T e Sk AR A PN B BT AR B LI ], AT L
i, T, TR se SCEL A B4 S0 8 T 2Bk
X /LB , /NFLIE B R 2B A [, ZNFLI 2%
T B I G , FBAEAH R A0 T4, /ML 21

092 MisshiEEEA - 202345 665523 /241

x4 3NEREREENIILL
Table 4 Comparison of streamline pressure at three burrs MPa
. /. /|
R

AR 6 #17
BAr 11 0.77 0.91 1.4
1z 4 0.11 0.086 N/A

AL 7 4 0.4 0.39 N/A
#4% 10 N/A N/A 0.15

(b) InLJm

13 KRFALEXEERMIATEILE
Fig.13 Comparison before and after deburring of large channels
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Fig.14 Comparison before and after deburring of small channels
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I B R4, AT, R, FFE Y 5 TIB,/AI-Zn-Mg-Cu-Zr #3120 28 5 P 58 49 % vi [J]. A 2 i 3 K, 2023, 66(23/24):
94-99.
MA Zhifeng, LIU Xing, HUANG Jingcun, et al. Effect of Y on microstructure and properties of TiB,/Al-Zn-Mg-Cu-Zr[J].
Aeronautical Manufacturing Technology, 2023, 66(23/24): 94-99.

# 1 Y 3t TiB,/Al-Zn-Mg-Cu-Zr fIM B LR 51 EE R 220

oEELN FULEERESE B TBELE B BRFES
(1. P BAUK b FALE AT 5 R 48 A2 BF 5 T, A6 7% 100095;
2. P BAVE AL AL M AR R e AL T T SRt 4E A2 A A RS A TR AHR P8, b 100095;
3. db TR Tk K F AL % 53R, Jb K 100124)

[HZE] HLY s TiB, Bk iz 5 A AR KT m iz R, TR E TiB, Bk £ R e et W h, T3 & 4
SMEE SN FERAETEMER . AXRBEREERRIETLHE 3% URE 540 TiB,JAI-Zn-Mg-Cu-Zr-Y
A AR, Bt e T 2 R F RMAE. EREMNREFRETEMAT AR Y 452 TiB, ¥ & 48
EHAMAG EMAL S HFHAEGHrh. BREN, Y LEARMT AWML SMEHEEES, Zm01% Y Ut
FToHO B, AR R AF, T6 AW AP AL AL, FLA5 7R A 729.85 MPa, 3E4d & 51k 8.06%. Y L& 49 An Adk &b
T & R AEZEAR Al,Cu,Y (Zr), B 7T 4% H a5 S AL 3] — 2 3R AL RS, 4238 F 89 Al,Cu,Y (Zr) FE AR B i
Ao TiB, BALKE e T AR MASAS 55 5, AL B A 1AL AT B 8 53R LR . GP Il Ao ) R A A4 T6 A7 £%49
Yok g AkAR .

KER: ALE Tk 4564 A AMA MLAL; HF ek

Effect of Y on Microstructure and Properties of TiB,/Al-Zn-Mg-Cu-Zr

MA Zhifeng™?, LIU Xing"?, HUANG Jingcun®, HAN Yang®, WANG Yuxin®, LI Meng®, CHEN Ziyong®
(1. Institute of Aluminum Alloy, AECC Beijing Institute of Aeronautical Materials, Beijing 100095, China;
2. Beijing Engineering Research Center of Advanced Aluminum Alloys and Applications,
AECC Beijing Institute of Aeronautical Materials, Beijing 100095, China;
3. Materials and Manufacturing Department of Beijing University of Technology, Beijing 100124, China)

[ABSTRACT] Rare earth Y has excellent refining effect on TiB, particle reinforced composites, and can improve the
performance damage caused by TiB, particle clusters. It plays an important role in improving the comprehensive mechanical
properties of composites. In this paper, 3% (mass fraction) TiB,/Al-Zn-Mg—-Cu-Zr-Y composite plates were prepared by
traditional casting and hot extrusion. The effects of Y content on the microstructure and mechanical properties of TiB,—
reinforced aluminum matrix composites were investigated by scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and tensile test at room temperature. The results show that the as-cast microstructure of composites
can be refined by addition of Y, and the refining effect is the best when 0.1% Y (mass fraction) is added. The composite
with 0.1% Y (mass fraction) has the best mechanical properties, with the ultimate tensile strength (UTS) of 729.85 MPa
and the elongation (EL) of 8.06%. The addition of Y element leads to the formation of insoluble phase Al;Cu,Y(Zr) at the
grain boundary, which can be broken and strengthened by hot extrusion. Excessive Al;Cu,Y (Zr) leads to the decrease of
strength and plasticity of the material. TiB, particles can increase the dislocation density in the matrix, and have the effect
of dislocation strengthening and load transfer strengthening. GP Il and n" are the main nano-strengthening phases in the T6
state of the composites.

Keywords: Aviation industry; Aluminum alloys; Composite; Microstructure; Mechanical property
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Table 1 Composition calibration of composite materials
(mass fraction) %

E&m5 | Zn Mg Cu Zr | TiB, Y Al

1 10 2.3 1.6 | 012 3
2 10 2.3 16 | 0.12 3 0.1
A
3 10 2.3 1.6 | 012 3 0.3
4 10 2.3 1.6 | 012 3 0.5
#6 R5
2
& Q 5 O
30 20
80

B 1 ffileETEE( mm)
Fig.1 Schematic diagram of tensile specimen (mm)
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Fig.2 As-cast microstructure of TiB,/Al-Zn-Mg—Cu-Zr composites

(d) 0.5% Y

x2 AREY REFBEAMBBRHFEHRT
Table 2 Average grain size of aluminum in composites with
different Y mass fractions

% PR um® | PR RIS fum
W-0%Y 8718 101
2#-01%Y 3673 67
3#-03%Y 4156 71
44-0.5% Y 6974 93
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Fig.3 Elemental map for grain boundary eutectic phases of as—cast TiB,/Al-Zn-Mg-Cu-Zr composites
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Fig.4 Homogenized annealing microstructure of TiB,/Al-Zn-Mg—Cu-Zr composites
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Fig.5 TiB,/Al-Zn-Mg—Cu-Zr composites
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Fig.6 TEM images of TiB,/Al-Zn-Mg-Cu-Zr composites added 0.1% Y
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Fig.7 True stress-strain curves of TiB,/Al-Zn-Mg-Cu-Zr
composites with different Y contents
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YANG Ziyu, DONG Quanlin, ZHAO Ran, et al. Study on optical system simulation of 60 kV space electron gun[J].
Aeronautical Manufacturing Technology, 2023, 66(23/24): 100-103.

— 7 60 kV A= B FRENTEFIE

BFE L EEM LB R BRERE S, XEES, FESS
(1. b FATAK K5, b7 100083;
2. b 3% B 57 AR A A TR E] , KA 130012;
3. db W L EIR3E TAEH LT, AL 100094)

[FE] RBIOTAAFGRRSUEMEE, BT 252K EF I LT, SxTk48 5 LaB, @Ak 444
# LA, R AF 618 69 I AR AT A, £ SOURCES 48 X A2 /35 60 KV 89 K2 b, FACZEAT T 45 A, 175 & 2 R4 Rt
ARFHALER. RBEEAXFE LA RERGN BIEFRITRERANG A, B2 B R Al T ARFG
AR, BRI —ARERANRRZL, EHZIT AR E RR, IF 045 AAFEMHIL AR KB F it A
BAn LA LR E . RERB—ARERGGALER, AR T HeZ R0 TAME BT RF A
KER: K0T 6% RE REALK LF A% TR

Study on Optical System Simulation of 60 kV Space Electron Gun

YANG Ziyu', DONG Quanlin‘, ZHAO Ran’, SHAO Jingyi®, LIU Yangyang®’, WANG Junwei®
(1. Beihang University, Beijing 100083, China;
2. Dirui Industrial Co., Ltd., Changchun 130012, Ching;
3. Beijing Institute of Spacecraft Environment Engineering, Beijing 100094, China)

[ABSTRACT] According to the performance parameters and structure position of the design target, the initial value
of the gun is obtained by the comprehensive iteration method. Moreover, the performance of tungsten and LaB;, cathode
materials was compared, the appropriate cathode materials were selected, and the 60 kV space electron gun was simulated
by using the SOURCES related procedures, and the simulation results such as coefficient of chromatic aberration and
beam spot diameter were obtained. According to the focal length formula, the focal length of the first-order focusing
system is obtained and the simulation results of the focusing system, such as focal length, beam spot and optical path
diagram, are obtained. By analyzing the shortcomings of the first stage focusing system, the second stage focusing system
is redesigned, and the performance parameters such as pole shoe hole diameter, coil excitation and the distribution map
of the electromagnetic lens axis are obtained by simulation. Finally, the parameters of electron gun and electron optics are
obtained according to the simulation results of two-stage focusing system.

Keywords: Space electron gun; Comprehensive iteration method; Focusing system; Optical system; Electron beam
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1 FREZARTFRAESH

2 AR AR R T B AR 1 s

MR H AR, R HZE A 2B 15 2] i FAR 14
{8, I AR B R , ansk 2 71 3 PR .
1.1 PRR# AR

B LA LA B AR R LAY Ry B AR R ] SR H
E GBI S5 #8750 TAEIRLEE &, 2R PR (1) 2l 4>
J& WA 5 (R IRGCBA R R BB AR , (R T RCR AL, £
KA LaBg 55 % & B P F a2 5 R 5%
&, Al e B 5 LaB, BAM: , MR 1 7Ot 44 m]
15,895 LaB, KM SEUNER 4 PR

FLHE 22 4 BRI 40, LaB, (193% /N s SR,
FE— R EE N, B HRE )@ TS M TRk,
LaB, ] 7E AR AL T A 9 B8 22 0 HEL 7, BRI T X
TAE T A ok B H LaB A MEfERAE , 5
A AR S BT R LaBg 18 N FAIM AT R
12 HEFRHHE

FEL AR 11 S 2 A 2 S PR, AR 0 B AR 48 3 £
ZH 8, 3R A2 i R 2 b T o, B — e R
A PR BT B2 PR A N F 3 VR T, B 0B
—E TR AN i LTI, FIFH SOURCES HHOGHET
AT AR E R (AR AL, 223 ) S A I 1 E A DA A

*1 TEEERETFRTER

Table 1 Design objective of electron gun for space welding

Bt Fgsw HifH
I LR KV 60
LRI (kW 3.6
HLF AR /mA 60
F/NREEEAR Imm 0.4
AR B (AR R 2 A1 ) /mm 300

®2 BFRVBSH

Table 2 Initial parameters of electron gun

MRS EL HfE

A IE L UV 63600
MR RIimm 0.15
FFERE I/ (A cm?) 7.64

RZATRRBE HAR R ARG ERES AL, ISR 5 s .

2 BRERGHMHES

K2, THE L O3 RS 840 A 18 1 Fii.
ABBRIEL S, O &b A BAML S AT , FE S O s5 34 mm Ab g il
HiES O 45 285 mm A MR L.

r 2 1 Al TAERE Sl 300 mm., % x Ay s
y R TH R 5 ( 315mm ), W) 1 28 LEE E A2 R r,=0.3 mm,
1400 EAR r,=0.4 mm, H1 2B 5624 A 2

- (1)

r] X
A 193] x=236.25 mm,
*3 HBEFRAENMHEHHSH

Table 3 Electron gun optimization simulation output parameters

LIRIE 214 HfE
PR R E B4 1 /mm 1.08
LR E PIuP 0.00374
LEACHIBEHEA o (°) 1.4166
[t #2142 R/mm 22.55
PR %2142 Ry/mm 10.4
BHAFL2EAE r/mm 0.279
PR 158 8 Z,/mm 12.147
FRAR T8 Z A Z, /mm 12.15
R/R, 3.005
1 Z, AT R 1y (Z,) /mm 0.451
[tang,/tang,—1| 0.0029
WA Z,,/mm 34.03

R4 85 LaB, FAKEFIESE

Table 4 Tungsten and LaBy cathode electron gun parameters

B 122 | R CEN

. 2 N S . -
S R mEE | E=EE ) (A ojpk% /| Richardson | #

o

K | (A-cm?) om?-Sr') v Gk K
W | 2700 3.55 10° 45 120 3653
LaB, | 1800 5.44 10° 2.7 60 2800

*5 HBFRIFEER
Table 5 Electron gun simulation results

B AR | A L HRE AU
pm mm 3/mm 5%mm
299.665787 33.826546 | —6.1502785¢+05 | 6.4275486e+05
{022 280 o
SRS IA
(1/2)/mm (1)/mm
1.2849131e+01 | -4.9555366e+03 0.0600
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AR A 5t
Xy
h=33 (2)

A4S H AR f,=135 mm.,
21 —REERSZHE

MLENSC 27l i — A BRI AN F
BB R AT i L REE A 4. ABER AR AT
DIR A A2 R R AR B B M m L Ay I TR &
A G AT A EI5 B 25 R a2 6 R, S e 2 iR .
o, XY, R, SRR H A H G

MR LS R AR IO G T LA Y, T AR B 2L
3R 300 mm, i BEEE A /INT TAER B XA 33
HL PR B, RE R FEI L 22, Jopkii i TR oK, Bni 75
BRI — T RGBS, I SRR IE
22 ZHBERGHE

THRRERGH TOF RGN 3 Fis.
WIAAURE CL, NFSIEEL , CL, AikiMliEs .

Horr, S, N HRIE A% S, A TAE VB HAE ; CL,
JEE—BEE; CL, WA Rt

R AE A %50 K, YEE a=150 mm, b=89 mm,
c=11 mm {E NI, 28 i A28 205 S 28 =X n] 45 2]
CL, 5 CL, WU 28 S 83 7 s, FIH
ABER &7 A3 2GRS, aniEl 4 Fos .

3 BFHRAXSHRERNGE
BB BN AE AR T A B S AR T B
[BE, 752 T RSN 8 TR
FRAGLA LSRR I R TR T B 9
hiB5

R PR T

W/@% b
D TAEFIE
Ol UFERH s

1 REBFREFALERGMNETRE
Fig.1 Position diagram of electronic optical system of space electron gun

K6 —RRERZMUEESH

Table 6 Performance parameters of first-order focusing system

SRR TR
SID
(B k] iE S=8 mmy; 0.8
et fL HA4%E D=10 mm )
JEE ] 365.7
FEHH f/mm 60
IR N -0.15
5T HBREBE /um 400

102 Wiz hEEAR - 2023455 66 4 5523 /2410

B

PLOTF F2 13 HIR 2 il W i 325 555 . Ml 7 o RN T 42 K
P 370 . I PLOTE F2% vl 22t Fa s A 48ttt |
Y534, 4 5 BiR

&5 AL, CLy A% I e KRG BN 5 J 2 0.0582
T, CL, Mt I e A8 5 4 2 0.00595 T o

1.74¢+00 -
——
~1.74e+00555 315.00
Z/mm
1.74e+00
% YP
1748400555 315.00
Z/mm
~1.74e+00g755 315.00
Z/mm

2 —HBREBFEEE
Fig.2 Optical path diagram of first-order focusing lens

cL, cL,

ﬁﬁ LT oL %

Ex 3l
b c d

B3 XEBEFRIERERGREE(mMmM)
Fig.3 Schematic diagram of the second-order focusing system of the
space electron gun (mm)

RT1 BFAFRFILASH
Table 7 Geometric parameter for electronic optical system

Bl PG o/ | MHFLERR DI AREERIEE S ZRIEE
& mm mm mm (AT)
ClL, 150 10 10 684
CL, 250 18 18 3416
1.75e+00 -
—1.75e+000 565.00
Z/mm
1.75e+00 -
YP
—1.75e+000 565.00
Z/mm
1.75e+00 - R,
—1.75e+00O 565I.00
Z/mm

B 4 Munro it EEFiEzhHITE
Fig.4 Trajectory of electrons calculated by Munro
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x8 BTRERESH
Table 8 Performance parameters of electron gun

D (kW | JIGEFLE KV | B EAR Imm | ERRORFLAR /mm
3.6 60 1 4
FEAAFLAE Imm | 3R KN ImA | 22 CBEEAR /um | 22 BER; B /mm
4 60 300 33.8

x99 BETFAERGERITSH
Table 9 Design parameters of electronic optical system

B4 i &/ (A T) SID
AR | (BRI S 50% ) | (S=14 mm, D=14 mm )

€L, 150 183 1
CL; 250 800 1

- 5.82e-02

=

g

k=]

3

=

% 0 .

—-30.900 31.300
Z coordinate/mm
(a) CL,

= 5.95e-03

=

2

3

3

T

% 0

< -33.200 14.700

Z coordinate/mm
(b) CL,

B 5 WEmEREM RN EES
Fig.5 Distribution of magnetic induction intensity on
two kinds of excitation lens axis
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