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ABSTRACT

The main bearing and accessory drive system is a key component of the aircraft engine load
transmission system, which operates under high speed, high temperature and high load and is prone to
various wear faults. Therefore, the wear fault diagnosis of aero-engine bearing and gear components
has important theoretical significance and practical value for the effective implementation of condition
monitoring and health management of aero-engine. In this paper, a multi-objective fusion diagnosis
method for aero-engine wear faults based on multiple oil analysis data is proposed, and experimental
verification and practical engineering applications are carried out. The main research contents of the
paper are as follows:

(1)In view of the characteristics of multiple oil analysis data, a fusion diagnosis method for aero-
engine wear faults is established to realize a comprehensive assessment of aero-engine wear status
based on oil analysis data. The diagnosis method includes qualitative analysis, localization analysis and
cause-determining analysis of wear faults. The qualitative analysis takes the raw analysis data of
spectra, iron spectra and particle counting as input, and obtains the qualitative diagnosis results of
engine wear faults based on Dempster-Shafer evidence theory; in the localization analysis part, a deep
learning-based rolling bearing fault part identification model is established, and the raw data of energy
spectrum analysis is used as model input to realize the intelligent identification of aero-engine wear
parts; finally In the qualitative analysis part, the if-then based knowledge rules are established to find
out the causes of engine wear faults based on the experience of domain experts by using the qualitative
results and localization results.

(2)For a type of aero-engine accessory bearing, the bearing full-life accelerated fatigue test was
carried out. During the test, the collected oil samples were analyzed by a variety of oil analysis methods
to obtain a variety of actual oil analysis data under different wear states, and the influence law of the
sampling technique on the oil analysis results was studied to obtain a case for the development of
expert system software for aero-engine lubrication system.

(3)Finally, the fusion diagnosis method studied in this paper is applied to the expert system for
intelligent analysis of aero-engine wear particles developed in cooperation with AVIC Commercial
Aero Engines Co. The application results show that the research results of this paper have significantly
improved the intelligence and automation of the expert system for intelligent diagnosis of engine wear

faults.
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B j MBI SR E R, b %R TENE ) MERUEIRE, [ R H0s
REL I+ AEABRISHAT S .
BB AR RS I WxHXD, BRREEN K BRI E , PRAS,
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o, PR RIS A 1 20 B i, w 2RI X R
ISERE, X, M 1RO i ASBER S kAN,
8] 2.2 JE R T B AL T b A B g o

B

AEMAL
B

B: itk

K22 bkt g
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TR RFIE T AR Z IR it . — 2B A N 2 i R J LA B B AL 55
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L-1
X, =x+ ) f(x,w) @2-11)

i=l

AR STHRI3Y, 7] 45 10X 28 3 2 PR P2 09

o 0g Ox,

ox, 0x, Ox,
Se 5 Lt (2-12)
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5XL( ox, (;f( W)
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1
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C, = tanh (W, [h_,x,]+b,) (2-15)
C =fC.  +iC (2-16)
o,=c(W,[h_,x]|+b,) (2-17)
h, = o, tanh(C,) (2-18)
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| I L LSTMIE/T 4>

| RGEENTE | B |
| y | |

K]2.8 1DCNN-Resnet-LSTM 445 Il Zrifi
o I T AL 2 A AR AEUC T 45
B BARERI D AINGREA . IRREA
: #:J# 1DCNN-Resnet-LSTM 4% ;
o IWSHU A EHr b 2 SR, R FIRR BE T PRt AT To B IR IR 21, IR 4RI
(R R ARSI N B 23 KB AT RHE 7 2K
ARS: FENMEAREA IR R TS, R AR REE R

N
= % B
O N

N
$8
~

20



R N R S VAT

2.52 XBEEX
2.52.1 HiEEE
7 IDCNN o, HBRZH— Z 0 LR R N A K (2-19)F1(2-20)

5
Z, :(ZW[Xxj+i71)+bjf01j:1,---,k (2-19)
i1

h,=f(z,) (2-20)

A xv Ay w Al b 23R R/ANA kA BEE TR MEl =4 B
Forb 2 2 00 %A O A B2 PR i N B 2 T PR 2k ek B 25

H130(2-19) M1 (2-20) 5, BRVRAMEIZE, RN B S5 R e & MR &t & .
EBRIEHE )G, BIEEXN T M IRAMANE S IERERA R B REEN, T HLF
MR ITEREAE 2 AN AR LR M e &R, — MO S B 8O INRFIE 2 IR Rt . (R, AT 4R
W 2 B AR 2k, A A o 4 I 8% 1 BB 1) B B Je — 2 I i i Sigmoid. ReLU.
Leaky ReLU S80S R AL, A SCKEVEAES T R TEVR FE 5 21 A3 FH I R 4

1) Sigmoid B& %

HR-2)%H T Sigmoid B R IE R

1
o(x)= (2-21)
( ) I+e™*
1.0 0.25
0.8 0.20 / \
0.6 // A().IS / \
0.4 // 0.10 / \
0.2 0.05 / \
0.0 0.00 e N —
-10 -5 2 5 10 -10 -5 2 5 10

Kl 2.9 Sigmoid BR%L (a B KHFE (b ED
Sigmoid BRI B IR E 5 ) o W EEOE e —, ERREIRBIIE 2.9 . %K
o oy k], AR N BUE R AR R 0-1 2 W), YR ANBUE E AR IRES, oA 1,
LA ANBUE SRR I, SOy 0, AR N RAE S MR, 2Tz, Kibr
ZEN 07 B 17 o {HREMEIANEN (5, o) 8L (-0, 5) B, SHBUBEEMFIILE,
B L8 AEJEAT S R BE T B, BREE(E 212 0 ML, SBOHEHORIMAEMER A, T
IS A RAE, T BN 2845 LB I 25
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2) Tanh PR

o(x)=—" (2-22)

1.0

1.0 /\
[ 0.8
0.5

-0.5
Y. RIRVIN
-1.0 0.0
(a) (b)
K 2.10 Tanh BB (a &) NHEHSZE (b &)

Wi 2.10 EIL T Tanh BB H S HE, /& Sigmoid MZEHCF LR, HEFRIEH,
Tanh pR & B2 [-1, 11018, 1Z R E] DU H Sigmoid W0E BRECH EE 0 9ME 8, A 30m
PR B R, M 2.10 (b) A12.9 (b) %%, Tanh o EELE A E S Sigmoid AL,
IR M 127 R BATY SR EL A Aok VL R ) 8

3) ReLU Hi%
xif x>0
o(x)=1 . (2-23)
0if x<0
10 1.0
8 / 0.8
§6 / g0.6
4 // 0.4
2 0.2
0 0.0
10 5 )(2 5 10 -10 5 2 5 10

K 2.11 ReLU %L (a B KHSH (b ED
BREMERTC (ReLU) 2 A FHA MRS KA, 2 H AT CNN 6 5 2 1
B, R B RIA R Bk, FAnaQ2-23) s . SEARERT 0 1, 2k
Ves R, SR EANTET o R, fth 0. RAEE 2.11 (b FTLLEH, MHAE

ONIEHUSBEFENE 1, REEA R DB B I [a) A% 3 IR O ML AN e L, 2 ] ReLUUS77TA] LA TR
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BERE T RIS, BEAN, ReLU BRI LUINR I ZRIE B I IR PERE SEAR M 45 5 Y . (H 2
SHFBEEES KIS, ReLU 25 5 i3 Fsbph 4 o0k RiE Thik, SEMEEN 0, TEkEH
24

4) SoftMax %

SoftMax i B £ HH 30 (2-24) %5

softmax (x) = p, = (2-24)

'Mi
(D%

J

A, M BRI ZEMLTCRAN L XRORET R x IR R TR, DR
71 X X I (R A

FE = RAESS T, JEE A Sigmoid /8% R IHGE BB TIEZ AL ST, A
RV 10T B U2 SoftMax. SoftMax BRI BRI NMEHEAT IH — AL B, SR 5K %A~ BT )
o e AL R, (A T R AE ISR SE T 1. 75 SoftMax WA RO, AR FSE
PR REVEROR, TR B R R 2 RAE VT H bR A SG K B2 70 KA 55
Ik, 33 SoftMax BRI A SC A B KL

2.522 KLEH

WIZ5 IDCNN E5e 7R ZABIVEY RS 8, REdEERIIgGd RIS, it
FEELE PN ERAE, AT RRD S m AL 4k . AT AL R R AR X 2 05 — R 45 5, 3 F A4
R PR BOR T IDCNN it MHZ A AREAHH SRR O H AR Z (B iR 22 . $771% % (Mean
Squared Error: MSE) . “FI¥J4i X} % %2 (Mean Absolute Error: MAE ) F1 28 X #6512k #R 4

(CrossEntropyLoss) A& 1% 7] /5 i FH 457 25 R 28

D ¥J5R%E

K75 R ZR GRS 2 W 2 45K S, DAV SRS o AN Tt 00 i ) - 1) 45 2K B 22
MSE &% £ HTERIES T, (2-25)4 H 7 MSE #5125k R i h 54 2008

n 2

1 A
MSE==> (y,-7) (2-25)

nio
AP n RFHRERIAN, VARSERM AL, 5 0% .
2) PILERTR %
EBRMEM LT, MAE W80 AEREZ MR, SR EErEstt, AKX
(2-26)%5 i 7 MAE A=)
1 &

MAE = ;Z(yi - ;) (2-26)
i=1

3) AR R AL
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Bl RSB bR 2 H AR R RERL 2 T

A2 AT R R B v S S n s (2-27) s B0

1
J==>"ylog(p) (2-27)

i=1

s TR EINEH. pih Softmax 7 RREIHIH, W24 7R, FRHE i
ANRINHIMEZ: y NEIREARDRZE

A8 U AV R BRSO AE AR B 43 0] B H P B4k B, R 5 Softmax REL—R AT,
X D 2% Bt 4 REAT AL B, ORER S I TR AR 2 SRy 1, 8 Jm R A8 U K R At
SRR o ARSI SR R A % R U R 0 225 1 H A bR 2

2523 RIEMEBEE

AR R 024 112 O SRR S I P S BB E DL BB M 507
O B HOHIX T VA OB IE , FIBGBERIS AR AR IDCNN RO, LS 23/ bR
o FUROT LA RQ-28). BSOS BRI SRR BRI, 24—
YRR, HTA HE o IR B O SN R R SR BV R, SRR AR S A
AL SEEA BRI, (LA SRR R
OCE _OCE  oh

ox  oh ox (228

1

FE CNN B BRI ZRB B, X 25 1) % S S 808 Se i BEATL ) 46 4 502 A8 F AN [R] B W 4640
FiAR, TEIZF B a] DU R JUMOBE B2 R % (Gradient Descent: GD) AL 751, 5 Wi BEHLAS
JE T B% (Stochastic Gradient Descent: SGD) BUANH i& MW AH it 11 Adam ik 250821,

1) BEAUERE T R

BEMLEL R T BEiE (SGD) A& 7E WX 48 R IR BE Bk AR, BB ML B — AN 2 1 0000 >R 3R HX
“EREE” . NI SE USRS H B8 . AR TAE S I BE ARG B N BB 708, 1T EA TR
SBLRE 0 S I T S T SR, R A T DR B R 2 T G S AR R I 2R L o
BENLERFE T 7% (SGD) F &35 #H A X X(2-29) i 7
0.,=06 -1V, J(@:;x";)") (2-29)

Aot g WA, Vo) wor ik (8, VAT, 28 0mE K.

2) HIEMHEAL T Adam AL

PR Y 28 BRI AL 1) H AR Rk 30 S s B T Bl T 0, FEREAT MR UIZRET, AR
Adam 7] LA RBNS BN E S H w F b, H, w NI T Adam FIEMACERHME, bR
ARE, HEEAL LR,

m:y*m+ﬂ—ﬂ*§£ (2-30)
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2
s=LF*s+(1- ﬂ)*aJ (2-31)
m
n: 2-32
m — (2-32)
S
§ = 2-33
Sl—ﬂ (2-33)
wim Ab * (2-34)
s+e&

He, yo BRI e ZBSEL EHEMEN 09, 0.999 1 108, @SHHFHFEHRRE; m
WRoNEh L, FoRSEXEREHATEIR T M s TR RIS EOAS 3 7 7 /0 m 9 m A
FAEIERIME, SN s MEBIERE, B R0 RS RN 1, Bk,

BT Adam HVET] DL IE RN R SR B R RN 221 %, A SCE S Adam HZ%:
TERM S AR R

2.53 FEWIES S

N T AR A ST A R RIS I, AEAS B A e A A T BN R 2R RS A R A
(¥ UCI #i e, S8R EEH FHLE ¥ 05t 75 UCT LA I8 LUE T 5 4
W RBAR A, GFE —R AR 2 5 K

214 T UCT R L B R, EARRF RS T, BIEETR “ID” 5
CHE R AR EIERALER), B, ASCREAT R GG B S T BEAT R, [F
MR A OB R, I B AR By — B A R B E B . R 20 B TR R
T EECR . FRERECR, M R B e R R MR

2.1 UCIHHREEREAGR

EEITE S FHIEH FEASL T RH
Wine 13 178 3
Tic-tac-toe 9 958 2
WDBC 30 569 2
Zoo 17 101 7
Libras 90 360 15

Wine ##5%: ZEIREOE 7 13 MHE, EXANZ0RMES P EL 178 MEAR. 1%
HARAERA T RA T EANEE KO =M a0, [F X L5 &0 13 P AT 4 2
GINT, BRE T SRR R 13 RSO I

Tic-tac-toe HHE 4 IXNHH B XS H il xR 45 AR 7T BE FOBL AL G B 1 e AR S EAT T
Guhd, b “x” e AT . HARMEEE “x” BR (BRI, 2 “x” 5 9 Ml e 7 kA1
& CZIEMT REAED .
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LA R LSS S0 2 A B 2 101

WDBC ##fs 4.  IhEHR 4K B T g i B N AL A5, 05 569 AN 1E Al 55 4l il
MIREA, 3LH 30 ML, IXSOAFAE & LRI S ity i EHIR H )38 7 G b o B R I, %
IV SR A A BUG P AFAE AN BAZ IR AE, R REsK BUR P IME . ARdEiR R “ B2 ” 8§
R (CARKER T . S FEEEGR, X SR E P brif
REEM T BURCE, FFHILFEAET 30 MRHE.

Zoo HHESE: ZBIRAEILA 101 Mgk, N T, BREMHATIMN, £ Zoo . Ff
A 16e Nt fEER, Ho1s AR EEE 0,13 A 1 A KB OB ) B ED
{0,2,4,6,8}

Libras £ 4k : ZHIEEC T 15 MK, B -KF 24 1ML, Kb —-K#HSE T
LIBRAS S —ANFigsh B8 . EMMTAIE s, RIEH 5040, WA 45
WTEAT I U — A FERE— b, BRI R O SRR, REBREEMT A 45
AR BORITZR B, BT A2 HRAE e s [ A 0 — 4k, [RIT B 21— N 90 MRFAE
i, RERIEF AR

A SCTTVEAE SRR S B R 2,12 Fs,  BEARAR R (2 TR 30 45 23 il 2
Tic-tac-toe £ #i%. WDBC ##aE. Wine £di%E . Zoo HAREEF Libras £ . L+,
M 2% %0 UCI-Tic-tac-toe 73 KT 5%, X2 — D015, HENLERZ 149, HhE
f 5 958 LA, e AR RIRUE B R T REARBUR 2 1 — AR A EL%MR RIS,
K H T UCI-WDBC 7414, HEN4EREZ 1930, HREAE 569 HEdE: #aLkkr
UCI-Wine 73415, %0 AT MNGERE 2 1713, RS 178 45, Seki
UCI-Zoo 73 KAE5%, HAEANYEE 2 1%17, HIEELE 101 HEHE, AL %2 UCI-Libras
DHRATS, HENLERE L 1700, BIRHEME 360 A5, %50 58 A9 FAT 55 P HRAE
By R w2 ) —H. WEPRT LR, AR IDCNN-Resnet-LSTM 7 %> # 45
ERRIA 2 B4, fF Tic-tac-toe. Wine. Zoo Al Libras 4 5 & 5 0 8RR AR iL
# 7 100%, TifE WDBC a4 BRI EEHIAF] T 91.3%.

1.0+ W

Ral 2
S /ooo\./’oo"oo'.\o“..’“‘o’“b”“‘ %og0®,

0.9 4

vzl A
I % —=— Tic-tac-toe
08 ||W 4 —e— WDBC
% * Wi A" —A— Wine
07 -rA v Zoo
= .ﬂ" —4& Libras

o
o

o
wn
1
< f‘:‘:‘:‘r—;

0.4

T T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50 55
BRI E

K 2.12 AT UCT Bdla 456 45 3
R HE 5 B IE A ST VR R SIORT R B (AR S, AR SCTE A R AR B8 45 1 R
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IDCNN-Resnet-LSTM . Resnet18. Resnet34. LSTM I CNN HJ45 B3t 4T 7 X4 L IeiE. B
2.13 NE G RBBAE Zoo B SE L IIVIZAE BEARML T ZR I, 18] 2.13 [ 45t T R Rh RS
FI| 100%5KE F5£ (11 S [ AFH R IR KB, IDCNN-Resnet-LSTM 7E 55 9 UKIE B ULSLE]
100% kS B, THEITIE A 1.124s; CNN 7E55 10 USR] 100% IR FE, THEIT TR 1.32s;
Resnet18 7E55 16 JCEARN WS E] 100% KK, THEIS )4 6.819s; LSTM 7E4 18 {KIEAY
USR] 100%KE . H RS 1A 6.82s; Resnet34 7E 55 21 YRR USR] 100% IS 1E
THELIT (] 15.448s; AHLE 3 AMIUFRERE:, AR SCEE SR B s R

I [N
1.0 -
ol i
#:J i Iy
™ 15.44
\ A,‘A*' 68105 | 1158
084 I/ 7% 1l IH/
t{u‘ 1 i
m b YORT 111 |—=— IDCNN-Resnet-LSTM
i \‘ | 1" 11l |—e—Resnetl8
Foe ‘\‘ ‘\‘ :: :: : —4— Resnet34
= [ 112451 1.325
‘*“ \i“/ | —v— LSTM
I 1 ,/|/:| —¢—CNN
el TR S
0.4 4% 1 1l
I\ It 1
I [N
1 N
02 — .

T T T T T 1
0 s 10 15 20 25 30 35 40 45 50 55
ESANIS /o

K 2.13  A[FEJTIELE UCI-Zoo $di4E bR 06 45 R
AEEENE T EEAENTTHESE FRIE R, E£F —&5d, BMERENBIZTIEE
A BB S AN VR ) P A S

2.6 KRB

ARFAR T — B R B 3] o R . AR — AR B R I 2% L Tl I 25 A
RALHICIZ R AL, R —EREE AN B by A s &, JFga it 1T fE UCT Sl e b
RIRAIE, [N 30k P HL At SRR A 5 A S 4 HH K VR IEAT XL, SRR RGR YT, EANA (73
KRBT, ASCTTEEATTEIR G LA BT RE Y, B mors EEABRE S m, X
figp P S — AE AR 20 SR RRLRE S 4 I BRUF I A5 SR IRORRR B sl b 1 0 e R B AR 1Y
A
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L% R LS B 2 B A

BT MZAHE BirfaEREEY

3.1 518§

AR TR S M HTER, AR FERLAIE B = A H AR SR IFR R SIHL
BEOBT T U . RN T % R W UM RO R R DR E R
A 75 v R L B R

3.2 fE% B % Birr &R BB R 524

ik 3.1 JEoR TS R SIHLE B 2 H AR RS2 W g B AR, R AR St D IR
1

SRS R BRSNS AT BB R

Bk 2 T Hde AE S 2 Hr il

S o A A LR AT L TR
~————
E P TEALEE E R Hd
| 1 |
A4 \ 4 A4
FETFD-SIEREL K ETREZEIN FTif-thenF R
4k BHE ST BB LT BREHEA T
gyﬁ
g o MR o FENTIRPE S IR o FHHR AT EGE S

* EILRHFRN
o HSLLWTRN
o HEERAS

RRUE e
o ENBIRIIZR
o BRI A A

—— ——

BEASIIVE S
o FESLEIRFN
s ek

v

A 4

R E AT H R E L 23T R R AT
(D-SUEHRELIR) GREESZD) Cif-then 1AL

T8 T A5 A AT AT A S L 2 W

A\ 4

>\§:§ﬁﬁﬁ%§%§

A 4

A\ 4

ARG RIS s ot 2 R T R SR R
AR REAE » Rl s P 5
RGBS 5 ey
W7 BB b £ 15 7
K31 Fis KWL % B bril A2 Win i [

C1D B 2 2% T U 45 AR i i B4 RORE PR AR5 A1k LA S 3 Tl A (R B REREAT 2
Pa KRR B ALER,  TUAG SR URE (1 25 TR AE A5 5 B it i AR R PEARFALE s DARITEE S SR PR IR

28



F SIS R K AR A 638 5

BN T EE SR ) E M E LA E R o BRI MR B B AR IS A B . Bk
T . ORI TH RO - RE T 0 A I AR AL A R AR B A, R4 e v
W EALEHEAE VB, 2 R SR AT s 12 W, iz AE R, (Hdk
H AR 10T WS — T B 75 i 2 B H AR 9T, 3R 0 VEAEN 20 1 &S 70 i B wHil
BEAZ T A R IR E T A R B R s W S D

(2) FET BRI ERSCIEE T D-S UEHEER e, H T AT R ShHLE 5 A2 BE

(3) fEENIZWIE 4y, T 1DCNN-Resnet-LSTM PIZEAR AL, DLAEETE 23 BT H04E v B
By, SEIN SR ALIC E AL 12 W,

(4) fEERIZWE sy, WL XA, @0 7 AT IF-THEN FHEF P BAL, 3 H
T3 HT Bt 5 W S TR RS 2SR 2R, A BT R A ST , IR R D A A 3 SR
FUIN P b, AT 5 SR R 2

3.3 ETRMEIER D-S IEREIE IS A BRSSP R E
3.3.1 ETREMEZER D-S IHREISIRMR S 128 754

I A5t ot A A o S B RE L 20 A AN E PR B R T 5 2k Ak . O 1 E AL AT A
SERI T, AR SRR AT P, 2 T SEBLAT S A ShHLEE S5k 2 H ARRl 512 W7
T i R FENTAZ IR

Tk
RULE:

IF “ E, %" ( CFE,).
THEN “#Fi F /" ( CFR, ).

BRI b

RIURLTHH073 H

1EH
F0<y<08
THEN"i# MR, REER! 7
y=08
THEN™ i A T i FHeA BT AR
THEN“iS M0 a3 0. Sss sl me CF; = CFE, X CFR, (l =12,..., ")
n
st y=1-Ja-cr)

IR S S ST PRSI

3.2 BT D-S UFHE E S ORI AR AR K
B 3.2 45 T T AL R D-S TR FSIRAE K, %7 EE e n M RE i EE
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Bl RSB bR 2 H AR R RERL 2 T

HEATROM AL L, (53R T 5 MO O ST 1 s SR P AU S B (R0 e ST P15 B
BRI FRAS S O O 25 O TS s RSt e SR A3 B AR HE AT 00T, ST R B HL s
R
3.3.2 HUREMIL
Eh T2 Pl 2 BT 07 13 3 R0 B R R R R B S hr, A SCSIN T B G
RN, ST R N B S B R KO, 316 %A T TR W 2 Ky T 5 g5 861,
MR R A, RS R BRAE Tk 4
S,={stss s
S,={s3.57+s5) (3-1)
.= {stosi st
Ko, 5.8, S, B R =R A B ROR B OB R k%
s/ (i =11,2,3}, j={1--n,} ) ARFK S M HTEAR N 9 BB AE IR EZ, R 3.1 B

FIBIH T B 2 WO PR AL IR T 3R K HLERT A F R AE -
® 3.1 WEEIEIETTRARE (B

Ji HEA T (S) BB (S WKL 505317 (S5)
WMEEAEJR TR Fe  Ag  Cu  JE5EER EORESRD  EWRESRL >15um >25um >50pm
EHHE a altoa a” a” a” a” a” ap™
A A ay" ay®  ap” a;” ay” ay” a,” a” a,"

1 PRI TR I A IR AT DUR I & X455, BTk, kg “EW” . ‘%
T CRET MRS o RYE T R AR SRR ST T b 4 RS 2 1 A IRAE
KM A 8RR v IEH . B SRR SRORES o BRI U A S TR AR
HNG(i=12,...,m +n,+n,+n,).

A B R SRR BE R O R T Kt AT ORI A AR PR, S R pR Rk S n K
(3-2)F7m .

X,

0.5x— 0<x <aq,
a
1

(3-2)

X, —a

U(xiyapaz): 0.5x +0.5 a, < X; < a,

a, —q

1 X, >a,

b, XONE i MER AN, G Gy NEE ¢ A UESE S S R AR S SRR
B E U NER i MIESE AT S

MR X I I SEBR B GE v 73 25 A5 2 F BRAEDRE B e il Rl 7 D I . B
FEHZMURES
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F4
e :
1 |
& |
BE gstommme [
0.0 i i »
a, a, X
THIVR 23 B 8 e A

K33 HEHRERE
3.3.3 ZILIZHTAL

HET L Wr7 ORI RN HERL Y 730, ST Wi 5 <Y o BT a0 2 1) fg R 0«
RULE:
IF “E 5%” (CFE) ,
THEN “i#fs F 54" (CFRD .

Horh, E RS MIESE, CFE NS i MEFERI R TS 2 i 2 b s i E
EATE L, SRR R BE HEAT BERIAL,  JFROBORI AL 5 OB B0 9% s e 3 7T {5
B, B CFE=U(x,,a,,a,)s CFRONEZFMWKIAIER, — BT, CFR BUEX H £
[0-11218], 2 CFRBUE N 0 i, AR “bmF” —EAKRLE, HCFRBEN 1, &
“HRRE BT R A FEEET KRR SRR Sl r R A L, AR RS UE S LA
Aty IR S

> CFR =1(i=1,2,...,n) (3-3)
i=1

ARSCHMAEEEE CE D RIS IR 3.2 fis.
* 32 HNETLERE

WIS Jeil b

R Fe Cr Pb Cu Sn Al Ni Ti Mn Ag Si

MIEMEE 05 005  0.05 0.1 0.05  0.05 0.02  0.02 0.05 0.02 0.05

WA IWARI He itk oA itk o b SOk 43 b
‘ Mg Mo JE5  ER O BEWR gt B >S5um >15um >25um  >50um
LS BEROBBRL BSRL AL Sk
Y| LY
MNATEE  0.02  0.02 0.4 0.1 0.1 0.2 0.2 0.1 0.2 0.3 0.4

B CF, R MM ZR & T 5,
CF, =CFE xCFR,(i=1,2,...,n) (3-4)
% CFRlzl Hﬂ‘y ﬁ
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Cr =CFE, (3-5)
3.3.4 EILRTERHN

Dempster-Shafter(D-S)iF4 B 18 2 H JT P 3k 2 Bl G s I — Mok, B8 77 X
Bayes Hi%r, AR AN AR, SR FH ML X TA) BOAN A 78 X 8] R ok 7€ 22 k48 T B s AL AR
BR8],

XF T ERE I BRABRIRHE® A SRR 53008 m(A), my(A), --m,(A) ,
LI (), m(©), - m () . FAi

m,(0) =1-m,(4)
m,(0) =1-m,(4) (3-6)
m,(0)=1-m,(4)
P VA 20 T A A3 5
m'(4)=1-] [m.(6) (3-7)
i=1

FRAELL i, RSO § N IER TR 25 4 T A5 B CF 1S ME R MM & -
k=1-CF, (3-8)
% SN B Rl 25 1 25 SR X 3-9) T

y=1-]](-CF) (3-9)
i=1

BARBIS RO a0 R Ffrs
IF:0<y<0.5
THEN“iZ#fE A KA, RGIEF!
IF:0.5 <y<0.8
THEN“iZ S GE R, REBHTREAIER!
IF:0.8<y<1
THEN“iZ#fE @ kA, RGBT

3.4 ETREF I8 ERIBLOISEIEE
341 BT REFINOME L EBRAOSENRE

R WU AP B 237 19 A0 AT WO O B, Bl 2 ey P B,
I R — 25 T R R SRR I 25 (5

S A7 R 2B T ADEAS G JE R RO L E R AR, i T T R A

i 5 R SIHUBE BRI M L HEAT X NL, DRI, AR SOk P2 B A 9 RIE A K s ML A A A5
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SIS A

B o A 235 1) B A AUE 2 B Y A LA DU 1 RE V5 250 A7 RCRFIE R Bk B, A SCHR R T —
B THk 22 M %% (Deep Residual Networks, Resnet) K7 #1112 (long short-term memory,
LSTM) fH 22 W 2% 1) R 28 A o AN S 30 21 s ) R S LS B B0 AL 2 I, 3 s 12 T R
S8 T PR B 22 X 46 o R DA R o 48 ) 4 Y% T2 5 ) 5 OB 2V R R Il R, R v A A ) R R R 188,
UEAh, FE RS RN (A 4E R BRI LSTM M 45 i SR IR 76 I (8 45 FE _E K —
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% 3.3 1DCNN-Resnet-LSTM [ 2% 2%

ghi RS LT NN
R (1x3x64) x2 1x31
iy (1x3x128) x2 1x15%x128
Py (1x3%256) x2 1x7%256
FEIYE (1x3x512) x2 1x3%512
FC 512X3X1 1536 X1
LSTM 1536x3%200 200%1
FC EEEZ 29x1

3.42 BIRERBIEMLLE

FESE PRl R ST AR, B AT AEA RS R A R R, SO RIS R A
WAEREA R o A SCR T I RSN ZRFE A B0 DLR R A 2 A P e

ARG B AT R SR PE B 1 20 FiAPRRS CRARMRIE S A X N e 3R &
RS RPN R R S ERERD , REEARRERI K 29 2, JFRIA A

(3-10), XTELAMIFEARY 782 29000 4H, KErEARERR 7:3 TR, 70%H TIIZ, 30%
TN, FRRIIAHRFRZS, FRFTELUIZREE .
Ky, =y —u) x5+, (3-10)

b A NMEHIE m DT R A EE: wpe w3 HINCER G ER LR TIR: ne
[0, 112 [E BB . 25 RS BRI ADRLREL S X R 33 Mo f s s i, R AE AR A
FEARRIR RS, S 33 ANRENLE 1. PRG, RAIE (3-100 ZERREEAS JUE S B 73 b

GE.
3.4.3 1RBIIZ 5

FTERNGREARIIRE S, K Adam DAL FIECO TR ISR, Adam HRA6E T LA AL
SRR PR W 0] o 02K BR IR A8 SO 2K B 2 (Cross-entropy loss function) ,  PAfg /)
A5k e N B AR UITZR A 2%

N IR AIE BT R R IR AR A B2 W ORIy R A T — 4k Resnet18. Resnet34 .
CNN BA A LSTM VYR R3S of fift 2% S s AL e b i o EAT IR, 38+ R GPU iy NVIDIA
GTX1660 6G; i5-9600K 4bPEZE: 8G W AF: 1Z1T7 RSN Windowsl0: ZHAEIE F N
Python3.7; ¥RJE %~ JHESL N Tensorflowl.15. & B HUALFEFEAR &N 64; LRI IREN
100,

13,5 17 J9 IDCNN-Resnet-LSTM W 45 £ 477 5L 804k £ E A4 Y11 2k b il 08 2 15 A2 4k
k. CAEMREE BRYB RN FONATHE, CRAEBRIIZRES IR, e SRR A B0 R A
%o BI3.5FEII 45 1 T —4EResnet18. Resnet34. CNN LA LSTMAEF LY (1 905085 1 1
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PAG B A A AN B e AR R PR 2 TR BAR ) SR R o AEARZ RS BAE T, AR SO R 57 BE KL
BROIREERL . JZORBERL . 2L S AN 2R 0 S A0 ) il A2 A o i b SR DR RO B2, E Ak 22 BAL
BTEEE T, ARG RK I AR R EE AN R AL A BB A k) ke S R RS 43R B0
S RO 57 RITE RN, ST R BRI R IR B KR 2 BRI 2 N i R
KRR, 2SBACAMYEEEL, KENZRE, B2 IBRESERIIK 4
RN [E] AR R A5 I, LR S B R SRS 2, s RS/ THA
BRAEL . FUBT - RS B 2 1548 2 AR HE 2 IR IR B S B IR e, B AR T IRAE A ) € th
TR KT KA U0 R IR BEAT JI W, BAR TR IR 3.6 .

3.5 WIRTERES B -5 O i R R

W AATRA WS R A R TA
gy BFRAEREB R = T EER Rl 9y R K
EARER=RAR YL g N i e () T PR K S
ERLTai)
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Ka&emTEER T PR K S
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i MmN A E, KiaERS AR T
AL BT ME S ER T ESR
1E
& BT EH IR T PR K S
TRAE & & T 25 IR TELVR VAL AN S
# 3.6 JLEMEARE
BALAHT (AS/mD FEAL AT BT
JLER W5 BR Bk FAR ) mh R [irdice 3P KA =5
BRI Bk Bk A4 A4 mm?s? mgkg!  ¢C mgkg! %
1EH#1E 2 3 1 1 1 25 0.05 258 0 0
e E 4 5 2 3 2 22.5/27.5  0.15 273 0.001 0.1
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3.5.2 ZHREIR AL N

SRR R ) S SRR R T AU B R INA S, 76 TRESEbRR S, @ R T
IF-THEN AR RIE R, Rk XA an=0G-11)fixr:
IF R 1, %A 2, -5 ND
THEN (£ 1, 452, 4 M) , BfEE (CF) (3-11)
ZaH, ZF N RO (EEH BN 20, M EEEN 1, BISE CF IXFA0-1].

3.5.2.1 EKiEZHWTENIR AR

FEXTERTE BHE AT 0ty R ERFENLAER, FENFES, Bk, A%
QU7 TH 10 B R A B0, Bk T 12 W 4 B0 A6 R R0 U AE N EE e b . R0
ISESTIN

Rulel: if 3% 57 B R $<dand BRIR Bk Hi<S5and JZ 1K BE R $<2and £0 8 A9 $i<3and
A NE<2, then RAIEHR (BEE=1 ;

Rule2:if J% 55 BERIE>4, then IR BN FlARNE 57 RIT& K% (BIEE=0.8) ;

Rule3:if BOIRERIE>S, then IR 77 RITE R (BEE=0.5) ;

Ruled:if FAREERIH>2, then RBNHIACNE 57 FITE K3 (EAGE=0.6) ;

Rule5:if ZLAEAYI >3, then JETE M HRA /K> (BEE=0.8) ;

Rule6:if B A E>2, then i AL N A 2 BE IN TR) il e 903k AR CELAR R
=0.8)

3.5.2.2 B S HTIZHT R AL

TRV PR R BEATE A S L4210 S ML YR A2 B A%, 2 A 355 Yo R e AR A2 R ek R 5
B, HAFERSENRIESHARE . RE. MBS SRR RIESHAA N R K.
KGR RS E. Bk, A7 DU AT S A U R R AR ) B i A7 R R R

Rulel:if HifE{H<22.5, then WM MHIRA /KD (BIEE=0.8) ;

Rule2:if K fE{E>27.5, then JE 1§ i I 3 A & B0 I 1) ey di v 03 AR (BB
=0.7) ;

Rule3:if BRAE>0.15, then V&5 I AH R AN & 505 I [) & T sy £k CAE (EASE=0.8)

Rule4:if [N 5>273, then JiEVE AL RAS & Bl K T il = B CAE (BB JE=0.8) ;

Rule5:if 7K 53>0.001, then JEME R A K5y CEAEE=0.8)

Rule6:if A2 57>0.1, then V¥ AN AN 2 80 K A il i 7 8 T (B E=0.7)

3.6 KEINE

ASTEREXT B AT AL 2 A BB A R S 2 W BT TR, R SE R IZ WL e A2 A
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TW53%5000GS Hi4+£3800GS

THIJE THE
10um 10um
THIFE THFE
(c)¥E 1M 5000GS Fd3# H- 71 34 Ay B ()34 in 3800GS it F1ERE3E AT I

K 4.8 RAFERAL S G50
ARIGIL e Bt K 18 &, EIARRIGERAN 18 BEEH A& 1F, 18 Ehlzkh, EMR
THASE, HPhHE1IME3IE. H2MER3E. F4WBEEBE 1R 2E: MRk TE,
PILESS 3 BrEcUsS; 6009 BRAH#K 3 &, BIME 4 B BLalda S .

422 RIEHIBETAL IR

N T RAEA SR I R AL 2 B AR &2 WA, SR M5S0 AR B 7R 54l
AT B A E B I U, ST R AE A TR BE N S N B 6 AR, D TR
A RS20, A SCAE IR 6 A0S A 2EAE BN A, A5 T AU T RIER)
20 AHHHE . K 4.6-4.10 FUH T A EH T U b R o Fh e s E I R U R
FREARBE T, KIARTEASH 10 2R 0% HE H T 560 0E fl A 12 Wik 2 i s A 1

# 4.6 HIELIE (ppm)

s Fe Cr Pb Cu Sn Al Ni Ti Ag Si Mg Mo

1 1.054 036 0253 062 2513 0.159 0.06 0.033 0.056 0.659 0.104 0.048
2 6.039 0.12 0.132 433  2.677 0.174 0.083 0.033 0.033 0.577 0.107 0.052
3 1.162 021 0.125 0.932 2219 0.163 0.097 0.032 0.079 0.474 0.108 0.056
4 0.582 0 0.126 1313  2.729 0.139 0.098 0.033 0.059 0.424 0.102 0.041
5 0.674 027 0216 2.063 2515 0.142 0.063 0.033 0.081 037 0.099 0.043
6 1.008 0.3 0.126 2316 2.688 0.151 0.079 0.031 0.094 0.345 0.1 0.052
7 0.799 029 0.126 2.605 2473 0.159 0.096 0.031 0.056 0.265 0.1 0.045
8 1.019 025 0301 1.998 2435 0.144 0.062 0.031 0.087 027 0.1 0.035
9 0.433 058 0403 206 2.885 0.161 0.115 0.032 0.097 0.514 0.105 0.061
10 0.409 026 0398 2.816 2.047 0.176 0.089 0.032 0.081 0.364 0.103 0.053
11 0489 1.15 0253 2324 2824 -0.052 0.088 0.043 0.101 0.345 0.068 0.048

12 1.097 0.73 0225 441 269  -0.074 0.076 0.046  0.09 0318 0.064 0.038
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AL AW I 2 B AR Refh &2 W
43k 4.6
13 1.013 0.73 0.129 8.75 2.802 -0.06 0.072 0.043 0.102 0.262 0.068 0.041
14 1.001 0.64 0.301 8.14 2.822 -0.035 0.096 0.043 0.081 0.285 0.062 0.048
15 6.552 092 0395 9.01 2.704 -0.058 0.096 0.042 0.087 0.284 0.063 0.055
16 7234 098 0409 836 2.923 -0.035 0.1 0.042 0.062 0301 0.066 0.051
17 7.136  0.75 0413 8.36 2.692 -0.058 0.112 0.041 0.059 0462 0.062 0.043
18 8.005 0.58 0421 8.01 2.689 -0.035 0.115 0.042 0.201 0.421 0.065 0.058
19 9.014 021 0398 7.89 2.746 -0.058 0.124 0.041 0.203 0372 0.063 0.06
20 6.674 0.29 0.135 9.99 2.541 -0.027 0.112 0.041 0.099 0.336 0.062 0.058
F 47 PR (A>/mbD
bie P37 R BR B R R R ARG CIZ7) S )
1 2.6 3.45 0.64 2.05 0.17
2 3 3.3 0.62 2.23 0
3 2.9 34 0.53 2.13 0.28
4 3 3.36 0.64 1.69 0.04
5 2.7 3.38 0.60 1.52 0.03
6 3.6 3.93 0.66 2.1 0.09
7 3.1 3.85 1.22 2.4 0.26
8 3.7 3.79 1.02 2.1 0.31
9 34 3.83 1.13 2.7 0.26
10 3.4 5.2 0.95 2.6 0.27
11 3.1 3.45 1.12 3.2 0.31
12 3.8 33 1.15 2.9 0.34
13 3.6 34 1.07 3.4 0.38
14 33 3.36 1.19 3.2 0.47
15 7.7 3.38 1.14 34 0.54
16 7.7 3.93 1.19 33 0.59
17 7.5 3.85 1.10 33 0.66
18 7.8 3.79 1.76 33 0.76
19 7.1 3.83 1.91 3 0.83
20 7.4 5.2 1.95 34 0.95
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® 48 HURTHE

Hdw >5um >15um >25um >50um
1 2501.255 181.213 92.736 8.931
2 1799.37 522.769 290.427 11.405
3 2011.551 42.114 89.304 10.713
4 5630.736 213.183 203.268 13.845
5 3112.509 88.515 91.591 15.163
6 3358.563 101.445 109.875 19.181
7 3512.164 233.834 114.392 22.239
8 3706.492 339.497 159.311 24914
9 3050.338 339.624 185.693 28.115
10 3949.739 443.339 206.454 31.189
11 4061.191 457.468 241.179 37.518
12 5135.258 510.801 296.546 35.713
13 4761.301 773.996 342.132 40.237
14 4936.113 806.105 357.511 44.794
15 5968.503 885.429 386.688 46.69
16 6011.721 916.153 399.317 50.697
17 6592.866 996.852 400.503 54.081
18 6931.472 902.475 331.852 54.927
19 7730.14 1221.251 396.159 51.003

20 8088.109 1001.774 426.019 47.429
R 49  BEEHE (ppm)

B Cu Zn Al Mn Fe Sn Cr Mo \Y (0] C
1 0.00 0.00 0.00 0.00 89.99 0.00 4.10 4.80 1.11 0.00 0.00
2 0.00 0.00 0.00 0.00 89.62 0.00 4.25 4.78 1.35 0.00 0.00
3 0.00 0.00 0.00 0.00 93.81 0.00 354 211 0.54 0.00 0.00
4 0.00 0.00 0.00 0.00 90.29 0.00 433 4.67 0.71 0.00 0.00
5 0.00 0.00 0.00 0.00 90.29 0.00 4.57 422 0.92 0.00 0.00
6 0.00 0.00 0.00 0.00 89.66 0.00 439 493 1.02 0.00 0.00
7 0.00 0.00 0.00 0.00 90.19 0.00 433 4.54 0.94 0.00 0.00
8 0.00 0.00 0.00 0.00 69.21 0.00 0.00 0.00 0.00 30.79 0.00
9 0.00 0.00 0.00 0.00 66.45 0.00 0.00 0.00 0.00 28.67 4.88
10 0.00 0.00 0.00 0.00 84.4 0.00 11.6 323 0.77 0.00 0.00
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Bl RSB bR 2 H AR R RERL 2 T

410 FALEAR

s HhE mm2s! TR mgkg! A i t/°C K4y mgkg! A%
1 24.87 0.05 256.37 0.8 0.0301
2 24.83 0.04 256.72 1.9 0.1078
3 25.13 0.05 2573 1.3 0.1054
4 25.01 0.07 258.52 1.4 0.1
5 25.14 0.05 257.78 1.5 0.1267
6 25.17 0.05 258.49 1.2 0.1153
7 25.12 0.05 259.92 1.5 0.1232
8 25.04 0.04 261.04 1.7 0.1361
9 25.1 0.04 261.61 1.4 0.1087
10 25.16 0.07 263.6 1.7 0.1361
11 25.05 0.05 261.37 1.7 0.1436
12 25.03 0.04 262.05 1.9 0.1440
13 24.71 0.04 263.99 1.9 0.1504
14 24.85 0.05 264.52 1.8 0.1527
15 25.78 0.08 267.72 1.8 0.1526
16 25.96 0.07 267.59 2.0 0.1514
17 25.98 0.05 269.37 2.2 0.1531
18 25.77 0.04 268.59 2.4 0.1534
19 25.62 0.05 269.43 2.5 0.155
20 25.64 0.05 269.44 2.5 0.1549

4.3 BNELER KD
4.3.1 ETRME LR D-S IERERILR B A RN HA B IR S THE 217

2R =N EA AL ETESWER S — D B XD 8 . Bk
P AL W B AT BRI AL B . O T RS —, ARSCHE =il BE 0 W Bicdls rh e B =
ANRFE T 33 AT SR ORI TR . 0P 4.9-4.11 Fiow, 43 BREIR T =Rl o b7 14 Js 4
K UL ARG e S, o el Bl ik 7% 1 Fe. Ag M1 Cu =FhooR, Sl foRies &
W7 BERL B ERLATZ AR RL, O Bs 163 1> 15um. >25um A1>50pm {154
A
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AL R SNBSS 22 H AR RERG 12 T
FA11 FNWAEE
RS SWUEIR Y HBE AT 7 1% UEHE FLIU AT A5 B M 7 1%
Fe 0.5 Jei o 9% 55 B AL 0.4 Rk A
Cr 0.05 BROIR B i 0.1
Pb 0.05 JE R L 0.1
Cu 0.1 RN 0.2
Sn 0.05 RO 0.2
Al 0.05 >5um 0.1 UKL BT
Ni 0.03 >15um 02
Ti 0.03 >25um 0.3
Ag 0.03 >50um 0.4
Si 0.05
Mg 0.03
Mo 0.03

TS, AIERIGE 4.6, 4.7, 4.8 TR 15 FOGIE SR . BRI B AURURL T
HOHE R EIBEATIAE . BB KA 55, 2SR AL T B R, Bk 4.12-%

4.16 THSEIR AR, B2 4 R R R KB HLAL T SRR

A DA AN (R0 T 52

HBEI KB HLAE T EE SRS, Stk G e W4 R —8. Hr, CFE. CFR. CF 7))
AERAESE TS BE . AP A5 FE AN SR A T A5 L

# 412 ezl R
UEHR CFE CFR CF Heik iz 4t 1
Fe 1 0.5 0.5 0.661
Ag 0.0517 0.02 0.001
Cu 1 0.1 0.1
Cr 0.49 0.05 0.245
* 413 Pakizirds
R4 CFE CFR CF Bk is 4
9% 55 B AL 1 0.4 0.5
BRR B L 0.78 0.1 0.312
AR EE KL 0.65 0.1 0.065 0.743
ANGRER AR 0.72 0.2 0.144
B 0.33 0.2 0.066
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R N R S VAT

K414 ORI BOZ WS

UEYE CFE CFR CF TR TS 2 R
>5um 1 0.1 0.1
>15um 0.98 0.2 0.196 0.696
>25um 1 0.3 0.3
>50um 1 0.4 0.4
F 415 EEREERAISNTE R
EARE CFE CFR CF FEHE AL R fb A2 i 4 R
Fe 1 0.5 0.5
Ag 0.0517 0.02 0.001
Cu 1 0.1 0.1
Cr 0.49 0.05 0.245
9% 55 PR 1 0.4 0.5 0.912
BRAREE R 0.78 0.1 0.312
AR EE KL 0.65 0.1 0.065
ANGRER AR 0.72 0.2 0.144
BEAEMLY 0.33 0.2 0.066
F416 ETERIGZCELR
L CFE CFR CF TEPERLA 2 gl 3
Fe 1 0.5 0.5
Ag 0.0517 0.02 0.001
Cu 1 0.1 0.1
Cr 0.49 0.05 0.245
9 55 B L 1 0.4 0.5
BRARBE KL 0.78 0.1 0.312
JE R AL 0.65 0.1 0.065 0.973
L) 0.72 0.2 0.144
B 0.33 0.2 0.066
>5um 1 0.1 0.1
>15um 0.98 0.2 0.196
>25um 1 0.3 0.3
>50um 1 0.4 0.4

432 BET—HERMEMERB SR ABPEEALIR A1 247
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L% R LS B 2 B A

N T S BB AR SO IR AT 28, SRR AR PR R 5 P8 2 () — I 1) B PR e ot
AT EHATIRAE .

W =E 1

L L L L L L
4 0 y 1 X

10 12 14 16 18 keV

K412 BEIERE
FERT DL B R ENHL HESPPIRES N, RER 4.9 FIEE 6 SRR 2 s X i gk
TS, i AETE B oo R BARE BT IR 4.12 R 4.17. R 418 BH T A [E 7 ik
BEZE KT S0%ITRT S MRz R . Hh BRI RS LR R —5.
# 417 REERPEICRSERER

TLER E5 EFit] HEH W Wit% Sigma Ji 7 b
Cr K &% 4.39 0.15 4.80
Fe K Z&%& 89.66 0.35 91.15
\Y% K &% 1.01 0.11 1.13
Mo LZR 4.93 0.32 2.92
BE 100.00 100.00
* 418 EfIIZHEER
= Resnet18 Resnet34 LSTM CNN EN i
1 0Cr18Ni9 ZL114A-T6 1Cr13 ICr17Ni2  1Cr11Ni2W2MoV
(84%) (93%) (90%) (82%) (95%)
2 BA & 1Cr11Ni2W2MoV 2Cr13 40CrNiMoA 2Crl3
(77%) (89%) (86%) (79%) (91%)
3 1Crl12Ni2WMoVNb 18Cr2Ni4WA ZG1Cr18Ni9Ti 1Cr13 1Cr13
(77%) (76%) (84%) (66%) (89%)
4 1Cr17Ni2 1Cr17Ni2 1Cr11Ni2W2MoV  1Crl18Ni9Ti 40CrNiMoA
(712%) (74%) (79%) (64%) (85%)
5 1Cr11Ni2W2MoV  1Cr12Ni2WMoVNb 1Cr17Ni2 2Crl3 1Cr17Ni2
(65%) (71%) (73%) (53%) (80%)
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XFEERE 4.17 H i) 5 FELERT DAE H, ASCHR 1) IDCNN-Resnet-LSTM [ 45 15 8 AN iy
FERP RS R R AE R 2 OO 2 e R A R b, FARILH T AR R 3, A 1B B
T ARSI AT MO AR B SR A RS TR

FRUR BN RGO R 0 5 AR AN VG0 S 0 2 R R A ) AR R A, R
AR FZE AN WE4E. BESHEAE S, 2RI R 29 Fd RS, KR
AR5 TR T L e R A

HE—2B 0, ARIER RIS 1Cr1 INI2W2MoV 1] LA T H R 353 355 57 A2 el 7K [X 33K

4.3.3 ETF AT 8RB ARRS R E 4 534

FPAFE MW 45 RAVEALIZ WA R )5, FIHER 3.5 B S R AR R R . % R
3.6 JUE IR SR, FIWIE 4.7 MK 4.10 5 15 FEARMR G T FHORE, kg
Wi 4.19 FFK 4.20 Frw.

R 419 REVUESHRAS H

TLRME BT RS

57 B RAE>4 (A~/mD) 7
BORE R HE>5 (4N/mD 2
AR REE<2 (AN/mD %
LEFNEE<S (AD/mD &
BOEMYEE<e (DN/mD =
222 (mm2s!) <%ifF<27.5 (mm2s') 5
f21H<0.15 (mgkg!) 5
N mE<273 (Y°C) =
K53E8<0.001 (mgkg!) 4
FIR A <01 (%) i

ST AL B B A 3 BT BRI AL T IR HOIRES Bl o A B A A 57 BB WA BRI BROIR B L
AN B S, HRERIIA T ERIRES, AR 5E 1 W R 2 W (UG RC R -
Rulel,Rule2) 3R7F 0 J5 K R sh iR RV R, 5L RERISHas R—3.

* 420 sERIZHKE R

LW LHEIR
LR 12 ghit TREN AR 57 78 2R 5%5(0.8)
VR B il 7RI 57 R R 5(0.5)

DLAC (R Rulel,Rule2

4.4 KREBINGS

53



Bl RSB bR 2 H AR R RERL 2 T

AREANFRM LR LRSS, BHE GBS, Wl s as SR 5
AR A7 R 57 bR, R 2 Al R B D5 RO o s, X ASSOT AL A K
SNBSS 2 H AR R A2 W BEAT T VRGNS IE, &5 AR I SO i ) B RERD B 2 I
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MR REMZ AR TR EMER (B ppm)

MRS Be B C N o)
TR | BB O] R | R O| R | RBR | R | ER | FER | ER
0Cr17Ni7Al-H1/2 0 0 0 0 0 0.09 0 0 0 0
0Cr17Ni4Cu4Nb 0 0 0 0 0 0.07 0 0 0 0
0Cr18Ni9 0 0 0 0 0 0.07 0 0 0 0
1Cr1INi2W2MoV 0 0 0 0 0.1 | 0.16 0 0 0 0
1Cr12Ni2WMoVNb 0 0 0 0 0.11 | 0.17 0 0 0 0
1Crl3 0 0 0 0 0.08 | 0.15 0 0 0 0
1Cr17Ni2 0 0 0 0 0.11 | 0.17 0 0 0 0
1Cr18Ni9Ti 0 0 0 0 0 0.12 0 0 0 0
2Crl3 0 0 0 0 0.16 | 0.25 0 0 0 0
8Cr4Mo4V 0 0 0 0 0.75 | 0.85 0 0 0 0
15CrMnMoVA 0 0 0 0 0.1 | 0.18 0 0 0 0
18Cr2Ni4WA 0 0 0 0 0.13 | 0.19 0 0 0 0
35Cr2Ni4MoA 0 0 0 0 03 | 04 0 0 0 0
40CrNiMoA 0 0 0 0 036 | 0.44 0 0 0 0
40CrNiMoV 0 0 0 0 036 | 0.44 0 0 0 0
BN 9310 0 0 0 0.001 | 0.07 | 0.13 0 |00025| 0 |[0.0015
GH536 0 0 0 0.01 | 0.05 | 0.15 0 0 0 0
GH4169 0 0 0 0.006 | 0.02 | 0.06 0 0.01 0 0.01
5A06 0.001 | 0.005 0 0 0 0 0 0 0 0
65Mn 0 0 0 0 062 | 0.7 0 0 0 0
MS50NIL 0 0 0 0 0.11 | 0.15 0 0 0
M50 077 0 0 0 0.8 | 085 0 0 0 0
ZL114A-T6 0 0.07 0 0 0 0 0 0 0 0
ZTC4 0 0 0 0 0 0.1 0 0.05 0 0.2
ZGOCr16Ni4NbCu3 0 0 0 0 0 0.06 0 0 0 0
ZG1Cr18Ni9Ti 0 0 0 0 0 0.12 0 0 0 0
IN718 0 0 0 0.006 | 0.02 | 0.08 0 0 0 0
A RRE 0 0 0 0 0 25 0 0 0 0
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60Si2MnA 0 0 0 [00035| 052 | 06 0 0 0 0
Mk S Mg Al Si
TRR | ERR | FRR | BB | FBR | BB O| FBR | BB | PR | R
0Cr17Ni7Al-H1/2 0 0 0.75 1.5 0 1 0 | 0035 0 0025
0Cr17Ni4Cu4Nb 0 0 0 0 0 1 0 | 0035 0 |0.025
0Cr18Ni9 0 0 0 0 0 0.8 0 | 0.035 0 |0.025
1Cr1INi2W2MoV 0 0 0 0 0 0.6 0 0.03 0 0.02
1Cr12Ni2WMoVNb 0 0 0 0 0 0.6 0 0.03 0 |0.025
1Cr13 0 0 0 0 0 0.8 0 0.3 0 |0.025
1Cr17Ni2 0 0 0 0 0 0.8 0 | 0025 0 0.03
1Cr18Ni9Ti 0 0 0 0 0 0.8 0 | 0035 0 |0.025
2Crl13 0 0 0 0 0 0.8 0 0.03 0 |0.025
8Cr4Mo4V 0 0 0 0 0 0.35 0 | 0.015 0 | 0.008
15CrMnMoVA 0 0 0 0 0 0.2 0 | 0015 0 0.01
18Cr2Ni4WA 0 0 0 0 0.17 | 037 0 0 0 0
35Cr2Ni4MoA 0 0 0 0 0.15 | 04 0 | 0015 0 0.01
40CrNiMoA 0 0 0 0 0.17 | 0.37 0 | 0025 0 0025
40CrNiMoV 0 0 0 0 0.17 | 037 0 0 0 0
BTN 9310 0 0 0 0 0.15 | 0.35 0 0.015 0 0.015
GH536 0 0 0 0 0 1 0 | 0025 0 0015
GH4169 0 0.01 0.3 0.7 0 0.35 0 | 0015 0 |0.015
5A06 5.8 6.8 | 91.5 | 93.68 0 0.4 0 0 0 0
65Mn 0 0 0 0 0.17 | 037 0 | 0035 0 0035
MS50NiL 0 0 0 0 0.1 | 025 0 | 0015 0 0.01
M50 0 0 0 0 0 0.25 0 | 0.015 0 | 0.008
ZL114A-T6 0 0 99 100 0 0 0 0 0 0
ZTC4 0 0 5.5 6.8 0 0.15 0 0 0 0
ZGOCr16Ni4NbCu3 0 0 0 0 0 0.7 0 0.04 0 0.03
ZG1Cr18Ni9Ti 0 0 0 0 0 1 0 | 0.035 0 0.03
IN718 0 0 0.3 0.7 0 0.35 0 | 0.015 0 0015
BAREEGSE 0 0 0 0 0 0 0 0 0 0
60Si2MnA 0 0 0 0 1.5 2 0 | 0.035 0 0035
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RS Ca Ti Cr Mn
TR | ERR | PR | R | PR | R O| PR | RER | PR | KR
0Cr17Ni7Al-H1/2 0 0 0 0 0 0 16 18 0 1
0Cr17Ni4Cu4Nb 0 0 0 0 0 0 15 17.5 0 1
0Cr18Ni9 0 0 0 0 0 0 17 19 0 2
1Cr1INi2W2MoV 0 0 0 0 0.18 | 03 10.5 12 0 0.6
1Cr12Ni2WMoVNb 0 0 0 0 0.2 0.3 11 12 0 0.6
1Crl13 0 0 0 0 0 0 12 14 0 0.8
1Cr17Ni2 0 0 0 0 0 0 16 18 0 0.8
1Cr18Ni9Ti 0 0 0 0 0 0 0 0 0 2
2Crl13 0 0 0 0 0 0 12 14 0 0.8
8CraMo4V 0 0 0 0 0.9 1.1 | 375 | 425 0 0.35
15CrMnMoVA 0 0 0 0 0.2 0.3 1.25 1.5 0.8 1.1
18Cr2Ni4WA 0 0 0 0 0 0 135 | 1.65 | 025 | 0.55
35Cr2Ni4MoA 0 0 0 0 0 0 1.6 2 0.3 0.6
40CrNiMoA 0 0 0 0 0 0 0.6 0.9 0.5 0.8
40CrNiMoV 0 0 0 0 0 0 0.6 0.9 0.5 0.8
BN 9310 0 0 0 0 0 0 1 1.4 0.4 0.7
GH536 0 0 0 0.15 0 0 20.5 23 0 1
GH4169 0 0 0.75 | 1.15 0 0 17 21 0 0.35
5A06 0 0 0.02 | 0.1 0 0 0 0 0.5 0.8
65Mn 0 0 0 0 0 0 0 025 | 09 12
MS50NIL 0 0 0 0 1.13 | 1.33 4 425 | 015 | 035
M50 0 0 0 0 0.9 1.1 4 425 | 015 | 035
ZL114A-T6 0 0 0 0 0 0 0 0 0 0.1
ZTC4 0 0 8559 | 91 3.5 6.8 0 0 0 0
ZGOCr16Ni4NbCu3 0 0 0 0.05 | 2.8 35 | 155 | 167 | 05 1
ZGI1Cr18Ni9Ti 0 0 0 0.7 0 0 17 20 0.8 2
IN718 0 0 0.65 | 1.15 0 0 17 21 0 0.35
AR A 0 0 0 0 0 0 0 0 0 0
60Si2MnA 0 0 0 0 0.08 | 0.16 0 035 | 07 1
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MRS Fe Co Ni Cu Zn
TR R R | RRR | FBR | RRR | FBR | KRR | PR | KR
0Cr17Ni7Al-H1/2 70.85 | 76.75 0 0 65 | 75 0 0 0 0
0Cr17Ni4Cu4Nb 69.905 | 78.85 0 0 3 5 3 5 0 0
0Cr18Ni9 67.07 75 0 0 8 11 0 0 0 0
1Cr1INi2W2MoV 81.99 | 85.97 0 0 1.4 1.8 0 0 0 0
1CrI2Ni2WMoVNb | 81.575 | 85.24 0 0 18 | 22 0 0 0 0
1Cr13 83.925 | 87.92 0 0 0 0 0 0 0 0
1Cr17Ni2 77.675 | 82.39 0 0 15 | 25 0 0 0 0
1Cr18Ni9Ti 0 96.22 0 0 0 0 0 0 0 0
2Crl3 84.095 | 87.84 0 0 0 0 0 0 0 0
8Cr4Mo4V 87.677 | 93.6 0 0.25 0 0.2 0 0.2 0 0
15CrMnMoVA 95.695 | 97.03 0 0 0 0 0 0 0 0
18Cr2Ni4WA 91.54 93.3 0 0 4 4.5 0 0 0 0
35Cr2Ni4MoA 91.775 | 942 0 0 35 | 42 0 0 0 0
40CrNiMoA 95.19 | 96.97 0 0 125 | 1.75 0 0.25 0 0
40CrNiMoV 95.49 | 96.97 0 0 125 | 1.75 0 0 0 0
B4R 9310 93.385 | 95.45 0 0 3 3.5 0 0.35 0 0
GH536 17 20 05 | 25 |4015(5375| 0 0.5 0 0
GH4169 13.55 | 24.13 0 1 50 55 0 0 0.01 0
5A06 0 0.1 0 0 0 0 0 0.1 0 0.2
65Mn 96.91 98.31 0 0 0 0.25 0 0.25 0 0
M50NiIL 85.045 | 8731 0 025 | 32 | 36 0 0.1 0 0
M50 87.927 | 90.15 0 0.25 0 0.15 0 0.1 0 0
ZL114A-T6 0 0 0 0 0 0 0 0.1 0 0.1
ZTC4 0 0.3 0 0 0 0 0 0 0 0
ZGOCr16Ni4NbCu3 7285 | 77.45 0 0 3.6 | 46 0 0 0 0
ZG1Cr18Ni9Ti 65.115 | 742 0 0 8 11 0 0 0 0
IN718 1128 | 24.83 0 1 50 55 0 0.3 0 0
HARRG4 0 0 0 0 0 75 0 0 0 0
60Si2MnA 952165 | 97.1995 | 0 0 0 0.35 0 0.25 0 0
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B As Se Zr Nb Mo
TRR | RFR | FBR | RFR | FER | R | PR | ERR | TR | ER
0Cr17Ni7Al-H1/2 0 0 0 0 0 0 0 0 0 0
0Cr17Ni4Cu4Nb 0 0 0 0 0 0 0.15 | 045 0 0
0Cr18Ni9 0 0 0 0 0 0 0 0 0 0
1Crl1INi2W2MoV 0 0 0 0 0 0 0 0 035 | 05
1Cr12Ni2WMoVNb 0 0 0 0 0 0 015 | 03 0.8 12
1Crl13 0 0 0 0 0 0 0 0 0 0
1Cr17Ni2 0 0 0 0 0 0 0 0 0 0
1Cr18Ni9Ti 0 0 0 0 0 0 0 0 0 0
2Crl3 0 0 0 0 0 0 0 0 0 0
8Cr4Mo4V 0 0 0 0 0 0 0 0 4 4.5
15CrMnMoVA 0 0 0 0 0 0 0 0 0.8 1
18Cr2NidWA 0 0 0 0 0 0 0 0 0 0
35Cr2Ni4MoA 0 0 0 0 0 0 0 0 025 | 06
40CrNiMoA 0 0 0 0 0 0 0 0 0.15 | 025
40CrNiMoV 0 0 0 0 0 0 0 0 0.15 | 025
4R 9310 0 0 0 0 0 0 0 0 0.08 | 0.15
GH536 0 0 0 0 0 0 0 0 8 10
GH4169 0 0 0 [0.0003| 0 0 5 5.5 2.8 3.3
5A06 0 0 0 0 0 0 0 0 0 0
65Mn 0 0 0 0 0 0 0 0 0 0
MS50NiIL 0 0 0 0 0 0 0 0 4 4.5
M50 0 0 0 0 0 0 0 0 4 4.5
ZL114A-T6 0 0 0 0 0 0 0 0 0 0
ZTC4 0 0 0 0 0 0 0 0 0 0
ZGOCr16Ni4NbCu3 0 0 0 0 0 0 0.15 | 04 0 0.02
ZG1Cr18Ni9Ti 0 0 0 0 0 0 0 0 0 0
IN718 0 | 0.005 0 0 0 0.05 0 0 2.8 33
HAsEEG 4 0 0 0 0 0 0 0 0 0 0
60Si2MnA 0 0 0 0 0 0 0 0 0 0
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MRS Ag Cd Sn Sb Ce
TR | B | FBR | BR[| FRR | RBR | FER | BB | FRR | EBR

0Cr17Ni7Al-H1/2 0 0 0 0 0 0 0 0 0 0
0Cr17Ni4Cu4Nb 0 0 0 0 0 0 0 0 0 0
0Cr18Ni9 0 0 0 0 0 0 0 0 0 0
1Cr1 INi2W2MoV 0 0 0 0 0 0 0 0 0 0
1Cr12Ni2WMoVNb 0 0 0 0 0 0 0 0 0 0
1Cr13 0 0 0 0 0 0 0 0 0 0
1Cr17Ni2 0 0 0 0 0 0 0 0 0 0
1Cr18Ni9Ti 0 0 0 0 0 0 0 0 0 0
2Crl13 0 0 0 0 0 0 0 0 0 0
8CraMo4V 0 0 0 0 0 0 0 0 0 0
15CrtMnMoVA 0 0 0 0 0 0 0 0 0 0
18Cr2Ni4WA 0 0 0 0 0 0 0 0 0 0
35Cr2Ni4MoA 0 0 0 0 0 0 0 0 0 0
40CrNiMoA 0 0 0 0 0 0 0 0 0 0
40CrNiMoV 0 0 0 0 0 0 0 0 0 0
PefEHN 9310 0 0 0 0 0 0 0 0 0 0
GH536 0 0 0 0 0 0 0 0 0 0
GH4169 0 | 0.001 0 0 0 | 0.005 0 0 0 0
5A06 0 0 0 0 0 0 0 0 0 0
65Mn 0 0 0 0 0 0 0 0 0 0
MS50NIL 0 0 0 0 0 0 0 0 0 0
M50 0 0 0 0 0 0 0 0 0 0
ZL114A-T6 0 0 0 0 0 0 0 0 0 0
ZTC4 0 0 0 0 0 0 0 0 0 0
ZGOCr16Ni4NbCu3 0 0 0 0 0 0 0 0 0 0
ZGI1Cr18Ni9Ti 0 0 0 0 0 0 0 0 0 0
IN718 0 0 0 0 0 [0002| 0 0001 0 0
AR A 0 0 0 0 0 0 0 0 0 0
60Si2MnA 0 0 0 0 0 0 0 0 0 0
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MRS Pb Bi
THR R TR R TR R
0Cr17Ni7Al-H1/2 0 0 0 0 0 0
0Cr17Ni4Cu4Nb 0 0 0 0 0 0
0Cr18Ni9 0 0 0 0 0 0
1Cr1INi2W2MoV 1.5 2 0 0 0 0
1Cr12Ni2WMoVNb 0.7 1 0 0 0 0
1Cr13 0 0 0 0 0 0
1Cr17Ni2 0 0 0 0 0 0
1Cr18Ni9Ti 0 0 0 0 0 0
2Crl3 0 0 0 0 0 0
8Cr4Mo4V 0 0.25 0 0 0 0
15CrMnMoVA 0 0 0 0 0 0
18Cr2Ni4WA 0.8 12 0 0 0 0
35Cr2Ni4MoA 0 0 0 0 0 0
40CrNiMoA 0 0 0 0 0 0
40CrNiMoV 0 0 0 0 0 0
BN 9310 0 0 0 0 0 0
GH536 0.2 1 0 0 0 0
GH4169 0 0 0 0.001 0 0.001
5A06 0 0 0 0 0 0
65Mn 0 0 0 0 0 0
MS50NiIL 0 0.15 0 0 0 0
M50 0 0.25 0 0 0 0
ZL114A-T6 0 0 0 0 0 0
ZTC4 0 0 0 0 0 0
ZGOCr16Ni4NbCu3 0 0.05 0 0 0 0
ZG1Cr18Ni9Ti 0 0 0 0 0 0
IN718 0 0 0 0.001 0 0.0001
BAERE 0 0 0 0 0 0
60Si2MnA 0 0 0 0 0 0
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