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On-line monitoring of TIG welding quality of nuclear power plug tube
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Abstract: In order to monitor the quality of TIG welding for blocked tube welding of high-temperature gas-cooled reactor steam
generators under the constraints of operation space and radiation environment, a real-time monitoring system based on a fiber optic
spectrometer for TIG welding process was developed for monitoring the depth of penetration during welding. This study used the
system to collect arc spectra and utilized Principal Component Analysis to obtain the spectral principal components of different weld
penetration depths. An innovative ATT-L2R-BiLSTM deep learning model was proposed to achieve classification and recognition
of weld penetration depth during blocked tube TIG welding. The results show that the model achieved an accuracy of 92. 61% under
laboratory conditions, which is 5. 11% higher than that of the Bi-LSTM network. The model was tested and verified on a blocked
tube verification platform for nuclear power steam generators, achieving an accuracy of 99.26%. Finally, deep mining of welding
quality features and precise evaluation of weld penetration depth during TIG welding were achieved under incomplete spectral

information.

Highlights: (1) A spectral monitoring system was designed for real-time monitoring of the TIG welding process of plugged tubes in

nuclear steam generators.
(2) The ATT-L2R-BiLSTM model is proposed for evaluating the depth of fusion of the weld seam in TIG welding

process with incomplete monitoring information.
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(3) The proposed monitoring strategy has been tested and verified in the TIG welding process of nuclear steam

generator tube plugging.

Key words: arc spectroscopy; tungsten inert gas shielded welding; principal component analysis; online monitoring; deep learning

0 F=

IR K2 (steam generator, SG) +& & RS2

HE (high temperature gas-cooled reactor, HTR) /% Hi,
RET RIS —, 2B 2. 1E SG 7,
AL & — ] B 1R 7 o S i) B B ] iR 4y, 2B 1k
JBUAH &F’Jﬂ‘i%%»ﬁfl\dﬁﬁ@%ﬁlﬂa g — Mg RS
tae e 55 AT, LR T AR — (o] B AR R Gt T

T 80%, Mt Firh, M VETE =il . = e A=
B N B i a1 il I NN B VI W A R i 2= 17
1, 185 iR FRAE AL DA T A A SR PR v 20050 A1 i
1 ™ H AR AN R O A B ORI A, it
T 25 D\ 25 7K S 1 3 208 3 H 0 79 g X T 0 £ A
frEr3%, et B E RS SR, X HTR A
SG ﬁﬂ*ﬂﬁﬁ?ﬁﬁﬁﬂFE;fKﬁF HIHLAREE & J7 1, W] RE
xRl E i T BN R ath T S B0 R R R, b A
seﬂ':H] %'%*Bi PP AR L U B A G R T R AR
iE | J@%%J:r% NS AN TR A B R e e VA
PRESERR AL, W 2 N AR ZS LK | A Ak T3¢
%—#ﬁﬂiﬁz” ”., FIIFH TIG KR35 R AR AE B ML
YA AT DIAR - Hlb fiff ok i YR A R A R, S PRAR
LA AR, i TR E A [A] PR RN 4 5 A5 5 2
NG INIE A I, ToE R AR e s it Ay
FEIE e A, Rk, A e iR 4 TIG fR 4%
FEZR i e f M F2 K + 8 V). TIG KR 2 #E a9 i &
W R E N ANF R E A, SRS A R
Manta FHHLREE ARG & 5% TIG faib B, IF%
AR W 28 36175028, HA5 R3] T T2
R T RE SRR CMOS MIHLSE B
FL T PN BT T TIG 5 7l B e ] 5 5 I 4%k A
5 REACH, I A T T AR E R SR R, X5
i ELAT 3 o O M P N RV 5 Gorka 26 AT $20H
*ﬁﬁﬁfﬁﬂﬁfﬁ%%ﬁE’Uﬁlﬁ’l‘ﬂﬁ‘ﬁ’b{ﬁﬂrﬁﬁ%
TSR L R R J7 1 s Zhang %5 A T
KT —ERERIRKRIE RS, B8 N IF4E AR IE
I TOURR T 1A RN T T 422 48 S5 AN [R] £ BEHR 1L B 22 oy 5
IR aE KR E B, JFiTt T — R TR 22 KR 1Y
11 )2 CNN 435881 FH T 05 4% Jas a8k sk e 1 R 1,

1K SERIF 5 3k >R T o R | 2L IR S5 Dy
5 Ren 25 AU L T I 40335 14 0 35 FR R 22 9 4%
(time-frequency  spectrogram based-convolutional
neural network, TF-CNN) X J52 455 F, 51 75 B0 19 X 4%
AR AT 02, X 25 B T, mlOEE R
A5 BE R, SC R e H S AR
b2 N R B AR S b A S — A AR R A AL K
B, OB &S & A FE R rIou R K &
R B2 SRR B, X sl A AR e B A AR 4% BB HA 3
f i OB, SR O R R S T R M
LR WEEFAOLEE R, 40 Al, Fe, Mg, Mn 7%,
X EEAE U R Bk H IR AR | AR ZZ B,
AR AR IR | KR 22 0 i s A AH B R Y
V), SRR i BB B IR OG5
A OGS T TIG B8 422 o o e I 2 [ 1A A1
BFFE I A, Mirapeix 25 A" 52 BHF98 T Usibor &
WAEBOCIE S R P IR 4 i &, $RI T 396. 15
nm b AT A& S22 22 LUAE A W FFAE ; Song 45
NP FRT AT 2835 1 A S 45 ri 6 o] ) F0) 1
WO I R o AR Y AL YR ; Huang 25 A St
T HUAR k-medioids T3%, 1 I b ZE fiz /N AE R
fff o TS 1 SR, ek BRI S ) M
A T O B U S A O (22 B g o 2
MRS BOT AT T AHSE, 455368, A PCA,
MDS H1 LDA 3 Fh & F 2 75 1245 2 B9 Rk ) £ ]
UARAEAE AL ; Zhang 5™ $2 1 T —Fi
T HRIOGTE AL AN IR S 8 e ek FE A6 DU 7
12, ST T 3T R AR S U AR L 42 1R R g 1
WL A Huang 26 A" %3+ T —Fh 3 T & %
CCD Hy i #% 26 3% X, IF R M 28 56 4 25 4 fi
(empirical mode decomposition, EMD) X| 56 i 4 fiE
TR AT H I8 N, B e B 1A TR R SRR Y
PO SZ R 1) S AL 2B RRAE R T 93 28 ok TR
a5 NPT R B B S VA A R IR S
A TURAR B, OF T HRE A DG B FFE TS 2k, XT i
R AT IR 22K, B2 R B B i) R
RENFSTENE, PUTILHE TT k.

UL b BB FE N 26 H IO G 15 BY ARk 12 B 15
HAWESMEH, (B2 75050 % T.OU B ot 7 il s




10 B2 o

¥ K % 45 %

MICTEREE. —JriH, ) BB, 728 Kk awth
B A AR R A () il R A, JCVA HEAT R B DOG G R AR,
HEESF AN &, RO 5 Z 18] 1Y 25 b
I [] AR Ak, {5 B 5 52 B T AR A, G i) S B AR
P BT RS A MO DA R MR R A1, TIG SR 4%
FL SIS o B2 R, e 50t T b R b T (R T oK
%, FEGTEREEEK, Wik, HeEEBAY
AU OL T 2EAT SE i i AN PEAS, B BORIE K,
) I, 16 A B AR S PR EE T iR N SR A
K% 37y M FEA 5 KE-4 s A0 s D P50 O el i K
HIPLES N A SR, I 50 AR ot 5 B 7E 28 SER T
fili. SCHAHZE T IEAHEIR LA A TIG ff8ed
PRSI I R at, R0 A AR IR OGRS, K

P A TIG A IR HUAFHE TGN, PR L 28 1R AE
fir 4 B IR g TR R SE 1 AT iR U7 B A R
Fm] S,

1 BEARIHREXE

PRI I 250 MOTOMAN Iz HLEs A, 8
P27 15 R A2 bk e AR G IR, BAR T 225K
W2 1, XHEMR ST/ 55 mm x 20 mm x 5 mm, #4
£} A Incoloy 800H, L2z o3 WL 2, JeilEe 5
M ARG E 1 . oy TR R E AR 2 T

x1 TIGHERETZSH

Table 1 Experimental process parameters of TIG surfa-
FHHEE I IR 35 o a3 A ik e A I F S B JR e R cing
RIS BRPARFIE, 14 5 W W Fads, JFHIH ATT- W R WORE L, L, -
N R e
L2R-BiLSTM ¥ i 2 ) W 45 MR X SR B R AEHEA T =
. Y - — 15 3.9 15 1 ANz
AR, SCH T {5 BA TSR OGS EE B IR B2
& 2 Incoloy 800H (LR ((RESDEL, %)
Table 2 Incoloy 800H chemical components
2 Si Ct Ni Fe Al Ti S FiAlb
0.05~0.10 <1.0 19.0 ~23.0 30.0~35.0 =39.5 0.15~0.6 0.15~0.6 <0.015 <0.015

& i} 3
- L
- -
3, H
L o N e
.

-

S HR4000

sk s

(b) JGE 5%

B 1 REF=E

Experimental scene. (a) welding scene; (b) spec-
tral monitoring scene

Fig. 1

O, B CTEAR Sk 8 1k Je Fp 2 B 1 3 A D A s o
FEAE DA IR S SR Sk d 6 Ab 32 T 7% 3 31 P 1S R Sk
AT A, R Bl 5 1a] 5 6 iR Sk Ab T R — K 26
e A R P S A A R R rh B A
A DA B2 i A e B i 19 H B9, T AR A A [ Jox &
oK 4E, T SER R4 TIG MR B GIEE 5, i
R HAL T S80S, 3B G538 110
A, 140 A, 155 A, 170 A.
1.1 RERENRS

DT W I 8 A8 2 FHOE TS KK 210 ~ 710 nm A
A B RS | HEEC HR4000 S4B REY, Hot
“EOrPEER ] IR 0. 02 nm(full width at half maximum,
FWHM), JGET 7€ il (1Y) QP400-3-SR-BX 5 15 2%
VG A, W E B O8O kB 74-UV B S
(200~2 000 nm) ) HiEE, T KRR EAR G
IO R AR, s BT B A o 1k
A AT EIE Y ], IBCE T FVA-UV LS
JCEE A DA 3 G

TIG fR#d fvh, FELE S HOLA 5L
P2 HEHG ARG, MDA 2D




% 5 1 G T, 2. 2T gl ok

Wy 3R TIG B EA L BN 11

WA, SISO OB1E Bl sk A tiE E S, JFEat
J£F Java () SpectraSuite # A/ #AE 7RI 5L L, &
o Z 0GR, B T RSSO E Ot
TEAUEL ] R 100 ms, F(d FH G G158 1 BRI B 1
ol LS PR E MY, itk S
FEARI I IE 2 A 20 cm.
1.2 FiEHEST

& 1 RN, SCTER Sk 5 AR 2 Ta] i s i s
[ AN AR e, Sk o Bt 2 B B ) AN A2k, A T
PRI R Ol o B ) AR R, $R AT
5 AR A% b R T HES A4 1, anlE] 2 FTos. FEAe
FERTRE Y BE, i i B Bl s [E] AT 58, 3T 6.4
ISBIE(E, XAF& B T, EEE I B, ik om
J& Bl s 6] S0t /N B8, T 14,2 s IR BN, 1%
M HeAE T H LR sh 5 DR Y, Rl 6 w58
SRIS/NF T 0, KR4 AR AR YR A o] 0, Dt ik o

FE ) R/ 52 BIESL 506 i% i 2 AR AL I 52 ), [
fth 257 21 HA PR 2= 1052 e, 430) 0 B 3 ) 3 B0 55
31000 %
6.4
2500
2000}
§ 1 500 -
1000 |
500

0 2 4 6 8 10 12 14 16
Hf [A] /s
B2 TREFSTNERIESIEHAIR
Fig. 2 Full spectrum root mean square of welding
process at variable acquisition distance

ARG T E il T, X2SECREN
JGig s OGS R, R DGl A ek 2 375 5
e, AT IR UE A R AL GRG0l BE AR D GIE 1Y)
EFEVEE A, QiR 3 B, E > TG
HpoGiHE i, XS EOGIE R RN AL,

1.3 RIERKSH

VLR TIG M d BOEIE (5 B R R K
FLHE, 455 MR A BT R UG %‘\, Z M3 [EH [EH
F A UE 5 B0 3 % (national institute of standards and
technology, NIST) X TIG 3 42 1f F2 52 B 2% 6 1) 19
FbE R IO IS EUIE 17 g b €, 75 2 Incoloy
800H &4 TIG % AL OISR & i hr E 45 R AN

1.8x10% +
1.6x10* | — [ v b
1.4x10%} ‘

“212x104

M

== 1.0x10% - \

2 0.8x10°

a’:i o, i
0.6x104 F J
0.4x104 F |

|

0.2x104 F

f‘k l '“:"""i' .'.J.._.i.ﬁrJln- .'qv\-ll.lh ..-,IL[.F

0
200 300 400 S[JU 600 700
A A/nm

o

|

B3 BXFFINERERILEES
Fig. 3 Strong light interferes and attenuates spectral
signals

&l 4 Bk,

HE ISR T e 45 Rt w1 4387, Incoloy
800H & &M Rt EEA TG4 I0EK, W Cr, Ni,
Ti, Fe ¥4 R LR LIEE& B IL R Si, WA X £
Tt B IR 2 3 AE T AE 350 ~ 700 nm A9 I K [
N, IR R 210 ~ 710 nm FDOGRE(S B R B R4S
16 TIG /R a1 i i A oK.

0.6x10* | E
=
0.5%10% | 2
-
2 0.4x10° - 7% o
™ 2 g o
= 0.3x10° - =
| o SZ||E s =
= - > ST T ~
0.2%10° 7y ELMMLL F ks
2x104F . 'M =
A
0.1x10* [ |M ‘WL \\\L\L{

0 L L
200 300 400 500 600 700
1 A/nm

B 4 Incoloy 800H &% TIG 1RERINNILESLILIRE
Fig. 4 Line spectrum calibration of Incoloy 800H alloy
T1G alloy arc welding signal

VGRS LT Sl SO A, H 4 4

SR AUAE], N

f(x)=gx)+Y(x) Ll
o FOofE IR AR B G5 0k i 5 g(x)J2& 6T RIS
I SR om B Y (o) e T2k nm B

T 5o BUAATE X 55 3 - IAO6IE 2 = A 8K
so, 2 2] T I gh R AR e T, TIG ARt 1
B AR R TS 2 TP AR AR R R Y A H IS, AN
&l 5 Fras. T4 TR IAFTE, 155 0E 15 28 1)
SR ey TSR PRIGE, T 25 H T IR I sh (i 15 i 2k




12 R

# 45 %

(08 S S AR B, WRAG T R i T e, i T
RERGE FEAE AR, T bR (5 51T BEL 7 1F, R
P2 AT )7 R TGS i, A5 S 5
SR BT R,

QagsLier A
AR
0.5x10% }
“1 0.4x10%}
sl
37 0.3x10°
==
0.2x10*
0. 11
0 f."“"w 1 : 1 I 1 1
200 300 400 500 600 700

K A/nm
B 5 TIGIEELSEESFRRIBIEEE

Fig. 5 Original plasma spectra of TIG welding process

SCHRE RIS R R K Z kg 59 )7 3K,
BIXT IR e Y6t A P aLgs Lk, Z e Xt EAsn
S UG, H N 2E N il g, B aan i
2RI KT RO AT B T RON A R T 1 2k, AN
&6 s . 5 IR TS 2l He, AR IR )G B3
25 B B W RRAIR, AT RTIBR 1B S ST ok A 2k
JE I, AR, S 1Ot ag (s e L AR 45 R 1Y)
faEE.

0.6x10*} EURERE
- - TR
O leo.q. . R 13%ﬂ?.)ﬁpjli:ﬁilé
2 0.4x10%}
2
g_,Eﬁ'
i 0.3x10%}
=~
0.2x10*F
0.1x10*F - | i
T
iy "1"?'r;.!.i'i"J‘IhEﬁrjf.lm‘L .I.H‘.Il.ll'.'l i i fui ‘

0 i s Ty i AL L
200 300 400 500 600 700
I Amm

E 6 ZIXREBKRIHAITELZHERHEEER
Fig. 6 Spectra of baseline correction by secondary enve-
lopment method

1.4 HIEERSTHFIERE

T TIG K R B IO G RE 4 B e, TA
WA FH =2 B 5353 M2 (principal component analysis,
PCA) XISt f HE Bt AT R4, ARAs — e s R
VIR As E E SR R HIURERMRA B &=, Nl

{5 PCA BELAER A2, 5 X B2 i AL 1
B E B AR IE AT I, £ A SRR A 5 &
>K, RP

Ai
R, = (2)

d
A;
-1

FH s Roe N TS DTHR R (rate of contribution); d 4
3 648 MR FEAE A ) E BTG 4R R FRIE
{6, AT a £ a4 5y R 3T 57 Bk Rl o 85%
if, A X d~ 3 B o A 0] DL 3R B A G i
2

Efzu.o--

TIG & ot 72 B IO % 19 32 B4 sk R A/ Rt
ok, GnEl 7 B . Hop B R IEACER 8 vk
H, RAMEERS Btk &R, SHFERTH
TTERR N 82.47%, 12.95%, 1.88%, 1.12% #il
0.34%, BT 5Tk % 0] DLk 3] 98.76%, X % I £
PCA b PGB iy F 55, nl DLRAE TIG ff 82 o 12
IFEASE B, N T PR IEAE B e TU AR T T A
R e 2 )G ISR AR, EHCAT 50 > FERE N
FEIRERFIE.

11

100 100
T mmrmsmE
e 80 — ZifwamkRr 180
¢ =
~ x
A 60 160 =
&= B
i =
R 40 440 =
= =
A B
¥ 20+ 120
0 ——— 0
1 2 3 4 5
ESW)

B 7 TIGC FEIREEIMAEIER M Tk E A R 1T Ta ik F

Fig. 7 Principal component contribution rate and cumu-
lative contribution rate of arc spectrum in TIG
welding process

1.5 FiEFFEEIEEE

Zo LT RS SRR L FELR R IE L PCA FRYESE T
R PRSI CTEFRAELEE N (50, 1), TR R g
i A DAARASAS [|) o i 1 AR 4%, Hodg b s o8, A il
XTI R s TR 1 N T AR 2. IR 8 D AR AR
i N ARAE BRI TE S, DR RT LAY 2 b U E 21
T AR KRR DRIV 2 W, AN [R] FL 3T ) AR 422 5 TR AT
X EARES DL 3, IHRCRAEAS LIS 6 A R ATL A HY
AL SRR EEZ N,




OF%, & ETHEIAENZEEE TIG B R EAE L W 13

L, =4 064.40 pm

L, = 636.83 um

(a) 110 A

L,=5497.39 um

L,=754.79 pm

(b) 140 A

L, =35 088.93 um

L,=878.22 um

(c) 155 A
L, =35649.38 um

L,=954.17 um

(d) 170 A

B 8 ARIFZRIR TEEHEESEER
Weld cross section morphologies under different
welding current. (a) 110 A; (b) 140 A; (c) 155 A;
(d)170 A

Fig. 8

x 3 BEBRANXT AR
Table 3 Welding depth and its corresponding labeling

I B R -
IA dy/um
1 110 636.83 0
2 140 754.79 1
3 155 878.22 2
4 170 954.17 3

2 ATT-L2R-BiLSTM & = i & &
W 25 78 Al

2.1 Bi-LSTM W& t=5Y
IR P R TR B (5 R A
R T B £ B, (U 2 R A LA

R, 2 I FDCIE LR B R R Y, f RS < 6
ic 12 M 2% (Bi-directional long short-term memory,
Bi-LSTM) #& &t TIG 47 8 Fit f pFAS LAY B[] K A
HHIC A2 P 285 S — PP RF IR 115 20 44 28 I 2% (recurrent
neural network, RNN) % 81 | /iy ¥ )2 J7 ) #H J2 |#Y
LSTM 125 o 28 20 ik, 4545 [} iy A ) i P34 T3] L
PR R B 0T 2 |7 IS 1] B 2 s R i, AT b
Z 7w NP5 5 09RE 11, BB AE ISR 4k SE b1y
FAEFEHE Y, RS54 5% AT input gate , #f
JCIRZS C cell state ., j5t5a ] forget gate Flfii 1] out-
put gate, 1F ¢ I Z| 5351 N

ir=c(W;x;+U;h;_; + b;) (3)
C, = tanh(Wox; + Uchy_1 + b) (4)
fi=0(Wpx,+ Ush_y +by) (5)
o, =cWyx;+Uy,hi—1 +b,) (6)

UH: o A tanh 439124 Sigmoid FTE BRI tanh X
TG RREL £, i, B o, 3 st ], B A T A T,
JAdi ] tanh pRECY AT ES 2] 005 AE B x TR
PAFNICICIRES, W ot s B A E AR A R
5 b GRS A% 1 B B P O B U 24T
XTI A EEHE R 5 A Fi5 L0 N B BERIRES.

OB Ly AT T A2, BLITARAS Hh i
ff T Z 0] B2FRPDEREFRE R IEZ, BT TR
WICIZ B IS e e Bt 25, ROR B 2 A
B b TR R A BDDCHERRE A L B B R Y
AT HTEAZ AR ZE 5V R e Hsh 220 P 245 B o, 38 o 33K o
Jr AT DUAR R 3 b Of B8 B — 5RO ik RS i RE
IEfE .
2.2 Attention #1l

Attention HILi| & SS TR NE [R] 9 AHARLEEAE N
BCE, FFAETEERAREL, 31545 20 A BOR, PR FY
AENBCR AN RS 2 o, A5 R xad 5 09 —4H
B (A5 HOO AR R ROCR A 4 T e K. T XA R
SRS, KRR TR, PR R B 3R BOGTE &
AR, FEHT RIS R RS s £ 8N, 5IA
Attention AL 7T DL B KPR EE B9 F1 FH 30 25k, R k)
2RI R I A B SR RRE B, T R
P AR BT 2R A5 R W 52
2.3 L, IEN4L
TE A 28 W 2831 rad B v 25 S I 5 AR,
L A 3 A0 55 I 2R A AR FFAE 70 A A — 2L
I ZREE 1) 25 DB B 1) 52 AR B ANDLEE | & d)s e




14 I I ¢ % 45 %
13 2 55, XL R NAETEIR XESE 2 ok, ML IED] RSB A 2 B0 3% 4. 45 80 & S FH XA LSTM

e g R B Ikt A B, L, 1E Ak —F
B0 H DL IE A 7 i, dn] ARR 2 A A EE 32 0,
B A A S PR B S In AR BN AU E A T R L,
M BA 13 06 B4 19 & A, ARSI i A RT LAAE
A5 ) Al PR 28 AN ) 0 T (6 ) 2% 22 > 3| 5 /N )
FEE, H

|l"'|'|'|l

C =Co+aQdw) (7)
U COREE NIRRT I S B9 58 pRIEL; Co M) IR 1Y) 30
2 PR ; Q (w) M ARSI 5 AT I R B aiE R [0, o],
BB A 22 1 ) A 9 00 B B W, % L;,; D)

wmwwwmﬂﬁﬂzp Mﬂmzﬁwwiw

C= c0+—zw (8)

P AN IENE SR, JE LA [0, o] n M ZREE &
/N
2.4 ATT-L2R-BiLSTM & {55y

JET BILSTM MZ%, 254 L, 1IEN{L T Attention
AL B2 oh — o i K8 4% T PP AL BRI AE LS ATT-
L2R-BiLSTM, HZ544n& 9 fisi, ATT-L2R-BILSTM

M 28X PCA R4k 2 5 W AR08 Bds Fe i B is 46
FEAT I ZRANTICN, 38 5 Hif (o) {2 48 5 E— 2 B4
B OERERFIEAE A T —ZE i AT AR B2
2, BOARRE AE R R R 2= R 2 R S BN
HAWEAC B 2EL, [RIES7E MU 2R fE P 5]
A Attention #L, #H Softmax pREGT R L — 20
TERFIE T B AR, FPRZACE 5OEIE R IE T R

KA 2 day X 2% 0] DL A R 2E > FRER
B, Ly ik mnn] LUA ROm By kS5 4, i85
X 25 AU ) A .

'-'-‘l

'\

]

I R 2
________ L JJ_J”J’H:
9@ v
[ ion 5
A T Aveion
iB $ k
S 32 3 8¢ Bi-LSTM =
S S §
o S5 S5 S
"""" 1TfT“
€ €5 €3 €r WK/E\E“
-------- N e e
% x % Xp  HIAE

B9 ATT-L2R-BILSTM Ry 48 4544
Fig. 9 Network structure of ATT-L2R-BILSTM

T4 MEERSH

Table 4 Network model parameters

7R HEIIZRAR UIZRJEI TV Uk 28250 N, Fek)Z2 20 N, L 1 WU A A Fr S D
0.000 15 50 200 3 80 0.002

2.5 MKZITFMNIeER
SCHERELL R PRI FE R T R 2% R e

HEAT VA,

3 4 B = E 0 % (highest average precision, hAP).,

X HER % (mean average precision, mAP), Biiiis
17H[E] (time per frame, tPF).

7&ﬁﬁ1’$l AP H] leﬂ%{ﬁf%%ﬁ!ﬁ b f[:ﬂj‘-fﬁﬂ_%;l’%
il

TP
 TP+FN ®)

o ELBHE T PR OGS R AE 0 B I o B H M 4%
TR &85 Sl oA B R BH A FN R G ERAE Y B S22
o)y ELAE ) 25818 551 25 R A I

3 RIEEREG o

W5 51 AR B AL R I W AL, $5 2 ATT-
L2R-BiLSTM 5 8 {] T34 TIG 15 42 i A o i

i, 5 22 Pl L Y G IR 28 2% 3 A7 6 e, |
RNN, LSTM, GRU F1 Bi-LSTM £ 51 | 328 56 7] i, 45
R 5.

T bt E KR R A RraE, P AR A

45, AN [RIAS 21 X R 4 ST ) ' i A i ek ] 228 iy

sk, L2 T &n S 20635 5 2 A BT,
XA — TO0 F PGSR E s = e fn g — 1.

B ARPR BT ) DT R B 21 B, {HA %]
bt W) 285 53032 1 TR R AT B ARG, RNIN A b i R 1R 1Y)
a2 N 28 e X OGRSttt 4028, (B
OREL 22, LSTM Fl GRU B4R 28 S8 i, H
H T GRU faj B b R 10 (N ER 45 4, (i1 Haz 173008
TUF LSTM, Bi-LSTM B & At K6 M %4 2R, AH
o F LSTM I 254 F A e R A $ 71, ml LA
179 AL SIS AT R 2 Jo o 1) G

ATT-L2R-BiLSTM M Z& B BUXT TIG K42 i) 1
W25 TR FRAE, FHAE R UMER R K5 92.61%, HIEL




% 5

OF%, & ETHEIAENZEEE TIG B R EAE L W 15

F Bi-LSTM PIZ&$E 155 T 5. 1%, d5e ey 1 1ff 25 55 5
94.32%, AT Bi-LSTM MIZHE 5 T 5. 11%, A LU
T FE SIZHST WA L 2 o e )

%5 TIG {2 800H Bt iEREIT L& R

Table 5 Comparison of quality assessment results of
800H TIG welding process
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Fig. 10 ATT-L2R-BILSTM test set accuracy and loss
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Table 6 Fixed experimental parameter of circular arc
welding
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Line spectrum calibration of arc signal of welding
wire
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Fig. 12 Nuclear power steam generator tube blocking
verification platform and welding test platform.
(a) general view of nuclear power steam genera-
tor tube blocking verification platform; (b) weld-
ing test table
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Table 8 Welding and spectral monitoring system dyna-
mic change parameters

i B[] PR TRk SR A
TR t/ms I/A [E]#HL/cm

1 15 130 35

2 4 120 40

3 10 120 40

4 40 120 40
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Fig. 13 Position relationship between spectral probe
and tungsten electrode welding head
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Fig. 14 Full spectrum root mean square of arc welding
process
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Fig. 15 Weld the heat exchange tube sheet

\L,l 664.87 um X L=2575.04 um

(a) X5 1 (b) i 5 2

L,=1671.12 ym
L,=3 576.92 um

L=3120.40 um

L,=1434.87 um X

L=3 028.42 um

(c) id5w 3 (d) X5 4
E 16 [EEiEMIEEEEEAIR

Fig. 16 Appearance of weld cross section of welded
sheet. (a) Test 1; (b) Test 2; (c) Test 3; (d)
Test 4
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Table 9 Pipe plug welding depth and corresponding

label
R YR d, /mm T B
1 1.66 0 2 131
5, 2.58 1 2977
3 1.44 2 2 356
4 1.67 0 1107
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