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RESEARCH ON VIBRATORY STRESS RELIEF OF WELDING

STRUCTURES AND VIBRATORY WELDING

ABSTRACT

Arc welding process is a metallurgic process associating with fast heating and
cooling. The metallurgical structure of weld has an important influence to the weld
quality, but welding deformation and residual stress after welding are inevitable as the
feature of local heating. Heat treatment is a conventional way to relieve the residual
stresses of welding structure and improve the metallurgical structure of weld, but as to
the huge steel structure or structure surface oxidation is forbidden, for instance, the
material spraying with aluminum or stainless steel, heat treatment process is hard to
apply and the cost is very high. Local treatment may induce a state of new residual
stress into materials. In this study the vibratory method of improvement metallurgical
structure and reducing welding deformation and residuai stress was investigated. The
studies involved the theory and application both vibratory stress relief (VSR) and
mechanical vibration welding,

VSR is a general term used to refer to residual stress reduction by means of
vibrating cyclic loading. It has been used widely, but the mechanism of VSR is still
under investigation. Currently, some methods used to evaluate the effectiveness of
VSR can not meet the real-time and quantitative requirement. Mechanical vibration
welding, or vibration during welding, also known as “weld conditioning”, is a
vibratory process during welding of the structure in order to improve the metallurgical
structure of weld. Though some studies published the application of the process is
seldom seen.

Vibratory stress relief (VSR) of welding structure is a vibratory process at room
temperature after welding, aiming at reducing the residual stress of structure and
maintaining the dimension stability. The VSR procedure and vibration parameter was
presented during manufacturing the rail of maglev train system in the paper. The
mechanism of VSR was discussed on macroscopic and microscopic view. The
difference of mechanism between VSR and heat treatment or thermal stress relief
(TSR) is described. Several metheds of VSR effectiveness evaluation were compared
in the paper, and the studies give emphasis on the theory of evaluating method using
vibration response curves (amplitude verse frequency). The studies point out that both
viscous damping and structural damping exist in VSR analysis of metal structure.
Structural damping (or material damping, hysteretic damping) is an important non-
viscous damping during VSR. Structural damping mechanism is adopted during VSR
of metal structure in the paper and vibration response formula was established
considering structural damping. According to the VSR response curves of HT-7U
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Tokamak welded structure, it shows that each sub-resonance peak changes differently
when the structures of VSR are complex. Some sub-resonance peaks may decrease or
shift right on response curve after VSR. It is often found that low-amplitude peaks
increase. The results indicate that adopt the Chinese VSR standard JB/T10375-2002 1o
evaluate the effectiveness of VSR is practical.

Vibration damping (or internal friction) affects the vibration response curves
directly. According to the metal dislocation mechanism, the variation of damping
during VSR was discussed in the paper, The author design a series of experiments
using dynamic mechanical analyzer (DMA) to investigate that different weld
metallurgical structure and different residual strain effect on the vibration damping.
The experiment results show that welded samples have higher dislocation density and
faster dislocation propagation. To simulate the process of VSR, small laser beam
welded samples were used. The amplitude-dependent internal friction (ADIF), which
can be regarded as vibrating dumping, was repeated tested on DMA. Three times
repeated measuring results show that vibratory force (strain amplitude) affects the
ADIF. The ADIF first increase, then decrease at high vibratory force. Welding
parameters considerably affect the ADIF. The higher of welding speed, the higher of
the ADIF., Metal cooling speed affects the way of dislocation pinned, thus, welding
input energy affects the way of dislocation pinned. At high cooling speed (low input
energy), the dislocation was weak pinned by atomic atmosphere which induced the
increasing of dumping {or internal friction).

Real-time and quantitative evaluating the effectiveness of VSR is an important
problem which affects the widely application. Cyclic loading imposed on the structure
during VSR and the dynamic stresses affect the reduction of residual stresses directly.
The stress and strain of low carbon stainless steel 3041 was investigated under cyclic
loading in the studies. The cyclic creep mechanism in VSR of 304L present in the
paper. The experiment results show that the cyclic creep is intimately related to the
loading speed, cycle number and dynamic stress amplitude. The higher dynamic stress
amplitude, the larger the cyclic creep and more time need to reach the strain stability.
According to above experiments, the cyclic creep of 304L under cyclic Joading can be
used to simulate and quantify cyclic residual stress relaxation during VSR of welding
structure. A mathematic model of residual stress relaxation proposed in the paper
which conducted against two parameters, dynamic stress amplitude and number of
loading cycles. It shows that the proposed model can evaluate the decrement of
residual stress and the error is less than 15%. Further studies are made in the project
of manufacturing HT-7U Tokamak welding structure. To evaluate the effectiveness of
VSR in huge welding plate of 304L, the model was used. The residual stresses of the
plate were measured before and after VSR using hole-drilling method. The difference
between the results of model calculated and measured is about 10.8%.1t shows that the
real-time quantitative evaluating method is useful and practical.

High epergy input during electrostag welding (ESW) will result in the growth of
the grains and the poor mechanical properties of welding joint. Until recently the
problem has not been solved during ESW of blast furnace steel in Bao Steel Co, LTD.
In order to improve the weld quality of steel BB503 (14MnNhTi) FSW, vibratary

vl
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ESW method is investigated in this paper. It presents the effect of vibratory ESW on
the metallograph and mechanical properties of the joint, especially the changing of
side-bending property. The theory and mechanism of the changing were also
discussed in the paper.

Welding deformation or distortion is an important problem during fabrication of
huge welding structure. In manufacturing H type structure of steel Q235B, Vibratory
submerge arc welding (SAW) method is applied to reduce buckling distortion. The
measuring results show that the average buckling distortion of the web under
vibratory SAW is only one half of that under regular SAW, therefore, the quality of H
type steel structure improved.

KEY WORDS welding structure, vibratory stress relief, vibration dumping,
residual stress, vibratory welding

Vil



AT K AL RSB R T

Rk | FEFR Bl | eI T L
| XEH SN AR RN h
2005-07-06 || Fi b ss | E@msEAFEHFEZM220 |

| — EWMERZNA — ]

BARE | #E || 0% | FET R &= R
& | R8s | BB |LRIRBANT = | 7%Z
Zh | BB || BB |BRELLAF R EEN

BR | meH || ERAELRE) gL |G 72
[ Zh | P | 55 |Imoarz ‘
[ 25 || B || 5K | Iexmrs
R | Gek | BB |LAuEiE
Zr | Tar | BE |[faiar¥ A
TR

WO T AT M AT AR BT MRURIE B R ik . BRI,
ST THET (1) BEERRIAS— SRR, R T ETLEMERNRNI
B, () BADSIEANT O Vi, GEUEEHER, HH T SRR R
UBAIRHE ., (3) AT R ARG B0 T BN R iR, S8t T R RSRae
WIBAERAIE, 17T %7 5007 BIRah i S0t 55k R ) R M B TS, 7
IR AR A PRIE TR . 16 R T IRBA A, BAURER T
ERAEEENESE L. BXANAE, AF7E, AREETE, ALER. SAD
REER, DEREFH, BCATREEATER, EREALAREHAEEY
LA R, R T R T B |

REGR:

cJf et e

e




EBTEXE
FALE R B 15 BR

ANHEFRR: REXWEMNRY, RAANESTHESRT,
WA HATH A LAETRE AR . BIXPOLFE AL AN AES,
ARXAEFAMEMNIAREFCERERRELHERRR.
AT BRI AMEAE, B0 AR R
. AANTEERIREAFE R ERERBARAKE,

FOEAEEHE S

A gAE



LEBIZEXTF
S48 RERUE AR

AEMWIEETET BERERRE. AR IHMTE,
FAEXRGFEFARNEFRERBIENEET R BN MET
iR, RSB RMER. FARN LETERFA DGR EN
WX EHRBLAERANERBEEERITRER, TLORAZH.
R/ EEHTFREFEMCRE AL

RED, Z£_FRERERERZNS.

EEERTRT
e,

CHEEUEFERIT “Vv7)

HAr W LEEE L. %@ﬁﬁﬁzfﬁéikﬁ
A
B weor 7 A) B m%nfEZEH E|



L#y B AR TN LF e X

-5 Fit

1.1 58§

RS REHNGETERZHNAE, AT HEEERRE, 18BTHE
EEBETE. BEME . BEABS RGBT RETE, HEREFTHENAR.
EHTRIVERS NS, —RRRGE, WEERE. BEDRRN TR
%, FKEEBETE. EERANABERBABELEEFANEERE, 24
g KB HH X R IRE L.

MRIE T REMERE. HATLRFEREHK, RIERFEULXNSFHAER
TIREREN AL HERL R LN, EHONESIFN. LemFETs
AR S RMBE N TEEN NS EREEMRA, RE TaSERMEE AT
BRAGHERA B, FETTEREERERE R T RESMNEEERNF TR, £
BT EERENERESD. EER, HIMEEME., FUNBRERKN DR
TEHZRE. XBROETBRAAROBEED, AT HRRENERN DS,
IERPE RS S B EE, KRR BEREIENE T EENBR AN
B XBETEN R IREESENERIEE, R T ELGEERSN, X
MEEREBEEIETEY, BRATESKE. IS HHRERERRNS
fEm, CMPME T TRAEE (R, ZEE) BBRENASH, TRTE
BIRFRRRN NN, XN S ERRELE R, FIRER &R
B BEERETTIUNE, RH THEERGE CERES, HUKRES) Wik
KN, BRMEERZN; SRR 3D FRAHE, o THEENAEE
BRARNY; XV T BELATRIETTINE: XREE 884,
RRAFFHHEA X HEFHERETTEERSNHWE, SRRHE X 514
astE, NEASAHFREN & RERELBKAN THTIE, NEERRRN
NIRRT THR.

TR RE TR, BERBXRTRERKN . BRAH . XK
WIS E T 304L RERRELEERBRELIRKN 77, HIFHRERRM
BB BRERE: XEUOHT T RSB MR RR R RN NG RTS
B, FIRBRA%EST T RS REM™E.

BRERGENREESD (i) RIFESHER DB LRKESD. B

1



W FIR

BE T, RS T AT AT B RIS S RO, 5 R A IR T A MR
FLEEIE TR RN 1, 5 A B & AR )il i R 8 ik B 90% . somk!™
R A &5 FLIE S BRI AR R D EAT T I &, 78 1 B AE b B T2 nf BRI IR 48 9,
BRERN S 75%, MRAMALHEREHEESIAL, TEEEMERNS.

M#Er£I34 T, JEEAHAIE (TSR, thermal stress reliel) FERIEHE
AHAEEN M TE, BT IHAERIRK, BLEl, REATEH: £FE
WEMHE, BeE. EBE I EEMPIE KRR,

R FE-FBRARLEIT I
Bl — FiBEIFYETT AL, &
FEE RS RBRFHRERIRRN
HEFIERR. SATES K 3 o , A
K 3 ROPERBREZTL £4
FERER2 HEMR. JUERNEE,
SRR (B 1-1), KR, W
MRERBRF. fEIETEER
AR N MRS EREE S, U
By 185 B0 TSRS e TR N R B EE . T RIS
BB AR, Fit, RARERLGET 2B AT MRKN A TEE
ReF, DAFEREMTEEREERKNS, RENBRIRTREE.

R REAARAZREN
B, BRETRRFERZERTE
F, B1-2RESHEFITHT-TU
MRTRREELHEE, St
EA R EEEEAHN S04, &
S=B (R, #E TH) BE,
REHATIR, APLEER, FEH
MR AN . ZEBEHERET.6
¥, BE 7K, MESBRMAERT
ERAMLEN, TEFERAR

B 1—1 @iy riamnEE

Fig.1-1 The rail of maglev transport system

B 1-2 HT-7U £ FOHEE
Fig.1-2 HT-7U Tokamak



LR AR TE 2 s

P, THALETEMFENRARRKSS.

300 WEHPRIEEE P EIBREN R, EETEIRE EHRERN
51, TEPERER, EAER 1K, BEREES 6K ARMEHEK XK,
BEHE, MBRGHAEMBEHITRALE, FELNE &/, AadlER
B, XEEFEFEFRELHE, BFRALER I &AM THRARNES.

MBI E— B R TREMER UEE, FAESRENTEEREERRR
. BENNEGEHE TEZHNA. ALENS RS EETR T Kinstg
EAEAMSEEFRENYW, AEE8EEHE. BEES, UREBEE. JIM
FEH I B IR AR . R R R T 1R B R IR R KRN AL,
SRR TLEN B T R R K SRR N H XA T kBT8R &
R IRIRW . CBEIRR T BEBEm S, BEEGEARAN S MEN, K
B FAIEA X HEMRBEARNETRERANS, BUREENADRERS
B LES EMRE. MIMES MR ERTR. RN, BEAN
MR EEIABE.

MMES S EASEREFENAAEETR A MAS, H—RELNE
EEART YRR, RESSRENAR, BREEREN, X—dE
MR SRSN R R IR RS (Vibratory  welding) . H = 4 MBI IR x0T
RE&EMAER, DBERERAN NS, AESHRE, X—IEMRSIR

(VSR, vibratory stress relief).

RANMAN NS (RREE. FiE. $IHES) OTH, MR
R, DG TH FRA R ) SRR BRAN N 4, R TR
%, BRETHESTRE, 0T RDEMTEMTIGET, LRAE (—R
10~30 440 —¥0), BERWRD, TEEE, THESE, ELSHEMNMEE
THEWEN, TRNAKRSE. FEE, XNRHAREE STens
BT SRR L, MIRHRERDHIRES, UALESEN, Hosaasy
RISERALA .

1.2 FEARMMEANMER

BT LA TR B LR & R R AR BB .
5 50 FEARTFE, BEIH AR ANE IR i, 7 RRERIOERT,
Fir TAL BRI T RSN T E MR AR5

3



B3 Fib

60 E /L], E.J.Pattinson f1 D.S.Dugdale IR T KB RE S LHIEE S
S8A RN A HERD EHEBR P ORKNAERDOWREABRTF, BART
BT, MAEaesE 10 REFE, AAHHIH FEE%. SE%H Adoyan
W — PR FREHLNRE, ABXRESINREEENRBEE SRR E #&
T X R R ES N A KT R TR R, EHN R
— TRt R, R BN AT L/ B b3 h R E N,

G.P. Wozney F1G.R. Crawvmer PEEHIFR T M FIR BN BOALIE L K Fo A8 BV 7 44
A& MATHEE, T RBRARINEL, MBI 554N D
BMEXTHEGEREE, ToUREHEN AN -NAE L. BN IR
BE HIHRSE RN F) K AN TM R 18 ) B B AR

42 80 # 4%, R.Dawson F D.GMoffat #|f—/MERIRR) I N BEFR
THEL AHEBNBEENRIER A TEP, U INEBROMERT
WEBWEES R, ATEIENAMER, ARNEENAE—ENEE, £
BEL b, ¥—EHREARRK, R{NIKESERENTEERER LR,

HEA LD 90 4R, HEHE R MMM ERT T TR R,
C.A Walker HHIR T IR A/N IR T WY, @7 T EEBAMIESNR
I B AR, HER X HEMHSEANERRTRE, AdARRA, 3
AL LIRS, BRI RA R B AL R 1 kBT 40% .

A.S.M. Y. Munsi it T HERSRAR, HRAERINA#EE LR
RAWBRE RS, WAETRENHDHER SR MRAN TR, &
R, FAERRTHRAERERT R HLMLEE, A S M. Y. Munsi FHH
THER (TSR) F¥REHAT L (VSR) R L, K, ANHEIHEFTFH
TEET, MEINAEESFFGEMT, Hit—FREBRN I SEFTHFMIIR
REEFRANOHED., EEEE W N Janes HAHR T 6261 E&E&THRY
BRI E, FHTEFHREEENER RS Fa RS BRI

P A TR,
FE 70 ERED R B A HERE, 1974 FILRAUREAFERH

F A T EFARARE, HEEN—SRENUR #TRIE UL ZHEHA
HRFTRIHE . MAER R P AR TR ERE AR R RIPO R, R
IRET T AR, BANANELS L FG. Mg, KEETRE. K

4



Ak T LS

B ARE., FETERY. BB TRFEFRRALTRE T HRIINRT ZHM
MEMPR, BRET Ui ZHHRAR.

Feg 80 Y], KEBTK¥FEESATRIEAT RN BHRIEE
BANHHEFARY, 2R TRESHNELEN T Z RN bR, B 75H
TRIRSHMERE N, J5RIHAT T H=3) 5200 R BB BE K 2 R dt
77, HRRPRIINRCEEME N ERLREAHEHE RN, T HRHHRR
W BB BT B8 7 B A 2R SR I AR BT iR A, TR RS M S 35 F e LR 2R
WE AR R 20507,

FitER 00 A, EA¥EEE RSN EONERFWR. DETEER
KEEHAREELER T RN AESBEANINEES B PETE
BEE, HTAETETL. BT SEMEBRE S, WTHERT BN
Rtiadett, RTE B RIERS RO sl BB B/ B2 E il
12, BB ILIRIER K S RETENARAE TRANE, XE2HEF LN
HRAT f S UM SR B R B R AR,

KRS BRI DRI % A B, TR T RS NIE RIRFE PR
AN N SHINEIN 12 BXR, RBH T LRAN D20 R &HE, TS
BN, HERDNUSHEMTE, FRITT EHRE.,

WA HERRARBTEHBENELR, BRTRIIHNZBRS &EH
B AA SN AT EAUNNERR, AuSELmeT RN ng,
BEHESE AT EEERRNES LR, IR T RN YR EART R GE
W, FHEAEESN T RN KEREFET OB, ElhT ¥
HBEREMA T R BT, & BRI RIE A E S iR S 1 5)
FSEH LY, B SIS R P A AT T AT,

BRIETIY KREMINETHR T REEMBMORINT . A X 88T
ERETREN AN, & S5 MMMIIRSINEHRE, HHBRXNNBRET
48%, HMBAR T HEAPLESET T o

REEEENEDN M TEHAREY, Rahet Ml BRIt LN
TR FN RSN BRI — BEMSE TSR EEMT KEHNH
N T RRESRIAES S, 31 T RN RN AR RS HEL
EE ST T REIR B, 18RRI B BB TN,

5



E-8 Fib

BALRE I RFEFHEFRRINZ) HFE ot 7RISR, 18 R3)M %
Bz ¥ A Z LFRRNAE, WA SRTAMMAAL, WEFM%R
EEETTE, REINBIZHERTREFNEEREZ —, RN LB
R ATEfRE oI IRR EE A Y,

LB KRR DET R T B oL AR BN R AR B RN R R
RS ), RRE TR EIRSTHE, REBRIN BRI
WHL RSN ABIMNENDRRRNER AR, BT (R H R 530 5 B0 b
B AR R B, HARRHT T Wik,

TR R TR, AR D& BMANRRN T, ReEFEI#EHE
Ffeh, REMGERIEEFTERFNHEAR, 2FNa i ESE, AHx—TIZ
FEEM. BE. B8, LT, aNSTIEMBENE, BENAFTLEENFS
Y=

FRI RS AT B IRSR SR R4, W REI R MR R BT RN TE, BT
EHEVE . B RAMIREIN 2 T 2R AR JB/T6926—91 1§k FiEM p £ I 3L
e 22 1 S T DR AT DY, IR MR ID B R AR R M RE) 1 F 4
Vi, TSEhFE TSRS M BB REABIER, TRYHRRBMFRERA N
TR, HREER, IEESTEFIENATHERR, B, FENRSIE
BRI RN BHTEARR. H—FH, BANENIRSIEG SLilE B AT
D BEMEHINBIERR, BRANIHNETERS, RNK, THEEN
FEMNESR, BUEEDNYFAN - EERE, SHERH-FEE. EAK
PREhRt 3 R e ERE AT

WA HNANS AN EERBR. BN RMERAEAL R
P, ITEHR, AESSNANMAR L, WEER, FEM. B8R
Hib—SFm &AM A CERERE, RARINURABR LS
FIBT LT & ) TRl B A b X — TR EE T AR
1.3 AR EMERIRR

Eith42 70 4E/X /S #H, Cheever 1 Rowlands i 7E 1% B 78 A Xt 48 44 i m B
PAREHDY, R BETHNEN, §H AR HRERER N, BX
SEMVEH — R, ENEEE S.P. Tewari %47 T KBRS 1548

2 EEERIITASY, BHETSERENBREE. HRERTEHES,

6



FR RS ETLE 2 80~400 #2%%, RIBERR 5~30 %K. RESBYE
Weite Wu TEMRATRFSTIE ORI K A WA RM B TR B ES B RR KN S
HBEEERD,

REFE A S M Y. Munsi ST — M REREE, TRAEEEIEDHR
Rt SREIEENY, IR BIE 50 A0 500 #3%, HIRLEREH, HHEAT
THRBRRBREN TSP RMEMHERD, ERWNE—FERHE—FEaih. 1P
WERFTIA R, PR —E R TR E NI RZEERE BN BRSNS T8
i, EHEFERUT RN B T 2R,

H AN RSEENHAT RN ERE, L4 80 FREHM, KEHEIRE
BEERSMTR T RALENBREBBREAN DAY, Bk PR T R R &
FARMIFREN., BY, B{/EHELDEEENER, WRIBEIENS
AALHAT TERTANCS T8, BEHE AR T R BHEARC BN R
FIRSERE R SMAANEE, KB 8 BRI 14 R BEHORBHR LR
TR, EREVRIBEETUBRBERRN T, FBEHNNKFERTRSD
WMET, BENFSTHLRAENERET L85 5%~15%, B4, APmuXH
HERORRN 4 EET 1%, 22%F0 50%,

IFEMRSIEEVR, BRFERIABFERERT. RRREMIME
SRS EHEI A BIRERERT TRAN IR, SANEREH R,
FRTHRFRDE RS EHET A BRt, SRR, PR Rs)E BT B
BERAN S, AHELTARAXHEAER, REEHETFh. 2RRE
BT, MR RBAR R IR 43%, BERARN J B 25%, RENFERFHEN
B )RR R 5 &, T ARSI B AR R AR RN AR R
REERIE F F MR R 35%. KB E— SR HIMRSEER AR N S HPLE
EEE BT HIIRS)E R4 K R B AR E B R D ARSI SR L 4R 07
Wams El, RERMRT ReEENESRAEBEE SFEAANEES, &
T RFEMERIEOF 4 TRITRINERE. FREN, NIMERSBERTIORH
EEEDHEHXMNEHEALR, FEREANASBEN L, BERNTHXEE, #
RASED, WELARAERR G SEAR B RERE T AN,

HFRHEENHFREENSTTFREBHENE LD, RROAMHTR, R EE
1%, ®RHSEHELRBNEMTERAHR. EOFHETHEEH ML

)



E-8E Fib

WHEAw. A, RIBEBRETZUENRET ZANER—L, HijEXN
TERE BRI, HEANTARELE D, X—-TZHNEFR—
HLBER, A, $NEATRENER, REHFRENEET ZHEEELD
FHENEW, THERNSETIELRENNE, M3 - LZ0SENANIT
REXEKX,
1.4 FXHMRHBRXFANE

TR T EREETFZHIGTLRE TR, ERSZTEZNHATR TS
o R EH — P RAH R

FEARENI B RATIPN T E, ) B IR A IR S Rt & AL AT R
M R—MIREF TS RIEEESSREIERS MRS BIREREER T
f, EXHBTRFHES RS 2002 BRIBEE MRS N MrEEES S
BN T E L BRR A, MET I EARFPOE RS THN AR, Jf
T BT IR R A B B AR BT 7SS W, I M RN R A BB R A
EHRE, REERNERNEE, REBFTEMNETEZEETEEEM.

R RER &N TSR BEREN R R, A TERGEHERSN
SRTULRELR, ZRENEENEZ —ZARRFREATEZEHNERIME
BREY., ETHEERBRSSTE R BRI MR R BN T R
EIWRT SBEMRINTH R —FHEE — S (XFRAMBIRE, #iEHE
B, LEMEshEAEM, S4MEIRIBENES, BXTETEHHEE
H¥RE) 722, BT SHEE TRSEMmE A MM, BdfEE BT
HH—FFRE, MR T ARBLESR. RRARKTEREERNEW, &
WE T EENARNRSEE, THREETESYRINEEHNER, RAZE
WM AT (X (DMA), RHBEEEEHIRTR BN BT AT, T B 3=3) M R B3 (L ARAE

REEFERTE-BSHERLRUT-TU SRTREEENSIE £RES
RSP BRLATAE, TR TRIERIAGE 040 BELSHNRIINE, X
fis, ERBELHNESIRMBERTT N, LR, BT EREEEAN
BT R R, EERAR AN,

157 R 2 B S0 R0 B RO TR BIE AR 48 AR 4k, WTLABRIE. SRRTHbN T 28R
VA, BREBREHNER, MEARGERERRNANENTE, BR
A BHERITH AR, OhTEEMRANENS, KFRRIEHLERER, A

8



AR A T L

WIRIH . SITREEBOAE 3041, FCRAR TRUEN F, MEHN DN
AL AR, RYE 04L BERAREAEARARER, |H T AERRITE
ARG, RIENEN ARG, WIET 3040 FRIUK BOLRHBIN 1 7F
WER, SFRRERMLITENE —ERHTTRE, R TE - ERENREN
SRR S SR AT VR U O R

A 5 AT P T B RY A R (IR BUE T MTsR s Y, & R R A&
N R E BRI SN PN RANITR, FERARSE YRR TR —
MEAE BEFMHLENEERAENR -, EhEEIPNMEANRE.

PRI R T Z B3N R, IRBNIBEBAMPIN T HRENETBORHE, 25 STHF
T HRFBEEMESEIEELFEIEPONA. B ER &SP BB503
(14MnNbTi) BHRESI BB T ZMHR, FHARRII B EREL I FREEY
B, HiHREEERE TR N SR ISR, BidxT Q2358 M H
R iREIETUEE, AT RIBETEXTREERMER, Hif T RNEE
TZHEMREBRRESHBEREENER, ARIEETE B RRH A ALY
Bz RIFRER.

ZE

(1] mEE. BEEW. bR TR LM, 1997

(2] %8F, HER. FHER. JESHOREHEERBETHR. BEHR,
1994,15(1):8~15.

[3) @k, Mt BEAKNNEANESHBREESTHEEN. F&F
8, 2002,23 3): 75~79.

[4] D. George, D.J. Smith. Through thickness measurement of residual stresses in a
stainless steel cylinder containing shallow and deep weld repairs .International
Journal of Pressure Vessels and Piping. 2005, 82: 279~287

[5] M. Ya, P. Marquette, F. Belahcene, J. Lu. Residual stresses in laser welded
aluminium plate by use of ultrasonic and optical methods. Materials Science and
Engineering A, 2004, 382:257~264

(6] S. Fricke, E. Keim, J. Schmid:t, Numerical weld modeling -a method for
calculating weld-induced residual stresses. Nuclear Engineering and Design,
2001, 206:139~150

{71 G. Engelhard, et al. Optimization of residual welding stresses in austenitic steel
piping: proofiesting and numerical simulation of welding and postwelding
processes. Nuclear Engineering and Design, 2000, 198 :141~151

(8] P. Donga, J.K. Honga, P.J. Bouchardb. Analysis of residual stresses at weld

repairs. International Journal of Pressure Vessels and Piping, 2005, 82:258~

9



B8 Fib

269

t9] Tso-Liang Teng, et al. Effect of welding sequences on residual stresses.
Computers and Structures, 2003, 81: 273~286

[10] XK. Zhu, Y.J. Chao. Effects of temperature-dependent material properties on
welding simulation. Computers and Structures, 2002, 80: 967~976

[11] C.G. Matos, R.H. Dodds Jr. Modeling the effects of residual stresses on defects
in welds of steel frame connections. Engineering Structures, 2000, 22:1103~
1120

[12] Tso-Liang Teng. et al. Analysis of residual stresses and distortions in T joint
fillet welds. International Journal of Pressure Vessels and Piping, 2001,78:
523~338

[13] R.A.Qwen, et al. Neutron and synchrotron measurements of residual strain in
TIG welded aluminum alloy 2024. Materials Science and Engineering A,2003,
346:159~167

[14] S. Mulugan, et al. Temperature distribution and residual stresses due to
multipass welding in type 304 stainless steel and low carbon steel weid pads.
International Journal of Pressure Vessels and Piping, 2001,78:307~317

[15] A.P.Reynolds, Wei Tang, T. Gnaupel-Herold etc. Structure, properties, and
residual stress of 304L stainless steel friction stir welds. Scripta Materialia,
2003 ,48:1289~1294

[16] A. Skyttebol, B.L. Josefson, J.W. Ringsberg. Fatigue crack growth in a welded
tail under the influence of residual stresses. Engineering Fracture Mechanics,
2005, 72: 271~285

[17] IR. Cho, B.Y. Lee, et al. Investigation of residual stress and post weld heat
treatment of multi-pass welds by finite element method and experiments.
Journal of Materials Processing Technology, 2004,155~156:1690~1695

[18] R.B. Tait, J. Press. An experimental study of the residual stresses, and their
alleviation , in tube to tube-sheet welds of industrial boilers. Engineering
Failure Analysis, 2001, 8: 15~27

{19] George Roy, Mac Braid, Guown Shen. Application of ADINA and hole drilling
method to residual stress determination in weldments. Computers and
Structures, 2003,81: 929~935

[20] M. Meo, R. Vignjevic. Finite element analysis of residual stress induced by
shot peening process. Advances in Engineering Software, 2003, 34:569~375

[21] Xiaohua Cheng, et al. Residual stress modification by post-weld treatment and
its beneficial effect on fatigue strength of welded structures. International
Journal of Fatigue, 2003, 25:1259~1269

[22] E.).Pattinson. D.8.Dugdale. Fading of residual stresses due to repeated loading.
Metallurgia, November 1962,(11):228~230

[23) G. Adoyan et al. The vibratory stress relieving of casting. Machines and Tooling,
1967,38(8):18~22

[24] GP. Wozney. GR.Crawmer. An investigation of vibrational stress relief in steel.
Welding Journal, 1968 ,(September):4115~419s

[25] R.Dawson. D.G. Moffat. Vibratory stress relief; A fundamental study of its



FRCRAE T R

effectiveness. Journal of Engineering Material and Technology,1980,102:169~
176

{26] R.A.Claxton, A.Lupton. Vibratory stress relieving of welded fabrications.
Welding & Metal Fabrication, 1991, (December):541 ~ 544

[27] C.A.Walker, A.J. Waddell, D.]. Johnston. Vibratory stress relief —an
investigation of the underlying processes. Proc. Instn. Mech. Engrs part E:
Journal of Process Mechanical Engineering, 1995, 209:51 ~58

(28] A.S.M.Y. Munsi, A.J. Waddell, C.A. Walker. The influence of vibratory treatment
on the fatigue life of welds: A comparison with thermal stress relief. Strain,
2001,37(4):141 ~149

[29] A.SM.Y. Munsi, A.J].Waddell, C.A.Walker. Modification of residual stress by
post-weld vibration. Materials Science and Technology, 2001, 17:601~605

[30] M.N. James. Constant and variable amplitude loading of 6261 aluminum alloy
]-bearn with welded cover plates---influence of weld quality and stress relief,
International Journal of Fatigue, 1997, 19(2):125~133

[31] BREE, PoEE % ARIERSBHERANTNERBMNR. XET
2B, 1983, 22(3):77~80

(32] ZEUtFt, FBUEER, FhELE, FhMh. WEhET B R EM R RHERERO M. X
ET %R, 1987,26(3):109~112

(33] ME#ZA, FIE, KHT. KIIWPNERT. LETRERARNEZR,
1991,5(2):1~6

[34) EHA & HIMSHETR. BHEFR,1992,13(3):169~174

[35) BAR, FRE, RO HERsr NS NHREERE &), W
h 5140, 1990, 10(4):12~16

[36] KRR, KEWHR, FRIL. RININEAFR. FHAZERMEFR,
1995,(1):53~56

(87] RRE. ®IHBTREEFFOMNBRENEST. ERRERPE
F1R, 1997,(2):55~58

[38] #:5U8 £ER, WE, RIFYFFHIHESETUNENH. AT
dbRZEEEHR, 1994, 12(3) :467~470

(3] M, BiRF %. HIINIHETR. SUBRESEOR, 2001, 20 (4)
587~-589

{401 M.C. Sun, Y.H. Sun, R.K. Wang.Vibratory stress relieving of welded sheet
steels of low alloy high strength steel. Materials Letters, 2004, 58: 1396~1399

[41] M.C. Sun, Y.H. Sun, R.K. Wang. The vibratory stress relief of a marine shafting
of 35# bar steel. Materials Letters, 2004, 58: 209~303

[42] i ARFEMENMTLE. BEEAGHEINBTIZS2HEFRER
3k JB/T 10375-2002

[43) ARR, BN, RIEWBROFDFEYr. TENTREFIR, 1901, 4 (2
43~51

[44] HEE REXRSG. WREBFPBURHFENE LS. BHE, 2001, (7):12~
14

[45) ¥, TrHE2L, ERA. WM ETR. FHEFER, 1995,16(3) 1179~
183

3|



5T Fi

[46]
(47]

[48]
[49]

{50]
{51]
[52]

[53]

(54]

[55]
(56]
(57]
[58]

[59]
[60]

[61]

[62]

Vilg, ZRA, RN EERE ST, B EREHR,2000, 21(1) :79~82
VrHR, A, FRE. RIS MM R I F W FIE. BEER,
2002, 23(2) :63~67

WRLTh %, IR AE. K5 F%,1998, 13(4) 1439~445
By H RIMABRRDINAATNEFERETE. BEFR,
1999, (12) :103~107

i A REFESRAT L. R TZS8EFREAREKXK JB/T
5926-91

D.L. Cheever E.W. Rowlands.Vibrational stress relief: the answer to
dimensional control. Welding Design and Fabrication, 1977, 50(10):90~52

S.P. Tewari A. Shanker. Effects of longitudinal vibration on the tensile
properties of weldments. Welding Journal, 1994, 73 (11): 272s~276s
Weite Wu, Dong-Yih Lin. Mechanical properties of weldment affected by
various vibration frequencies. Journal of Materials Science Letters, 1999, 18:
1829~1831

A.S.M.Y. Munsi, A.J. Waddell, C.A. Walker, Vibratory weld conditioning — the
effect of rigid body motion vibration during welding. Strain, 1999,(11):
139-142

BEE % SRMBENISHRIALEER, EET KEHRH,1989
X, IRFNVBHIHEEREGYWIN R, KEE T AFM 43,1999
IR, BENG. TRRERIERLCE. REET REBR, 1999
H&VE, BEE % RIEENBENEHEER KEBTRKFEY
##,2001,41(1): 35~37

PR, T, RIPEIE T ZMVLEHAR. NEERTZ,1994, (6) :5~9
KRR, hEE & RIFBERXEGEFTHFGNBRINEST. BRE
B R (AREERR) |, 2001, 16(3): 60~63

W, KRR % HURREEMNRAN 0B XL, R
2B R, 2001, 21(1) :53~56

sk [EAE, REAR & MMRSEEHEERAERXSALA0NRm. &
239, 2001, 22(3) :85~87



LA T LA

FTE  BRESHBRANNIRER

2.1 BanIBSNA
EHMBRANS, RIEREEREEMSHERT, TETEMANNDS.

HAE SRR AR A A — TR R, BV AR H AR B AR
T, UEARKNSH oy B, TR

[ odc=0; [ oxdxc=0 (2-1)
LBEMPORAN D THEHEESHE, Tl FE. BUSAMTI NG
. HLAISHIT T E ML T RELR R,

SN T AR A AN A . R 7. RN S
(1) . HEH

AR R TS RRHY, BHR
—¥5E. e 2-1 firMERER, R
(4 OAT AR [E 4 It FEOUAF 1R T l | T
B, LA S TN, PTMET¢ . il
RAVE B, SECROFEEFEERN - T heat area
B, FUFERZ BRI A, KRS R l T l
FARKSIMMBIE S, B LR AR .
1 S H1 8 T BLIR B T AT B ARSE A, iijfiiﬁii
ARSI LA RS P R AR, X
EEAHE, RO S BRE R R AR .
(2) . WERH

LREMBRANLIE D, E—EWRET, SRENT, EHTN, &8
HERL R AT, MAEEH RO TRERE, HEURMEENY, mEHAE
MAXFHREETEBOEREE, $SHERBHTR, T ERRNN.
(3) . WA

2B A A D RERN, P ERRAETIS R RN RRL S . 185
SEREAMDET, dRATRES, WRERS, B4RENESSELMLE
TR, SERAN AL,

v




BoE REREATERARE AR

& EBMEBEIBEE - FEIMMA. BT RE, KYatMe B,
Rk, BREEAEFITISREER LI RN,
MIGEMA SRR RAERERE, THRRNATHR=%E
(1) B—ERKND, XNHAEMBRKNS, ZENHEZENEHIERN
EAEH, HANTURMRDZEERE.
(2) BIRBENH, XHRARMBKRN S, EENHE KRR G ERE
A, SEASKALITERmE X,
(3) B=ERANS, BEZEBKNIERNGEAKERNS, ERAE
BrEaRERRTH, SRS HEX.
SHE LR EN DR —RRIEE —RRRN T, ARENHAEER
FE-RRAN S, FREERET, SHRERN IATRIERER RN
2.2 BERRND
2.2, 1 BEAN AT
BEMR, BHERIEDRE, R—IEIHBENEERRERA. B
i TIE, RERHRLHE, BERER TRAKYERRESLR
MEm S, MEREBLENENAEAR, EERRNTREHAMMEER. FET
RAN B SEEEEREENER, B2 78BErT ZRARER
e AR IR, RS T HRER, EPE A TR LSEEMS
#, Bo hBESN=49%. f TREARABHAFERTNR, FUBEHSE
HE B EsARNENEE". KE 2-2 PEUE, BEERHLEE
BEHRR, XSBEARPENEMENIRERERANER, FHEKER
WM. BRI EL.

(b)

H22 BIRREREHNSH

Fig. 2-2  Temperature ficld of arc welding

14



MR TR SR

BIE N BRI R RE ER. B 23 PRt h
MR N ERD, B D
# E WEENA ST,
BMRY o WRREF & E
Wtk it S Bk EEET
WH L EBRIRE o, EHE
2 100°CHIB 1Al P, Wi AL FH RS ied svess o
HFM, 2£200CE 300CK & LA
BT BB, B B 7| .

o Thermal expansign cocfficient
&, MEST 500CH, o, 2Rl j i f
WK, 7 G00TH, o, LEEMN W w oo
{EiR%. BRNEREE o MR B 2-3 R hER Y RENRR

Fig. 2-3 Mechanical property of mild steel at
BOEUABELROBEHE  siferem mperaure
EERW, T5RETRET L
AT ERAE, B 23 B, MAERE o 7 S00TLU, BREENAH
B, M 500CE 600CARBITH, 7 600CH, MENEREEELTE.

R RRRBMALIE, REAGANS LRARTRA R AL, LA
2—3 AN, EEE S0CH, &RMEKEREEFTHEN TR, Rit, B4
SREAEWME A& REBBIREEE RGN, 3.

FEATR AR 18— 4 EIRTRE N, TR RIBSER B )
ik, B 24 BB R BRI itk 3 R B R, P

f 2-4 (b) REETIREHTFESEE LOBE 0. ERIZEEH A-A R
B L, ERERGAEEL ATLFSTE: EldBsHIln B-B AE L,
BEELFERT, TAREAGERYS: EAFEEANEE—EERMN
C-C W b, H—RMBEKE, EFLE B-B ATEA; EHRERIBEN
D-D#E L, BATEAH, FEREIENREELIHE.

B 2-4 (c) FRTELL LB X MRS ox B4, £ A-ABREL,
MTFRHRERE, BEHAHE.

|

; Modulus be elasticity E
v H

|

j
|
i
Tdnsile strass 9,
f '
i

1 S




FF  BERAWE )RR

\/-”'_"ﬁ!\{_,,/"“ AT=0 stress=0
? -
[_; -------- -l -------- /;‘ ) A-A section
i T o
! Melted area j L
2N P
_______________ T~ 7
B 1 l/ B B-B section
|
P JTT\ ‘o
gy . A
/ / Plastic l AVAIRY
/ ,‘ deformal#«on C-C section @csidua] siress
%o T 5T=0 / \1/
....... J.Aﬁ e > 5
D ﬁ:ﬁ D | ~J| v
— ] “'_\_) D-D section
(a) weld bead {b) temperature distribution () Longitudinal stress ¢ x

B 24 EBESSIERENEATREE

Fig. 2-4 Schematic diagram of temperature and stress field during welding

# BB B#E L, NASHRBER. PLEERESELeR, TARRH
t, NABLTE: AWK, REMAMEEK, ZAMERRRNEE
MR, GRBSREENAER, L HRESBHEEREE SBEETHEX,
BiLliZR B AN B A ESTEMANEE THENEREBE, B24 () FE
FRTRESHTERNES, BEEFRAEENERN EXBEN 27 &
KAE; 70 B Ry X 480 P O R D A R Y 7 TR A7 S R X B T B A,
B ZEE AR ERX (2-1).

£ CCREL BTEHSBAREWESROLAN, ¥ EHHE, &
REREE AR, BESEEEENEN NARERENS, Fikgt
X BHE R,

7 DD BEL, £BRE%H, RRBESEENERNARR, EEEK
FAERRIRNS, TEEfERAFEENA,
2.2.2 BEEEMARNT

BRI RS RS MBS LI 4 &, X— g flE ZRNa R
%, BTHRNSBORA=EEN, SEEERENS. i, EHRaRRK

16



LT AR THEE MR

B NRR R T AN, HEASHK. MRD ANEREERRD. TR
EEESRNERER Tr (SEXE2YE, BREBELT UERE, BT
SR B B, LA H AR
B KN . (RN IR I
B SO0CHE, RN GRESLT | M ST

BYRA, Eib, WESIRMLEEL 4 vating
SHRERR AN ATFEERE,  y, oD

% F— LB, I AR AR ta > o %
BEEHET To, 0E 2-5 FrRl, £IX
MRT, YEASREAHNEEHEN, SRFFEERE, AT —ENBE
HTREBNLARA, SREREK, AT aRENEEMBTES LRSS
By, BIRBRARR S, EEERSREIENS, AT N ELER
HBARKFANAD, SEHESEMN. TIETZ B600 HMMRERE
R AR, 6 B T B R AAR AR ), SBUS TR B FE . CERTAEHTIT 304L
RESRELET S b, bTRESRESFEENS, BT REEL
EEH .

WA, TSRS HEREENEE, BERBREERATN.
2.2,3 RTEEBR{KN TR

R S EREGATFRNEENEL—, 8 1 SPAE TIHERS
FRERAN HNBATRIE, S, BRATSEE, mBEREEEL.
AL, BEERISRERER—FRMT KEFA TS, RATHESH
RSB TIFRE, SRR ) TR AREHARY,

CHRBH A, B IXHEERARN A/ NI DR BHAR, B
BERKNNFENBENEERANNA. WAREL HORIURHEMIE
E— A4 THRADTER, EHASMALETRMITLR 14 RAMHK
SESHABEA AR, ATEEERBEER. BEANIREES
P R R — B2, (BRI TR B SRR, RAREERE
BN, KREGEERRTN B ER.

cooling / )




BoF BEAWERNHAER

LR LB THRHRRETERREFEL —EREFRTHR B2, £
AT s e e R, MR TRERLH TIC MEEERREE —ER
B, AMAZHHERLSFRLERTROMEE, EENEELHSRT
H7, FRgrTURRERAREA TR, EHELLMNBERAINTRSE
HAEMHRASA S MBEENT, BERATREAERAEHEEENE. TR
EHRAERER, ERETHHIT T 2.

XY, M TERESERR, FATENNNE. EANTRTHRAE
o, WEEIM. BHRETFELE, EASHNEEBHER. T Bk
JEETE, RAEXNLRE. £ANIET, BREEZRES RN NN
AR, TMEEEREHTE. EREEAEE, BeRANNEURASKE,
TERARFN, BEE B S X IR MM, B N BB D . SORRU TSR A P o
HRAE AR R (0 — SR LR L, MR T 2F A SH RER LR
EENBRAHNTRNOERNE. £RFE, EFERRERETNE, &
HERERKHRENE. WENTERRENIOERZEREMH. NTiBRH
HHENRRBERRNRRGEN, HRE TEETEERS, EREIRTF,
BN ABHNE., AV RIEENEN SN, EREERNZENRCIRK
NEZH, SFERAEFEENENRRIMRENEE. BHNRFETRER
88K, RFARANASRENRE. XS T BARK RSN AR
HNEESBRERKN A ERERTEAREMNH, EXNENTERGE
F, RP-HFHRTFHRAITRFNEERKN A RESR. BEERA K
BEHBRIBBEERKNAFTENERERE.

GAUEHRERE, TLhAA, BEERANEERKEEHE T MILSX
SRBRINEREHEROARERRIBREEHNRAN AN ERREA.

2.3 BERKEANSH

PR MR AR ) A — BT ZEBE AR A AT B R B T R XY
FEE/NT 20 BROREEMRIEEESN, BRERTAOMLRAD, T
CLZNE, ZEARIRAS N T LB B T E RS . BEITTATIRE T REIN JIAR
MBS, B ox ®T, EEHREFTRANNIFAREANS, B oy &RR
(—) HRFERRT]



TR R TR R

E 2-4 9 D-D BEGFEMER T BRI EELAMBRN DR EEER
i 5% (X o i 4 18] SR R R A0 g Fr (R
Ry . ERBMBEREGAT, B ox

KRR — AR B AR | D) e vidhpia
Eﬂﬁ&‘%fg, Z—Efﬁ@ﬂ‘ﬂﬁj}ﬂﬁvﬁ- ". Smalt width plate

B, BT RREIERS. UE o R\x//fj;;memm
RO, FENABEEWRSY ‘
Fio MEOIBEMNRRMAOWSM, K26 KMARET FHMBAERS, 55 RS

j[‘:.ﬁ X‘fl@ % ﬁ 2:@ [z E’q E E—Y. jj 'ﬁ"ﬁi Fig. 2-6 Sketch of residual stresses at different width plate
HRAEW. B 2-6 TEETT ARTERMUARKR A2 GRS —
EREE).

M 27 BRTIFEARE NG RBREN N SR, £hES, Snks
REHEIRAN S 458 2-6 A, B HEEHE BB  os, BXKBN
KRB TE, HARER. FREEEE— M HLER, ERMEE
B, YARH ox WEIE, BHEMAE, ox /), ERELSE. BHEEN

Transient area  Stable area Transient area
ﬂ-— el
A B C 9s A B C

/] Ja /

‘.

.
/ gs
A B C
A B C

2.7 RELAREKNT ox A
Fig. 2-7 Longitudinal stress distributien along weld bead

BN

—g L COC L DAL LT L CL

B 2-8 AEMRKI RS YRR NN
Fig. 2-8 longitudinal stress at different length welded plate

19



PoF REGWERIN RER

RAMSAREEESW, YRERREKEN, SATENH S HRERSE,
f55E IR R DT EARGREE, fBEA m s, A 2-8.
(Z) WA

HH TIRENBRRN DN AEARN S, 2P EELP, EERLMNERN
AN EAANREL R, — &I RITEX MR R EE 5B MR AR 5
0y, ZRABEREAXKEREESFENREARRES 0, 005 0,15
MR T BATRARN .

YL 5 S 915 1R [ A7 7T LUIB I 4 RE AR SR 7 iR AT B IS IR TR 1R
B —ah T, FWRERYT—ME—&EE, CNBEEAMIEd, mE
2-9 (b), fHLTT LIS, BEFIRFEEENS o, TLOMSFERBNT o,
mE 29 (¢) Fir,

' =

(a) (b e

E29 mHERLSEMEDRD o, K3W
Fig. 2-7 transverse Stre;s(cy, } induced by longitudinal stress
ReE T K AR A SBERARRN S o, BaASRENREIR
B . BN —&IEaE0 BRBLEEE, B4 5K o 8] 12 59 3 (7] iR A0 B 1 =
EREER A E, BEABINERANSA o MM TEeER. BRNA o040
B A AR R B SR IR IR SR AL R R S BB M R R N ) AR SR R A
A B!C A i CX

A B C
B 2—10 PATiR4ER M AR R I 5 R

Fig. 2-1¢ Transverse stresses along the weld

20



Ll AT A 2R L

EERRE AW ERTES o, 5 o LERFNFERN, RENERERRN
5 oo ERENEGH, RANAESEEFITNERE LT A4 5R588E
AR, (BRIP4 N RE BT Y ) BRI () 2- 10017,
2.4 BEBRREHNEE
(1) HHEREHE W

5t TR RIFRENETRE MR, BRNARENERHEREFHY
m, M F—EBtgEneEME, EAREENT, dTRELBHNENE
FErEte, MEERE T RRRARN ) HHH N R RM, BiEEMEEEER
BB, RAME: WECENAETIEE BRANANFELSEERRE,
(2) X RIEREER RN

BENEATRERERNRKN S, WRAELLE, ERATHHIIEIMT,
T BURRAN PR, RRNDEF oM, WHRRLEER, FE
BRAGHNIIEE. AN, STEERKEADRTRERN, HEAEFREE,
BETEN, HTREREERRT.
(3) XTNARHTREBR

MR R B R TR, W RN, W d B E R Rk
RESETIEST B, BESBEABUESE. T EEMGTFERANNER
N H, ST A&, EHANRLRETRIAER RENRITERN
B E4ESE, ERWEMEN AT TERw.

B2, BEREEANBRNAETRBEE LR T BRSNS IPERE, B
BERANT, EFZHETRLANTE.
2.5 TRRERRED

THEAMT—MEEEMBRAN MRS, TUT@RERKRN X
Ao B 2-11 FE 2-12 43R BEE SR AN N A MAE A R NRIE T Es
KA. AEHETR Y REERRENETERENIHRE, AEERAIHET
#iE, EMFROSBRANRHERR. MEWERREE FTRERZMT N
EESS. BENANENANGT LRERS, RATLENERE LHBRRMN
e

BHILE (RELE) B X SHERATHNEERRIE I Z A KRR

21



BB EBREMBARNIAHE

MBBHE, WHETEEAS, LE2RENEPEAT L, kL

211 EEIR ARSI B 2-12 @RI TR AR
Fig2-11 Steet structure beam of Yun-zhao-bang bridge Fig, 2-12 Yun-zhao-bang bridge in constructing
EFESEME T E, CRERNEMAEE R, ME, ERMEH—
AMNEIL (BB WEY 2mm), ARIFHTLE R Fr 80 RE 220 AL 5 4 U AT RO
BN Y. NENE—RRAZNERANEE, ENZRRGE—EHE, EH
LEENEAMNEER ¢ & & WEHESH, FALRNERSRIT A
ATHAH:

lere) (g 25) (2—-2)
e 44 4Bcosy
- _lg+e) (g-5) 2-3
=" 44  d4Bcosy
L& 28, +E —
7’=tg 1( { 2 3) (2 4)
£, -€

S A, B REMEHERMANNERBRE, AR RBNE. LK
AEILET SRR R BB RRYLL, BEFED (o) HHFRSHAITN
TR THNEE, flHo, 20,0, =0BI&MF, BETRE:

_EtE 678

20, 20,
BB mE, REEAABMHE, BERTHHESBE A BE. FHEFBINIER
R ESLMTBEM N, ST EENE G aRKEE.
213 BRT AR RREEIURS R TIREN I E S LR,
BANIENEZREETITE, ERBNE N 5 RA LN HY120
—oCF EIRAE K, B R=120Q, REFREH K=2.00~2.25, BAEK

A (2—5)

22



LW NETEN 2008

0. 2mn/min, FLIEHEE 2mm. BEHESEEE ASTM & EHuE o,

g ™

=

g 004

.E' 150

H]

E ol

2

measunng point No

B 2-13 AMRRHBFHENE S Bl2.14 MUERSREMRNIMNESR
Fig.2-13 weld bead and testing peinl on the beam Fig. 2-14 Measured residual stress on the beam

MBI AAE R Q34S, HERBELN 345MPa, & 2-14 £ 3
MUNEAMBAENANELR. BRRKNNMEBLERER, RERBEKEH
KM IjH 315MPa, EIERMERERE, FHRRIERKN T 200MPa.
2.6 BIERRE A EEIHR

BT EERKN AN AR EENEW, BT R E ey
HHRENARBETEEN - EERE, BRIEFEBRBRKNONERES,
BREEEIEP LN, ANERELHE.

2.6.1 BRI RBEIEFRRMRERKNATE
(1) REASERNEEITFRA

SEMBENFRTT AN REREAENERIRENITEEEW. XA
M ARE S AR R T A, ERA RN RS R BT T E 8t
Al BHIESETERAIELEN EIRIBAET NMEHI R, TEIR B FRIEEERT, FEXAR
NE R HATIEE, ETRBHERER, RRRETRHERS, FRERKESE.
(2) AR, INHEETE

TEE S MRS HMREECR . BaER/DRESRN, BITRSHAHE
MR EREER IR B HE, BROBBENRAN . 55 BdRHHEAE
PN ITHEN A TEREREFA (LSDN) V), hRRETZMERE.

3) TIBEELE

TR ERE IR BRI AR BB AU RSD, DR R

KR, REBEREN—HMEELTE. VIHIESINERE X, BeiRL T



Mm% RESNERRN I RER

ERE, CRERMN I AL FRRBERN —IHHEA, RIIZEA (R
EEERSN N MEREAAREREFRE, RRERENIEEGE. i, &
TR EEEEERETHITH, NNAETHEEHEBRNAANIR, Mgk
THFEEY, BRTEFRAT, F230HR-TEERIT T HENTA.

2.6.2 BEMFRERRN NI E

(1) BERLETZ

12 S AN TE AR R B B R S I B RSB IR, RIS
TRE—EHRE, KEELNGAMB)ER. NE2-3 5, KEBEEEENE
FEEEST SOCHFEAUENTR, REETZRERASNNNEER SR
S R IR S PRV B T T 7 BRRG,  ZE (RR I AR o R A B R I O B S TR VR R R
H. HRAEER., RERE, MANANEESNBENANMBRERE M.
BT In#aE RS, BAN SR EINAEE TR EERE A, Eik, ik
BEMEFRETHEERN. MRS, MABRERELMENEEREE,
HRERAN S OMRRE .

PR ARG, BEAMEBREANERRAKRNNTE. EHIZ
FEENGEBENBEETMALE, RESHBENMEARLE, LEA
Lrt, B RES B IR ARk A By A 2

BERHBMEFTIER TIC B4, TIC EHRET £ HAZF HBREN
12405 5 TR R E A INE, B E R, SRR,
NFEERGEER, ARERTIESYNERX, fRARBEHMREE R
£, WORHES, BIESBNAKNT, dEREELETRE.

BEALEEBNBEANEENGHBRRANATE, HRKNANAE
—HKTF 60%, EiZLEENANBFENEHE. N THARBERENER
EIETI RO, BB RART D KA, BEAMAMEILH, BRALER
DL R A B ER AR N ), BN &l T AREKTSEENRAN S — it
BEEIAP AT, ESREHENRTHRE (K, B B, T
ITRAARALE, TIRSOMLETASSIRFOAE) . ATHLCBEE RS —E
HBERT, Bk, BRIEMAGPSE, AFRENELS TS, WHAAL
BPENSRE, ALBTZURSMERERREREF.

24



LA A T ik

A T EW LIS £ WHR R R RN N, BT HRASMARRE
BF R T M, ATREF- A BARY, BIILEESE RN L, FTUEH IR
R EN RN E R ITRE R R IT.

(2) BEREMNES. FEMAEIE

BiEES—RRRAFITRE. FE—EIELE F3FDIEH XD F
Y5 FE R R T IR A X R, (IR 4R 18 BIBYERE A, T BRI 4R A 1 A1,
BiE@EHTEMR, RERE, BRELFFRA. REEZFFRH4E AWS DL #4
HEET ES s, A TERERRETHREN S, TXPEEEHITE
&, LB bR E Y. ERENMHARFIEA R ERNRET, ATHE
SRIERTEA R REERRN T, FEE CABEERMT BEESHE R
PETEROEHHBREERENANA, NETHEERKN AN A, FERH
RERESTEERERNERA.

FRBEPEHEERRRN AT EFERERAMETE. BE M (UIT,
ultrasonic impact treatment) FIEARBEFFH AThEBEREME TRL
16KHz LRI MESRET, DTHEEENAHR. BRIRETHAEER,
FRESBREFERANBYER, RTEEPTHRRRET RENETS, ™
- B BUE R ERE Ay, BN A AU RS,

@) uMIZ

WIETATIR, 1R
. . 300 T Sample No. Tensile stress
Sk RHMIE B A-0 as welded
R 1K, SRR R N A5 50MPa
L 8 200 b A-10 100MPa
HiEFERBE, X2 ~ ALS 150MPa
RELEPRERE S A-20 200MPa
7 A-25 250MP
spERmEEnKEE Lol o
W R RS & 2
wsmaa T aE § o e h B, e W,
FF— YA A, %
E jj X E M' %} H}'] {/E FH 1o Distance from center of weld bead (mm)
TrEERBEER, B 2-15  BBTIRBAER AN A A AL

Fig. 2-15 longitudinal residual stress distribution under tonsile load

25



Fo¥  BELAHBRN)RES

RIS BRI EE BERAR, Rl T BTSN, RAEHE

SR, REHETEL, KHEEE, RATARNRBRR. & 2150

ST HR TR R AR, R5RIEAK AN A 5 b R e oy,

A BB SR AR A TN HIRME, K SRR I
55— Fhd B AL T 2 R

HERERBTED, LEEFEBE L 4 o

WA BRI B ITERR, B 2““7??“

) 182 (8 B R I DR o0

SRR B . BAERIANER

20 )

Cooling water

ERANANERELRROE- 5
ZRKIER BTG, TR

B 5 T — 5 B 25— 46 L B />7

N I A

FIMEE R B, mE2-16 fim, B8 BENMLERRN)
SRR BRI (4 o s e
200 %), BEEKEER (49100 B
HEED, BN ERZHREROHEERRNRER TR, FeEhing
AR, WTIKEER EEEEER. FEERRN N
(4) $REIRT

RN XA ARBN N BE  Fri%, BB E M E T HITH M E
AN R, URSIMERE THEMSIN A, D3N AHERKREHE
Mg, kEEETMEEERERE, THRERMNRENBERE, IiHRE
ML THAMRRRAS, ERTHEERERE. BTRSIEAAEN TG
7. AEERTEAE (% 10~30 28—, REEWFED, TEMR, TIRETHE,
PR AR BT LIET] 20%~50%80KF, BN —HAEHFLTWIRE THA,
THN—ETEETRMENRABELENSE, RINKIZFRENRS. X
FRENEHEANER. NAMR, £ER. EASFTSZEERRTT, BB
THEX R i S LB R RS,
(5) BIEE

20



LETRASTER LFAEX

XM O5vE B 60 ERB YR EBHUEEMFH R, REE 80 FRWTT

yh gy R L 4 R BT R — A T KB R, R—FEARRAE LY, L%

R RS N SRR N X 51 4, FIFRIE LB i G BRI AR N 7

R AR, M RERERRN AN BN IR REENAERE R

. EERAMEENERE N I HHERS,

2.7 FE/NE

(1) BELERE—AEENG. #5. B EMERENHELRE —REL
B, BSsREEENERI RN RGENERNESER S RIERENE
BRI FRER SR RERIRRN.

(2) AFMEMRE BERY, BANRENAKFEIMBNEREE. £
BRAN HHFERBRT OESREEE . BN RTRE. BNy
J& Ch TR I -

(3) HWAFREENE, BEANAGHEIRELE, NRASRNEREE
BRANATE. RFARIINEK. RIFETEREMGLBEBRRNS,
RIEMGMRTIRER—FEME., HR. BRMHNIZ.

& Tk

(1] M%BE. By LR AURITNLEAR, 1982.9

(2] £8A. BEEWHHEM. LE. CEMEEAER BRI 1991.6

(3] #Px— (H) . BEAHSH. R PURTALHR,1985.11

(4] P. Mabelly et al. Effect of metallurgical transformations on weld residual
stresses -application to E690 steel grade. Marine Structures, 2001,14: 553~567

(5] P. Johan Singh, B. Guh, D.R.G. Achar, Fatigue [ife improvement of AISI 304L
cruciform welded joints by cryogenic treatment. Engineering Failure Analysis,
2003, 10:1~12

(6] *HF % SALHOMREHTEBBEFEA. BEFIR1994,151)8~14

(7] HO.RYURENESE. RENHEZR. BEE EPETIHAR,1958

(8] MBE. BEEN. Jbat: PRI HARH,1997

[9) E&E. XTRERKANDHERRENHRN. BEFIR,2000,21(2):55~58.

[10] @&, Mg BEERSNNERIESHRRREETHEFT B&E
., 2002,23 (3): 75~79.

[11] B0 % XTEERANDRBVERE. BE¥H,2003, 24
(2):51~58.

[12] #%% % BEEERIZEM. by EHEBFHRIGE LRTE,1994

[13] D. George, D.J. Smith. Through thickness measurement of residual stresses in
a stainless steel cylinder containing shallow and deep weid repairs .International

27



BT MESWIERN MR

[14]

Journal of Pressure Vessels and Piping, 2005, 82: 279-287

V.S. Pisarev, et al. Metrological justification of reflection hologram
interferometry with respect to residual stresses determination by means of blind
hole drilling. Optics and Lasers in Engineering, 2004, 41: 353~410

[15] R.B. Tait, J. Press. An experimental study of the residual stresses, and their

alleviation , in tube to tube-sheet welds of industrial boilers. Engineering
Failure Analysis, 2001, §: 15~27

[16] Standard Test Method for Determining Residual Stresses by the Hole-Drilling

(171
(18]
(19]
[20]
[21]
[22]

(23]

Strain-Gauge Method, ASTM Standard E 837-1995.

X HRER ¥ EENGRNIEERBEEERRE. PEREA, N
8710059, 1987.

RS, RAR & HURRSTREX R AN A8 B R, A
MR, 2001, 21(1) :53~56

BEN % TIC ERLZRNBEERRRNAEEWR. BERA, 2003,

32(6) :10~11

KB, BRKEAMFEMNE,  Jbm: MBI AR, 1983F 4 A

WMEEHIRERTE, KB EZIRME AWS DL 1/D1. IM: 2002

Statnikov, Esh. Application of operational ultrasonic impact treatment
technologies in production of welded joints, IW/IIS, Doc XIII-1668-97, 1997

Statnikov E S, Muktepavel V O, Troufiakov V J, et al. Comparison of
ultrasonic impact treatment and other fatigue life improvement methods.
Welding in the World, 2002, 46 (3/4): 200~32.

FHRE, KER, B @B GAREEE LR XMRIGR T
R KEEW|, 2001, 34(1): 13~17

] N TRYSBESS. BEFM (F348) . LR AU I HR1992

Roger Claxton, Adrian Bentley. Vibratory stress relief-recent developments.
Metallurgia, 1999 ,(May):49~53

BAiE, Rei, BRILT), REN, SRBUR. HR3IEAEE HT-70 172 3041
REREEHNADPRHNE, BEDK, 2004, 33(2):32~33

fHgl, HE % REEEBAREERDZESNH LANEH. =Bk
REEEW(ERBEMR), 2003, 25 (6): 534~537

kBE % BIEERKNARIERITE BEFIT, 1996, (6): 38~
41

BRE.ES, XHER. BEHER RIARBERKNHIRE. BEER,
2004, 25 (1): 119~123

28



LR T | X

FZE RESHEINYIZRARTHTR

BRI RERT, R RRELE THRMN—VRIREIEH, LIE
EIBPRKNADOKRD, RELERTHIRER S E. E—FEFH T ERS)
N TEREANTESH, NEMABR SRS R HONLIR, f5d T R3¢
SiRENE MERAIE X T T SRRV MR N R, Al T HF
HUE IR A MRS PR RIS T & R AR M 5 4047
3.1 |AMHTE

B 4—1 REEFN NI ELEREE.

Work piece Exciter Acceleration sensar Control system
O
L
@. P S _CO)
r OO
Rubber support

B3-1 ®ANHTEREE
Fig.3-1 Sketch of vibratory stress relief processing
fie BB BURT LURRRE A — AN SR 00 “ BB — W R ARBh R R . N

R (BdREE) B—NEMORER BN, WOREMREZIFERED,
BRI AT LIS B W RCHEE R A C AR BRS S THRIEREE: T
HRMBEERE SR L, B TH-RERER, UETIHARDNHIERE
B “BURE" K. WEEARE-RBIRERERME LA L 3
PR 304L EHAEM, MIRTF 502 Bord ), e #Rahid 78 DA i “ mf " (R
IR HEFEHIRLE. BHRERIRN &L, ERMIEIEE
FIRBD I B AR AL, B HR A BRI R R R R r i) B A AR L
HRE) B ENEE , B REMFEMAR, FRAREERRREIIRRE TR,
L3R B 9 KIIRBNBIN 77 BV AL B WG, M R ST EN ISR B IR L -
MRS ER AR R E, AR RN N TZRER. SR T
EHRMIZBREEFLUTIL,

29



BW RSN T E G RO

(13 IWEHE

BRI LU, SRR R 3R T IR B B RE SRR R D AR R Y AT RIAR 5 A~
MR, B2, REFTAERNTER KL, Mikd) MBS FHEREME,
EAEHERET, TRBPMRIEEFREDIWERBRANIERG, =R
KIGIRFNFHN ), BT REE Ml RN AR N, BEMGRENHFRBE
SR EAFHER R, KRN, 75350 A S E AR RN T
HRME FiRE), LMREEFSRETRE, MRHTERMNES. BT EE
[HRDME T EEEER, BT R BB R R H S E RO i 25 i) T e
£, B, FERIFHREREESN. 2IE0RE THTRILR, BRZ
RIER T
(2) kG

BRI R e a0, XA RE T LU B/ RER MR
B R HRSN . ARSI AHEAT ST, LABY (R TR & T BRI X 4R
BT R EG S . MR EA B — RO RS W R4, AT
S AR EERIR . B TR — M LURAARNRE, &IEEHED
BTUK, EFETaSIENESFER . AT BEERS) NIRRT FRIT
ORISR E R, 76 SE R R AR P HE R IR TS E iR 5 CIR A 8, XA 3
HEE" X ARBER TR X, ERERIMENRENAHREIEMCE.
SRR ARE. ROREI YR, H{EARMEAEaEETT, RS
BEBMIMK, XF FiRandEPHEHRINER.
(3) $RE

HMERE LA RARSINARE (B, BAKRE, SRAMNREAES N,
M, M. HEBEANSERE. URFAMRESATSENESRE. Bk
fr B TR ARE T R e B3R E . W RdRah i R R AR IE ]
RENEEESZREMRT. BR. BECESTSE. SMEFNEREXH,
AT UAZEM A R R B SRR AL SRR/, B LR S
HBETE—EHTRIILE, IHRHESRS.

B 3—2 £ 100 M AEITER, BK 30K, £EHEH, F—EfLHE,
BERARSMN AT EMBRERNS, REFHRTRE. RN, ZFR

30



LEEERETEE LAY

X, BIERCTROTH, RPIFETREOKRETTE, ERUNTHERETY.

B 3—2 TERMARDNR
Fig.3-2 VSR of the crane beam

R ERERSN R — R R AREYRT, B33 BBROSMAMNIE
HMEHEN Y, BREEE THA—WEL, B TAEETRE, REGEN
AdRE0 A 2.

B 33 mELSENRAMNK
Fig.3-3 the VSR of the drum of hoist machine

(4) $E3EINA
R oE B, SRR ETRNEINS, NN EHFHRRN KR
m, KRR S BRBHER, MERKNNTRANSS26, BR, ZIKSY
ERFHNEBENTES N, R TRERCAERES, —RETHTROER
KABARFIN S . FEFRTFREH IR H JB/T10375-2002 #rHER, HEF)
R R R BRI THERE H1 R 1/3~2/3. BB A A& T R ag!:
(ob-0s) /3<ad<sob/3 (3-1)

3l



F=F  RESHEITEXBRIMIIGE

£ od ABNAEE: os AMHEMERSRE: ob AMBEH
BE. BNABREEHSHENEHEPERER, SHEILARRES. &
KRR RE BN, SIRCOAEC LR (ob/3): St LARRABES,
BN D EPREBAN, FNHTRTRE (ob-0s) /3.

A -FHEETIHERZREENTLE, RINKETLUSEETE, 0ik3)
BEITE, HAREEH, UEAEFHERBERMENDEN. fli, XinIRH
Bk, ARKN AN TRES ZMHRESYS, SRS RTERLHEN
HERE, THRAN AT ZSHAHEN AT ZEEEH, MiRNFZ- RN
E8TE: M- ARNESLE: RN R-ReEnRgdEraREs
TE%.

3.2 FRENEPIMAL S TALHE

M 2 FH ST, AR TR
BRIFSBRHRKN N HNE 34 F
BiZk 1 B, BIEBEMEENRRN
71, WIBGREN . SPREEZ T
TR F MM S o {ERIR, B
E N UWARSE S ANDAL: Y B e T by
il RAEN, ATRERKENRRNA
EIERM B EREE o s, HERNS
EHTRESEHER, NAFAEHE, B34 TAR I F R AT
70 At 5 4% B 77 2R3 B T R 5 BT 0 A Fig3-4  tensile stress on welded plate
EAMINERT, FESMNRI R I, W
RIRCH4h At ek 1 RREHER 2, ERESEAEA, HIBANEeiAEE
B, MEAsAmihg: 3 B, N EE, MRIERES &R EL, ERF
HUEREEE, BEREMTERNBERNS, FHUERLEKERR.

RENANI A X I —TRFFAL ), AR AHY F YR AMHET &
MK, BEEHRAERT, BREEAR—TRENNEE, ERaILE
SRDEH TR, HEANHKFRE., £E¥E GP. Wozney #1 GR.Crawmer 1
4T 1.D.Lubahn BITE, 324 TEFRH AT BT RAN D HERRE

T

32



LR AT EN LR

Pl, BYIARRRN HEEMBERNE S, SEB -5 A A, HNEMNT,
MR oA M e g,

&M B B \
HEIEA, EHNRIEER 0 ’ [~ Elasticloading
EEH Ae, M35, Iniil esidus) stress S
R R R MR . "l’ ' Cs;table hysteresis loop
YA B 1% ACDB, EVEL RO A T/
CD BTAT T34 %k, T &

EHREN, BT e L

Elastic
#® N ( Bauschinger unloading

effect) , EIHE MEIEH B,WM |
DB’ &% DB, 4k4ins; o /:‘ .
RaHARNEY, B3 B35 FEEFRHfE R T O i
BEARBBEHN AN Fig3-5 Stress and strain under eyclic loading
FH CEBE'C’, WN
WS, #H— P METES, MANERETBRL. BEARGERE, M
HRAN DB EFH 4. WEMBHEZERIVEE <. WHORKNER
&% o RIE3I-5HME .

ERER, WNER Ltk T RABEEFHEBRRRN I MIE, BRENs)
MA (od) 5SRARH (or) WENMEXTHERERNS, B:

Final resi‘pual stress
1

L'

)
Ag ; €

b

0,10, >0, (3—2)

H T IR KRR R N A ISR M R R B IR A, Bk, — 8, X
BREN B HRRR NN B ZMLE . BIX— R 28 T A RE IRt
WM, ERAEHERT, MEOERENSREMEHETRERNAIEHTR.
REZEFRIESR, #HOERERMBEN N HIFEE MEBMERNRE
TR, EFFRNAEENN. SRR, BRERARESENIELS, ENEE
BRREET, MENERBETIEZBSEIERN 2~3 & BHRLNG-2)
MER, MRS B RRRR T I IBhR A1 16 A T R s e e B .

TERIRRN A fEH T &R RAM MRS, TN LR ERREREH

33



P R T 2 R T

N H— NS, EREAELMARRL, ST ERERNRES
REREFEVIRER, MWEMERNECEIZEASEFEL k™ W, R3S EGT
MRS EES), TUEEDRXER. TEMNCEAENT RN BN
BT — FEE.

ERMEERBEFRSESRBEREEZMNI], ERRTRUEERET
ZEZRE . 44 ERBAE T ERRTAMEEN N FRA SEED . BEE
AMFEES, HFRE
A

T,=7,+A4 o+ Kid (3—3

Rep: rp RRMUHEEESETZHN, BIBLAFENR—GH. 5
REGHAMETEERNER. A REREEN. NBEANSHERNORE
o RAMEERE, K ARVETEBYITRETEENTESR, o BENRT.

MR (3~3) TEH, MESBEESEHNGER T2, Nd&RE
BB EENATHETE. HEHGRNS, ERETERETSEN 5,
EESMEREN DB MFEAREER, MRETREHRE (RloXaks)) . &
FREFHFRENATEE, BARTREERMBIHENE, SEHED)
AR, MREFETSEERETN CBLETRERS. WERTIH{IH
HATILIER, E4&RBREMREENNEM. HITH, ZHEEERREAUN
FF RS FTEEIN SRS BREEITREES, FESRATHERRT
SHTERATHAER. B FERLEEARSHEEEEX.

HHAR R RIS B P AT ENEN RN, RHE
SREINHE, RN SRK ST ER EEEM, mREIREIH EEK,
RS wE RN AR, HRTHRED. RRAREHS—PFEH®, KM
KRR SR EARSEUEEZS. BH. ERNESTE, RFHHHU
BEEMTRARESNERTANER. A ENSBEL R MEE R R ERES
B, BT RENASRSEENEN.

SZAUERR, TLOAAER LR EHEERABMN LA ENENE. 2]
RIBFI A T ENE,

3.3 I SRR LK

34



AR TN SRR

M BIEAE REHBRRKEATECEF/ T ZHNA, MERSINNTERE
WELRENAPHEE THENNER, NEBRERAN DN T 2 Lhm Ay g
EATHITHE, BHTREATRERERN LEMS S,

AR, HTEENT . REABRKBREFASMAMES), KESAB
FEFRABRERE RRERFEFME AR, XEREHTBLUERL. 75—
HE, BREAS MHAERZEHE TR, ERENDMNER, FRENBHN
N RL, WK, RTE THRANEE M8 TRz MECEARRERSIRER
Hr I RESHANEFER BEEREEHFIMNMCES, &N AEERET
¥, AR ERE REANAORKTRE. #4082 E K& R UIRAS %R AT,
SHEKEHEBME, THEEEY 107~10cr’, L BIA N TELNEE
M, e EEIEE 10 ~10"/cnd.

X b E— YT R BN P 0, RTRLE B, AR S SR sl iy SMeE AT DATE BR
BRANA, AREIERHEMER, REBERREETERMBNLETE,
2HERELBY, TR MRINRLEBEEFER, BT &BH
BRMEER, 5 TSEMENETREE.

ELZLHAE, SESHANEBERLE, RIFFHREUT 24
<
(1) MR

KREHHRMEGFERES, Ra)eux THNNANRE THRE, Sl
MESHRRIP, MTEXSRPRNRBRAE, BARINEIERT #
B PR A T E RV RN W AR S 2 R, T BB T T4 B R E 4
TREHINER, FrU—BLRNFRCEN THE - RANBEEN THHR
TERUEE RS 0% k. SRS NAEGHME, HBRRMIEE TR
IEE] 20%~50%, FBFREHLBLTESY, BLERSNME, WHEIER
BAHRET RS,

(2) #US5TZREH

FAR KR EFNE—BIE 6-10 FuAL, BREHEJLEHUT THHE
WA, A AHETHZERNRPENEEREXR, TAESHERK, AR
RARRE, WRTHALTAERT, THERKKE LERHEPE.

35



R=F BEEHEINETERERIRHET

WA AEANER ARG, THEXN. R, EBEEHHES, 4F
RN ROR & HAF LT AT, FrL KR T el 1T b . [RIAHRE T
ZERAZHAE THAR MM T TR AT A 8.

(3) HMEVSHA

B AZT B Z RS, AREUPERES. B2, PEREDZ PR
i, RN MEE T 2R, FEMMERERERLER. Xh RN M
ABAGRER VTS LE—ER HRE.

(4) MEEHHHE

WO LB ARTRAR/LER, SHMYLEERETHESE
B L. BRAHYTE 6 MAZ—ERE, HEBEFEH/LEL AN
ABEH, MRS R T HLamE—A DA R,

B, ELELHYEE FRANERFES®E, R MEEANMA.
BHTFRDNGEERTHT, FRTRENSMAMAL, BH RN THERER
SRWEMH BN, B ETENERGREY, FAREEHES
MHEARENHTZ.

BRE\EFHNRTEARRAANKTE, BEFE THREMD, ZIEHR
<P RIERE. B ASE R, RN — TR AN R EEERR
BAMFE. H—-ERERERN RN ME4HHLE, mAGHG. AEs
B, BEERENMFHSSE, RN RN BB FEATE.

3.4 FEFIY T EHRGITFHN

IR AR, RN MR IR EEHH S BRI s
Fk, HEREHITEN TS BERTRFNAE. STIEEEHMGRTRER
EUMEERXN S AR,

(1) R #EREEl gk

FABHMBEMEREHN “HBERE”, HLRRESE. AMMLE
R, RENHBEERER T ENAPARSRENNEREERERR
BAKERE, BEEANER, #EERINBNSELNELTHERE, T
MBEEMRTHAL, BB FHUE T LR N T ZHRBAT IS, B
X ENNERK, ERAGHKRESRINESEZANERRENE —ER

36



SRR T e

K, WEFRDEA.
(2) BRI F &Mz

MR AT FRA NN RN LEMRNERLE, MR
¥R BN D EW RN S ERE. BT EEEWT LMRAN AR
i

HIE GRE#RE): AVMSTILRRETERE—-Bomel, ERERA
REAkndth, MR, MBNEAERENRMTHRKN . B, A
IR0 R A R B, AN R B AT LR B R B A KA, BRATIEE.

X HHefstis RMEHET ) RIBSRMEPIFERAN O RIS &
%, BHANGEEZEMNER, RELINEHXR, TEHNIE.

PERTATE: R X STEATEE, TMERE (EX4) M.

RE BB IR S REH PR RN ) LB BUB R TE B, QAL
AR NEBEEIERS, EERMWHAFERREAN, XEERLRKERE
Bk, WBXFENL, ATLEEERRAN I MEE. N BRENEE T8
AR o R I HER AT B EARE

BILER X SRR B AR N, PTMNEE TRNERZ
Ry, EEEEAFABREE! PP, 2046, RERWTEEXH
BT FRIE .

MAGRENEET AACREREAN B EATRENEMZELES
e, XMIMTRASERERETNRR, TRTRASENERE
FENBBENRKES, FEUEEHT TR, 7350 MAMBEERSND
EX R LI BN AN, T OME A EREN R ER RN, HRE
FERBABERRNANEL, FEVENBERETTHE.

(3) ZHHETENZ

FahmRd R, W 4 R AR R R R R B NI R A%
BEEHRE, NARERISHEME. TEFRSMEE (FERIB) SHRFIM
L% (B —MMEER an BR) RSB SRR HE (FF — A 2kl
a-t #£k), AR AR S AT IR R B R AP LB R

W F—AZERIRY, DHERRBIAREIE L RE, R3)IEE

37



FH PEEHRSINT R

(HHRME) 2BRIMK, BidX XS, EHRIAMERE (EHRIE M
2% PR —AMSE, FRoVEREY), 21— RIREIIAEM M, R LEEEA
. HTFRINXE, MEBRKNDBE, HREBERRL, MERIERIER
ARk, FARIEAEER R E SR AT, Bk, RS A R R
2 (@5t £8) 7T LA RE iR sl B A R R

BEREIRE N L 85 S REORESR JB/T 5926-91 1%, #iRzhA i
AU JG, TEAT MR B IRAE M THE . MR B TR A B R 3L AR IR 25 55 TR AR 1R A APt M 1
WRARE A PEIRRUHER], WA 3—6.

zAﬁer VSR A |z After VSR A kAﬂer VSR

" &~ Before VSR

A\ Before VSR
\IZ
1

. T
Cl - ~

P 23 (33
H3—6 mEIRMATEEAR AT

Fig.3-6 The vibration response curves before and after VSR
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Fig.3-7 The rail of maglev transport system
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Fig.3-8 The rail of meglev train and the stress measuring points on the rail
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Plate | Jj?gi

B 3—9 @FMERNRERE
Fig.3-9 The welding form of the rait of meglev train
K 3-9 BErTHERMEEMIUE, o3 RRAMNEHETRE, HER
ZUBARER, BRITES ERSNEER, BXEBEFE, KERITERSN
BabEE. 1A« B, |1, 2, 3 MAELE StESSS, MAMFIMERES 16Mn
&, R4 B —FREMAR. £ 3—1 FIH T SIS SERMEB HE .
F 3—1 QUERERE AL

Table 3-1 mechanical properties of the rail material

Material  thickness  yield stress  ultimate tensile stress  elongation

{mm) {MPa) (MPa) (%)
Plate 1.2,3 StE355 20-40 390-420 500-530 33-38
Plate 4 MSH 30 390 510 37

B SE R RSN RCRA T B 310 Fiami s R, MiRsss T3
f—¥, BERART NN AHITHEN N LE.

B 3—10 BFHRIERGRISERRAE
Fig.3-10  Vibratory stress relief processing of the rail
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Fig.3-11 The curve of the rail vibration response before and afier VSR

R R BT, PUBRHAT T K38, BB T IS0 E AT HWESTNA N
2 CNEFERE—RSAR) , RAWE, BRI, BELEE IR L,
B 3-11 B8R T #ahis SATE LB R MR R MAE — Lk, HAeTR AN
#H, RERDME, PUFRTIRIIEE.

M 3—11 ffRaHI AT S RN R i 28 °T LB B, $R3NEE, R T
Rl (B 3—11 M ald) BEMK, ERREMARER (E8) , RERNBLE
FENE, RETROKLERE-BN. RINKIENERSHELINLE 3
2o

F3-2 B FEENERIESBHTL
Table 3-2 the main vibrating parameters of the rail before and afler VSR

Speed of motor resonant frequency acceleration peak
(rpm) (Hz) (m/s?)
Before VSR 7950 132.5 52
After VSR 7900 1316 59

1RIE JB/T10375-2002 Frut R HH RPFMHERY, & E 3—11 B4 M &M%
-2 MER, TLLEERAh, RERNRIN AT ERERM.

AT B TRERFEARN N AR BERANAKEN, RAGEENE
TRANA, METERNENE. BTREAK 4 BREABE, EFER 4 5%
SHREAFRES, AFENET » BURIEANERRN (B 3-8, B 3—9).
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Fig.3-12 two strain gauge on one measuring point

ERA IAKMEBEAZMET 345, AL TREPS, HRSHEMR
0.5 K4, BMEMHE=ANZR, EEE L BX, 23ATEE. FEEN
TENRT B RITN A NIE, BT R4 R FEEEARIE, WELERU R’ S RN
fo 312 REP—NUEAHFH RS BREANMELRNE 33,
FTepis ), 2,3 RERH ERGNMELER, 4, 5, 6 B » BANARENES

Bo 0nu REBAENT, 0 mn RBDENT.
#£3-3 FRMEOERAEHAMBLE

Table 3-3 Principal residual stress measured on two weld bead

point after welded after straightened afier VSR

No. apax (MPa) o min(MPa} o max (MPa) o min(MPa) o max (MPa) o min(MPa}
1 274 -261 14t -84 75 36

2 227 -189 115 -114 90 -69

3 96 -188 71 -68 57 278

4 110 =22 1né6 -1 @3 =31

5 92 30 113 110 -13 -43

6 99 =54 78 -23 110 2

MR I-3EBH, BERKRENS o ne BREFHEHIE B RE 355MPa,
BAF 180MPa B AIEE] 274MPa, BRAN DB R, RHEMAMAIREN B ERR
FAHRHBEAT « BRASENNRE. XEATNEN » 2@ARGRTE
—WATER (R , ENIBERL.

NEFERT, 2FRRRIENE, BX BOAENHEEDEA, 2
Enial:ob i =[S
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150 —‘ [T average stress after welding
V777 average stress after strightening
[B558 avarage stress after VSR
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Fig.3-13  Average residual stresses under different status
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Fig.4-1 vibration system of rotating eccentric mass
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(Mwm)jc'+mc—i~df7(x+esinwt)=—ci—kx (4~—1)
BHEEHFI
M5+ cx + kx = mew” sin wt (4—2)

RE—TERHSMHIEF R FTE, ENREEMES, —MERx () -
AR x, (1), B
()= x,(0)+ 5, (1) 4—3)
B x, (N METHRE B R NFRAERNR, ESRREATE" Y
x,(f) = Ae™ sin(y/p’ ~ 't + @) (4—4)
KA, & HREVHRRER
%, 2m=c/M, pP=k/M, r
RR—ARRES, REHD

FiRERRER RIE &L, BT
PAR AR AR, WA 4—2,

1
Stable response |
i

Combined response

X1l

R R — B [ T w
DR WA o T -
ZRIXN AR . T T T
_ e 4—~2 AW IRSN B
t‘% ﬁ ) (t) ﬁ g % -’5[3 E ﬁ?ﬁ Fig4-2 Transient response of the vibration system
EHE) T RN RE TR,

TR MRS EERRS), FRNIEAWNN. MRS FTR IR R IE R EX

—H R, AR RO R . BRI SRR . R A
x,(t) = X sin(wt — 9) (4—35)

X HMNIRE, B 45 AR (4-2), TLEKR:

mew’

\/(k - Me*)? +(co)*

X =

= arctan £e
v k ~ Mo®
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Fig4-3 The curve of vibration response with rotating ecoentric mass
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WARFEEE. R ERSIET,
WHEBERAE. BR, IWERSEIMRMKL, FUER AR EEREM.
(2) AEME

EXMRAEAT, MEERERELR, XMATTHNENEEFEHE -
R, NTTSBLE. XM Ed, REIEME FERHUTHNEEN
. @UHENEYE. EHERIRINLERE, FEAIED. TENS
B EENEE, BRMHEEESE. OMERRE. TEEEIREhMEEE
W, TESNRMAFASNNELE. TEN S B HENEE, EmtigEER
ERE. BRERESMI R AR PEFREMRANEER Y “BERK”, B
S5MELKX, WswEsxE.
4.3.2 ERMBRIAENE
(1) firsafRE

SRBRP—MEBYETEENEBRERMUE. ERAEA T A 8Es SR E
BATLLA K-6-L R RED, & 4-8, &P SR EE LRI
SRR (AR A BB ) §TLAh, B — e LU IT I SR
(MBEREF £70F) FHRE. FrEFHABTHL, Ly RBITILEE, &
EFRATTH, Lo RRFIATILMIBE. ZSMMIEF R H AR, ALSREE Lo 5K
B Bl NERES) (EFa, b, o . EEFITEFERRE
B, ETSIEasEmE. BN MMBRET e, BETL AT RIS, B
RAEZHUABETIIR (B & o MAREEN, MHEE LEESH, (B
Fe) . RHBRER, (R LaERMRE (BT e BREEFHETL (H
tha) . EATAEWENTES, AERESNBRARE, HRHEHEN AR
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ST -MWER, BM~4AEE, B4-9 mEMERTX—ER NN~
T B, HTHHE Lo EEMERIAT 3L H i —MiEFE 2 B LR BIRY

EFESRIELR, BSMERX, FRHERMHNELUN (RTHEH TR
RSB R, MEMELR. B, Bkt e 2 AR e
), SHBTETE A 2R U B RRAENEFE, A8 RN IEERR
AR, BEEEMRERER AR, REMNEREEE.

® Pinned by impurity atoms X pinned by segment in a Frank net

B 4—g FERERTTAMES HES TR
Fig.4-8 the deflection of a pinned dislocation line af cyclic loading

B 4—9 [rRET SRATILERE I RNERER

Fig.4-9 Sketch of strain and stress during pinned and unpinned of dislocation

RPN SR R A4 BB AT T, MR EWLT LY HF o
SRR, L AR KA, BE 4-8 # Ly. MRS SBRE
prigc, MBI, Ak E R ImE R, BEME Y AEEE Ly
W, TR R AR R T MR .
(2) BRMERE

TS NEET, SBNRFBRAMEIIES, BEHGNA L BN
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HEGRRLE, FAURFBR—AREERE, TLOANRAARHRE, T
BEHENHR N SRERFAEEMRX. LHE 50 FREEER A T HERIAA
FROMBARN, RARBATERT KAETHRENA. EETRALE. SR
R AT AR
4.4 REFERRRBRUES 2R

5 R eeaE MR B RO SR R R SR BT AR B A SNE R ILARIE AR /D ER
BEE, BdEEATRITHRR, AT ARRRAR. TRARKEREENRE
BRE R R, B MARRRS RS, THTHERERSEERRLE.
4.4.1 FRAHERMREESWE

EANHEMNEF ZHEM, AFBHRTRE, RBARNE, EFFERH
2%, AXKANEZERE, BN ERREZARIIN, N5 NER#H
Efh, BEMBREE. HTSRMEER AR, NESRERETN., 7
BB, LLESZREI A, &

O =0,8nw, ¢&=¢g,sin(of—g)
R o M e ARIB, o AAMAE, ¢ ANEEETHAMMBALS, FUER
ez i) BE B HAFE

AW = c;ax de = mo g, sin ¢

45 Ja SR BB W=%aoso
RS ERAR (SRR E— R, TLUSEEEX Y
-l -_l_ﬂz i = =
Q"= =sing=rgg =
BN BB AR A S A, MEEE 0.1 Y, bamiE R EBENEE T
5%, ¢=5.5°=0.lrad b, tan@=0.10.

BE BB KA E TA /A5 H DMA2980 AN AT (B 4—10), & 4—
11 ERTREREAS, FALBERFEHER, WPhERRERKES, WHEH
SRR, B—RIGLRE AR, DMA2980 441X Py A3 B 72 5 AT LA 2 s et
MRS N, NANEMRME. 8. BESER HHELRIIRNE
. wisassg.
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FE R R EEM R SR BRI

B 4—10 DMA2980 ShZLA B AR AL Bl 4—11 DMA2980 ST ik s sk
Fig.4-10 DMA2980 dynamic mechanical analyzer  Fig4-11  sample and clamps of DMA2980

4.4.2 HWERARBH

2980 FA AT B KBRS RE 18 £, Wl B A BRI TS BEA K, 1R
B, S—RoEH, XHB -1 HRBETHEEX, AFREERER
HI7E 1 KDL, FARFRRETESTEAERED 10 XK, EHFKETE 30~
50 XK. WMEBHEFEBHEMR —BHERSRE T ARIERT, ™
BN EHEEETHT, BhERENRANERRFR TR S NEIRE
BXR, NETHNEIEEAEREPIFE (ADIF, amplitude-dependent internal
friction) , XEERWHAHEEE. EHIE R ADIF BTN R D, TEEY
B T SRR TR ADIF, H5GHESMM ADIF I B R 7E B W shE R
RARIE.

EREERFTEZARYE, £ AWRT ARRLARNERBEEERZLL,
— I R RR R, HRINEAEREFRRALSNE ADIF HEH
W, MEBESERE APHEE, FHT AIFRENRE, B, E37
R IR SERATET S . B A RETR TH A FBRK T A 3040 144N ADIF )
ik, HERETEL TR, KB - EBNEERR, UEBARRKNAT
S BRI ADIF 24,
4. 4.3 BREELRRAARKRSHEE

FRBEETHEIAEEELELARIMEBHER. ARERHNARELX
HAR, RENEENRENEBRENEEREEMERK, WEMER
1AMnND T, E MR SHERI AR 4—1.
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#4-1 14MaNbTi #8HA L2 6 B 7 S PR
Table 4-1 Chemical composition and mechanical property of steel |4MnNbTi

Chemical composition {(wt %) Mechanical properties
C Mn 0 Si P S Al Nb Ti o, (MPa) o, (MPa) A(D
043 1.3 025 002 001 0015 0015 00! 318 490 >47(0°C)

WEE RS A 412, B PSI 82, S FABERFHERE LK
HI=RiAEE, RENEE. EERED, WERKERYE DMA2980 7k
#iE, KT 25 BRETL, FRRARERENT 40 2K, RARKIETE,
BagRmITE.

Location of

the sample

/ dimension: Length 40mm

Width 4.3mm

lel
Thickness 0.5~0.6mm

B 4—12 HERRE NIRRT

Fig.4-12 location and dimension of the sample

BT RN M EEE R THTH, BLEERARTERTNERIESRIHER
AE (LR, DMA2980 Bl B RIRFI B K NBEINRINAIERE . 7 AI7EIR4E
fA-E X AT . UM X o R A X S S A B = FRF (S, 82, 83)
HTHE . BB 400z, X 5—RMRSIM M T L HRENITRME.

B 4—13 BB —H= MRS AR AR LER, MBI, EAE
WX, HRNAEEER T, HNFE S MERER, RS2 Ry, BAESLK
RS/, BIHAZ SRS IR, TEEEKEHEER, ExERANNRE
FERHEEW.
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74
A
‘f
6 frequency=40Hz '
‘/ /.,a
5 /‘/ *
- L
- Nl
z —=— 31 weld fusion line S /-/
= 41 —e— S2HAZ A g
X —— 53 HAZ near base material ‘AA /
34 4 o
- /‘} 0’. -
e /A/‘ /.’ ,l’.
24 . -’.
Ve vs
A .
/l /'/ /
L ]
14 / o "
/ o Y
o | 4/‘ ./ j.’. '
D01 Q.1

Strain amplitude (%)
B 413 B ARKRAENEE SWEREXR (14D
Fig.4-13 the imernal friction of weld joint at different area (group 1)
B 4-14 BEZAMLER, ENERT 0. 1%, SE—EFREL, Mk
1B4s, BB, MENTEERENRET, ZMRKENEHNAHE.
T RAREE, ENRANAHERN. BRTUAABENEREEHT
AR (I fFr K ANAR) ZERSE,

20

F Y
1%
frequency=40Hz
16 - o
. —8— §1 weld fusion line ‘/ J
£ ] —o—s2 HAZ L
= . —A— §3 HAZ near base material A O/j.
=~ 1 )} oom
R A o
- ' /:o’?r'
o ] o
M
D’S; ’,l'.’.
* o/olﬂf’e‘.‘.
2 e
] -8 "a
0 T v v T T
0.01 0.1

strain amplitude (%)
Mi4-14 BERlRRESHEYRESNEEREXRE (F248)

Fig. 4-14 The internal friction of weld joint at different area (group 2)
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FHEACR RS T EEANR

FERHMBENT KT 0.2%MENRT, HENRELXERBHTESK
BIREEEE, XB, HNTMEM, EEE A RBM LA (B 4-13, B4-
14) , BRTRER4T G BE L. RH AR K S 4 Dbt
BRERFSEE, B 4—13 8 4—14 F§) S3 BB XHINEIBE THER
T X RELAFIL .

4.4.4 HNZEXHBRIE R

2 EPHE, BEREFERRNNSKNS, EEMREREE. A
THBAF AR SN B ER, ARREE e — AR T, R
AR TR, FRE TR ENRECRSNEE SRR MR KB A

2 304L BRERAE, HMEgSma L& 4—2.
F4—2 3041 MHEEHREREEER

Table 4-2 chemical composition and mechanical property of 304L

Chemical composition (wt %) 0s ohb elongation
C Mn S P S o MK (MPa) (MPa) o
0.02 138 047 0.03 0005 182 87 008 356 680 57

. « 1% prestress 148MPa
300 < 2# prestress 279MPa
«  3#prestress 316MPa

250 [ *
loading #
~ «?
& 2004
=
— 1
§ 1504 unioading
& 1# unloading
100 - &

50 - /mloadi

0 v 1 N 1 T ¥ T 1 T

0.0 0.1 0.2 . 0?3 ' 0:4 . OI.S ' 0.6 07 0.8
Nominal strain (%)

E4—15 3041 EAENRISIRRG ) — R TEAL

Fig.4-15 stress and strain of 304L during loading and unloading

ATETHTEENE, RAAENIAK 10mm, 7 8w, & 0. 8om 25 KK S

59



SRINE R rE SR AL AR L R WFSY

P, REZTRAIGE, BREEWUER, BEET Rt RaNEg., B4
—15 R IZFARE F R R R A SRR S ARk, R SR
355 0. Imm/min.

ME 4—15 TRMBI=MAFIEITEA TER LR SERRMTNEKR
Ao THRERAPIRETN AN 148WPa, HEENFEENEL R 0.07%, 2
HIRPE B RO TN D2 279MPa, HIEEHRAENAELA N 0. 18%, 3# R
BARR TR h#80h 316MPa, EIER M KNTLR 0. 35% .

%9 | —— o#no prestrain ,
{1 | —— 1# prestrain 0.07% oy
254 | —+—2#prestrain 0.18% /
—v— 3# prestrain 0.35% s
v
20 4 -
& é/‘
$ /
¥ 154 /“
) s
g /' 2
104
4 ./
R P
0 T
0.01 1

strain amplitude (%)
4—16 304l ARBRARRRBORERREL

Fig4-16  The internal friction of 304L with different residual strain

B FUN A A 5 AR 4 f (8 AR ERTE DMA2980 L3 AT IRENB BT E
PREAEEER, NERBTARRENZEE, MEMEE 20 HE. B4
—16 ERTUHABEMNNELSR.

WE 4—16 TUESD), TRHVERENT 0.1%TEA, BERNEER
BiREEN, ERAENREERMETENENRE: RINEREXT
01%J5, MEBKILRER, MRTHANARE 28, 34), HEL4ERM,
BRI, HEBAGHT: TAREERTNRRNRE (0#, 17),
MR MENTARE, BRUATFETRER. BEMNEHELSA
PR KRR, CEEEMmE G, BT REBER, B R
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Beit R K MR
4.4,5 MRBERFENRZIEE

AT THEREVEEEMENL, BPRAFSTTEERENSLUERE.
BT AR DMA2980 & KBIR AL 18 41, BRI TR
#, RBMOFRERMREATERRAERTERMER, RE4-17,

. A
LA i n T S e

J i .._'-.!

35mm
/ Laser weld bead

=

Longitudinal weld sample Transverse weld sample

H4—17 FHEEORTRESER

Fig. 417 weld bead and dimension of two samples

(a) (b)
B4—18 HHEREHNRLEE
Fig4-18 Laser beam welding of the sample

HTRAERSERD, B XARETESIELRENH, Bt E
REXHRFLHNABRIEEDE, LB 4-18 (2), RENFHME R 304L
0 14MoNDTI, BOBIAMEEL 1 BX, EH4-18 (b) BRTEEBTHER
T A AE AR

#othmAEA R CETRBKERF D). #R (EEHREEETR) FRE
X, RE4—17, FRIHE 3KW 8 YAC BOLn#h, RiR 25 &3, BN ALEB3
HEF 20mn/sec, MMMBHHERLELRL, STBARBBLKAEE, &
DMA2980 L fTREAERE/B /4 (ADIF).
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{x 10%)

Q-l

B 4—19 1 4—20 RFARHEE R, NERSEEERED 200z, HWHE 4
—19 5420, @4k 14MnNbTi fIRCZERE BB AT 304L, BREEE SHHEY
¥, EANEREEERN, HRSNETEREADXREAHE, RNHEREL
FKPHBHEE, TEANABE T, MASERIEREEENAR, BESIA
R BIEHRILLR, SRR TUSTEER, HBEAEmnERH

The internal friction of 304L

‘;‘
J
/
—a— no weld A
—0— transverse weld /‘ o
/g

—a— longitudinal weld

Strain

B 4—19 304L ABEREAFRAV AR B EN

(%)

Fig.4-19 Amplitude-dependent internal friction of 304L weld sample

The internal friction of 14MnNbTi

30 4 . ,;%:‘\ Ay
T —a— no weld o//' 6.
251 —O0— transverse weld ///‘ o
" ] —&~— longitudinal weld &
&
15 Ve
p:
0 S
1 P
e
L rad
54 — e
- - /
[ J E— - — ———r
0.01 0.1

Strain amplitude (%)
B 4-20 14MnNbTi {248 (I etBR B T

Fig.4-20 Amplitude-dependent internal friction of 14MnNiTi weld sample
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FRTEAETENL LT

AR R I SERE

304L FINARBAEHME, M RBHENERE, RWER 4-19 fHE
R ESEm. EANERER, 2MRENRRERRIE, NEENSERER
B, PAEEEITERBEWAK. MESANFIRERN, SilERnRremeE
BREMAE (EHHERE) , ETEERRAEYETENL,

14MnNbTi ZERNTEE T, =FANERERR D, HEENZREIE
FO. 1% FHH—NEE, REMEMEEMERE X, EPERulAngE
HER (B4-20 , I5REASERBRIARNENMERT S, HLBE
KRS PRSI R — B . BRI e FE R R IR B NS ER, RPFFE R
freg iR . NEEERTEERER,
4.4.6 PEBDATZH DMA B

DMA2980 EhASHLIE AT 1% AT ATE B IR T BT R B R IBRIMEL B (A7)
ME, @ikt DMA BT 1 FEHEAT A AT, WRLEE, mRWBEEET
#H17, F—NEIESHRINRTELBELR LSRN, ER, MAEFE
ST MERESHRRTENIH. TR,

LT TR KRR AR B RS R R A A FIAAES LB R R, B R —
REEEFCETHEANR CERIE), BMAEUTHIMHEIGHTERENHRS)

HORL sl Sample without weld

Longinudinal weld Laser welding speed 20mm/sec
Longitudinai weld  Laser welding speed 15mm/sec

Longitudinal weld  Laser welding specd 10mm/sec

4—21 R THUHHRENA ORI RY 3041 R
Fig4-21 The sample of 304L to simulate the VSR experiment

m. BFix—BE, WRETEMALE (BFE, REME) NEFLEATE
FREEMEEE (BOLE) EEE W TNERBHME, UFRLed—ErE K
P EE, BEEMRIMERHELES. BT DMA2080 R REE R EHER T iRa)
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FIE AT I MER 15 s LE O 51

(BIRFE 28 MEHE), DREHTESENRS), BRImEZERE (V) ERR
L

A 4—21 ZAFEMRE ORI R 304 AEEAERR, REHR
sFA: 4 40mmX BE 8mm X B 0. 8mm. B AHARETE DMAZOR0 I bk T = AR i
FRENRSERME (ADIF), BiRIRsATRIL) 120 ¥, REEREHRIER
EHETHATIRED, 20 T EANLRRENF AR, ML RA 40Hz,
FimCo i i 5 404 2400 BB,
(1) FEABFHMERERL

25

—a— 1th vibration No welding
2.0 —0— 2th vibration
—&— 3th vibration

1.5

10-‘1
0'5-_ n/

0.0 4

(x 107

Q'

Strain amplitude (%)

M 4—22 ERGEREEHBHZREDNEER
Fig.4-22  Amplitude-dependent IF of no weld sample during 3 times vibrating test

B 4—-22 RERSAENELSNERHESR, BPTREZ. KRy
MEHHEBLEES, TEMNE (N RELH, E=. ZKRSIERE LA
WIRENE —ENTHE, X SYIRRS P B E, MR R NE ok,
AR (R RIBTEE, HEERRATEERE, ZkRsINERNHERE
BEES,

(2) YRS RRER

YEBARE -, REAANGGEEEETE, TRAERERED

20mm/sec, 15mm/sec R 10mmisec, ZFPIRAMIERAMLAMEE (ADIF) W
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BEHRAE4—23, B4~24, E4-25,

45
J welding spead 20mm/sec
4.0

3.5+
—a— 1th vibration

s0d | —o— 2th vibration

1 | —a— 3th vibration
254

2.0

1.5+

Q' (x107)

1.0

0.0 -

Strain amplitude (%)
B 423 3 | YAURESNTERH=RMESR (R 20mm/sec)
Fig.4-23 Amplitude-dependent IF of welded sample during 3 times vibrating test (sample1)

welding speed 15mm/sec .
2.5 !
~—&— 1th vibration
20 | —o— 2th vibration
-—a— 3th vibration /o
74’\ 1.5
=4
L A
A - /.
T 1 /‘/
o) 0.5 Qﬁéﬂ/:/.
o l/
L --—-—-_——__-/
0.0
—_ T T T
0.01 0.1

Strain amplitude (%}

B4-24 RB 22 HRBANTHEH=ARESR BE 15mm/sec)
Fig.4-24 Amplitude-dependent IF of welded sample during 3 times vibrating test (sample 2}

B 4—23, 4—24 5@ 4—22 Xttk, TUER, 5X2EEFF, 8%
REMEER (B, =) EHRENRNER/TRESN, RELTBH
TREAE (BE—KESNEEE), EEESRRLTNEBENE, FHEsIN
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8] (EAT IR HO BRI R AR KM, X5 fRa) i 2 42 ins & b i (8]
AfLpEsR — 2.

welding speed 10mm/sec

3.0

25 —&— 1th vibration j
—O— 2th vibration J !

2.0 —&— 3th vibration .

(x 107
T
.\}E:-\:

b 1.0 //l/./
=5
0.5 ] n#""/‘f///g
‘/r’/
6"""—’--/’«-’/
un-‘ -
Y I T 01

Strain amplitude (%)

B4—25 FHIAABRRNTHREN=XAREE (FE 10mmvsec)
Fig.4-25 Amplitude-dependent IF of welded sample during 3 times vibrating test (sample 3)

EPMTREETEA (<0.1%), FRERFNSXRINERNELSTR
SRR ERAER, BISE T RREI IR R Bl — IR, MRS
BEF0.1%~02%), FHRERF MRS TRSARMEETFEARNE A,
FoRBHWEMERSHE-RKLAF—ENA S, IAEREELRXELES
B-REHUBMEEES, RERERRNANNSES (FERLE) EAT
5 (FERKNT) X, ERAXENE, ENEREEN 01%ER, XET
RrEEREET. BB BERINZ A, =EhM B EE W ENELEY, N5
AKX ST ERTHEKERENERE R RN UEHEERT
fir 48 9 B ATV SRR I BE R T R ), B4 DMA RN, BB SRR FE AT 1 AN S 3K
s mERA, MBNM, EEXMIEER, NETs SR, KB
ST, PRMUSRANRSIEBLTHENRENE.

FHRUBA—EP=R MR ET LRI, ENERERNN (TR
R 2L AR 0 BB, IR IRSIME R BRI ERRIBRERT 0.1% )5,
FoRBESWIESHRE TROER. R, EHIERERTNIRIIN R
i, FRAHRRRESECHREL BN S BT EHE.
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LEEENEERRY, F—XNEBNEREERAMBEHELK, MR
AR R — R IR ENES Rl R, TRZIE4—-26. BPEFR,
EANEREET, @FRAENEESTRSAFHEREAEE. 24LE, &
RANEBEKERR, THEREZRSEM, HESIEHEANES: £N
AR RE A RIE (DT 0.025%F KT 025% ), FFHEEE AR RTFE B thk
HE&BE.

BEL fe B J52 3 480 o T PR RS 0 T LUF & IR AR T L A2 2 i 5 (L A L
R R RAERE

35—
—i— no weld 4
—O— weld spged=20 mm/sec
3.0 —A— weld speed=15 mm/sec P
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e
o /D/ /.
I‘C_} 204 /O / ./l
x O/o e
1.5 / /B/P?
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- ,/-075 e
(e /‘“ e
10 /ﬁfgr/
b///’C’/AV/'
05 //¢¢
00 1 T T T b L) Al
0.00 0.05 0.10 0.15 0.20 0.25

Strain ampiitude (%)
B 4—26 FRMREER T ol et CE—RdRah)

Fig4-26 amplitude-dependent IF of sample under different welding speed (First vibration)

MNTRERSERE, FEEBAEL. RETR. BE4NTETR, dTHE
BRRRE, #FRT (B, 8% EARKPURTRAENT L, $—HEKY
ik (B WEWHBE RS, EIRRIGTILAE, ST ENERE R
HAEMBEMEK. B—FEEERAE, SAMAERETILE TR, ST
PASMTEIEE RIF, RUAERBERD. #RENEREET, B4EBRAH
EERE, RRETERLEWHLAmE D, E2mUSERTH, 28
A B R RN E .

B 4—27 RIARERE ZRIRSIER N E S, ARBETZSH T
HIFE B ARk R 5% — iREI BN G REREL, M ENEHNET AR
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BET, BEAFHEERBF —RXNBHRE AR, I TEELE—KEREE.
BEEXT 02%HINRIEE, MERENARRL, FIRIREE FFN T8
AR, FRBIEEE I InE L.

B 428 ZEIUMAR IS ZRIRSERBNE ML, 5/ 427 5 " Riks)
MR MK, BEEARERELN, RULT—EMBRRSGHERE, 1
WRELRENN, REHERBTRE, KSRITBRURAEF, £k
Rb38 JE A1 RS I BE R B SR T AR R — 3R

ADIF during 2th vibration

3.5 o
- O/
—s— no weid e
804 | —o— welding speed 20mm/sec o
—a— welding speed 15mnusec v 7
_ 254 |—v—welding speed 10mm/sec e v/vj e
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Strain amplitude (%)
8 4—27 NASEEA TR E RS (B _oXiRS)

Fig.4-27 amplitude-dependent IF of sample under different welding speed (2th  vibration)

854 ADIF during 3th vibration o
.
O
LR [ [R——— /’/
—o— welding speed=20mm/gec /a v/v
'.‘A 25 | —owelding speed=t5mm/sec S
o —o— welding speed=10mmvsec /o /A/“
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X 204 L f/./.
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[ 4—28 RIEREEA TS NS (BZKED
Fig.4-28 amplide-dependent IF of sample under different welding speed (3th vibration)
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(3) R RINER

BREREN I TS RERME, BEEEA 20mm/isec, BHTER
B 4—17, BEARFNNERIER BN KRR SHIRERNE MR
(b4 LB 429,

Laser beam welding spsed = 20 mmisec

2+ .
—C— Jongitudinal wetd /
~ ~—g— transverse weld ;;V/'w
iy ~8— no weid W
=
x
a

0.00 D,‘OS 0110 ' A I 0120
Strain amplitude (%)

B 4—29 RERERAMRFTEEmE (B—Kkkzh)
Fig.4-29 ADIF of sample under different weld type (1th  vibration)
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BRERHENEEHETEEINNEEENELES, XSRELLEE REE,
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BEMERTHESHLWEMEE LN EREL. H—FE, WEHEERE
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Bm. TEHMN HT-TU BRTRREBNHE, ZRELLEUNEREHNIR
Zhet IR

HT—7U0 BRTRREERERMTE RN EREMMAME, EFRSE
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BRERRIVKE, §FAEFERERRNEGE, #ET 1TEREARTE.

ZEEFREMSEFRABNEEREN, TEMBE 3041 F1316L, K
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Fig.4-30 Sketch of HT-7U Tokamak

B 4-30 RPREEETHROIT-VESE I RRREKEINEERHEE.
REHERIAT. 6K, ER 7K GBI EHESHRABERAEN 3040, St
OB UER, M WH) BE AREATR. IHBREZERRNS, &
EEHETRPHRTHREN, FRERFHERARINETEZLE.

(1) TR 2 4hH—¥E2 1 VSR

e

& 431 E=miRsnp s

Fig.4-31 the VSE field of ihe flange
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TR EE —MEZ, R hNERIUREmE (B 4--31), GHERR,
1B G BT IRREN N A T E . B 2AMET. 6 K, BHRR 135 2K, B
100 XM, ERHNHE, SZEE A= SE (B4-30), HRE
EEEES L, EfEZEHESD.

KR E ™ VSR—NO6 B 1. 5KW RBNAT s B, WIRMOBEBTES S 8, %
Zhet 3 5 FIB AT & LB 432,

R a(g) 1---(4139, 4.8) before VSR
2--(4132, 5.2) after VSR
VSR(4139, 5.2, 6min)
B &2
1-7
i
_ \
'y,
an A ",
Bty et e <o
2000 afnn A0100

n (rpm)
W 432 A 24BN TS AT ANR AL iR 2R
Fig.4-32 The acceleration response of the flange before and after VSR

B 4—32 Fi AR n KRBIRBAE, PUGFRERDINERE, BURES
ERE g, WLIER, RIWYAIEFHREMEMEEESES, RETELHREE
frEER. WA MERIEE R 4. 8g, FIREZE 4139rpm, BIHARMEY
69 #2E (MiZk 1), RAX- MR 6 450G, FREM B2, m
W ISER IR 5, 2g, LIREFER 4132rpm, EFRMEREBRTH 0.2 %,

HETT R, Sfplik 2 F R RARE G, IR AT S RN R AR L B i b
HERNENMRER, BLREES, RERAELE.

(2) RZ=4%H—#{5 VSR

iR R 3041, BB S0 ZXK, £REKEN, 5E2M, B4E, AR
BAEMBERENEEE, #HE%. RINYLAEN, ERERERANESNHRER
AFiE (B4-33), RRBESEDREBEZ L, BIRBRLOERE S M,
DU AR BRI AR R EE b o FERIRBH ROAT S O A WA R LR Y AR (Y
T 5000rpm~7000rpm) &4y, 18E|E 4—34 iR,
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Fig.4-33 the VSR field of HT-7U body
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Bl 4—34 HT-TU B 4RENE RS B 028 BB AR 22
Fig.4-34 The acceleration response of the HT-7U body before and after VSR

H T4 4 bk 22 B RS B A, SUSRBIIRSN i 22 87 R = IRt 2R 04

., FiE, ERBRFE. LWERE 434 ORI AT BB, AT
EF-NRBNELE, RIRMEIERE A BRI, TEPEH, dTHE)R
BRTEUNELE, BREE LMNAREEBEFEZNE. Mtk B, C K3}
RAERSERENERHIE, RN ERRES EREVRESE X,
B FARAT R 4R 5 T BE B AMECIE IR B IR %, 1R4E JB/T10375-2002 1R #el
HRHF A TESHEFREARERY), BENRANT BT ETUNNRER
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Table 4-3  The peak value of the acceleration response curve of HT-7U body

before VSR after VSR
peak B peak C peak A peak B peak C
Rotating speed (rpm) 6012 6423 5780 6024 6413
Frequency  (Hz} 100.2 107 96.3 100.4 107
Acceleration {m/s%) 47 70 44 44 68

(3) HZH— TR VSR

AIEREIMNEE, A2 RHFHES L& FRE BT 70 /& HT-70
EEETAER 304L REMEEEN, ATHETZHE, MHEEREMN
BE (E4-35) , wahatRE AN AL DA SN, RGN
HEERESUTHETHR®REE (B4-35) .

4 b e e | ‘g

| = |
Wiy =

T [ ] P e

B 435 TR eREH RS
Fig.4-35 The VSR field of HT-7U Top cap
IR, TIHESTIRI, BEEEEML 1 (B4-36), H+
— A FIRIESRE 108, 5Hz, FTRUHE 6507rpm, MAEEIEE 7.0g, ZJ5E
108. 5Hz $iEE T AT 5 4 HIREIR M, WBIH G, BRMBEEM L 2,
B 4—36 Box T E8IE S HE 5000~7000rpm EE, FWEIERATEH KT
g, REIEHRE, TOMLANHREGERSHEILE (-4
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Fig.4-36 The acceleration response of the HT-7U top cap before and afier VSR

#4—4q TRHIEREES S PEEEH

Table 4-4 The peak value of the acceleration response curve of the top cap

before VSR after VSR
peak A peak C peak A peak B peak C
Rotating speed (rpm) 5481 6507 5586 5882 6451
Frequency {Hz) 914 108.5 93.1 98 107.5
Acceleration (m/s?) 36 70 38 50 68

ME 4—36 13 4—4 TTUED, LR ME, B LREHER
£, Hhig B RETUHE, MEFREARITHE 30n/s" ZA T &ERRE R
50m/s% R A REEY GHRMEEM, \BEMK, EikECKRELYE Gt
R EBR), MEEEEBET TR,

ML LSt AT LR B, SRS REN, FRANKRE, R
BRI ARAR. bTEMERNARR, RNEEHELESR, Th
W— LRI IRBIN NS A, RERE, RARBEHRMERERERER
. BEF RS R ALE. IBPIRRE, SRR
RIFEIRIER R, LREGH,

Wit HT—70 FE P HOE R, ERFHH4RIRSIE BBt 2t &
LB B JB/T10375-2002 #REHF MMM & R 4 T AURHERE SRR (H
MRET ., BE. 8. £8) EAREIETNAEAMEAF LA, X
HIEH A M R B AL
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Fig.5~1 Quadrants of the stress-strain plane
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B s5—2 fRERRLINIERE X

Fig.5-2 Definition of cyclic stress and strain

B LHEREHEEZ RS MRS, LE 5—2, MERK
AR A, BN, ERRE, MAgEEANOHRE, Tk
By — R HR Y R IEME, LL o a BOR, WABMEZ RPEBIRRGER, AT
BRh, Bl oonkw, B5-2 (a), FEWELEREEMFHNTE, B5—2
(b)o ¥eRIML, TN S A TR EMBEMFR AN RER.

5.2 &RBRHAEINRIREHEERE

LB RSB B AL, BR 3N H N N ER KSR AT
A5k, W ALY BB AR S A L R AR B TR R AL TR SR BRAL
5.2.1 BHELSHL

& B EEEN A EEERRH T 2RAMEREAN KRt (B5-3).

ANIYA YA NEVAN
N L N s

(a) cyclic stress
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LT,
_____

A
0 \-"/ ________ __\,4 ________ D t

(b) cycle-dependent hardening

-

; """"""""""""""" ;7K; """"" ;7g<
SRRV VARE

{¢) cycle-dependent softening
5—3 {ERHIRGEE T H K RS A N
Fig.5-3 Cycle-dependent material responses under stress control
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G TR BT A e R, EERN DT, EREFRAEE .

ta

(a) cycle-dependent hardening (b) eycle-dependent softening

B 5—4 {ENCUIEE TN LA
Fig.5-4 Stress vs. strain under constant stress amplitude
AT AR 1 U M8, T LU/ B R W SR T B
B, W 5—4 . B 5—4 FEARFT ABEATFHEHLME
TR MR, 4T BT GEN, BEALHRE SXEHARE, B
5 L 0 T B AR AR R %6, ST BACHT Y, MR ELARI R o
RSN (B 5—4 (), AHETBILHE, BANRELEFHNN (8
5—4 (b)), EBAFAEET — M HEEHRE.
5.2.2 TERRAZ 5400
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WAEET R, MRS
ML, B o p0, BETHN L Nl as N Imn
PR A, KR >
R e b, W EIA A Mﬂﬂ 8
NIy AR, A mrEE |
(B 5—5) . P EH N RE L,

B 55 THIT R AR A
Fig.5-5 Model of cvelic creep csused by a mean stress
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R MTS310 FERBH LT (B 5—6), EEdBEEHEHBRAN

FEFARXK, TURBERREFYEHA (6 n FHR) MBEFNIEE (oad.

B 5s—6 MTS810 Kt BHAKRH Bl s—7 iR LN EERE

Fig.5-6 mechanical test system MTS810 Fig.5-7  strain sensor on the sample
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B 5—8 ARmEMETES | Mat BN (R AIR{E 100MPa)
Fig.5-8 Ith cyclic force and strain under different loading freq. {stress Amp.=100MPa }
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N EHERR, R%NAT, REME (1002) BREEX TEHE N,
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R LR, B 5—9 M 510 ETEBIF N ARES H 0 150MPa (RFTIRE
% +8. 04KN) F0 200MPa (EH[IE(E 9 +10. 73KN) TH 1 AREM —NE M.
EFa R, #EMABETHTFEERMNSENN N —NEREHEAE, M
EREMEERT (0. 1), BH—NEMBEAEZMNBENHBEETHEREAHE
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5—9 TFRMEMETES | ARSI NE (FAWBE 150MPa)
Fig.5«9 Ith cyclic force and strain under different loading freq. (stress Amp.=150MPa)
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B 5—10 FARMBERTER | AR WEHRT N3 (LAIEHE 2008Pa)
Fig.5-10  1th cyclic force and strain under different loading freq. (stress Amp.=200MPa)
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B 511 FARIMHHETER 60 BEMAEFEHEE (FIEE 100MPa)
Fig.5-11 The 60th cyclic force and strain under different loading freq. (stress Amp.~100MPa )
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RIAF ek 558 1800 B R B EES.

83



BEE RIMEA RSN R R LR

1.5
1.0 - —-— 1th cyc
-—~O— 10th cyc
—&— 600th cyc
0.5
-4
X 00
@
154
L2
0.5
1.0
stress Amp.=20 MPa
loading freq.=10Hz
-1.5 ' . . r . T .
-0.010 -0.005 0.000 0.005 0.010 0.015
strain (%)
W s5—12 304L MIfEFRELE SEE (AW =20MPa)
Fig. 5-12 cyclic foree and strain of 304L (stress Amp.=20MPa)
8 r
1| —&— 10th cyc
64| 40th cyc
—A— 120th oyc >
1| —=- 300th cyc 7/
4| —o— 1800th eye /

1 S

w ’//ﬁ
J / /
-6 - . 0/ stress Amp.=110 MPa

loading freq.=10Hz

force (KN)
(=]

" v T T T Y T T T T
-0.08 0.00 0.05 0.10 018 0.20 0.25

strain (%)
B S—13 3041 RGN ERAE (B/1ELE=20MPa)
Fig. 5-13 cyclic force and strain of 304L (stress Amp.=20MPa)
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PO B, RN TT LR R REME LRF N . B, HhRALE
NFREA BRI AR, WEFHNA AN AEERER, TH# 3040 BESA T
f— R T R — N3 .

150mm - | 5'\ |£m——
Weld bead
B 5—14 3040 AEBUREERA N
Fig. 5-14  dimension of 304L welded sample

BB RE 5—14, MEIFMEN, AEREA TIC AT NFLAINK, B
EsE, A Miller 22T syncrowave 351 JRHEERE, JHiEEHRG 1004, B
JE12.5V. RAXNEEE, BINENBEFEEREPR, IRTURESHT
BEESHEY, FBNRMENRE, MBEEHRELE5—15.

A
B s—1s fREMES R RRE
Fig. 5-15 Weided sample after cyclic loading
R KR BB - AT EAE. 5161 (a) (b) R THELIEEM
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Fig.5-17 The cyclic strain and force of welded sample
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Fig. 5-19 Cyelic force and strain of 304L welded sample (stress Amp.=50MPa)
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Fig. 5-20 Cyclic force and strain of 304L welded sample (stress Amp.=100MPa)
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5.6.1 FHAMKER
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K B R 5—ENREEHAME N R R ELR.
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Fig. 5-21 The creep of 304L welded sample change with number of cycle (at £ 50MPa)
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B 5—21 P RIFEFR R H TR A0 AN B KN 5 SRR 3041 BNF 3 B H

ML, MRABFFEEERRAEPRKL M, AR (6—-7) BRNE
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Fig. 5-22 cyclic creep of 304L welded sample at different number of cycle
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Fig.5-23 tensile stress and strain of 304L after low cycle fatigue
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K=0,/0, (5-10)
M 2 EPRIEE, BN EN N EREEME ) EREE, RN
FEFFRAHTNERN 2T R FENEL, Eiit, KR 1. AKX
5—9 ATLATHI 304L BB EMETREIREIZNHEHR T, RENDHBENER,
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Fig.5-24 the residual stresses of 304L welded siructure change with number of loading cycie
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Fig.5-25 X350 portable X-ray siress measurement equipment
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Fig.5-26 welded sample and residual stress measuring points

AHNFERRT LIRS, ARREEREE TEEN RS EX WA
TRANSME, U7 HEFESMITNERBERRE KA . RBNEGER RN
71: YERLN Y 205MPa, T 304L R ARIESE 315MPa, 578 2 EhpIRE
RARN R —H. RERKN SN 85MPa, MTBIAEMAH HEEL% B
th, FEXEUFARKNIBEL. £5—1 BERTRANANRLERFAKX 6

—9) FHRBITREZER.
# 51 RAMH I RYEROHY TG R

Table 5-1 residua} stress measurement results and estimated results

Cyclic stress Amp. Longitudinal stress measured A o estimated A o0 error
(MPa) (MPa) (MPa) (MPa) (s)
+30 2387 56.3 58.2 -33
+60 160.7 1343 116.6 132
90 98.0 197.0 176.1 10.6

#5—18m5, AR 5—9 ERTNBABHFMBERAN N BBEEK, RET
PHI7E 15%, HRFEE, FEAERE AT 3040 BER4 RN R
N SRR R TR .
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B 5—27 HT-7U0 ZREHTN KRR
Fig. 5-27 Base plate of HT-7U Tokamak structure

TEREM II0%%, SRR S3MEE (B7-25), BRBEEERNTY
ST — BN, BAME RS, LB 726 (a), RS, HRERBEEE
FOFLEE G B IRETRBIM B, KR RTERS), RE7-26 (b).

(ad (b
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Fig. 5-28 two vibration methods of the base plate VSR
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Fig.5-29 Position of | stress measuring points

#, FIRBTAIR S R P E T E N

MR, B 5—21836 0TI R RN KL 39.5 MPa,
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Table 7-2  The longitudinal stress before and after VSR

Longitudinal siresses  (MPa)
Points 1 2 3 4 5

Before VSR 188 193 73 113 151
After VSR 117 83 104 114 73
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1. TH work picce 2. &Bi¥HL melting pool 3. # slagpool 4. FHHE electrode guide tube
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metal drop 9, 1848 weld bead 10. AE/RHY start plate 11, MIREE exciter 12. JRBTII L

#% acceleration sensor
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BAE  RWERSEFENBT AR

HERSIMR, WIHEIRBIE R THRE, RSINEEEBRBEERER
ER—MIA4RE, BHTRNFENRSSE. ThaBEn, FRLMNERE
ZEGEREN, FHIAESER, FAGRMARREHEL, BRRSEE,
SEMIAT — EREN, SRLBARE, EIER. #ARBELTE. BTH
B SHEMN SRR BB TARRERE. FERLNEE, BN
R FAMRETNERSEE, BLPMAKERIEBRBREECTE R E#3). &
B RN FET, MR TN E— e MR ERTLBIRS, TR R
BIRERTE.
6.1.1 BB503 #k3h R

BB503 (14MnNbTi) & 1989 EEMAMBFMAP BEFHMEFNA, AF=E
W3 SE, B B ERE R 3-1, B HL 2 S &P 1 BB502 (14MnNb)
HEIHH AT IRE, RIUKERE 400MPa K 57 40 Rk FiR &8
HREsmPAAEEERA, B aERTEHTRE. B TRERNERR
BK, REMNENXERBSHENEHK, SrEfHXlIRER, BEE
bR, — RS RLHAT IE K ALK AL, Bl R e T AR
EEERA, BUHTHAE, BHEEHRREETRIE. AWNEHN1 5. 2558
3SRPER (90 BX) RESEESHNSHETERSRAEEIER, OFRE
MRk, RESERGRERR TR SEFEFaRETRYREF AT, X
RRBEMNE &R EERNMNEETNT, BESERFHBRD, EX—EEKA
ZEH.

#6-1 0B5O3 I MILERMGR TS
Table 6-1 Chemical composition and mechanical property of type BB503 steel

Chemical composition (%) Mechanical properties
C Mn Si P S Al Nb Ti o, (MPa) o, (MPa) AT
013 13 025 002 00! 0015 0015 001 315 490 >47(0°C)

#xt BB303 MMM REREARAEK. WS SHERMER, FIXHRT
FHREDNEETZHTEMANRE, URERERBENHEER. NEF
HEE, FHRETER—MENL. HEANTE, RIRERRE (—RD
F1FE), TUEEERGSRETISRASHT, FTRERSANEANMAR

103



LERERETH#E LSBT

B, #ERAEBRTEERR. BRETERE.

EXREN P ER RS ERYARDEETE. RNEHIEES
DAIDEN CR-H800. HITFE| LEEHEE, BERN 90 BK, BEAER 450 %
%, B#RER 4mm §) HOBMnMoA, BEEE 2.5cm/min, BHRE 50 XK.
R & N BRLBRRINRET E7H ZH-A RSBEESU Fahsl
BREAELE6—2, B6—3 2EBBRENS.

Accelerationy ,400mm 400mm
G [ e——2>|  exciter

Sensor \ I E I /

N

onfﬂqwth
1T |”=| ||"

W WHI

R IRRE LR

6-3 MERKNING
Fig, 6-3 Ficld of welding experiment

{
[
!
|
]
!
{
!
|
t
1000 mm

Weld bead Start plate  Base material

B 62 mpRRunmnsEEERE
Fig. 6-2 Layout of weld bead and vibrating equip.

SIS ETEHRES 23RBARKEIEEF LIRS, A TR
FhEAR, SERSMERALS 3 ot HEHIRSHEERST 3230-3540
152 18] (HIFEL 53.8~59Hz); WHEETURME, BHIERNMEE KA
6 m/s’, BORBRERHET 4356-4406 /402 18] REL 72.6~73.4Hz) . iR
D BE YR HRAT 8.

ERAMSELELE IHABEFRD, l
— KA TR EAR B . FERPH BB503 AR
BE, A THRMESXEEH, BREERR W
R, CMBEHRKEAS, RRTNERE e oot conper socs
FR, THF X BEA. EEREN, B B4 CHARTERE
ﬂﬁﬂﬂf}ﬁ%?)ﬂﬂﬁ, IEEI%%E’ f‘ﬁ%ﬁﬁ Fig.6-4 Sketch of front side welding
BREEMAREE 6—4).

ST HE R ERS, 3 m/s” BROERREEEST 2076-2097 3%/

Backing strap
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4 (#934.6~35Hz), 6 Vs’ RIRBIRBELIFT 5380 ¥/ £ (4 89.7Hz).
BORBIROLIERE AN 6. BARAESIRMKE S 1195mm. BETE
TREBESIEREN 52C, NKBRA 48C. SR —ER4MNEY 43 2
e B 65 6—6 BREKIFHBIRE T ILRF EIEEIIH.

& 5—5 LRETH RS B 6—6 BB503 MEHEMEITIE
Fig.6-5 Vibrating exciter on wark picce Fig.6-6 Electroslag welding of BBS03

6.1.2 3B ERINEE I/

ATREETEF THRAENER, FIREEBIEH R ImEE £
BNET TH2RENKRSMEZE > M. B THEEERAFTHRA 10 F5
(A~T), BFTHREFRATR 1255 (1~12), BATHIR 120 MHRE,
RE6—7, LMEBLKFSMERH 30/’ M 6mvs* i, BAMRKBMBE L

WFE6—4 FE 65,
# 6—4 RARZIMEIES 30/ T HRAMEE S (/s
Table 64 Acceleration distribution on plaie when weld point scceleration is 3m/s® {m/s?)

Location 1 2 3 4 b 6 7 8 9 10 1
A 13 7 7 7 6 6 & 6 5 6 7
B 8 8 8 8 7 6 7 7 7 8 8
C 7 7 7 6 L] 6 6 [ 6 8 7
D 7 5 7 7 6 5 5 5 6 5 7
E 6 5 4 3 3 3 3 4 4 6
F 6 4 3 5 3 3 3 2 3 4
G 5 3 4 4 3 2 2 2 2
H 4 3 3 3 3 2 2 2 3
I 4 3 2 2 2 2 2 2 3
J 6 3 3 2 2 3 3 3 4
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Acceleranion @ 218 ¢35
SENsor | =
B 5
: 2
c LT E | 5
[ : (]
_— b i X ;
Vibrating ! - !
exciter B |
- - - Y
Pl g 4
; i | [=
i T =2
€ i 2
H . : ] W
; ] S
. ; ! 7y
1 ! i ] =
; ]
] 3
J i
: _ L
f B A
T | ; !
i i
R i
¥ Y
S0mm

B 67 ToHEz M3 ERN SN EREE

Fig. 6-7 Layout of acceleration measuring points on the work piece

% 6—5 BEEHIMERN 6n/s"H THRIIGERZ S (n/s'):

Table 6-5 Acceleration distribution on plate when weld point acceleration is em/s® (m/s?)

Location 1 2 3 4 5 6 7 3 9 io0 n
A 20 12 10 10 8 10 7 8 10 7 8
B 8 9 5 5 4 5 ji¢] 6 5 & 6
C T 5 7 6 6 3 1 4 3 5 10
D 10 7 6 7 7 6 8 6 7 & 8
E 6 8 7 3 8 ] 8 5 6 [ 7
F & g 6 10 7 5 7 7 5 6
G 7 7 9 7 7 9 6 6 8
H 9 7 7 4 10 i2 6 7 10
1 9 8 6 & 9 11 7 5 6
J 7 8 é 7 9 7 14

MF 6—4 F0E 65 T W, B THERMBEESH BTN, HEE
RSN B KBRS NEE NEATRE, FEAREITE RN R NERNE
1k, FRIEERESREINEE.



FAE  EHREESERGIIRT RN

6.1.3 IRABEREEERN AR
BEEEEERAEILEERENRBEES FHTRERKNINE.
R RERESRRN MRS A E 68 i, RENHWHES

3 points on line
1: base material
2: weld junction
3: weld bead

WHQOo [

<> S50mm

68 AN THENSHRIEE
Fig. 6-8 Sketch of residual stress measured points

FIERF EER 30/s"
6m/s’ IRIEE, MEKIMALRE
6 MES, TRTRE&ZL
(%a. bFcw d), BELK
ERI=AR AN RIS
M. BERREE (51,
2, 3), B 6—9 B—£NE
% a L= B SRR
Ko R TR R A

6—9 —£RBL 2 FH=REEH
H W, Eﬁ&ﬁ%ﬁ%&ﬁ Fig. 6-9 Three sirain gauges on one measured {ine a
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ERRL o F VT . A R LN HY120—2CF BN R, B R

=120Q, RFFRH K=2.00~2.25, EFLHEE 0. 2om/min, FLEER 2mm.
ME&MEL LR FRKNHMUBLERAER 6—6, HHHRBASNE 6

~8 HIIARBE LHAMENAE, omax . omin HEARFHNENEL. B

NEBRRILT
66 MAEMBR LRRLN ST

Table 6-6 Principal residual stresses on four line

Principal stress Number of measuring point

(MPa) al a2 a3 bl b2 b3 ¢l c2 c3 dl 2 d3
o max 55 70 98 75 143 66 25 58 52 38 41 24
omin 6 -27 43 5 79 0 -20 -44 -1 26 17 -20

140 |—=—linea
—e—line b
—A—linec
1204 | ——line d

100

o
o
n 1

N
)

Max. principal strass (MPa)

L]
a

Number of measuring point
Bo—10 MAMER CHRABKERHM
Fig. 6-10 Max. principal residual stresses on four line
B6—10 ERTARMENBRRKERKN . NELSRTUER, FFR
HIMEET, BAREARMNEKEIRANHEHEE BAERRFHHERR
fE(os: 315MPa) B 1/2 4. W% 2 EATR, BRERKTHSEEXKTNS
W ERE X, REEREEE R (AR 2. 5cn/min), HANESIEN
BITHRWIRY, METHED, EEERNEEMNHEY, BESERE, £
YA R TR, XEESIER BERESRAN DL T BRI AT.
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5h, CRHRBIREIBENT, BRAAILTTINR S TE A SHREEATIE RN
RhES, BERARA.

8 6—10 BRIHIEE S 3n/s° K 6n/s WHR AN HATER, bTm
HIE 3 /s’ AEAEIES, FEEREANIMERR, REEENE
IR A R B .

6.1.4 BIHUBETE SEBERAS

5-RMES S, BEEREAGARK, BEREEE, Bifses
WEXRAREERSNTENE, ), XA SRS IS N EEE
B, SCRUSZERFA 16Mn MOBAOIRZIIBIVERT, 35 HLIRIR NS B AT A (L B e
REMEOSARAR, BRREREHARHE 35%.

BB5O03 RV A TEM T BB —REGILESRN, SBRARAE
MR MSRAR. A T RRHRSIRE TR RABWIE 1S MR,

Weld bead Weld junction HAZ (coarse grain) HAZ (fine grain)

%

B6~1) SHABANRELERER
Fig.6-11 Sketch of the sample metallograph location

— M RENERESAACERE. BEX. ABEKERAX, ARK%,
AR B S REl. MONMBME=F THT, X BBSO03 4T el B He K
SR, NET RN BEELSHAANE®, BFLELE6—11. =f#
TR TRALMIRIIEESH A 0n/s’ (AR, 3 n/s’s 6 n/s’,

() acceleration=0 m/s” (b) scceleration=3 n/s® (c) acceleration=6 ©/s’

Ho12 ZHEIINER TR THERRSeRKER

Fig.6-12 Metallograph of weld junction at three diffzrent vibrating acceleration
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6—12 BR=MIA THERIHENSMELR, ATUFRRSBETLETH
ERBUHASHETRHEZ T ENALEL, FRAFEINMEE 6 n/s TR
HASMLERRT 3 n/s’, BRTTHMTEEHHEMR.

B 6—13 B=EMIA THBESAASH. 19MnNbTI KIEREBIR, 15484
PKBAREFEEMBAE, BTHRFRELBRRERERTD, EkaE
RAERE LR, WREMHTR TRELARATURI,. BRsBERNMEA,
AR R AR R AR MK .

el ol L ¥ A
g e

T i Rl
- ) X,

(c) acceleration=6 m/s’

6—13 ZRRSIMEE TRERER LA S5
Fig.6=13Metallograph of weld bead at three different vibrating acceleration

R e o <l
e B v e ] e
TR f':g P e

T b
- _‘-h-p,_*tljnll b

.._,r-'—;;r'__:_-::::'.?'f'_"-":—r-—r 2

e i T

(a) acceleration=0 m/s" (b)  acceleration=3 n/s (¢) acceleration=6 n/s*

6-14 SHESINER TRABERLAENK AR AR
Fig.6-14 Metallograph of HAZ (coarse grain) at three different vibrating acceleration

6—14 B=F T T i He kS KM R X AR g sh i # e
1Bk, BANERERS REAL) WEHRE (H6—14a); TRIMEE
3 s FHRs) B R RS, BIVEH RAAFTITELNER, # KA LR (H
6—14b); TERINIVEE 6 mys’ FATELMEREMNHE, B RIHKHRRAR.

6—15 RS TR HEME A& X WER. TUER =M TRMAR
EXSRGEAMBKABAL, ERNFHE, RBEY BEENTEEGRNA
SEMIER RS .
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(a) acceleration=0 m/s’ (b) sacceleration=3 m/s’

{c) acceleration=6 m/s’

B 6—15 ZRpIRahnEE Taf Bkt X 49 8K AR
Fig.6-15 Metallograph of HAZ (fine grain) at three different vibrating acceleration

EHREERY, FEMBETRMERNEK, BEIEMR MRS EET
SRR, ARHENALRAIER. R BEESESAALTTUMNELT
A FEHT. B, BETHERBRERE, BEEARKPNEREES
B @ BNRE I RTE R, HERR R R IR, XA E TR P R P
RAERRER TR Bk, BENREEEESRABERKN, REmeT
AERGERPHRRER, EHILHLAGNEEREFENLEEX, B
285, BEANS L. £=, E3)EBRBESRELES, JUBRSEREEE
RELTHEABNERNESR, FREREEREESAHRETR, BETH
EREARSES, W TREROKERE. dTFaramb, SR hE
HEEH B R T
6.1.5 {IEERFTEXELNEEENEN

FHEETEMBELNAERRARNSE, BWBIELEEEREN,
H T RS REE AR R, BT AR BH YRS R e AR R
kRS R IRR B L M RRE . MB R B d . METATE, &P
1 BB503 ¥ MAER B EELNNMBHREE, NERRHSKELAE 20
%EH, ARASHERAFAP—IESEESY.

(1) $hEE

REELTABRAET 8 APWXARL =5 . AR5 6B2651
—89 (fRiEEE R MRRTE) #TM, AR, Bk EAZHAM
REA. % 6—7 B T RBIdRE) O 0 mvs®) . JRENINERE N 3 mys® #1 6 m/s®
=REEE T ETEERLNTURE.
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F6—T7 AFAEANERE TELORIBERBER (0. 54 WPa)

Table 6—7 Tensile strength of joint under different vibrating acceleration

No 0 m/s’ 3m/s’ 6 m/s’
o (MPa) o, (MPa) o, (MPa)
1 550 555 545
2 558 560 550
3 515 550 370
4 570 560 565
5 543 565 540
6 547 570 565
Ave 547 560 556

MR RBERE, ENRERSHEREREE, BREELNINREE
AR, N=FREER T E T REELR AR B, KHT SRR
HRECABMUEXFEGHS —0, FIAFRERETX KR, GLWEED
WA, RIAEENREBHHRLERAABWRD, ZRBBEMEELE
FTELARBEEEMARANTIERR. B ERRERR P RBIREN

(2) 180° L HaE

%R ZREHREPRER
B, MATHTE, MEHEERFHE » «
EEEANEERRKRZ—, BRAEMNZSE
BERFHAWMENTENERRR. L _—

A NIES) CINEE 0mv/s®). |EIM  me—16 NEARBHTEE
ﬁ]ﬁﬁ] 3 m/s2$ﬂ 6 m/s Eﬁ‘fﬁ?ﬂ."ﬁ-ﬁ% Fig.6-16 Sketch of side bend sample

#7180 BEMIES M REREST T A%, WA EUN R R 4% 0B2653—89 IR LT i
REFEERTY, BECELE 6—-16, RELRLR 6-8.

MERREE, FANMEN TS, REELHNSHERERRRRE, KE
W E#F. — A BERK AKX R A B R R ERRENENEE, 55
EMEHAEAME, MESRERE BEMNRHTE, t—ERE LML T X
BEARENBE, WHENSHENE L. ®6-8 &7, Mm6ms NI,
B MBS RIXE 100% TAMRSIE HA 25% , REFFHE.
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F 68 ZHLAMRBEMTSHE (FRE/ AR
Table 6-8 Qualified rate of side bend test sample (failure/total)

WHIE VS BAENE FRE  ARE

0.0 8 6 25%
3.0 8 2 75%
6.0 8 0 100%

(3) rhritk

B kfott R AR — M EBRE, BLE SR HiEAE WX &
FHERL, BEREMEEELYMREGEAY. BT THREMESR %
Kt pE R, T AEESEE TR T4 8, & 6B2650—89

PERE AR X FEEX 0CHEEME A, BRALE 69,
£ 6-9 TREIRANINEA T L A0 A SR e iy
Table 6-9 Impact vaiue of HAZ(coarse graine) under different acceleration

Acceleration Ay (B
{mis?) group 1 group2 group3 Ave.
0 28 42 51 40.3
85 84 94 876
6 9% 92 106 98

RE R R IR BEIR L AR R AR R R rh a9t X M e e 12
R ERRE, MATESHALRKLE T, RVBLT ZRHER, XREFH
mHERERENEERE.

BALE, RARSREETEHRET REBELNAFERE, TREREN
LA ERA T 5.
6.2 IRINEMITIE

HEIUER - R R AIEERE TREHTRENTE, AR ESERAREN
MR, BTUBERP I ENS —BRARIPOEIE. BIURNRETRE
mE 6—17 Fir, BBl MR E LA RELHN— ERRER, HLH
Hpg iR 2 SRR IENET, FoIMait. |l T mAIAMRL YRS
RS, BRI LBENENE AR, RN REHE, AT
WAl FETIEM, RN RE, RS, LEREMGEREEE
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LTRTBARTEALEURY

RE, RLEHRABR, SFEHE.,

wEBMBERTZEE
BRMENRTZ GRS,
3 I A 4R T A e LA
BhmiAk. #iRZHEW E3E
WER, BRRL. Baa,
BUPH . FHETHEE
HRAFAZ 5, Bk

4—— Welding direction

B o~17 BIEREIERER
% P\ ?ﬁi&l#ﬂlﬁwﬁfﬁ] ’ #E Fig.6-17 The process of submerged arc welding

@%ﬁﬁﬁﬁ%ﬁ%%fﬁﬂﬁ% 1: flux container 2:guideroller 3: flux 4: base material

5: rolled wire 6:electrode 7: weld bead

NE.

HTEMEEATANGERBRSENEE BRETHEFEXTINAEY
—, FTHA Q2358 ME H HMMEH, MR T RINEIMET ZHERBMIEET
Fiyagi Lol
6.2.1 H REBETRER

E—FRE, dTEEIRNRRERMAIRESH, ERERAEHK
M&REEBHERE, FERKNS, BREBUHNRAER. BTV
RS MEE, EANEEETEERT: ARREEE., HARETEE. SEi%
. AEVAERERS.

(1) AmEiEER

MR BB R TT 8 LR E AR . AR ETRE R T
K. BEMGGRENTERERERER. BT -2rie, BEXK5E
BhE. BETE, URMEKAYESEEX.

(2) BEBHERE

BAGSEEERZETRETONERRE . HRERLIHEIER 55
BReR. BANDREREX, HOAERA, BRABREHBX, HNEE
TR
(3) ElER

MIBLEL R MM B XFRE, BEMNE SRS ESH, B, £
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P, MRFEEEITFAE L, e BERANZTHER, mE6—I18 (a),
(4) AT®

BE e TR RSN Y, SEEREEZ AR A ERAERL,
AR, FEXN . BN T FERLIEERN, BEFEATE, WA 6—18(b),

— i L

(a) Bending distortion (b) Angular distortion

B 6—18 MEEHLEER
Fig.6-18 Sketch of weld distortion

(5) WIRET®

6—19 HRER
Fig. 6-19 Buckling distortion

ERISEN, —REESNEEESFTERND, RBEEREALNY,
EXMERNAERAT, FRTERR, PERREEE 6—19), BRERAD
WANBEAEMR, MEEWHARRENEEEE. EAEENR, HTEITEE
KARHS, BRFRGAR, REEERKIEGHEBRER TS, BAEHRBIRER,
A TENERH—MEE, ZRBTERR T RIEBIVETHEIRER.
6.2.2 HEAMRIEFEZRER

HEMRE RSN, hRAEE, RREWREENMR. X TAEH
Wi, BERSELFRTEY, TAREERS “EXRHSANRE. A TH
EEREFRER, AT XARNEELEHT HERANERE.

H EMAHE % H00 X 200X 6/8, ¥ 6m, #FEA Q235B. £&EFEL
AT ABE Y. AR THREETR L, RAEIEXN H BRANT
£ B TRE, RBEFEROLBEEENTLE 6—20.

SEF DAIDEN CR-H800 {2HL#HT890R 5, B AR 32~33V, BEAi
500A, 1EREEEF 0.60m/min; 184 % HOSA: ¢4mm, EHF Hi431, WM
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LBTEAY THE LER X

N2000 #3500 B BHATH MRS, BiRSEEERMIMARER b, ROIEH
HEREFT, LE6—21. B 6—22 BT IRahEEHTIRE.

Electrode wire

@ H type steel structure
Y ™~

/ "Weld bead
KA
B 6—20 H EMMEhREHITHE:RIBEIF

Fig. 6-20 Vibrating welding and welding sequence of H type steel structure

3

Auadenstion sensor

6—21 HE2NALNEE B 6—22 H HMRshiFEitiE

Fig.6-21 H type structure and exciter Fig.6-22 vibrating welding of H type steel structure
ERAMRELRE, Bl
el b = . 2090
ATBHEDMEREE -
s [
0

i

acocleraion {ms
i3y
(dny peecds: Gunex:

’a

#, EH-ERREH I ; ....,....; :
MiRER, B ATHR i
Bl B RRAN ' i

wImEE. B 6—23 B
T84 2 eE RN, ME -

FERMNERDMEE me-n 242 HRHNEERARS RS
ﬁ] *E F_‘Z Ef‘] ﬁ#ﬁ %% ﬁ]ﬁ , ﬁﬁ Fig.6-23 Acceieration and rotating speed during welding bead 2

8

1]
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AR EHLBRBSESEIE TEHMR

SEHIEETE 2040 B/ AR, MRRSMEL K 34Hz, U &BERIEE
R BN R A R 7~ Omvs® A
HERFETH M ER WA FREIRTRIER, H T oMzt
BEEEMER, THR H 2WMPEES 25 RAEHEENRSENE T
2, MUEAREERETETHRIEER, B ILZTHEELZSHHHA.

Ruler

r

i
)
e éﬁbﬁ;%fﬁﬁfzzﬁﬁﬁk

PTTTTT TS

Table
Fe6—24 EREBHUBFTIE

Fig. 6-24 measurement of buckling distortion
LFIRPRRER —BREMERBLXAKERME, mE 624, B
fHX DR BERRERR, BEEH BANER LABERER, BT 6X
KHBER EEGBERERAES, BEFRETREGCAWMESENE
(Vibrating SAW) FFHEETET, EdRR 6 KKERELNEREE, B
THR EBRERBEAMINAME, 5ITFR6—10 .

F6—10 BiPRETET H HABRAEHRER
Fig.6-10 Buckling distortion of H type steel web after two welding methods

Point No. Buckling distortion f(mm)
SAW Vibrating SAW
1 12 8
2 21 9
3 22 16
4 22 12
Ave. 19.3 11.3

ANBERE, FAKEENEETS, RS H DABRERERNE
FAE A 16mm, WIRBHHAN AN THER 11.3 BXK: RATHMIRSIHE MR
HIE T 2, R IRE AR KEN 22mm, HIREEEAMN S HFHEER 193
Bk, BR, ERENEETIZT, REEREEEATE.

BEFHHZE SEEIBRYSMBE X, SURRSINE T REE R
MBS, ME T BEIRNNED, FRERAEREX & B IRF 76 A
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LRRBAE T H SR

P ERS, BLESBOAYSBHER L, SHREERKN HEETTHRE
& RBoh, |SBEETZHFHERRBNNEL, LRET&EREIEMAELE
RiJy, XHEITIEERTE AR RN
6.3 HEzhRERSRMBPIFLLE

HIEM E B REN, SHERLE, BEEER, NEH. BH6—25
RERR T RBEESEIRKNAET LR, BEERBBENSEEAZEN
Bty 50 fE LA

3T R BN AR A E
MM T EENSHA
ST T MELER, 4R
BF, ROEIRERY
RAHEFE—ERNHL
A%, HRAERSEERE
HE, HPmEs5EE
FEE %, BB503 Eaem
RRERERN, RRE 4 ;_ 1|2 1ls 2:) 2:4 2; t(:.in)
Y 2. Gem/min, L H6-25 AERSENBAEFLETES

ﬁ% % E_ ’ ‘k% é@ EZ% {% % E‘.f Fig.6-25 heat cycle of electroslag welding and submerged arc welding
¥, BHEEARBEKSR: 02358 44K H BV A HEIURRE, B4 4 60cm/min,
BB B, BEeRmAEEHEE, BEVBRIHERRKRRERERE
BNEHE.

REHE— R THEERGNEE RIRERTENNHAIER N THER
SMPEMEGAR, BRELNNELE, dTRHEXSRRE, FEER
Ay TELENE BIR—BAH TP ERKEERIRE, RIEIETZH
N AU A 1R 48 2t e, FEENRGRTRERE, XEREMNN
HEETHFEERX.

6.4 ZENG
(1) R B4R 14MnNbTi BEIREIRIGR . RBVAER T LT R4
AR ERE SRR, MRSk FER.

1200 ™ e Submerged arc welding

\ wn wa == Electroslag welding

800
600

400
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(2) SEMAERELL, REVBERELNONMRETHEREML, Mk
EHXAOHAXAETHERERS. FREAMHT, 14MnNbTi HALHERE
M ERERT 25%, MRsTEBEELNESSEEZXR 100%, B7RT RS
HER T ZERFAR LSRR LFHENLS.

(3) *F Q2358 4%} H WMAIRBEMBFRERA, KSEMETERRTIRE
RGMEIRENY, HREINETE 34 H, RIVINERELE 7~9n/s" 1N, BEIRATE
IREBEHEEMEIR T ZN—+ AR, BRANERRERIIRA.
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EHVERAFTHEM SR

QP!

(2)

(3)

(4)

(5)

(6

BLE G it

BRASEREREAEALIENNEENERNEEX SRNERBHEE
REARERSBEEEHNNREN S, ShHSHFABNERERSE,
1R AR TR R B KA B Y B RS

BN FEBIN ) (Fr, BYRE ) SHMTRAR N 0 B i /A ER i
PMBHET, SERANNFRE. B0 LE, RERIBMHAHR
WATER B FRIR, KB, IR T BT Rl P B R KA SR
. MR A IRE. X RE HUE R ARSI T ERATIE - 5
B AT BN A LR, SREERMITZHR RINRERERX
F RS FE{E T REE R 35%.

ZHARE MEER) REa TR EE, BT HEHEER
LA, RTENAREEERMTRE, MELRLREE, 3t
FREERDLBELSNAR. £8. BEEHESINFLEEZHERE
HAHE, TEQRFREERSREER, ENSHE RS, &7
BB ERREX.

REF AN AT (DMA) X 14MnNbTi 1 3041 ANEHNE T NZIEEH
MAWEE (ADIF) ME&XRH, FRESKXBEEALR, HNENBERR
WEE. BOLEENARN ADIF WEBRE, EEAREERNTEER
migtk, EREESARAMEERE. CEEETHE. REIZ88%
B REEW. BRERRRERE, HERX, BrEREEAENT
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