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Abstract

Based on the blind hole method, the residual stress on the surface of three welded hollow spheri-
cal joint seamless steel tubes of the same specification was experimentally measured, and the
strain relief coefficient of the strain gage selected in this experiment was calculated according to
Kirsch’s theoretical solution. According to the Scara-Mangas empirical formula, the calculated
radial and hoop residual stresses of the spherical surface are plastically modified, and finally the
residual stress distribution diagrams near the toe and away from the toe of the steel pipe are ob-
tained. The effects of residual stresses near the welded toe of the steel pipe and away from the
welded toe on the strength and fatigue of joints in the engineering field were discussed.

Keywords
Rolling, Residual Stress, Welded Hollow Ball Joint, Blind Hole Method

ETELZNEES OIRT AR P TERE

RE R AR R

HHL, TR, REE, F #
KIFEE TR EARTRERE, (v KR
Email: 15536675818 @163.com, ‘lhgang168@126.com

R
PEIRAERE .

»
«
b

XESH: waE, FEN, BEE, . BT EILENEEES OERT A AL TE AN R iR A N A7 10 7T ).
T AT, 2020, 9(5): 366-381. DOI: 10.12677/hjce.2020.95040


http://www.hanspub.org/journal/hjce
https://doi.org/10.12677/hjce.2020.95040
https://doi.org/10.12677/hjce.2020.95040
http://www.hanspub.org

s 5%

Weks H . 20200F4H4H; FHEM: 20200F4H30H; & AHM: 20200E5H7H

HE

HTEH LN A=A LR RCENERTRRN#HT T ABNE, RIEKirsch#id
T E T AVCRBOE BRI A F i N R R B W Scara-MangasZ 5 A 0 THEAR B FIBREA2 ]
HFRARPABATEMBIE, RARHNERUNIE UL EERMRTRRN A HE. T HRER
BB DA R B AR BE R T SRR N A0 3 AR U 19 iOBREE L BT RS o

Xeia
il BRARN), BEEOHTR, HIE

Copyright © 2020 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 5|8

TR SRS R . BT LE . BEER, £ TIERE A ALEINh AR EEH1]. BET
BT FUR PSR R AT SR Nz — (2], &7 s R I R SR AL G SN, TR E TR R
FLEEFE S, B TAL SRR FE R ARk, T REH K IR AR L 1[3].

BRAR N B AE LS R T 2 AR P T LN BN g o SEERIERT, B AR ) BRI LA IR
57OREE . UM B R ). RO e A A dn 4] RIS ABEER B, e RGLAIA SLd FE th RIAN Y
STYEEAR TR 7 A B B AR N g v 4 0l T IA 3 Je AR 9 BE 1R 20% A0 70% [5] [6]. HAT, H9ENEEE @ AR K B
RN O R B E RN, AR T84 2O BRI R AR 7 Wk 1 JE STk ic 8K

FLAE 20 tE2D 30 AN THLIFAEHIE 70 Pl A N AT 73 7). 1934 48, /NUBSIGE I & 7% A N
J1HERE 272 J. Mathar [8]32H, RIGEEALE G EE, NUREBEE X AT 73 vl fLEME L. HATE R
FE FLI S yEAE TARIE N %2 . 2 J5 1 Soete Fil Vancromburgge [9]&% & 5€ 3% 2 Bl — Fi 8z FH HiL BH M

SN R L BT DA R aze 2 45 B A 2R T AR AX N 1 EAT N, A9 BN 740 A
2. BRSO R

PR 23 O BR Y R 2 R R T SR B T AR A R AR AR IR, KT R B R TR oK R AR iR
O R AR . TR B R R BB BRI AIEE R, IRE (1A AR S5 F R BEEE )
PR TR A0 BRAE TR AR S RS AR SR R o R SRR UE WX 5 ) 28 O ER AME R EE JE 2 EUAE 25~45 2
B; BAEMZEEL 20~35; TOBRAMEEWNEIMEZ HLAE 2.4~3.0 28] SOFREBEE S &R R 2 i
1.5~2.0 2 [a]; ZOEREEJEARNT/NT 4 mm. KA SR EBNESMEN 159 mm, EBEEN 8 mm, HUZ
DERANME A 400 mm, BEE N 10 mm. (EEEZOLERT SRS N Q235-B 4XH HAE - BRI 215 4%,
BARSHOLE 1, REEELE 1.
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Table 1. The table of cross plate welded hollow spherical
=1 TFREES KR AR

ENiR ) i FRZERFIHS /mm E RS /mm B SIRERTT
KQ6-3 1 ® 400 x 10 ® 160 x 10 B O
KQ6-4 1 ® 400 x 10 ® 160 x 10 Equpe
KQ6-5 1 ® 400 x 10 ® 160 x 10 e qupe
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Figure 1. Welded hollow ball test piece (mm)
B 1. BEmOakitfH(mm)

3. BESLIHRTRZKRN MR

AR KR ] E FLIET RN A7, 88 3 ZAHE S A (ORI ARG AL P 8 2> A . sl 2
M ZALAS ZS-TTA B FLAREE . CM-1L-10 B A HPBHN AR, TR %%
3.0. WREEESHE

FRYE RIS BRT R BRI, IR 78 70 0 R R OS2I, ) FL A A I8 0 I 2 AR AR Bk B DA S AE
Rk BT 400 mm A SIAG B AL, SRS AETR AR N VOB AT s, BIRT A5 2B RS I AN R T
RN B FLIR BRI 1.2 LA G M ERAR A 2 2R 1.2 D), RN At — P RGE

/N, BN ) S AR AR T RE 5B [10]. AR EG IS & T AN BRI X &) A6 B 8 AN s, &N A S FLELR
A 1.5mm, FLIEE 2 mm. FTELTFAO-B—-D—>B—Q—O—D—®, HAkWE 2~4 i,
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Figure 2. Physical drawing of steel pipe measuring point arrangement

E 2. MEN = ELE

Figure 3. Top view of measuring point layout
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Figure 4. Front view of measuring point layout
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3.2. M3 R AEFEAALT,
3.2.1. NERREEF
ARG ) T BT AR MR e AL B8 A PR A = 2R 7 i B ] s BN AR T BX120-2CA . BAZ B RS
HOL#E 2.
Table 2. Strain gauge parameters
®2. NEREBY

JSLAE J KT HUHLE/Q RIGAK <A 5 /mm 20
= 119.8+0.1 2.08 + 1% 2.0 1.0 A

3.2.2. M REIHEG

FEARVGRIG W Ab TR A N FT I E R )5 AR, BT ARL % = [ B AR 6 3R n el 5 ks 78
b B SR PR R T HEAT AT B ACEE,  RAE AR AE S R T e A KL AT . A5 B 0 P R M B AR A S A R T
Y825 o P AS B N AR ORI

Figure 5. Schematic diagram of three-way strain flower
5. ZEANEEREE

33. NEPE

5 LRI B0 B T 2y 2 el ELOS e AL A0 P BEL S AR A R I e AR ] B el AL 65 BB
FEFEN 2 mm ERF G AT IR B A AL . £F 1~2 7085 e A B A 1 6 itieid 72 .

(b) X
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(c) &7l (d) M 5E L

Figure 6. Specimen point drilling diagram
B 6. NS FLE

4. BRRNANVE. 2H55RSH
4.1. BFLEANER RN DHRE

BEE AL H AR R T AL A S IR R R R RO R AR NSRS JRORE
FLAL AL TP AR F 337 5K 2514, AEE LB P AR N o I RV BRNE y37 EEOR R BT, IR T e
AR RIAR AR, FRZURETBOUNAR ,  ARAR AR S5 4 7 2 R B 1 1) RO T HESRE R B LA I SO BT 86 FR R N

I SRR TR AR B AT TN RS, WU R ) S SR 77 Tl R Ji e ARG SR FH = 1) AR
Tiﬁﬁi‘ﬂﬂa = FNARAEM BB ALATE KN A E & &, &0

A A HE R R E B S BINAARTIARE 4. B ), DARARRAER J3[12] [13], 53

& +é 1
0y, = 14A3$E (6‘1—6‘3)
)

2¢, —& — &

& — &

: +(2¢,—¢ —6‘3)2

tan 26 =

K o —RIAIEI & ) AR A 5
O—FRiF177 M
A B—NERETRH
0, —RARER .
RERR TN 0,0, J5, RIATIE I 30 ) 2 AR AR AR A5 30 AL AR [ RIER ) SR 82 7, ana(2):

o, :%(0'] +(72)+%(0'1 -0,)c0s26

@

o, 25(0'1 +o-2)—%(0'] -0, )cos26

Af: o, —EmRT;
o, — AR ).

42. NTEBHAH A. BHITHE

AYARIE WK AR A Q235B 4WAL, HARHAF M-
HMERIE E =2.06x10° MPa »
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Figure 7. Blind-hole method strain flowers calculation diagram
& 7. BFLENTHITEEE

d—/PNLAAE, mm;

r—fLH O BN AR Fr OB A D ERE RS, mm;

r—FL A B R B U S PR B, mm;

ro—fL A B RS B UM v B B, mm;

KR H, dE1.5mm, » B 4.0mm, » B 3.0 mm, », X 5.0 mm.

ARSI R R TR B THE T EE[15] [16] FEEHEE T B LY AR R W Kirsch FIRME, & TN
A8 b RF o Kirsch BLS AR IE FH T @ FLIE O T RSB R BT, Wisk(3):

g ru [ &
2F \ 4nr,

3
d’ |:_1+1+,u dz(’”12+’”1’”2+’”22)] ®

B

- 2Enr, 4 41’12}’22

T EAE, WRYEE4Er R A, AR d @RI, FLEE B B9, 24 hd ST 1.0~1.5 1,
PN AR SEARGRFEAAR, NASRE R E 5@ FL1Y) Kirsch BIRMAEEE . AR h/d 25T 1.33, FrLAnlizfil
8 Kirsch Bg TR, MRANRE RS

A=-0.121x10"°/MPa
{B =-0.305x10"/MPa _

4.3. BRNDHHEER R BMEIE

RIS QQ)MGYRT =AML BT UL E AR BT AT T, SRR 3-8, fERGALIT
Rerh, LR AR RIS . MEME[17], SR A BT AR N B R A R IRGER EE R 60%
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PLE, BPE NSBYERY B IXBS,  H ARG LI 7 AR RS TN AR it & SR AR, AN REE I s e T R
BT LB 55 45 34T YA S 1E . Scara-Mangas S8 AWFF0 45 T JE T 3 e 8 N X 1S58 i T8 IE R
206 0K [18][19], K(4).

o

:ozo(a;ﬂg)+087

o, “4)
Ah: o, —BHBIESEHIR RN

0; —#ﬁﬁjﬁz

o, — N ) JiE IR

%qﬂqzwﬁw,ﬂ%%ﬁmﬁ#ﬁ%%ﬂﬁﬁﬁ@ﬁ@ﬁo

ARGREG BT R FH 10 =AM 2 O BR Y A4 A Q235-B, SEll i R5E % o, = 275 MPa , St SRk &
I8 7R I AR RBER S 65% LA F IS R TIAZ G, SR uT:

(1) XFH#F KQ6-3 iz & 47 ik Ab 3 AT ¥ MEAZ IE JE Ml 2 45 R LT 42 3 i

Table 3. KQ6-3 residual stress plastic correction calculation table far away from toe

%% 3. KQ6-3 I B IRA TR A N W EE I IEITTE R

KQ6-3 izt 2 15 Bk kb
Ls fEMR ) o, IMPa & [f1& 1E/MPa WM A o, /MPa & 1E/MPa
(3= 5.9 5.9 -10.1 -10.1
@5+ 272.6 2552 106.2 106.2
(©=2 247.0 2353 174.0 174.0
@ 200.9 197.7 186.3 185.3
B2 4929 401.2 256.5 242.8
©® = 286.8 265.9 113.1 113.1
O 403.8 347.0 274.0 256.2
®% 127.9 127.9 116.2 116.2

TEe 7 BOALS RS AR R i AR L) 65%, R AT IR 1.

SHEIEJG AR AR A N 153 B al Al SRR 4 N NG5 A, TAF] 401.2 MPa, B 14944 i ik
BRI 45.9%; AH IR A5 Bl AL ARG I B AR B R S R ) o SHEIE IS IR R4 N 3 B AT
BRI AR N SRS A, 155 242.8 MPa, i&E T 408 i AR EE (1) 88.3%; e KR [AI v F1 8 @5l
R, 153 10.1 MPa, 83| 7 JE IR EEH) 3.7%.

(2) XM KQ6-3 IR kAL FEAT BIMEAZ IE 5 M R 25 SR LR 4% 4 R

Table 4. KQ6-3 calculation table for plastic correction of residual stress at weld toe

F+ 4.KQ6-3 BRRAFR RN NEMIZEHER

KQ6-3 R4k
5 RN A o, IMPa 212 1E/MPa WS o, /MPa A48 1E/MPa
D5 -119.0 -119.0 -333.6 —299.8
@5% -78.8 —78.8 —293.2 -270.7
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Continued
®% -10.8 -10.8 -216.0 -216.0
@5 -159.8 -159.8 -260.1 —260.1
®%5 —61.9 —-61.9 —218.0 -218.0
®5 —86.6 —86.6 —250.1 -250.1
@2 -123.9 -123.9 -276.5 -258.1
®= -49.0 -49.0 -196.8 -196.8

e I LS RN R A R R RGR L 65%, TR EEBET BB L

XHEIE JG BIAR IR 5 AR B 3 A AT ml e ARG A AR Bk Ak FE ARSI B AR a1 B AR S ) s e KA ) 20
@5 ri, LF] 159.8 MPa, AF| T H90 JE IRGRFE 1) 58.1% . XHME IE G PR AR B3 Al A eia £
S B AL TE ARSI BNFR 15 SRR LN ST 5 B KIR ) N @500 A, 3& %) 299.8 MPa, I [ 4NA i A 5 5
1 9.0%.

(3) XM KQ6-4 i B FE Bk Ab3E AT BEVEAZ IR JE M B 45 5 LT 42 5 Bl

Table 5. KQ6-4 residual stress plastic correction calculation table far away from toe

= 5. KQ6-4 MBS IRRH b TR K N WM IS E T E R

KQ6-4 izt B 15 ik kb

L5 1EFN AT o, /MPa 127 1& IE/MPa HIFRL AT o, /MPa PRI & IE/MPa
D= 224.6 217.4 1458 1458
@5 104.8 104.8 55.1 55.1
®% -10.5 -10.5 —44.1 —44.1
@5 114.1 114.1 87.9 87.9
®% 76.2 76.2 543 54.3
®©% -17.7 -17.7 —454 —454
@5 40.9 40.9 26.3 263
®% 87.1 87.1 81.2 81.2

T 0“7 BOALS RS AR i I AR ) 65%, R ZEHEAT IR 1.

SHEIEJG AR AR A N 143 B al Al SRR 4 B @50 4, TA$) 217.4 MPa, TAS] T 4H4 i ik
SR 79.1%; e KARIAEN S N@ S S, 358 17.7 MPa, A% 740K B ARGREE ) 6.4%. WHEIE)S K
B AR NS AT el s S KR BN @O50 f, 1A 3 145.8 MPa, 3k B T 4984 i AR GE EE 1) 53.0%:
BRI E BN SN S A, iE3] 45.4 MPa, A3 1AM B IRIEEE I 16.5%.

(4) XM KQ6-4 S kAL IEAT BIMEAS IE J5 M R 45 SR LR 4% 6 B

Table 6. KQ6-4 calculation table for plastic correction of residual stress at weld toe

F 6. KQo-4 1REHAL R R N WS ETHE R

KQ6-3 R4k
5 RN A o, IMPa 212 1E/MPa WS o, /MPa A48 1E/MPa
0% -40.5 —40.5 -195.2 -195.2
@5 18.2 18.2 —-275.0 -275.0
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Continued
B2« -179.5 -179.5 —405.7 —348.2
@5 -34.1 -34.1 —-231.1 -231.1
®%5 -56.2 -56.2 -124.8 -124.8
©% 9.8 9.8 -140.4 -140.4
@5 15.5 15.5 -61.8 -61.8
@5 74.1 74.1 —64.5 —64.5

e I LS RN R A R R RGR L 65%, TR EEBET BB L

SHMEIE G AR R B AR S ) Wl e BRORAR AL S @5 I i, G5 F] 74.1 MPa, 53] 18044 i

SRPER 26.9%: fRAR AN ) @5l R

IEE] 179.5 MPa, X2 T 898 i AR 8 FE 1) 65.3%. XHMEIE G

SN R T A Tl P s o AR o <ol P o N o L B2 N5 S v iy P 5 7 e Z N G | sy s [ R= T [ W v
F| 348.2 MPa, HRZ| T AAF JE IRGE 1 26.6%.

(5) MR KQ6-5 ik B MR Bk Ab AT BB EAZ IE J B 45 R R 36 7 P

Table 7. KQ6-5 residual stress plastic correction calculation table far away from toe

= 7. KQ6-5 B IRBH bR K N B M I E T E R

KQ6-5 izt B 15 ik kb

L5 1EFN AT o, /MPa 127 1& IE/MPa HIFRL AT o, /MPa PRI & IE/MPa
0% -29.4 -29.4 -105.3 -105.3
@5 109.9 109.9 83.7 83.7
®% 73.0 73.0 70.1 70.1
@5 -9.0 -9.0 -49.9 -49.9
®% -35.7 -35.7 -145.2 -145.2
@5+ 492.1 400.8 371.0 325.5
@5 170.7 170.7 124.0 124.0
®% -14.7 -14.7 —48.3 —48.3

T 0“7 BOALS RS AR i I AR ) 65%, R ZEHEAT IR 1.

MG IE G PR R AR L1 43 Mol il e KAR RN 7 M@ 5 i, 1551 400.8 MPa, i3 144 i ik
SREEI) 45.7%; FRAREERN ST NG S5, &5 357 MPa, &3] 7ANM EIRSREZR 13.0%. MHMEIEE
(RER [F 5 AR 2 79 43 AT AT s B RIR IRIRE R 77 29®) 5l A5, 3X 2] 325.5 MPa, BT 14944 J ARG FE Y 18.4%:
BRI A BN SN S A, TE3F] 145.2 MPa, A3 749871 8 IR G FE 1) 52.8%.

(6) XM KQ6-5 M Bk AL HEAT I AL IE 5 M B 45 5 WL R 42 8 Fiw.

Table 8. KQ6-5 calculation table for plastic correction of residual stress at weld toe

% 8. KQ6-5 1R AT & N HEB M IE T E &R

KQ6-3 R4k
5 RN A o, IMPa 212 1E/MPa WS o, /MPa A48 1E/MPa
D5 —86.4 —-86.4 —-334.5 -300.5
@%5 245.0 245.0 -165.0 -165.0
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Continued
@5 -303.1 -278.0 -522.0 —417.7
@2« —203.4 —203.4 —499.7 —405.1
®5* 493 493 -36.7 -36.7
® 2 ~268.6 -268.6 -607.1 —462.9
@2 -139.2 -139.2 —340.7 -304.8
®2x 4269 361.6 -297.5 -273.8

W N AL PR SR AR F  J REE FY 65%, R SEHET I IB IE

SHEIEJG AR R A N 143 B al Al S KR 4 BN @ 5 A, TAF 361.6 MPa, i 14344 i ik
SRIE) 31.5%; W ABIAER /7A@ S5, A5 278.0 MPa, it 1 4M B IRBREE M) 1.1%. SHEIE)E
BN B AR B 7 43 AT AT e LA A B Ak A U 80 3R [ R AR N g B K FR [) FR B ) @5 i, ik
F 462.9 MPa, @it 7 JE IRGEE T 68.3%.

4.4. RN NMZERIKAN NS HE

PP O BRARAE B A TE S5 I FR AR B T #h 22 DL FR AR B K10 43 A7 B W R
(1) #F KQ6-3 i B 15 ik b
KQ6-3 176 B 45 Bk A 5% 4k 7 7 ith 4% 1 A KT 43 A B L ] 8 151 9.

—a— RENE
—e— HENHE

=Navay

100+

N w

o o

o o
1 1

N A1{E(MPa)

0 w4 T2 3m4 T 5m4 3u2 T4
& A £ (rad)

Figure 8. KQ6-3 residual stress curve away from weld toe

8. KQ6-3 B IR Bt AL 7 4% R7 1 2k B

Figure 9. KQ6-3 radial and hoop residual stress spherical distribution diagram away from the welding toe

E 9. KQ6-3 mMEBIRA AR [E) EREFR & N IERE 2 % B
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(2) ¥ KQ6-3 #EtkAb

KQ6-3 #5 kAL A% Iy i £ B e Bk 7oA B LI 10 & 11

Figure 11. KQ6-3 radial and hoop residual stress spherical distribution at the welding toe

—— RRRAE
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0 T4 w2 3m4 T 5w 3m2 Tl
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Figure 10. KQ6-3 curve of residual stress at weld toe

10. KQ6-3 IR B 5% & N 1 th 2k &

B 11. KQ6-3 2R ZEE MEFERK K HEkE 2 E

(3) it KQ6-4 7 B # ik b

KQO6-4 7L B #5 Bk A A% 8 g i 2 18 S BRI 7 A L IL AT 124 13

—=EENNE
250 —— RENHE

200
1504
100

50

Fi/1{&E(MPa)

.50

0 w4 w2 3m4 T 5w4 3m2 T4
B f(rad)

Figure 12. KQ6-4 residual stress curve away from weld toe

& 12. KQ6-4 IR ALk £ R SRk B
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Figure 13. KQ6-4 spherical distribution of radial and hoop residual stress away from the welding toe
B 13. KQ6-4 MESIRELAL1Z ) FREFRAR K AIKE 257 B

4) M1 KQ6-4 #2fkAb
KQ6-4 J5 kb ik 43 N 77 il 28 1 B Bk T 20 A B L Pl 140 1] 15,

e EENE
100 —o— AR NIE

—~ -100+

s 200+ '\

= -300+

R f1{E(MPa

-400

0 T/4 T2 3m4 T 5m/d 3m/2 7Tmld
[E A f(rad)

Figure 14. KQ6-4 curve of residual stress at weld toe

& 14. KQ6-4 1RAL AL TR & R F1ph Lk E

Figure 15. KQ6-4 radial and hoop residual stress spherical distribution at the welding toe
15. KQ6-4 12RHALZ A, IFMESRA RN NIKE 5370

(5) T KQ6-5 iz B #2 fik Ak
KQ6-5 37 25 45 kAT 4% 87 7 i 2% P R Bk T 0 A R L 164 P 17,
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e RRRE
. — FEFHE
500
400-
3004

2004

-100- ./ \
"0 T4 T2 3WA T 5mi4 32 7TTi/4
BB fa(rad)

Bz F1{E(MPa)
2.8

-200

Figure 16. KQ6-5 residual stress curve away from weld toe

16. KQ6-5 I B IR TR A N JIHh 2k (&

Figure 17. KQ6-5 radial and hoop residual stress spherical distribution away from the welding toe

17. KQ6-5 mBRA AR\ MEERE N HIKE » 7 B

(6) ¥ KQ6-5 ##ikAb
KQ6-5 JEfEAb bk 43 S 7 i 28 1 & B3Rt 20 A B LT 184 14 19,

—=— R EE
—o—IRER HE
800+
600

N A{EMPa

. 4004
200+
0
> -200 -
400 /\‘
600 .
0 T4 T2 3m4 T 5m/4 3m2 74

& £ (rad)

Figure 18. KQ6-5 curve of residual stress at weld toe

& 18. KQ6-5 /RAL A5k & i F18H 2% E
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Figure 19. KQ6-5 radial and hoop residual stress spherical distribution at the welding toe
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