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+ Moderate cquipment cosl, high
]JE‘I'-[T'LEILRL'II'E]]]EJ]T Ccost

o [ligh equipment cost, moderate
per-measurcment cost

& Significant preparation and measurgment o Preparation and measurement lime can be
time short
» Small number of very accurate and reliable o Large number of moderalely accurate

medasurcmoenis measurements avallable [or averaging

® Siress caleulations are relatively compact e Stress caleulations often quite large

o Modest capabilities for data averaging and
self-consistency checking
o Relatively rugged. suitable for field use

Extensive capabilities for data averaging and
self-consistency checking

o [ess rugged, more suited to lab use

® Sensitive to hole-eccentricity errors o Hole conter can be identificd accurately
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Method Accoracy”® Advantages Limustations
Holographic Sw 18S% 212842, o Sirma gzgpcs and mulime gusde avoided e Test setup needs interferometric
mterferometry or 111-115.117) e Apghcablc 10 corved andfor rough stability
ESPI surfaces
o Equipment and sofrwase commercially
available specifically for hole drilling
as woll = othor moassromonl parposes
Moire imerferometry 50 15% [57.116] o Strain gages and mulling gusde avoided o Test setup needs mterferometric
o Eguipment and softwase commercially stability
available for general purpose e Requires installation of a grating
MCISUICMEnLS
Digital image 10 w 5 [76-T8] o Strain gages and muling gusde avoided e Deformation measurements nol as
correlation {macro) o Apphcable 1o axved andfor rough precise as for mierferometric methods
suriaces
o Imcricromennic stability sot needed
o Equipment and software commercially
avaulabic kv gemeral purpose
mcssuscIncEts
Digital image 20 1o $0% o Microscalle measaroments e Reguires scanning clectron
correlation [S1.35.117) e Applicable 10 microscopically curved microscope with focused ion beam

(micro-hole or skot) andfor rough srfaces
o Soltware comencrcially avarhble for
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Precision Depth Penetration Wiwks Rest For Has Limitations 'With
Splitting 20-50% Specimen thickness Routine comparative quality Mon-uniform and untypical
control SLrEsses
Sectinning, 10—31%: Specimen thickness Specimens with mone Challenging calenlations fir
regular-shaped geometry multiple sectioning
Stoncy 5-M% Layer thickness Thin layers on flexible beams Determining layer thickness
accurately
Laver Remaoval 10-30%: Specimen thickness Flat plates and cvlinders of Time consuming procedure
uniform thickness subject to measurcment drifi
Hole Drilling 50t Up o 2mum tvpically Mear surlsce measuremenis of Siresses oflen are o unilonm,
{uniforny siress) in-plane uniform stresses max. siress — T of yield
Hale Dirilling 10 305 Up to 2 mumn typically Mear surface measurements of Sensitivity 1o noisy data, max
{stress prolile) in-plane stress profiles slress = T0ES of vield
LDeep Hole 5-15% Specimen thickness Large componenls Mow done only by specialisis
aid compromized by
plasticity
Slilting 5% Specimen thickness 1-I perpendicular stress in Stresses Lhal are non-unilorm
prismatie shaped specimens across widih
Contouring 5-20% Specimen X-soction 2-D perpendicular stress in Requires very accurate cutting,

X-ray Dillraction

Synchrotron
Diffraction

Neutron
Diffraction

Magnetic BNA
Ultrasonic

Thermoelastic

Photoelastic

Indentation

~20MPa

~50 MPa

~30MPa

=25MPa

=25MPa

Qualitative

10-30%

Qualitative

<002 mm

=5mm

25 mm steel 100 mm Al

I mm

1-20mm

Varies

Specimen thickness

<l mm

prismutic shaped specimens
Neur surface measurements on
crystalline materials
Deeper non-destructive
measurements than X-ray

Deeper non-destructive meas.
than synchrotron

Ferromagnetic materials only

Low-cost comparative
measurements

Low-cost comparative
measurements

Full-field measurements in
transparcnt materials

Comparative measurements

nol good lur near-surluce
Variations in grain structure
and surface texture
Requires synchrotron radiation
source and 7ero stress
reference

Requires neutron radiation
source and zcro stress
reference

Requires material-specific
culibration

Requires material-specific
calibration

Results are nol quantitative

Transparent materials, Resulis
arc not quantitative

Results are nol quantitative
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Splitting XX XX XX

Stomey X XX XX X XX

Seclioning X XX X XX X KX
Layer Removal X XX XX XX X XX
Hale Drilling X XX XX XX X XX X X

Deep Hole X XX XX XX X XX
Slitting XX XX XX MX XX
Contouring XX XX XX X XX
¥-ray Diffraction XX XX XX X X XX XX MX
Synchrotron XX XX X X X XX

L¥ilTractim
Melrom XX XX X X X NN
Dviffraction

Magnetic BNA XX XX XX XX X XX XX

Ultrasonic XX XX XX XX XX X XX XX
Thermeclastic XX X X X X X X

Photoclastic XX X X X X X
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Air Shot Peening

Cavitation Peening or Water Jet Peening

Centrifugal Wheel Shot Peening

Hammer Peening

Laser Ablation Peening
Peen Marking

Powder Impact Plating (PIP)
Rotary Flap Peening

Shot Peen Forming

Ultrasonic Needle Peening (UNP) or Ultrasonic Impact Treatment (UIT)

Ultrasonic Shot Peening
Water or Wet Shot Peening

[¥] cilbises lalad  Simd pos Gl38) 3 5 doalw Sllos w56 1) -F Jous

Type of part

Type of stress

Increase in the fatigue life (%0)

Spindles

Shafts

Gear box
Crankshafis
Aircrafl coupling rods
Driving rods

Cam springs
Helical springs
Torque rods
Universal joint shaft
Gear wheel

I'ank chain

Weld

Valve

Rocker arm

Reverse bending
Torsional

Fatigue life tests in service
Fatigue life tests m service
Tensile compression
Tensile compression
Dynamuic stress

Fatigue life in service
Dynamuic stress

Reverse bending

Fatigue life tests

Fatigue life tests

Fatigue life tests

Fatigue life tests

Fatigue life tests

400-1900
700

20

3000. but highly variable
105

15
100-340
3500
140-600
350

130

1100

200

700

320
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Laser Pulse
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Direction Transparent
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Resolidified (Air/ Water)

hardened coating
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P-No. and Group No.

Minimum Holding Time at Tem perature for

Holding Temperature Range, Control Thickness [Note (2)]

(BPV Code Section IX, QW/QB-420) °C (°F) [Note (1)] Up to 50 mm (2 in.) Over 50 mm (2 in.)
P-No. 1, Group Nos. 1-3 595 to 650 (1,100 to 1,200) 1 h/25 mm (1 hrfin.}; 2 hr plus 15 min for each
P-No. 3, Group Nos. 1 and 2 595 to 650 (1,100 to 1,200) 15 min min. additional 25 mm (in.)
P-No. 4, Group Nos. 1 and 2 650 to 705 (1,200 to 1,300) over 50 mm (2 in.)

P-No. 5A, Group No. 1

P-No. 5B, Group No. 1

P-No. 6, Group Nos. 1-3

P-No. 7, Group Nos. 1 and 2 [Note (3)]
P-No. 8, Group Nos. 1-4

675 to 760 (1,250 to 1,400)
675 to 760 (1,250 to 1,400)
760 to 800 (1,400 to 1,475)
730 to 775 (1,350 to 1,425)
PWHT not required unless required by WPS
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Minimum Holding Time at

Decrease in Specified Minimum Decreased Temperature,
Temperature, °C (°F) h [Note (1)]
30 (50) 2
55 (100) 4
B85 (150) [Note (2] 10
110 (200) [Note (2)] 20
NOTES:

(1) Times shown apply to thicknesses <25 mm (1 in.). Add
15 min/25 mm (15 min/in.) of thickness for control thick-
nesses =25 mm (1 in.) (see para. 331.1.3).

(2) A decrease =55°C (100°F) below the minimum specified
temperature is allowable only for P-No. 1, Group MNos. 1 and 2
materials.
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Minimum Holding Time ot Nommal Tempesature e Nominal Thickness [See

Mormal Holding LW-40[ )]

Temperature, °F [*C], Over 2 in. to 5 n. (50 mm to
Material Minimum Up to 2 in. (50 mm} 125 mm) Ower 5 in. (125 mm)
P-Ma. 1 Gr. Nos. 1, 2, 3 1,100 [595) 1 hrfin. (25 mm]), 15 min 2 hr plus 15 min for each 2 br plus 15 min for
AN additional inch [25 mm) owver each additional inch
2 in. [ 50 mm) (25 mmm ) over 2 in
{50 mm)
Gir. M. 4 NA Mo None Mo
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Table UCS-56.1
Alternative Postweld Heat Treatment
Requirements for Carbon and Low Alloy
Steels

Decrease in
Temperature Below Minimum Holding
Minimum Specified 1ime [Note (1)] at
Temperature, °F Decreased

Q) Temperature, hr Notes
50 (28) 2
100 (56) 4
150 (83) 10 (2)
200 (111) 20 (2)

GENERAL NOTE: Applicable only when permitted in
Tables UCS-56-1 through UCS-56-11.

NOTES:

(1) Minimum holding time for 1 in. (25 mm) thickness
or less. Add 15 minutes perinch (25 mm) of thick-
ness for thicknesses greater than 1 in. (25 mm).

(2) These lower postweld heat treatment tempera-
tures permitted only for P-No. 1 Gr. Nos. 1 and 2
materials.
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Table 5.2
Minimum Holding Time (see 5.8.1)
1/4 in Over 1/4 in
[6mm]  [6 mm] Through
or Less 2 in [50 mm] Over 2 in [50 mm]

15 min. for each 2 hrs plus 15 min. for each

T 1/4 in [6 mm] additional in [25 mm]
’ ' or fraction or fraction thereof
thereof over 2 in [50 mm]
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Series 2800
» Computer Controlled with Touch Screen
Display

Two touch Autamatic Stress Relief & Weld
Conditioning operation for ultimote ease of
use

16" high def calar tauch screen display

Sowves date on ¢ flash drive for printing
certification

~ Saves 500 customer and part profiles

-+ Your company Lage prints on certification
sheets

Series 2401

~ Touch Screen Controls with Graphic
Certification

Perfarms Semi-Automatic Stress Rellef
& weld Conditioning
~ 7" bigh def color touch screen control pane!
~ Graphic and Manual Certification

~ Soves data on ¢ flash drive for printing
certification

¢ Three languages; English, Freach, and
Spanizsh

Download Senes 2401 Spec Sheer

Series 2001

s Features Manual Certification
~ Lowest cost Meta-Laox System

-~ Performs Manual Stress Relief & Weld
Canditioning

5" calar touch screen control pane!l
Three languages; English, Freach, and
Spanish

Dawnlaad Series 2001 Spec Sheer
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rrequency (Hz) VETKLAX STRESS RELIEF by Bonal Technologies, Inc.
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pate_ July. 16 cusTOMER_M-L Fabricators ADDRESS_ Detroit. MI  oreraTor_ Dave

JOBNO. 41575 PARTNO__5274-2  weIGHT_7.500 lbs. MATERIAL 1020 HRS

PARTNAME _Column Weldment size_ 197 x 427 x 170" FORCEINDUCER_2 AT Ecc_60 %
1st READOUT COLOR NG NOTE: Meta-Lax is complete, for that force inducer location,
2nd READOUT COLOR FIRST SCAN SECO THIRD SCAN when harmonic peaks have stabilized, i.e. when frequencies

B 0 B i E VE
3rd READOUT COLOR | ‘B | e ['ERSF | TNE |'ELSR [ TwE | reweat
& Meta-Lax is the registered trademark of

FoRM nO. 10480 59 25 54 1 0 BONAL TECHNOLOGIES, INC., Southfield, Michigan, U.S.A.

META-LAX al&usd U (oilady] 105 (i 31 s g Jud lwgs dald jdged (YT —€ S

wwlad )] g1 Wi olwd 3l edluw! (16! -V ¢ - €

Gy b gy SO lgis 4 dbgrye sladlys Koo b g ASME by sl old; (a5 oS 1 edlatwl 98 b
009y 3 edlatul x> po g (98 U (B Il 4855 18 (S dy 590 Waojle swdin ZMol g Slewy iS5 LialS
Jb opl bbb e dgu0me Lw; gy onl ol eslaiwl &S canl s e 4y 3Ll 00,55 mie 1) ilaiyl oy i
ol 3l ool wlowy 55 s 4 glogel S 28, (gly Woly cppmymw 3l (S el (S5 sl sbojle (olp
Glp ol 656l g J& g Joo oS y5 slooyoS jl onlaiwl a4y jli g 0l ol Hluws odd plod aigja 1y sl ilad)) ol
Omed 4 0,8 o )18 alyl ol il Codojle (g0game oy Al s ds g b cpl g egMe )l Syl ol s
el 45 503 dgmg ojle yd olaier & Sige p Cpicmed iy Ml ogllasl Wb ojle (Kiud jes p
Sty Sogul il gy 5l o2latnl b a5 conl g 05,5 o0 )8 5bj (Stwd Jb cos b g 2,15 sgpg bl (65 i

Sb Gials ) oes 0 (iS5 S ped oer dwdin gl b picren 90,8 dbul e o (o lid Sleww (i

wwlad )l g1 W slwd Calw (gl 3W 3 90 Ol -V V- €

ol & Juate sl S L (SS90 =)

VoA



2550 52> =T

Sy sl <Y
g Slid jguie =¥
SVl -0

4

PomalS

o3listal (8l5)) o135 45 sy DC gyl 9t slaygise 3 Ygomo 5590 59 mbal sl ol @ jls & 2255 L
il p S ol s Sl ] g9y & gise pme 4 Jae Sy G Spso 4 Gloe |y il 2500
somiw 9 ygige (clodld LSl sl el IS alsS g bl 0yl b e Ol jauiaw (GBS Y5 13 5> 393

D9 o PomalS 3lg s g 0ad SV 3yl i Sl

jp g opd S a0 o] gl cuslie d2dg & Spe 3 9 By 5 Il Sl o 0 YL ol ples
cla ojle ol BS54 Gy Caio lp Ol O plgis 4 g 3,8 wdbl g (gylu,s 1) Sliss b s &l

g,o-b).» By o jd 04 d)m?

AR



B’v . . S &0
(P95 52,5 53 wilowuy (ST Sladl y9 50 ey Juad -©

K



doddo -0-)

0,80as g yor p Slowwy sl yiis )»L 9 $yS0ilul sla by wlowy o yid b lagpe Plws 51 (S Juad cpl o
Ol daolSyps ;5 ady I8 & g g liaod dbj Cawg & dv g b Gl d8)S Y18 Ly dy90 (20 Sl

Sloads addllas Sl 1 Sy 0 GYe 5l (S i g il dgn 9 Ve plad o)y

9005 9 (myy -V-0
B oy S Sygme HgwpmeS Wheel 3 slewy 25 050jlul 4 [VY] il Ken 4 ROgaNte &¥--¥ Jlo
ozl odle sl odile (b Wloww 55 Cllad s D (Siwd by CAlw dwgy Jd 4 ashad ] > sy
50-200 o3gi50 y> oo Slows il ol adpls pbul Sg59 il dhwss (6 pSejll il o NICrMoV
g oS WHEEl yos s 5 oge Jole Llg5 oo 45 05 (65051051 10-130 MPa s3g050 > eleis yii5 9 MPa

v

S —

200 Gral:i-:ll
_._

-'+ Gf"-"ﬂﬁ

100 | P

residual stresses o (MPa)

0 9 10 15 20 25 a0
investigated points

[yv] G395 yow ya0S 1950 3 B (6 350 315] Wilowwy (G Wi 10— U

) il S8 T o s el aly s bl g e (slagy o3kl g s 53 5 Jpab 3 o8 y5b len
2 9039 Sy Hhun b &l slal (355 0 Al Cype Bl Bls gly ()8 Gy o 0 &S Cwl Jbs j
Ui s pSeilnl sl [YA] Kawamura )l sg XRD aile pgumpo o ye e sl gy 1 oalitwl 1Sl dous
()l Y ookl b iomen 5 0nd oy Y Slisdl el lo gy 1 osliiul b G (s o adiy 53 Slowsy

WA aaolio €83 b ilowy yiid (6550510l 4y 3840

ARR



el s Wil g 438l o BT )l (o34 HSASs 4 Cod & x93 ool 3 (b (s ALl 4 g L
55 Josl Sl i saldos 538 [¥Y] (il Son 5 CNAN Loy 68,5 plos] 3 12 255 ol JS 5
@ G ol (C8)F 5iS 0)90 I ey S > Sapd & ooy Jladl e ol (Siud jee  ()liS Silowy
O ) JSB 0 AB)S 1B gy dy5e Jiaeale  LPB «Sity 5 slaigy 5 485 plonl dgace el S8
2B gy dw yb aS W3S asuie 4 )S pll gla )y bl odd ooy Gisles a5l aw cpl 5l (SU g,lid Slews

Mo il (S o0 S pos o HE LI 4

sPp
@ Exp. Daia
-400 Model

LSP

® Exp Data
——— Maodel
LI'B

m Exp. Dala
Muodel

~ 100K I R R T I N T R N S | 1+ 5 1
0.0 0.5 1.0 1.5

Distance, mm
[£Y] &5 aoalw g LPB «Kiwiy 5500 il yd daw 31 (o0 (6 ) Wid Wilowwny (i 10-Y JSS

-6

Residual Stress, MPa

-R00

11 1 | 11 | I 11 | I | I -] I 11 !I

-
=

dbol oy adu) Hld > =¥ MPa 1=+ MPa ;5 slowy (85 (dgy cpl 5 odliial b &5 135 jasetia Guios
D9 gos 0dalie 4l ol (Folngi )3 (6 g 9 398

Al o jo oy odlil cap 1201 5Y5h Slanny (A5 2 Sisiagyied 1815 186 ) 0 [A+] LiiliSea 5 Polese
bbb ytbgy (gt S )3 9 (LSP) Lidle by b Skiigyjd el g3 Gaios cpl )3 sl jlo oy
WS Y-0 S 50 s gl sl [y e 3T dls e oy FiF-tree I basges .83 L5 oLyl 3,50 (LSPWC)
95 5l 30 F-0 S 5 sl ond ool Lisled LSP clls ¢l ladiged 55 o sbm) Slowy 35 oliwe » o5 ol
S i) Uhsy 45 ol geily Mol cansl 005 0013 Ui Slowy S35 1 (Sjdenls ppizman s LSPWC LSP a6
synchrotron XRD 4 XRD jig, 93 3l Sk (55 (6505181 gl )ls 1y YU Glasl 13 Slow a5 A5 oUles
A olazl

VWY



200

100
= —— |
g ° e
o 100
o
[
B -200
o
2 -300 -3 GWicrm?
W
& —&—5 48 GW/cm?
-400
= ——7.65 GWienv
-500 I |
' o
500
0 0.25 05 075 1 1.25 1.5 1.75 2
Depth Below Surface [mm]
[Ae ] ol sloms! silowy (5 @320 32 530 lgd 53 20-Y JSU
200
100 ———k
2 o,y p— Shw—— |
=100
o
= _200
8 300
g -400
% -500 ——LSP, 2 layers, 5GW/om*
W
2 800 —-L5PwC 0.8mm spat '
700
800 == SP-200%
800 !
] 0.5 1 1.5 2 25 3

Depth Below Surface [mm]

[Ae ] dlowny (i 1 5 ja00 b ywixod 9 LSPWC (LSP wiylyd g3 pmiliio-€ IS5

O onl b dgd o bl oS ok b gy A b 9> 6yl edliinl b )l (o yye il (ol s559) pol> b 5o
o595 )3 3)08) J5u nyg S gig) Sl diged Koy USS 3 9 e Al Yl ol JB 5 o> 5 cOlo aie
[AV] sl San o TAN losds uate }S0u5 4 dwl AN igs SO L 559y (i5u 93 &S Cawl ol 030> ioled (sldiwd

3 o Slowy G5 izt 9 (6)bg2 Sl 8L Slom 115 b gaome Glall SaS g bl ggdge ol o &

Lilods o> o> Ojso

VY



LP5 LP4

|
|

)
“
M
\

|

777777
{

777777 277 77
J)
1YY

== 142

I¥PY ,: ‘,.'
A ‘:\1 Ux)\‘\f\ 1

|

2TTIPIIIITTIT,
AN

A

i ¥

T
A

T 420mm 250mm

[M] 5,509 SeS @y 6w ()95 SO 5939, (5w 93 JUail 5l diged :0-0 JSUs

o5 1y B &l e olias (Sae o e b33 SIS sy S8l 4y (gl &5 sl 53 G Gy VL Sl slod 4 255
5 oy onl €ols > 3 2980 odlitel JS5 JWlnge el (Il S S5 ooy L ojgel e Gren 4 08
sl 25 bl o] 55 bod o)) &S ()18 S8 ela U oy Loguad g 0y ciliseo L& )5 10,8 368 plSin 1o Loguas
bbb 5l B9 U8 5 6pSoill o b ord sl Slamsy (a5 polie b ol jLo & 9 _a sl Sloss (sla S
S sl oY g Cuwl Jledd jls @B pe slagbyy jlesliiel b 5 g pSejlul droyy (39 iy ST 4wy
L [AY] L]y en g Pierret lawss 48,5 plos] sadoc 55 g odudo sl oly p e sbo g,y 5l oalitul (sl (Slges
Gos > Slowy G5 (x5 0jNl sl (G09) (G959 (BSgeg Sl 2latel b (gl ppgal g (F959 Ly 3al ) eolil

2o byl edlatel b 3B oy lahad > wlews 35 0y 4 3840 Kusenberge ¢ Barton yavy Jlo ,»
y90 55 Cpyg 50 Sloww (5 uablize oo, 5l edlatwl b o] p3 a8 5gr s ool ol [AY] W Barkhausen

)90 S5 g g Slowy (15 Jlate 93 1 385l )3 LGBLL 5 jgmpeS Sand GgwpeS op 25 00 58 ()
53,5 )3 adllln

S5 53 sl 00335 gy XRD g 1 ool b lowsy (A5 (55 0 (55 4ol Gy dop> Sl egp28 Lo )

2 Nwd sl S Dl ),uL V=0 JSG )0 cpinpd Caol o 03l ol Slews (i by Juo)d ).u'.) 0%
ol 03 0349 WS oo, OVErI0AT clls )5 e &S b (gly 35 sl

\B\i



100 O
- bk By 38 i
. 0k
E - .
= -100 N fl}l |
E 2200 ——&—— T5% Covarage
O ~ Er"' —=f— 100% Coverage -
U:'} 300 ;# O 130% Coverage
- B - ———  200% Coverage N
£ 400 i
E - —
é 500 - ,."Il.l"f |
600 |- ’
=700 -
800 %y v g T
0.0 0.2 0.4 0.6 0.8

Distance from Surface (mm)

[AE]XRD g, 51 o3lis! b Silowwy (i 9 (55 4ol piniigy duoyd b 101 S

-150 T TTI T TTTIT T T TTIT T TTTI T TTITI] I TTT

900 =

-250

-3

Residual stress 50 um below surface

-850 R RN | crvnnd ol Lonnl
10" 10" 10° 10° 10° 10° 10¢
Mumber of fatigue cycles at 868 MPa

[A£] ws 15 overload il ;3 fw 98 oS Al gl il il p (Siand SlodSumw dlans il 0¥ UK

ol 0ad o3l ol X-RaY ol jl eslitwl b 5o cpoyes op dduy 53 Sloww (a5 (5pSojlnl 515 A= S5 o
B ooy sleey sly (Sud b cov (Ui Slowy (15 Glall nizmen 5 S5 dezle | (86 Slawy oS
9 X-Ray gy 5l 3uios opl 5 .c8)5 1,8 adllas 3,90 [AD] il )San 9 JAMES Lawg 12CT odle | onds asle
3 bdiges a5 olKin oy L lidiss ases b odliiw] Sl (55 (6505l 61y Synchrotron X-ray  yiowes
oanlin gl slo S Sla 53 st JIB 5 alel 8 g0 ) (o 5 ool il 5 & Ko o

Sos! 55 6y pj UK 3l dgame i bl sl makad (25 51 5omb Jesl 55 45 Gyge 33 Lol 39 0

ARIA)



033 iules Slowwy i ey Sid clads o olaw 15Tl oole pules i 51 208 ¥ MPa s o ASA MPa

) 045

Measurement
position

[AL] X-Ray ol 31 o0l b b cpm y95 8 1 duig y 3 Nilowwny (Wi (6 puS0 51001 20-A JSWG

Sample & - Fatigue loading at B6E £20 MPa - Zaom
,
.
o R -
! = -
NN
o
.
100
o ™,
. s,
= * 1 CYOF ™ \
O 150 — 1 -
& . 4
.,
B = 100 CYEIE M
B ono — ™ -
=
n .y -
& 10000 CYCLE * e & e
“ \. S/
15 = —— oy [1CYCLE| A
., | *
-, n -
Pedy. | 100 C¥CIF) - !
00 — mie . -
-2 .
Poly. [ 10000 EYOLE] — *
350
aTs K ANS i% 4w
Displacement [mim)

[AO])l:'q P Oy 30 Py aealw j wbmwuuﬁ)’.ﬁof‘;'bwdb’obp bl.\;ﬁxfl}’ 10-9 UG

Sy 5,8 Uiyl U e S S5 TIG (6)Kgn 55 Sl (a5 Y+ Jlo s [AF] i), o Chen
Focused lon Beam — Digital Image Correlation (FIB-DIC) micro-ring-core s, jl jskate :pl

VWV



53,5 6pSol Iy Iyt S 3 St gl 51 o3lisol b ool 45,5 )15 dgs 3)90 b g gySwe Slul 3 (5,15 il
B 3929 il (e Slady, okl (el ()2 3590 H903 (1392 i S ST > @ o5 canl S5 )Y
Jole 53 0addbml JLd 5l aled o5 IS5 53 canl yiag e diz do )3 0ad dbml slayled Sl by, cnl >l
Alsye £o > g Y pimen Cawl 9y ¥ o cwlis g 9,50 Yoyl ol s el oad o3l isles calise
2o MPa sgis 5 (b5 a5 plosl (gl (650310l b ablio 09,500 V b (alo Gas 9 485 plosl
$9r2 PWHT plol 4 jls ailony (25 Vb Jlus jlake @ a2 b & 5 odalite Jame g (ol caa 93 o

10 pim

[AT] Slowny (555 (6 5031051 (g1 1 0 Doy L 9550 20-Y + JSK

ol 9 o3lizl oy asgome Curlo Lais ca LACING WIrE 1 Jlsu oy sbooy ol socins; 5 Ygome
ooy dsgozre 13 (634 L Slonny (sl 45 dbr) s Wlg5 g0 ol ypod 45 Wgd g0 uario Loy &y (6, Sgn b bagus
5 o bl Slaws 5 p K3 Ollee b {AY] o)Ken 5 (cheoode lawgs 43,5 pbil 3uios > e
s95 e ol .l 4B )13 dalllao 3)90 ¥V (35)ke U5 05 5V 98 i Sl 5l ey Sy oiny JLal (sladlee
inles (i 5 5L o sl Wloww (sla i g Lad 5l VV=0 S5 55 Xgd o Juate 10 4 65,1 e b

Lloads el
S 08lasly jos (0055 )3 Maddjl Jlws Sl )l (S 0dilagdly yos ) 958 S g oy So Sl diges el
oo 9 M P9y Sl Sl lp 908 Sy ool la by, ekl b Bl jslaie cnl sl el Sl ()93
Sl S wyp 4 [M] 5, Ken g James (sl bl )l Slbes o] 51 e 9) 3,5 5 (g b 1y odd sl 0y
W0 S5 ) Sileds ygo 4 &S g, opl o sy, friction taper hydro-pillar s, ;5 ois sbol Slews

VY



0 S 5 g Uy ol e pled Sl W0 IS 50 g e plosl Gl g9y Sl Sliles 52980 Sl

el o 03y ioled )50 (g8 S i) S5y ey ol Pl Al e duw ) (g slas VT

S, Mises

(Avg: 75%)
+3.844¢+08

a +35.357¢+08
+4.870e+08
+4.383e+08
+3.8%96e+08
+3.409e408
42.922e408
41435408

+1.948¢408
+1.461¢+08
+9.740e407

+4.870e+07
+1.701e-24

Y

2 x 9&% :n odb Ab

d)m? B ‘_;wb 0l Do) 530 09 Slowasy oS
[AV] ;B e y95 052 Lacing Wire g, Klga 1 il o0 3w ! silowny i g bod jouls’ 10— IS5

Rotor Section

NT11
+1.74%+03
+1.627e403
+1.506¢403
+1.385¢403
+1.264e403
+1.142¢403
+1.021e+03
+8.996e402
+7.7830402
+6.570e+402
+5.356e402

L +4.1430402
+2.530e+02

Increment 23¢

)b o )3 Lo elS

Equipment
Working Unit

Mounting
Strap

[M] S0 Taa a7y JSi T e 5 diges Sy a5 FTHP al&iws 1 (Soilend :0-YY JSUS

1

Damaged
hole in
component

2

Introduction
of backing
plate

3

Machining
of
damaged

hole

|\

4

FTHP and
PWHT

5

Machining
of excess
matenal

B
Drilling of
new hole

[ARTFTHP g, 51 aalisis] b paass 5 (5,105 aiged ool po 109 Y JSC5

VA




Weld Setup Welding Completed Weld

[AA] 89 omy98 59995 S (89, FTHP (g, 3 ealiies! b (5,009 9 (5,88 jgm Jonlpo :0-V € S5

S 135 et FTHP sl 3 5 5l o i Sllae plol s 5 I8 Slowy 25 polie (550302 L
i i ol ) ke g 393 sm iy 2 Slewy (B Sy G e e ) 5 Sllee plod

Cly AnlgSS 3529 )99y 3 e Slowy
)3 oolitwl 3y50 390 43 0y 3,5 WS (gl TENON sl TENON Mol by (slayyes 0 Sl 1 K> (S
Sl )5 blawl |y oy & (ol dioyy (03,5 5k auld 53 TBNON 1l obgS” s> & alge 51 5ol 3 5 305 o0
JSé a1y o s omile b g 9 2300 ptal3él 1) TENON Jobo bl (5,892 slys 5l oalisl b Lo dipjo ytnls
&0 33 48,8 ool Gudnd ) .Cuwl oad 0db ol TENON jaxs (gly a8 )3 plol w])8 5 S 55 waile po gllas
aolyd 50 e Dbl Wlewy L5 ccwlio ()l Glles pbxl ©ygo jd &S U odnlie g Mb cwyp 305 Eadge opl [A]

D5 nless W oy 4y (gl dola) ¢ yrosd

Rebuuldng the tenons
TENON completes the life cycle
« ORIGINAL snze
TENON
RIVETED ONTO SHROUD
TENON

GROUND DOWN TO REMOVE
BLADE FROM SHROUD

' INSTALLED

BLADE BLADE /| SCRAPPED
' / BLADE

| [

[AR] )6 omtye9 €2 tENON (g9, 85" elonil Wl pyenl 20—V 0 JSU

ARR



5 osd adle 5 Cpys op d9yd GiSu Lhen il Slews sl i YoV Jle » [A+] Ll Ken 5 Bonakdar
Onmed g okl (5, Kbgy iy dwiin V-0 S 0 b b)) Slewy G35 olie p gl b g )8 co

Sl 044 0303 u“’l‘” BTe o.))f

Weld start pomt Fin
Shroud Blade Blade

120-m

EBWeld Weld end point

Thickness= 0.9 mm

[V 155 cmygf 052 2958 (g2 83,5 g 0 (g )by Sy At 10-17 S5

03> inles aguus 4 )S cual Cauxdas 90 Cawly Cuomws jd 9 o Caows yd Slowwy il (6 pS03ll oo 5 VW=0 S5 )
2olie .l oads o0y JIE oen bas S 51 VY MM albls )3 (6,500 § og b g5y bagiw yi5,S 5l (S .ol onds
=0 Jgdo ;3 W= UK 50 oad 03y LS Cumbge 93 (sl (655 po (658 ] jom g dgdme Lol 1 oel s 4y Silowny 55

lodds duwlie S5uSG L)

[A+] Slomny i 64503105 Jomo tan (Wb guian 4 S Cuad Curdgo 98 1Cuwl, 10—V JSUS
L O 5505 < g i 90 9 )



[Ae] 655y 6158 jom g dguxe yloll 1 outel Cowsd Ay Wilowwy (Wi pdlio :0-Y Joun

Position FEM (MPa) HDM (MPa)
1 780 860
485 520

Lo ylog: )3 dilowwg i -0-7

slashgr )3 018 dbul slaals p ol 556 5 by 53 Slowy i disej 3 485 plonl Slidos Jiso cpl 5
D35 (2 B s 290 (BB 9y

Owed & 5 139 0ad glagel Yl badlgl Sl das 93 g linl ()SSgr 5 cual > ) (BB Hhig gl S
2 Slowy 15 SilSan o Kural jgais cpl sl céply ©ygo g 5l odlial Sl el (28> gl ooy
oalod Cand ol bl Joro VA= ISS ) [V ] 0035 (6 puS0iluil 3 50 6) S8 D5 gy 5l ool L 1y s 4l
09,5 polie lid s e )3 g M cual 0D ol cladlg) Lalisee bla 3 olagrie 55,5 pmisced sl ol 03
g Cunl odle puls (i ¥+ 3gdn )3 Wleww (5 HMEe 45T 10,5 astie 43S pll Gldlae b 3,5 (6505l
3590 55l odlitwl (el yge (Ko oS 395 00 dboml ladlg) 3 SVl (sla 3,8 oS i Cand (> 5> iopen
il (b lalyd byl

S, (Steam Drum isw) J5b 53 Slows slo i Gros (658 yguw g, 51 oolizel b [AY] Ll Ken 4 Ficquet
Gla gy (65 s (Kod alie Gl g I8 ol pll jl Bun 65,8 oS ojlul 1) P275 3Yed sl Jbg O

-0 JS5) cuwl 0dgy S5 lalad gl Slowy a5 (65505l )0 dgamee Lol

(Y] Slowwy (piid (535231051 g griow yiid S cund Joo 10—V A JSUS

ol & sl 6yl ealitl b baal) (59, Labloeo a3le Sy Lis 4 baylgy 5 badlg) 5l clablxe sla oo, 5| S
ol Sl oS 340 0 ) die odle g Y (> Wleww 5 SLE AY e b e Cladding bMeol 1) 5,
sy ol 5% Cuje J ol b gyse S 4 SCC 5l adly) cdaslns (ol logas Cladding i, ol pae sl

W



02> yinles eiloas Sl Y &S Lgy sladlg) 5l wiged G V-0 S 50 ] i 0dle jo (g)lid WSlowy S Dl

Tranverse stress (MPa)

Longitudinal etress (MPa)

"""Il'i- |
it

P !z!.i_-.!.:.:-

=

gga?ﬁigg

i

Distance from outer to inner surface of barrel {mim)

b

K s -,

Py L e
e
Y

N

=—nir

w—FE_H)

e
M_.i---v"'

"

Distamce from outer to Inmer surface of barrel {mm)

[AY] sdas glo b dusliio 9 sl J3U 0gn 45 uwd byl (0856 9 (Job Wlowwy (gla 4 :0-14 UG

[AY] K55 0 293 L dlg) iudigy 10-Y o JSU5

WY

) 045 u.:\.u:u d.g)f




Sledl K8 a1y snls cpl 55 e Sbul Slewn sla i (slojlum )l > Judos 5l slil L [aY] Nied 4 Yildirim
Slowy LS @595 Wl 48 )3 ploil (o0l 09 edlo Sl B b g (gdmgd Cygo 4y Julod (] L0008 duwlee 3gazee
ol 0as 031> ioles y5 S p0 laalg) 1> b sl

[93] cladding ;I WU L dg) 45 auwd Syl dilowwy (Wi :0-TY JSUS

5ol Slomn 35 il Judos 50 3,8 awlxe |y e Cladding sladly) > i s co o 3o [AF] Citirik

Coles 50 g Gl 0l 2ueS (B> Slow A5 b g 0dd duole A0l oyl 5l ol sla 25 4 SOOL Dlowing .l s

ol 04 duwlore dlg) 13 S5 G (18,5 (el d b LIS Cud (o b polie

Slowy yiid anb cpl 5o ] cwslls 5 Sy obol slp & op pasius jl (SO s o a4 dg Jlasl aylg o
Juail oo 53 (6L slacusls sbul cuw o Cow byl 9 Jlas! awiin jI 6b i 8505 o 6)Sie YL
9Tait Wged (gly Cunl 48,3 ploul dn b cpl )0 Wlewy iid (60505l (gl (0L Gladod g o Caudd g 4 dg)
Hhe 6 cud o b Ay Jlasl 3 Slewy 315 (650l 4 655 o (688 e g, 5l ealazul L [20] Press

ol 0a 0313 yinled Wilawwy (i3 (65303101 (gly oas odlitwl Wl YY-0 JSKS > sy,

WY



(e 29) 655 0 6 )88 y9 gy ljuress Slowy S5 (55550101 bl
(V0] Jlgr )3 Wilowmy (5 (5 525151 bUGS 9 (535 y0 (5,58 j9w (b9, Ol 10-TY JSWo

9 st cnl sl el 43S 115 aalllas 350 Blowy (5 Glixe p Gil 215 UES BU nizren Giios ol
MR Lyl 2y9e lg Vere gl (il Y Gl ool b (oo g0 a4 (2135 GRS g 000 )3 (ald) A >
a dy o) Sses 51 (00 MPa s90s 13) (60b5 sl Sloww (i A5 ek 48,5 pbs] sla s, Sojlul b .cd S
pLsl b & ad jastie (pizen D9 pbnl (235 (35 b 5 ol (Rl sl & Cunl 2]V g 258 00 Sbrml S o
Yo ole & Slowy (35 (e oy (o) G5 L Lol o (LRl ZVD i @y Slawy (25 00)58 )3 () S

sl ogllasl WolS a8 by o yil58l ZF+ I
Slows iS5 Silinly i HLid 56 «d 3 plul [45] Ranjbarnodeh g Danyali g ys 45 (6,505 suios )
Sl i 93 9300 lodl 9 63550 ()9 gy I pslaie cnl (sl b adllas Cud 09 4 A B JLa]
Slowsy 5 ZOA b ol o Siliwlgyiun jLid Jlosl b oS 13,5 jastto o 1 ool Sibuolgydn jlis 15U o)y
9 S50 SS9 gy 3l o3lisel b Slowy (55 (Siliwlgyien s 3B VY0 JS 50 ol aalS ) (59

ol o 00Dy igled dgae L]l

VWY



.
-
L=

106 -
o ! # FEM before hyvdrostatic = Experimental before hydrostatic
100 + y b - B .

i & FEM after hvdrostatic < Experimental afler hydrostatie

- O DR

i
O WU D W D W DD W D WY W W O Wm W

Residual stress (MPa)

Bk f W W e e N

-

=

F=auT

0 33 5 12 20

= -t

Axial distance from tube-sheet (mm)
(V1] o 385 42 49 g2 Il ilomey 5 2 (S5Tilg 200 18 15 0T U5

g a3y ol oad 4l 34TH o3l jl & Jhgs Ay ogs 45 oads bl S awyp 4 o [AV] Ll Ken 4 LeE
I s9Swg S polas p oMo yolate cul (gl 3,8 (b)) Sl 3,558 colu Y8 Lo 5l g S5 bl LY
dnle i 1) ) Sdgr 15 0ad sloul Wlewsy G5 (lje 9900 lall Jelod Sl oslizl L 98e (g HAZ 4oL
2 Spobul LYs I HAZ asb )5 coib)le (YU w2 9 p9yS 4oyl Ggwy YU jlans it Slown (i 055905
o 03l yloled i S )3 0 (5l dpnd Sty (J5)S 9 Slowy WIS (izmen g 0ad Sl S5 03,5 S5 e

]
Slowy (25 p3lie d9axe ylod] (65l dudd 3l edltol b i dwdin (gly g odle Cped (glp 30 [AA] 3,15 o KM
el ool g ks (K035 ) Sl 5 (gpSeiluil sl XRD i) 1 35 gl 53 08 aglna |,
(L) (25 9 338 gy Silowy (25 ol 5 IS5 )3 .08y plosil (gims ds 9 s 53 050 & 3900 ol

Cawl 00 030> w’l‘”

o



focial sfress (MPa)

assban IR s

e i
N S W Yyt
N7, :

[AY] 5,59 51 g o o] Sy i35S (C) g wilowwy i (D) 0l Blo] S y5 (a) :0-Y € JSU5

4004
0+ —— 20 axi-symm. 200 =20 api-gymim.
] = = 3D half = = 30 half
=« =30 hall wi temp === 30 hall wi lemp.
==== 30 full = ==== 30 full
o
= .o
. Py - g T
..... — 2= ]
B
&
[=1
g
I
-400 . . | : . :
o 50 100 150 200 100 150 200
Distanca (mm) Distance (mm)
Sy ilowy e Silouny 5

[AA] g g (g (65950 9 (hudme lowwy (Wi p5lEo :0-T0 JSW

Pastor Cae Owed 4 .00 3ol e sladlg) 3 (ool slaS 5 L;l.mwj wdled Jlo Hles 5w Jbu Jhe SO o
5 S gl D jolaie cpl (glp By, 09> aYlasl jo ond sbul sy R N [aa] oslh)Sen g
5 o3l b (yimad 233,545 043 ool Al | 98g,Se pgll iz 9 (B b)) sl Sl 2)90 sladigad
2 RS oyl oS Jore dgazme el 1 edlitul b g ud duwlre dlg) 10 Wlewy i polde (635 po (6)SS g i,
Yoo MPQ sgas )3 dlg) )5 Silown (55 45 03,5 asudio Slown (5 (6505l b 233903 Cpass 35 1) dguine Sl ]
S 29y Jloinl sl 03,5 )8 a9 Jlo ¥ (sl Sl pl 8 2leil 5T b ol b able YU jlas o
o5 oS Cunl Hligr 50 0ad dboul (J)lys Sedd a0 g J S s 50 00 ool JGT gy o 00 o3 s

W]DM)J.ly)Jobwfijﬂo.\wé&.bwUAMSLUTJL;»L‘S»)‘P

\\id



[AR] Sag2 0025 Connol ) 53 silowny (W5 (530501051 (512 (535 30 (5,55 gm0 Ol a2 10TV JS

(5308 oy 55 o g 55 bl -£-0

&) lor «5)lid L ol dgrg b gd oo (Siud yos d9 G (295 JB JSS 4 (6)Li8 wilowy T 4V S
Ol 2 S 3985 oy gaw | pauie Gos b (o)l A5 &5 Spge 0 Blee AU 4 By (Sud  Sp
Bl e Bag8 A S P AD) G A o5 (Sed )3 (> Ojge

L oS (5)Lid Slowsy sloedis 510,15 3529 glrgel sboml Jloinl cojls G )3 Slowy 5 Giale) 5 @jgisl bl 51 )
ojlo ol ;D (s jes dgup dals 500 Sy o 3wl isley wlosds Sl ojle 3 e Slles I o3l
b cou IS 1) askad ] 5, Slas o slomyl glags] 3yl Kol (il oS dskad Cunles &S 500 )3 5 391 eablySS
pis o Orod & 8o ol 3 )8as il 4 ) 5 ol sl et e o o glassl Wsed el e 8
ool Cenl Pl sl ()8 Slowy 5 Jlosl 5l Gy (35 JolS” iola

b <oo5) shd sz )IS50 (Vo 5l G 6)Ltd b (ot T3k Lol (1 55l alee 5 bl (gl Lol p3ilSlo 4o

(Vo] il ptaley (7 g (plgs 4> 51 5V

20 Overload

WY



RESTOUAL STRFSS (ksil

RESTOUAL STRESS [ksil

sl Gl 5 ol (Saud plys a5l ol Sl (15 o & bl 51 se 5 )5 s S s i)
A3 oS ()l Sl 15 Gyl by sl g Slipl 0 G5 Gl o3l e )l Gale) cglas
9 Prevéy w3 sloul gudiss asll 1 .ol osds 3,155 caliste Yo 53 cowl osd dbul oy aaw ) (55 aexle

s 3390 ol ()28 oy 25 Jlosl ) g 0235 2T lien g2 () 51 L L) 3 &SV ] e

DS e )3

S5 5 b JSe Gl Mo I3 sle 55, 05 plos] s IS olise b Slowy (5 el ¢ 5 o510

45 (g3kid Wlowy S5 A5 labe) )3 D5 patedie (slod Sy (5L Blowy (T A5 ST a3
258 U9y 9 D9 eamlie (508 G (lelul 2950 sl IS 5 palis clajll )3 ()l (oS liee g 52

Ti-8-1-1 ;3 wges slp )5 3939 i3 5yly> Lialol 4 Caoglio oy YL &S o Dol |y w5 1y 208 oS

i..

ool 005 oaalive o5 bl g Loy ol Sl da ) Fov 9 Yo lod o yme p3 63655 cslos ¥ 51

ULFIH (i} UEFTH ()
G4.m1 a.ps 0,10 0. i, L2 DLA0 N,
LTS TR R T A 02 DA A 0,00 .65 0,10 0.15 0,20 $.25 0.30 £.35
- 130 25 1
- T 1400
1 Baseline
q —— L1 Min.
@f’:ﬁ% 0b—— B0 min. ¢
B L - —— 200 Min.
A ey . k
| 1549 E T g w— GO0 Min. 18D E
g = 7 g
L gaselina T 3 W o =
—— L0 Min, o i 3 -3o0
_ ——  ED Hin. d g B =
—— 200 Min. asgom " T i sy B
. : 00 Win, ; : 1 ﬁ:fj i oAl —gy -asl
: = 73 g . -
il Ti-8al-4v o3 § AN A SHOT PEENED so0 3
! ) - - L i M ko 1 5¢ o~ B =]
o [ L SHOT PEENED — Y r“f.'\j:-v;,fj‘f?— 615" F (3257 ©
A =7 890" F (475" ) |-TE0 a = -i%0
125 | 135
1] 3 @ [t} 12 15 0 3 3 El 1z L
OFPTH =100 4R, 3 UEFIE [xl0™ in.d
H 1 e & 1 S et afe . £
[Veo] &5 aoaluw 3l ax Ti-6AI-4V 5UIT W65 g lwl g 51 ,Kiilus da )3 £V0 9 YY0 slod pili :0-YA UG
DEFTH {mm) DEFTH {mm}
Q.03 0.15 0.30 Q.45 0.60 0.75 0.2 1.05 1.20 O 0LT% 040 0.d8%  Dual DLsy Ao 1.y 1020
25 150 25 150
L Easaling Easelinae
—_ 13 win, —— 10 ™in.
O} |—— &0 min, o —-— B0 Min i
—— 200 kin. —— 200 Min
< GO0 win. - M
g e s B it 1 E B s 6o Min. - e S DS LT
= H : TR - =
e -a00 £ EA 100 2
T ,ﬁ- L =E i = w
: . 4 E T =
o _.m i T "‘-‘?‘\' =
= =450 4 ﬁ e -450 @
e T . X 3 -
T Ti-gal-4v  —— ¥ & -73 T - o
LASER SHOCKED o £ 8 Ti-Bal-4v 600 B
z
oo 7O5° E (425° ©) = LASER SHOCKED
L L]
. 615" F (325" C) .
-125 ~1235
10 0 30 40 50 i 10 Fli} 4n 4k il

DEPTH {x107" 1m.]

DFPTH ¢x1d1? 4n. 3

[V o] St 30 51 ans Ti-BAIAV 5UWT L35 bl y 31, K6l s 45 £V0 9 ¥Y0 slod ni 0-Y4 JSS

YWA



NCRETH (ol DENTH (i
O 00 0,05 0L 10 0,19 G020 0,25 0,30 0,35 0,49 0,47 0,50 ATV L R W RO N I [ RS L VRS O S T
50 00 50 .
E 10
[- A :lk-\.
N S e a a )@-W*’i oork= 0
""\-_,./;";" ‘1(:‘)
= = = o r n
ut E n
i 50 Ié —1— Easaline - E = ] | 300 §
] e f - 10 wrin. [ e T —— Basaline 3
E K e ¢— B0 Min. 7 4. —— 10 Min, Y
s -:"5_\ s l—— 200 i [ O & " A _ B0 omin ST
z g _.;?13“ il AL I - & 200 min. b
= -"'}\__,y}fr u| ' 7 z E H —o— GO0 Min. =
- LA -1 = (s —_————— [ ]
; - = 4 INCOMEL 718 £ 5 ;:_‘_% S INCONEL TLE Iy
150 — SHOT PEEMED 150 P SHOT DEEMED
' . o N i
b 1240° F (&70° C) 1700 'i_lj‘q}.-t[f 980° F (525° €) -
2 = | T s
o 3 14 15 20 o N 0 1 0
OLPTI (el A0 UEFIH (al07 in.d
[Yee] &5 4l oz Inconel 718 5WT yis (i bl 39 31yl 4 13 IV 5 0Y0 (glod pilizo-Ye JSUS
LEFIH (il DERTH (il
0.0 0.2 0. 0.6 0.8 1.0 1.2 a0 0,7 0.4 0.6 n.& 1.0 1.2
50 - 50 300
—— 2aseline n Baseline
v 10 Min. —— 10 Min.
nf— B0 Min. 0 0 — —gr G0 Min. ]
- a0 200 Win, - & 200 Min,
En —— EOD Hin. E —o— GO0 Min. F
: Ay 2 A 200 8
- 0T - 4012 = -2 T -
- = E ';ﬂ 5 g
I:':' - w W E
E s 2 & &0 =
i b g ! h
g i —on ¥ OH I o §
W - w -
=150 INCOMEL 718 ) = g INCOMEL 718 -
LASER SHODCEED Lan LASER SHOCKED
980° F (525° € || 1240° F (670° ©) | B
-300 L K
o 10 0 H 0 El I i HE 0 20 2
DOFTIE £x107 Am. 3 NFFTH ¢xld? dn. )
[Veo] Kigus 554 31 o Inconel 718 W1 Wi (pig bl o 31, Kb an ;3 Ve 9 070 glod iy i0-YY JSUS
(o9 ol baas (glod 3 9 ddBd Ve floj e > > 5009 O Hlews T )l J){L»] N gl S @ g b

e b ol MolS 25 sl lee 5 855 39500 3131 UK il 5 poslis (sbojWT )5 Slawy (25 j1 70+ 905 5

Al o 31 oy (5 olwl ABb i 5e)lS e 4 yn g Conl ladiges )3 ol dloul sk, lS

wya



O . G . & e = . & 2
g7 BB Wilowwy T (5505101 (g pigy it Juad -7
9 ouiRg3y 53

Y.



dondo -7-)

3539 955 olKiidgh 53 5 98 50 bl Jlesl Sl &S Sy (i (655 0jlu] by, Mz @l sy 4 Jad ol 5
oAl aw  omablite lhe gy 9 (63530 (6 ]jaw hgy 98l by 5l A5 ke Wa by, cpl g ge wSlyy o)l

Dy plsl ey cnl lp (483 ©ladl jpe 9 358 03 Zuds by iz cnl il g plos & ol

29598 by, 7Y

bl ad (Byxe [VW]PIIME Lawgs Yoo o Jlo )3 &S sl Silowy (35 (6503081 (slogsby)y it 1 (S5 bg) o)
oy ool P eos g 290 035 diged 3 JolS (b o gy el 53 sl (b B 53 Slewy (25 giledlil 2 by
g glegel ol (385 o (6pSoilul b Ngde oy gaw 1 glrgel Cumw g ord Al by alade ) Slowy (sla i
dolxo gy cpl bl (Shy 9o duslme digel ;3 lowy (A5 38> ade dgae olall Jro G @ bl Jlasl
Al oo Cand dy Slowy G35 03)95 by aw pled sl g Conl 03,55 by alai | sy e 53 Silowsy 15
Sl clllB (6505 By b Ca opl Sl el dnsle JB 03,55 oy e 290 Jloy (AT S (B (]
Jlosl Celils g sl e Mol by S ooy (nl 455,87 lis b b Ll 0,05 1) gawg el ) 53 dilowsy (5
a5l gy cnl Gl >l oad ooy g g JSB 53 gy ol bl Jolie )l ) )1 Sl g aded S

il adhle oS cwl i S5 iso

dged oy )
by sl glsel 6 pSojlul =Y
dgaome ledl 5l oalatul b Wlowy (i duolore =Y

W9 o0 gyl JolS y5b 4 Jolye cpl sl 5>

WY



,_:!_—ﬂ"' —

~ + is lension
- Is compreassion

A Original residual stress distribution.

-B /"

Part cut in half,
stresses relieved
on face of cut.

+C '

Force cut surface
back to original state.
All stresses back to
ariginal values (A).

[1V] 5598 g, ol oty 1Y IS5

2L Electrical Discharge Machining
22 Wire Electrical Discharge Machining

diged oy =7-Y-)

LS dbul 1y 5 bl 48 590 0k 0 Gy 4 ged Sl

LS bl 1) oy ead odls gy 5o Sy -
il a3l jho e o Y
S5 ol Wiged > (ALS| Silowy i Y

23 oxb dlml @yl g 3L (wled 98l (8L Sty JSb s Slive g Dl 3 (B Sl pgwje sla gy ST
2538 gy 5 el 31l i e e 4y g oo Wilany (15 S5 )3 il o ol 93 o & At S 4L
g & Gy Ohgy ol 5 edlizd EDMP L (6 sl adss (Sl 3, 31 0l oo e 598087 (g, 5o 2 0300
520 Sl S askad g LDy o Sl JUl o) k) 00 ojige o ) diged (13 18 S 4y g oo led
23 3l S ocie s ) (Sl ol S gin o3lial ;518 by, 3 & WEDMP ()18 il 3 .l

WY



e L STE Sl Y S ki g 09 yho Loy (b Calbus gy pl )3 298 e ablid Sl pU L olal
OB g 35 (o Jille mur 4 5 ()l g 4B 32y (S5 ol ALl 4 drgi b Ginen 098 0 il
V=5 JS5 5> WEDM (g, 5l (Siled b 150 595 5k 568 (e slasilony (35 5 oali obml gy Silowsy
S g0 sl sl by (o Joe 50 diwge Gy & ol 050s Jlaw &S Cunl p3Y gy cpl 50 Cul ol 00l L

ol 0kel > isles 4 WEDM g, bawgs by dbu] 5l diges S5 55 5-Y
WWor o 2 g onl w2 Injopd Coge e (OS] pas g mae 35 o)L b dlaily )3 a5V slacudle (ol
s U] Lo g i 3l obS Ll Yol &8 0l (lojlil 4y Ll ks g e dold 2395 o 2] (605 o 5,

DI ke Pl by s

Top pulley

Running wire/
Wire entry side

\
I T
y D Aling direction

X /

4

/ w. Running wire/
Start of the cut Wire exit side
I_,.-v Bottom pulley

Wire entr b side

Fop face End of the cu

N\

I
I
i
.\
y
- U
. =

X 8 /

[V« Y JWEDM (5,5 miile (g Safloud S1-Y JSub
Bged Cuolbud 4y (S calio paw ylab Glesl [Ve V] ool 5250 YL )3 yieg, o YO JIYe s L WEDM
olej g Canl 3bj s cpl )3 5w (Sl Jlosol Ll 298 oo yieS (5 4 (Sl bl 168 o jlab jaie )l
Omb o el oad B Sy ea Hlad QB gl (S slodaly SO VP S 0 ad sels il jlews 5
D) Bgad i Ay (S s ylab

WY



Vg T
f""'
i
— "
‘uumnumlw'
2

T pAry™:

WEDM g, b (&, Smile 1Y JSuib

$ <
2™ o

[YJWEDM (g, (515 (63l s 528 513 Jyan

Specimen thickness EDM wire diameter
= |5 mm 100 pwm
[0 mm — 100 mm 150 — 200 pum
= 30 mm 250 wm

Pl o Ciliseo elgil 13U (gl @ole gy p S 09iS U anll 00,5 o Jols (265 las jl oolinul b gls o e
Gl Ty sromb cB b s 59y b o o3> by (25 e b (S (o & Cunl oS (asiitie Ll 4id i
[V] s e

S )3 00 oty i 5 51 503 ke & il b ld oo 5 i e o Al 1555 & bl Kged by
» &S olalas 5l S g5 osnlin bad )3 Siely s g b atily d9vg bl o (claols zua 5,5 5 KouS
Gl See JSiie opl .l Dulge error b sy o) Suelp wiiy 36l cwl (See WEDM L oy plKin
Sogo 4 5 JSb ) g 09 dals olite Spso 4 lad ol bl a6 As Slewy (15 ) )le S glaisel
&S 0,8 Hlis bl Wb Wad WSl MolS ladiged &5 sl dlas cpl 0,8 JBls Caa sl i 03 inles Sileds
03,5 05 JSs ;> WEDM (o 5 8 adad (9,8 (nS38 51 Jlo G by (taliél sl eigad (30 (tali8l
ilodds fSowe H8 e s 05 5l ookl b diged Cuoww 93y jobaie Cpl (gly ol i

VWY



Undeformed shape

Deformed shape as slot
, is cut and stresses relax
Cutting occurs on |
plane fixed in laboratory i

: reference frame 5
Current location of material
points that were on cutting
plane in undeformed state

Normal displacement
of material point
31 about to be cut, u(y = a.a)
[YJWEDM ui1,8 b (bulge error) suwi sbow! (Saelp 1-£ JSW
i .
.._..-r-"""k‘n'c-rkplccc'i;,[ ﬁ
_— _— EDM cut _
- . -
- ) - -
~ Backing plate Slot for EDM wire , -
[~

[YJWEDM sigfyd b diged (33,5 (wSd ay b 710 S5

Wged glaw (g S D3l -7-Y-Y

Tlrosl Jld o 5 0l Sl Wilowy (slo 15 0ud sl By S Cod cilony AT gl Wiged 3 o sl Sl ey
03l 50 ol Dbl Zlrgel dly sl oy maw ) 0ud dbul Zlasel (6)S05lul HaBlS gy plol (5 ped dls o D9 o
B9y 92 sshte cnl Glp pdy ©yge opSelul nl (@YU Sl €83 L ol o 3 5 [V cwl PNV

Sgbign 485 IS 4 glagel (6pSoill ol 530 s CMMP Giliss
2955 o3litsl Sgul il plos 1 oSl yipg poliaie cpl (slp g jrad €3 b oy gl (il (b Pl 5l ey
LLSe 5 8k LSt g 93 32 lp Sojll LIS & cunl jige 359 (6500l s (i aw 53 2 V)]
Jdox S gl Al yo 3 ST 209 5185 )01yt BUE slasd gl g 9 30k ©pgo 65 o)l Cudyd 4 S
95 Elad 335 o Jols CMM el (4l L5 5550 loj 51 (255 ot nizeod g bl oo Cd & o glagel 51 IS
A5 anlgss 3yl 3 e (6305 dlwg pds g clly Lalgd L3 CEd s WL Y MM & Syee o CMM Uy,

23 coordinate measuring machine

W



@ dg bl Job colo iy & cwl (Sae dlsjo opl 290 0 cd dail G Loy Al e 0 SOl 4 g L
e Lo (Slod el Jgb 3 &S sl p3Y )30 @bt cotee 3B S5 oo 5 0391 ke sl ()l syl &S
Caedl CMM 5 oS i ol S5 @ p5Y g SYsb jluws odly cd ol a8 sl (glojluil & 4 slal g 03,55

LYV bl 0 MU dgus (0 b HeslS og) (gl & sl oK <8y o)l
Lol 35,13 1y 4l )3 00l s s Ulgs g 42815 (5 5V (S I5] ety it 130 b Sios 48 b5 o (sl
6525 9 b ik odol Cuwd 4y ppollo ol £V g e & g 2948 00 (55031l 55 e (635 o sbgy nl ple
dozg jo el Sonp 3 o paw o pSeilul Kl [igy ol 3 a8 5,8 ol bl b a8 Gls bl e
i CMM 5 oles CMM oK g5 55 IS5 5 [Ve V] 0 e 3bml (o0b5 sles CMM 5 &S (550l 551

Gl 005 030> U"‘"L“

Wodly LT -7-Y-¥

ol 39350 lall 51 o3liul b blown (5 duwlie g odls 3BT )glS gy b Sl (5 (6505100 )3 dls yo progu
oS s & i L 2900 el )3 4505 o o sl 038 Caogi |y 5988 g, ol 3 45 [WV] @y 0 Prime
S 283 09 Jlael oyl 4 o S5 1o g 58 Juo Bl o Sy o' g0 53 25 )8 (g 390 Bl JS
5 e 53 Gl ) ol 5 o S5 s b 95 53,5 e o S5 s 39 S8 Wb a5 23 315
2l Slawny

gaw 2 Tay 9 Oxx SGES gd odip X (025 S d9e8 diged Su (sdn 9> Al ) 08 (152 &5 ()90
s Caz omed 4 ol oy Sl o 2 2500 gz 3 4 glrsel (S ol St @ a2 L g e AT 3y
9035 g2 R L ) dged o 93 53 glrgel pdlie il (o AT S Bl el 2908 dnlne | Oxx (o0
SR

ke o cudly pualys aaw (59505 95 oy e ) V=5 JSS 4 a2 g5 L

T, = —oxny (5’—\)
T, = —Tyyny =-v)

2 5 Vb Gy baaiged 51 (o 3 Ty (goped bl acunl (3 Caz 2 905 03)55 i diged Caow 93 58 ) T (g9
Gis TY Jl Mae tigh 65 e o bl lie & Sypo 55 e (o 4 Canl (sl Cans 4 6,503
g g2 3505 Jlog 15 Slogsn (I &5 (s 45 5 008 Bl by 5 1 8 e b S0 Sl & 3580
S oS Gl (B dons (3 g wled 3lo 30 Tz lp Calio fed g (in dw Oy 4 diged &S (g ) Ll
Cawd 4 zlogel woSas g 25 (giludie (Blo oy doio Gygo 4y g 3900w lall 1381 5 13 ol 6y diged I Cuaww

295 Jloel 5l 4 CMM L ouel

W



G538 CMM ol8is 1l 9 (owlod CMM alKs (YL -1 UG

cut plane

n,=+1 T

y T
X Tx —

[V9] 03,95 i o an b 43 mlaw o)l e -V S

WY



oS 5 5 ) A6 Gbig 32y e & Grizmed g CMM g 00 (635031l bl 3bj s Slass 4y 425 L
W98 slagymw 5l ool b ole oo yolate ol (glp Bgd (iYL odel Cund 4 slaodly &S el o CMM olnd

oxl ol o0 edlazwl Divariate Fourier Series jig, 5l ag, opl paw s slp ol o0 03l ioles Wndsgy oyl 5l diges

ol odol Cows 4 CMM | aociio pls o315 Ve -+l 4y,

[V]CMM ol glaosls 5l ouwi 031d joae dggy :T-A JSS

xS0l 4 ol (505 50 b yladl slal (Sen s U g 0,8 ool S o8 b b ladl 5 5y odas )0 oS conl oY
Beeve ol o oyl & Canl pips sl 00l (6 S ojlil dlas De v e b iy o (51 g0 sl 3L CMM L bl
ogloll slel a8 casl it iy s S oS 490 bg Al ) plell diged S )0 &5 can (g3l andl adl oS
D)8 (538 glx Lgad ylyed g 45 Lo S > 3l g0 blid Jloel b &S Cunl 3V dgaze lodl Jdo j0 Mg iy
Sl AF JS5 3 sl 45315 Sy G5 @23l 2 516 355 Jlas] igai sy Sas 3555 (25iaS & ol oY
o Al S ud diged oy JSW 0 &S Canl S5 @ oY Ll odd odly L 0l 0y diged d odd Jlos] 9.8 diges

ol oas 031 yiuled CMM jl el cowd 4 sla IS5 i Jlosl

WA



Rigid body

constraints

Typical

displacement ..
hisiindics Rigid bodyT
conditions constraint

[V] 1955 g, 1 39900 ool Juo 4 Jlos! (650 sl pud g g (yled] -9 JSS

Wges 3l dlats S s (gdmgd Jdo (pl 50 sl o o3 isled dgaore ladl e 1 edds 5lpel wged Ve—F USE g
o JSb puis 9 039 Bloo oy aws igod cpl 13 bl Jos 4 (S ols skl 465 Lo S o 51 B Canl o S0

ol o 03l L IS5 3 5 diged s led] el 0003)5 Jlosl diges 4 odal cuwd 4 CMM 1 a8 3 s

additional constraint

% mesh detail

displacement

boundary conditions Defor

D] 550 bl g Jlosl g (i 0 o (S JSUS yuntd Jlos! 51 s (521 9 9o ylol] Joe 1Y+ JSUS

ol polie a8 onds bl Gges Ky s 1 ooliil b Slew (sla iS5 [VV] PHIME buwgs (518 jhgy (3yme dlie )
2 290 (65503l eslS o9y b Wloww iid polde oS Cawl ol rw HgulS hgy 5l edlaiwl b g Cunl asuie M

Gl 04 0313 uwl.ou )}33‘5 UP9) l.s 0 dﬁfo)“x‘ J.;Lo.w% L;Lbuw 9 L;m§|9 dged ) _\:L»w.a L;Lmui.lﬁ 2 JS.»

wa



0 5 10 15 20
10 !
— 40
=
E 5+ 80
M
] 40
: | 120 120} 4
0 BP 3 .::_ .[ 13{}

b. Corrected contour results.

3991 gy b ond (6805101 dilowwy (g i 10le tep b cdiged )3 (2Blg Wilowwny (oW WS pdlEo (WL Y)Y IS
Y]

Slowy 5 (53503131 43 18518 (9, S35 -7-Y-F
ol ) sgr Aol )3 o 5 s pSojll 4 ,g5lS g, 5l eslewsl L [V-Y] Bouchard 4 Hosseinzadeh
srasko aw ol Jlad L CMM ol8os L g 00l oy 1y g 19,80 Y0+ ol b (262 s 5] ol s Lol ilazsly
s 1y CMM (slaodly 35 2D cubic spline ;1 eslisl b .sssls plsl 1y (g)lsp o3l <0 MM 5,0 4 (a3 4
55 00 MM Culbs b el SWT 51 G5y9 o (oo alio (] )3 (izmen 20903 lgen ADAQUS 133l 5 5> eolizl
035 (Job sbuwly )3 oy S G 9 (2 sl )0 (o il (b 93 (B cnl Sl el 4B ) 3590
Oinled dlde pl 1> 0ud Lawyp dwdin 3 WW=F S0 50 .00 duobxe Caa 93 0 Jloy (sla i don )0 g Cawl 0
ol o3ygl V=5 IS5 )5 paslid axin (lp g W5 JSb 3 Ay (clp 1o 598l Lo, 5l dhols zuls .l sad ool

Cawl

Ve



Top curt surface Direction of WEDM cutring
A | i
F \I'Il | l;/
|
|
I Radial

sl - .
: | Axial

[F¥)
[
LA

Bottom cut surface -
370
Tramsverse plane
L |
Longitucinal plane : -’; 1
o 1 ¢
e e e e e s e s
1
|7 £1#
ey ]
}}f —————————————— £ dr
) s L 230
S0 mum f/ ”J

220t

[90F] & 0 3 00w 8313 Llga (3y9 9 Uy Awaid (VY S5

+362
+197
+132

7
312 {a)
+137
+173
+18

43

]

7
=152

=117

(b)
[Yer]dy awl wa (Wiga 5 Wiloww yidd (1YY UK

WY



977

878
779
680
382
483
384
285
186
88
-11
-110
-209
Start end of the weld Cutting Direction
100
oY y by, )
0 : A ’ S e
l-100 =
.i.yoo ..
(=]
{-300
T (=]
-400 [ =
=
-500 5 2
1
PR
“i R S R R i

Distance from mid-length of the plate (mm)

(VY] 495 39 g (o) (o8 5 (Y1) g (glil 53 om0 1V S5

009 b paslis (5y9 4l ogad & cawl Blj jla (B9 )3 Slowy (IT (LIS canl pasede Y S jl a8 polailen

sl i3 1y () gx pguye sy o 52 GRS bAS (VL & el o ()8 7T g Sl 4S5,
b oS casl (Son Syp0 ol 53 odle el (15 TA S 5YL) 28l YU sl 2905 5 Silouny A5 e &5 yg0
ihSan o TIAOTE 005 225953l Silomsy (sl i g 0ud Sloml digad )3 Sty (55 digad g9y 48)5 plsl by
23 Slowy GI5 3L jly pdlie & dx g b aiid)S )5 & |y ye0lS by, Ve MM Cowlbes b )9 S o slp [NV
b 380 @l Gaiod ol )0 sl dgptio DS 55 JS 50 &8 bl oo @igiil Slawy Sl iis Joy Sl v ¢ bex

ol ool Cowd 4 S g Lol 3l ool

24 Electron Beam

WYY



(a) (b)

Clamping holes X 4 Start hole
=00
= Neutron diffracton f‘
— Contour method 15 1 400
r 00
g \
£ f 1 700
= w
i
b= @ 100
Transverse \
|
(Y A Ll E Y
Longitudinal a0
&l ; a0 40 20 0 20 40 a0
ol B
72 L3 Distanca trom weld center line / mm
180 mm - 3 :

[V 0F] hgn Silommy (i dplone 3,955 g, (], 1-V0 JSU5

o, Sy oy tenee 51 (SO 0y (g wlio dler 5l g caliste wluo 13 (63b; Hlun 3,15 ™ Jign b L 4 090l
el o o3le 31 5Vl oIS b Ayl (g5, g Y ol eslitd (Ul papme ) S sladly) oIS g g
K9y S5 o 3Ygd Slis Y 1 il Sy (55 (g S0l 4 ,g5lS 3, 3l edlazel L [V¥] il Ken 9 Naveed
005 wSd syl g Mlow iS5 (6 S0l sly eads Sl Y diges dwiia VF-F ISS 0 Lladlhy )8 oS Y8

Sl 00 0313 wl‘w L)*’)’ Lgl).v L)]

[Y+£IWEDM (i g (5153 05355 (wSud dliy b 1 duwd (S arY diged duwid 1wl y (-9 UKW

D9l o0 odalie oS )9.\9 OL«A sl 05 03)9] )93'.3\5 UP9) )'l oolésiuw! b J.i‘.o.wd s LS'):’ ool Cowd 4 4l Jiw 50
Sl i) a5 (5 SeIul 1y L Y b 53 VU s 5 S g 0 Sl 2l gy

9 5 (555051l Wlown sla T S ol (e, il edlatnl b SLiS Y hg)y Slewy (35 S0l ) ,eulS i,

% Cladding

VYWY



Giile 53 a3l by il &S jglalan ol oud 035l Sy Bl 9 558 U3g) O Amalie WW-F S 5
WS 68l ) Wlawy (sla i &S Cunl iy 93 4 yeulS gy (Sle

Cutting direction and weld sequence
e

335
279
221
164
107
S0
61
=121
-178
235
-292

-319

Y

P

[Ye£€] cpaS o5 38 59y ST o 3Ysd Jlid A 51 il wilowwy (s W0 - VY JSS

*
TR
. o |\ s Comtour Method
350 1 * = Neutron dilliaction
= \
S 250 - \
= . ,
;’ a4 F I H\'
z 150 4 ] ,
] ‘u' \
5 LN
o 4 IF
3 09 L.'
ERrT | 10 &, 20 30 4 50 ¢
= -150 - ﬁ\
S350 e ;
] #__ T‘ T-”
=350

Distance from the top surface of the clad plate. at mid-length of the
plate{mm}

[Ve£] S Y Wlowws (Wiid (5 m503001 13 S957g3 (il y 9 39015 W9y 95 dumyliio :T1-VA UG
&b sl Y;Aglﬁ v 0 1) Slewy sla i jqulS hgy 5l edlitwl b YoVA Jlo o [V+0] Lul)Ken 4 Jacob
i g aore Cowe byl 4 angi b g odgs 0L Hlos Slawsy (AT polde 4T Wdged sdblie g 13,5 dwbre Jolwl)d

Lol 04 030> Oiuled eyl

% Monopole

i



3 hgr Slowy iS5 (6pS0jll 3 (oYL Hluw cd (g (Ble > (oYL g b gaw (S35 e by o)
(5959 oly 3l eslaiwl b clodds aolore julS gy b aS™ (g 53 Milawy i polae 55 [Ve A=V V] aalpe 0 [V+F]

0.1

T ' v‘ i

Jolul2 (3L omyg b ogr y3 Ml GG 10wl 9 CMM L osis (6505011 hane glavgel WL 194 U
[y+o]

(a) 200

i =Y

o

o
T

' ;

w

o

o
|

200

100 F

m  Neutron diffraction
—e— Contour method
—a— Finite element method

_100 1 1 1 1 1 1 1 1
-5 0 5 10 15 20 25 30 35 40

Distance from the bottom surface (mm)

o
T

Longitudinal Residual Stress (MPa)

VYo



Slowy o &S Al (gl 9008 hgy 5l ookl b wlewy (35 (5 S 05l0l (gl (W VYV ] wlnis gla byl eolatl
95> VY] oy (glls g odomy (sladwain (glp ygulS hgy l edlatwl IIWV=IVV] 0)l pded i & K03 (gldo

ol plosl Sl 55 05 5 18l a8 ola 3

S35 70 (5 )58 9 (g, -T-T
ol 00 g5 kil 6 LB 3 55 ol el A )b a5l Slows iS5 S 03l81 gy w53, Ghey o
S B9y 93> 09y (nl e med 4 g sl yraxi BB nly 4 g 009 dguome Jlew gy (2l bawgs o obel ol 5
0Py Ol Sl o (95 )Nkl e 9 3580 Ol gy ol I SIS bl 5 0sd e (sh dled P e

DyS 0 58 wyp 3y90 (635 yo (5SS 9

&35 0§38 j9m gy OUS -7-F-)

St gl 6y 880 A013 e Slowsy (35 S3ldlil o 01d AT (ST 5 (6350 S by,
i (Jygo A AT e Bb Oyl Wleww (i oS edle jl disu Bl b Ca ped 4 A ol )0 dddued Slows
5550 3 31 35 e 45 TOSEHE g 23,8 Sy 5l ookl b Ygone (oedaw sl 25,8 wilay 3L Jobs )3 olisman o WS
(le Oxx, ny .))5 Mb{.@ |) ue‘b- 9.) » Lhu.\.u U‘nyo C.M.ud.u)f dw )‘ odla! l) .)94.»@ LS)...?O)L\)‘ ¢w] c‘)w
a B g a a8 Cul dgrge Y MM 5 ¥ MM & MM glaglygn jhab gl miw 25,5 3,16kl sl .aNd oxy).

Caol Y MM 5 ) MM e MM el o b Slown 25 dpnleo
7 sy o3l By 32 BeenS Ehgw SHl b s g 0o dan iS5 oS b 5550 ()3 Dge b,
ol Olge Ao jgb gy 0 I ens N5 iS5l eoliwl b Slewn 5 (6pS0jlnl (glp &S cunl Gpre

35S s ol Alsyo b 4 1) b

23,5 (550l b Sl 5 &S 2l 53 9 )5 addad (55 2 Sl @58 cuain)
S Satsled dlawsg b ol 300 bl g bagmias 425, gty ¥
oy S ol 3 50 )3 (6,188 )5 (385 slaial) he cuai-Y

ol (53,5 iVl g (135 jao jlam ) axkd g9y p SogS 2lygw duhf
S aakad 315 Wlown 55 4 bgye o Bl 55,5 yulg3-0

TS SoES 4 Cand ol dugly AT parSlo (1359] Gy 5 39290 Lly 5l eolizl -7
siloodlol cgans (13955 gams dans (625 G b w8 (995 3 0 o g (3o 9 B (gySejluil o s

2 olen Gl g opwd JB g (09 @ (039 Ol 4 Slewy 35 6 pS el lp 1) 28 oy it
2 mio by )3 ds g aBiules] lae

\r2



Sl Ehige ad s g 2)S (e (0305 O wilie Dl o y25,5 0 0l Lawgio jlad 9 Do ¢l 5l
a5 75 ol 5 #lyge b il S e e D 4y e |y Do #lguw b piSTas ) 4 15 alols - ¥ MM Ll
1 wbie 2l (DoID)? s b sS85 Do (ol b &) & a5 b b ghgw 58T
4 Slowsy (sl g 0ad (6 S 0jlul sl i) ] digad SG 0,8 ool (twl yidn a8 L slaglygu I ISV g

Sl 0a 03,9l YY=5 IS5 )3 Sluwls I kel cawd

A
n —
1
1
1
1
1o
SG Y
GXY
)
(] Ox
é 1
Z
SG
1
1
1
l#
A
[¥] (535 0 &9 4 Comnnd Brgiaw s 5 Curign - JSLud
Residual Stress Strain
200- 140~
© 120-
fal | P o S o S
E_ 0 W 100+
1] o ]
0 P4 > g0~
& -2007 I —— 511 '% —— el
o / 533 = 607 —— 2
_g ._f." —si3 2 &3
@ -a00- ¢ e
o
20~ £
-600- U L L L 0'|~ i i i i 1
0.5 1 1.5 2 0.4 0.8 1.2 1.6 2
Depth, mm Depth, mm
Olaslomo plosil 51 et dilowy (W5 T i S Lanrgi P Lg).:fb)".ﬁl e S

[¥] ©luslono 51 ool Cawd a1 Slowmny (G W g W (6 80511 (i )5 31 diged S =YY IS5

VWY



ASTM EB837-08 5 Juiluw! wlol3)l -7-¥-¥

Sl 1Sl oyl () ol sl 55y () g Ly b Blowsy 5 (650l 4 bogsye 5)llial
b8 5l VL Cules) s llad B (Elygw jlad I jieS Jlaa (39 Conled) SHU e lilad gl Slowy 5
sy IS Mlowy L5 (o yS il il b S3b ol gl & ol 185 4 p3Y awdl el iy lSel (g
2,

o Slony G5 b weled (25 700 ) 3VL oy (25 85 (Gyg0 53 9 3 38 (lad SVl olse el 29
P a4 drg b b ol b gd wades 4l 5)ly ool (6,88 jom anb )3 a8 31y el il wulus 25 7Y0 51 YL
L5 93 B3 odel Cuwd & sl Bl YL palus (25 V5 ) Wlowy (55 &S Syge pd cansl 0 0 yd Jos
@5y slp FAD 1 jaeS cuabs b )9 9 B g A gy slo Vs, dlp +F Dl a8 caslius b 559 3 il pl
VIE D culrs b 50 5 B g A g9 slac) sl WY Dl 53555 lagyg omaes 25de bld Sib 5y C g
g5 o 0yl YL YL L g ) )3 (59 el (IS Sl ) 39800 48,5 )5 )3 wied (59 C g9 ) ol
RS (329 0 (g Bgdse dmlone LSy W) 5 00l 03] 53 4y oy glyges Al SL G & Fygeyd (il B 5 A
aolone A5 5 5,8 al>po 50 )3 5 0ad 03] Elige (ddopo A) +¥ D old Gas b 9 h=0.05D Gas b )L o
oy ioles 5 JS5 o sy glgsl .l 03,55 o |y (Bgy )6kl VY D g« ¥ D o colbus 4 59 sl 0945 o0

Cuwl 05

e 3 e 5 4 (55 St b s 51 oalitl 355 Ll Bl s oy G5 5500 sl
29 Ehgw Shbl s bt )8 al jloxa gy ol (sl T plend (35 &l bl e goton ST Slows by i
Y oo s S 3 sho gl > Sl g2pe i GBS A Sy oo s 5 55 JE sl ol Ko
4 loglo S gahejled Sigh Bly sl Y o)led g S 2 3g0e T ojled o (LS g 42 WO L ¥O 45
ovey b Slews i o pS0jlul gl &S o)lulinl slagis 1,8 5l a8 Cul pe Gl YUY 0 Sele Ojae

2" Rosette
28 Chemical Etching

VYA



A £5 i) cuas el dous p3 g conl ad b Saelp S (S0dp 50 Flygw Joee a8l cuslio s gl B

Slowss 55 68 p3lie (gl b g (oMl aike) )b ol )l colia cups a5 oolge sy C go5 )i 3554

sloodls 3 Syl 5,8 a1 g 688 ew 5 56 Led il 5T g 85,8 g9 ol 5 edlil bl 3,8
N8 ad (S5 & Cans V0 D alols > JBlis il oz (3555 3550 25850 0 o i8S bawgl 00d
oS Cawl yig Flygw 2l il 35d cual @lo 4 Cows /0 D Blas alols 15 Wb B gg o) il eolii] @yge 3 )8
G813 ¥ IPM 00w TPM (s i s b y5igo S 55 5 eolital b g 5l 423l AlS iz 3] e

v
99 o ,_;Lm_:)) d‘)} LD:FL? B 9 C‘)?‘“’ )Ja.é diged Cwlus ‘_gl).’ .))L\.’L.m‘ Sow )l d.)l.g(.m.u );bhu Y-~ J9A> 9
Ored 4y LS o ymsd Flyguw dlal pad e b odd (65S0jlnl (55,8 .l oud &) cBlgiSspe g A lgS, i el

)l Szl iy Jgde 53 Ehgw 585 polie waa

[E] el Bos 5 £1ygm sl ciged Cwolbud gl (b p23lie 1Y Jooa

TABLE 2 Recommended Workpieoe Thicknesses, Hole Diameters and Depth Steps’

Max. thicknass AN, thickness Uriform Slresses MarrUnifoern Shresses
Rosatta Type o _”r d _:" a Min. hole Max, hoka Practical ain. hola Max haole Pracical
Thin® warkpiecs Thick” workpiece riameler diameter gapth steps™  diamabar diarmenar degth staps®
Tvoe &
Concepiual O 0.4 o 1.2 0 0.6 kax Dy, o Oy, ooa D Bin Oy Max O a0
Vi ik MO o101 L4 o 0024 0.040 0.005 0.037 0.040 0.001
257 [1.03) B0E) (AL A} ] [1.01}) (3. 25) [{n.95) PR ] |:|'l 0251
Vi in. norminal D203 o0&t D24z ki =i 0100 a.010 0.07% 0.085 0.002
5.13) [2.06) B.17) (1.52) [2.54]) 13,25} [1.88] (212) 10.05)
Va M. naminal 404 LG 3445 Q13EE 0230 0.0 0,150 .10 ChCHM2
{10.26) (d4.11) [12.34) (3.35) [5.50) 10.50) [3.75] (4.25) {0.10)
Typz B
Concapual o 040 120 0.6 Max Dy, Max Dy, oos D Min O, Max 0, ooio
Vag M nominal G e (Lt LG 0,780 [aERkiN] (RN CLOHEG (LLHE?
(5.13) [2.06) [6.17) (1.52) [2.54) 13.25) [1.38] (2.12) {0.05)
Type &
Concapiual o p4a b 144 0 0.6 Max Dy, Max Dy, 0.0575 D Min O, Max 0, o.ons0
Van in. nominal L1 Y F 245 QOG0 0.0 0.010 0075 CL.0HE L) <)
[4.32) [2.07) 16.22) 11.52) [2.54] 10.25] [1.88] (2132} 10.05)

' Dimansions are i inchas (mm)

lp )5 ey piyS (+F D Gos b) dbojo cudin 35 /20 D (slapl )5 (ol s (slosyg 5 0jl sl
ool +125 D apls C g9 o5,

S5 G5y CAIgSy (T (gl Slowny T daawlime =F-T-T-)
Copo & 5o Egw 9 29800 pLl 503l S kS b ol > sl Slowy (15 (5)S 0l b Fodk 2)90 (]
s sy slp g CAIES e la il a5 Ko OV g g o 031 prsgs asb (> s pl el y> 4 ol

) o a sl 5 00 0010 gl ol yguo 4y 3 lsbisl j3 el

2 Ajr turbine

sl



blise Camd 4 5 g, 51t 90 P slayiel )l bl o €3 9 €2 €1 laghs S8 bawgs 0ad (503l (sla i S

_(e3+€1)
2

_(e3—¢€) (>-¥)
1=

(€3 + €, — 2¢;,)
2

t =

2655 Jshe C 9B gy oy o) e cumd 4 A g5 05y sl B 5 @ (el S clgs Y-8 g 3l onliil |

Dyl Cand dy i biley ST g Q P olajial,b g5 oo b yzal,b ol 51 ookl b (ol o S5 5 sl

Oy toy Ep
2 a(l+v)
0=2 "% __Fa =)
2 b
- Et
=T = — —
xy 5

ol o oS
P=isotropic (equi-biaxial) stress
Q=45" shear stress

T=xy shear stress
Hgd o Jolb pj lalyy 5l 1Y 9 X Sl 3 (a5 polie il oo
Ox = pP— Q
— 50
oy, =P+Q (7-0)
Txy =
— 2 2 —
Omax» Omin = Pt Q +T (; 5’)
CA ISy is 9 A £ U5y Sl b 9@ ol o 3300 -V Jono
Faosatlle A -] r]
Bird hole Hale Diameder. OO Hole Diarmetar, D /O
Dapth/D 0.30 035 @40 0.4k 0aD ik} 038 D.40 0.45 DED
0.0 aca amo ood (e azo o0 0an oon (LUK o
Q.08 027 aar .44 [}k ann 057 0Eg .80 113 140
Q.10 (L] a 1048 138 176 RRE] 158 206 266 v
095 0ES 115 151 132 235 180 239 305 375 253
Q.20 101 137 a7 221 275 227 298 47T 458 545
Q.23 10 147 18] 238 288 239 338 425 513 L 1]
0.30 113 151 195 243 293 270 et 454 B4k BIE
0.35 113 161 185 242 292 2 a7e 472 Bl &AT
0.40 111 148 192 238 288 237 337 482 576 558
Through Hole agd 122 168D 203 246 206 ey 470 EA2 &51

\IE



Bos cpl 3 ()8 polie jl kb g o Dply e plxl < F D cwlbis )3 bgas i (50518 s (sladyg sl
Do oo hg‘? CEy Ko u:ul)sl o iz gl Bas )0 gls (655 pSilo Lol 5,8 odlaiwl O dwlee (gl

S35 10 S8 ygm (g, Olimies -F-T-T
3008 30 YO-F JS 50 > o i Slowy (i duwlie (gl |y (65550 Flogmw g oiwd jl diged 9 3 S

Csl 0445 03 quw LS;)" d)&&‘)y‘u &9) )1 odlésiw! Lv JJL:N.MJ L)w..: d)jo)'bﬁl LS‘)f )L.: d)90

Jn

VO



EF 70 &S yom (g, 51 03l b wilowuy (5 (6 pu50 31051 Ol 5 dS gomo (-Y O S

4,500 bl 5l ealiatl b oS Ked o0 Mg 35 g0 ()3 pgw bo)y sly ogate g s )S pdl and wp
Cﬁ‘ Slasuin .l um Sdnlf él)}w Jm Lb@.wu‘n)s Qﬁl 3D Lg)L., Lh@.wuw)f Jm 9 él)}w Jm p.Ja..S
g Bges 4 g 25,8 Jlail | oles jub Y55 JS5 3 sl ool [F]ASTM E837 5,luikiwl p3 griw i )S g9 duw

(a) (b) (c)
oepasw b0 b EFlygw dlom] iCuwly g amiiw w5 )5 4 Bpaw JUai] tlawg diged 4y geivw w5 Jlail i 1-T1 IS
V]

&S Canl S5 4 p3Y Ll s 03 skl (65850 (6)8 jaw (g, (gl o edlitwl slaaie 3l Sy YV=F G s

D se 03l (o Cuaws e | Ygono 5 3,3 Vb &)l 4 jls ol 5l 5y il eoliel

il

Vay



SF 0 858w g, ks sbul jlie -7-T-F

Vsl oo 5 2w 4 (635 po ()89 g, ) s Dbl wlie oy et

i 55 e 3 e’
s (5 o3Lel
oo (39 2995l 9 (192 (Ko (el 5 9 (gley b (b Jgie) dlge Dluogas @

d),fc)’b}\&uc\gd»)u) L
G oS oy @
Lol g Colousd (Elygw b 4 S05) dwsin @

Sgod ghaw 59y @ ()5 CusBye @
Ungetes (5555 Uil (gl 05 o3lit ey Ceoliiss 5 Cooglio

S 8& ] gm0
(e G255 oo & Cod aygljy 2bml) Elgw jlial
P 2 Bos g Bos Omed @

(455 glad «63)5 )had) Elygw Jedgp @
IS g0 e 008 ol 5 g (Ltele) Ll (e g o pu) (S8 5 slojal)l, @
[ ]

d)&‘)ﬁ“’ > 03 ol sles u..ul)sl

S8 hgw I U8 yho Ju)S Sl @
T GBS s P S
(o9 o 9 odglgyy) ylnl > @

Chow 9 Ag03 lge slyy J1,S51 o9y slppl culls @

2915

05 9 O)les o5l (hjsel @

(b lido (09, -£-7
9 eyt b Copw dox I oblie Gl (G5 6Sojll 00 slagtsy 4 (publise slahs,
alox 3 talojl 3,50 Bigad (sla Sy sl 4 Cumd izmad smgbliie ol il o ol Cd g Jore 1 (6550l
ol B yogy cpl ( I3 gl il 4 ST ) YL Cuwlus 3935 L [VVO] ditwd olus 30 B g i leg oo

oy



5 o ploxl 09y () (Su3ed Jgol w48 ) sk Syl 3l and 53 )3 Cunl 035y a5 390 108 ALBIS )3 5 039,

ol odd Jao (63,8 g os Doy 4 B, Cpl

b lito (glojon -7-F-)
ML 80 S plgis 4 Sl S o W5 puiblise (e cdl <8 ) ST (Sl L Loy o (I s o
Ole S > 095 5l yge yoe Joo (Shed €S Gl o g Cusl (S Sl l Bagaee 3 id 2 S ) oa
sl s 5226 Uy L ylitS ) s 4 08 o Mg ool puboline )5S 395 L5 s Loyg S ol 5 oSSl
S b o ol jl SogS dlaie Sy g nls litS 63 ol Wl ol S5 pmbline jlisS ] e Cusd &

Slod Billao ( umbblineg,d g 3 uubline 5jo> 2 51 3 0gd o 0ol wubline bje> Al Syt aunblise

58888
58888
58888 |

[Y90] il cmmblize (b gliniS 5 cmmblize 239 (1-YA Ui

S Ul )3 il (ylosier rniblite (slmojgn (sl dndad 15l ] ) ot b &l epsly Sl e mmrblie b5
2 uablise (5l ygliaS g Wit jolre yob (sl Wl b e o (purbline (sl jglisS (Sl eyoly G 55 oo (sl

b Bolay glacqs dlge

VoY



b sbojor o jpo (sabline B)led 50> Ojlie & S o0 b ol ublise (slaojls 1) (qurbline (sloojo>
b (usblise sloojlend 5 aidl oo (ool slaargly (Shls m 4 Cond qurblise (slaojos wuly s cslite slacas
3D leas 0oy isled ds o YA+ ublize (glaoylesd Yo=F S5 10 Nad o (asuie 0j5> 50 (sladlisel oy sl
305 & (ool olagn Jloel plSin 5 5 (ol ublite slaCap b (pundolio (slaojpn udoling 5 Sy
o)ld By o g o)l Sialsn cmablie slaolgs (152 ¢ publize slaelny S > Dygo ]y Gl S s
38 8 cnlam liee 9 092 03l )3 Su5yollie g 3929 9 S > Jl )3 (slaojlgnd STy e @ S el 5,8 oaalie

IS )l (St Llse o) &

f
J
J
.'
J
[
.J
|
|
f
!
|
J
J
|'

m
¥ sttt |
|!'. m“-\ TRt T ) PEERRRARRR RN,

TITT]

N
Il

rlll

il

[199] 423 YA+ unblie oo oy S-Fo S5

i g S e S o b s e Sy @ S Jlost plare 513 ol slaolged 5 (puiblite slaoj (B
NV Jlo 53 39 aalos acae ju o I (00 &5 3980 Mg (ol (cusblite (e (ousblise slooje> cox
3 g mablizeg s dlge J3I5 )3 oty cpl el Jas sl )5 zlae |y wblite (claoylgd < > 300, Barkhausen
b duslie )3 oS (pueblite saglie cpl 4 059yl Bl o BT 295 00 Jlos| (ublite (i dlga (pl & &5 Jloj
sdalie b B-H jbges olaiS, boonss opl 9 oas aiS Barkhausen g aiws dgimo jlwn Jlasl e

Bl 0

odd ol 98T Lol el bl (glovolgsd (i > cde & yiiw Barkhausen clapg 45 s o jouad 405 )
i ablize clao)lgd (id > a4 ¢ pblize (laoylgs <S> s Barkhausen oy g (olp o col
ol i | ool b el sas «5l,) Barkhausen (sle g awyp g U1 (lp aliseo cla jog, 0jgp0l Cansl
o U lygicne ggacne ity JiSpw bausio &g 4 1, Barkhausen cglo JuSiw s e Syl (slo i
e lize Zlgol b 5 mols Julow cpdol [NVY] 5ls J1,8 o)y 390 .. 9 BArKhaUSEN 3o (cladls ggomo ¢l cils

3 a5 |y b lieg b labad 35 Candlys yusbolinng b dlge Copols 5l oslizul b o) .05 plogl [VIA]HUNE Lawgs

ATAIA)



Slagiw (55,8 3l eolatul b (5.8 ol > yows dlos 51 slacuaS (o pSojlul 4y i (6050l ¢ yog, cpl &)1 L8
G G5 Oyt B 08 g Jlasl )l dig0d 4 Cunloo (35 (0055 ylate 4 (i sl sBg) 53 Mo 40 Jleglie
b o &l)) aunblize ST ;3 aoMs job 4 0gd 48)F o3lil dn jusd (pl 5 dgub dxkad (5 gdlel Ol sl
Sl @ dag b3S o dadad ublize (20,08 o0V gd dalad S 4y asuie Lwbliae e Jlesl b ila
Coans S o oS (glasdad  wablize (20,35 cud b ] glate calisre (gla yiad (i b Olaad  ablize 20,38
|y Sg390 i g5 oo aml polaal Ll L5 a8 lalad pwmblize (23,38 b ] duslie g cowl polae i3 ()b L g
ol 9 oAb ABLd @2 e gl (lgin QIS (9 grdaw (susbline Clasuie (ygpulyellS dls o )3 g cpl )3 35 (e5S
o3latwl 350 (cumblize wyy L;lméw.i,m);b)m Slawslis igy [WA] Mg o dunlie x5 o pdow &4 s )50

8l (oo dunlie (sl ()2 3)90 Epd90 3 gy (m Bles Cgli g Cuul

e ) ol Bl B b ((Sabliss) S0gd ublize aotie udblizeg,d dlge laswino (5L 5l (S
oy (H) ()5 ublite glue a2 (M) g2 355 53 o0lo (ublide jgliiS Olpdd puar (SWsd urblise
dg>g Jus sl osle 9,0 cmbolizne (sl B Ol a8 398 0wy B-H o M-H isie gls 4 Jos 53 340 00
Aoly b bylys o IS cdls jn icwl blge cpl 0 gaiie 5 Gglite miblize (slrojes deng 5l U a5 > oy
Sy omabliio 1]y urblizeg b Slgo )3 155 Eyle 4y sl huo b plyy aboliion b lgo 1> usbline (slajoleiS
B mbline o S pd aunblizegyd ol S ST .cl yoo ojes dod (oo )gliiS goasme bl (s youo 0j9>
w0 Ly L) Cap on e b gl blisn j5lisS o oo poe il Gl g5 @ olae 5 Nigd o3l
G352 b8 550 leojer (ublise joluiS Sulp o)t 4 g Olise B i GRIEIL g 4Bl il sl (coa
Ohen b bojos plai nbliio j3liS (98 b bl Glise S0 53 plodliw 2,5 cn S5 Glise caa 3 295
ST (1V=5 US55 ) @ alali) w03 uurblite 855> S5 SG Ojp0 4y digad S g g (o0 Cap o gblise
13 5 355,5 ai jl 355 adgl Sl 4y bt (clbojes (cloygliaS il LIS gyl 4 )b seblite lise
Mged 0 e o il wblize Slowy 595 5l odle  Jile 4 g 398 a0 yao odle ( Sublize ( blize lawe Cle
3,3 3¢9 (He) pas (ombline T 05,I5ly (69,05 C dais )5 privmod sl (Br) Silowsy sl oo b abai 3 V-5 I
odlo U 3945 3,lg wgSan _amablize e 03lo 4y He b 1awe 5l b odle o  pumboliso pué (gl g 3905 o0 oy (525 0 ad)

30 coercive force

VoF



setfuraltion
®

(—

remanence,

gic Induction B (Tesla)

x10” N
COCrciviry coercivity

\pplied Field H (Ampere/metre)
- |

remanence

saturation

[V] omablizog 8 Sg0 (paus 5 siwmnnd Suilowd  giwie =YY S

F o e (2B urblite plage Bl by > red 4 1l So g8 He ublize 815)bly (59505 (uabolizeg 3 dlgo 5
oo Cal 0a 00uiS C U A A I oS 1) Wloww domie jl ise o 03,5 il 3¢5 adgl cls 4 aligS oy e
B8 o gt 325 Sl pel)l pi b e (e JSB I gy B 295 (o0 0dal s (Sablisely
asbad & Jlesl wublize o
Wges (13,5 (pusblize (ulS )3
Lgo00 s>
o3l (olond oS
Wged Loy,

Bgod & Jlosl gla i

Y B 4% 1

ol (23,15 Sty g (HC) (oublize 535,bly (5955 5 (BF) (ublite wlouy (glogiol)ly o yos coly (i Jlosl
Wl 8] alox 5 Su50lie slaysiSl &y o sl | 5208 s (5 & (ublie 03)0l5 (55565 Coul 3 AnlsS
&S gl <8 o 5l glge & ouablite (slao)lge> S o dy (publite 01i)ly (5950 rizmen Cusl )8 @58 b
SBSSS 5 23,5 oo o3lisnl 9290 IS o35 sl I 3l o3l gmabliia Lolgd 5yl 1)l (St A8 e
(W] sl o 25 255 2 basdgy ol (S o8 sl 03,5 Iy dmngi o)l ol 3 (s

magnetoacoustic emission b SuwsSTguKe  mblise iS5 .

magnetic anisotropy and permeability system b wlblize (63,Sluoal g (23,05 &L o g, .Y

residual magnetic field L sloudl wsblize lase 5s, .Y

magnetoelastic methods L ScuwYlguSe sl g, ¥

Barkhausen _ublie 3o .0

AIAN



Barkhausen 3,45 -F-¥F-¥

) 5 55 Joall oS unbolite ol Biga5 Lass 9o Jlosl (uibliios b Sigas & poite (uibliso lize Sy (B
Oy ¢ j s &5 > (b 13 0,8 JLd axdad syt 1505 3 1y ois dbul Jles! e Sl lg5 o 45 3040 0
cle @) By S @ bl wibliae lasylgd a5 Jloj 0ad 0 ploul oliome slaplS )3 (o ublize > o5
Alobel s @lge jl (13I8 (pl g 03,5 4de 28 (S glge p ((2)B Ol b pusblise slaoje (15 o o2
aS 0aisS cdlyd bsS 0 ambline e W cel aublize flie (glaly Olpss g 0 diged > (ol cudblize
uiblise g lod witan fgb 4 and &5 ol SlaiUy cpl e ) L8 ublisegd diges paw Sud5
omablize slajyeh (Cawl oads 00l ioled YY-F G o a5 sl . Barkhausen . blie JwS L Barkhausen

Db oo odnlie bl g o (oleiS )5 ,b Vo8 Hages a5 By s jyiuad 4505 53 Barkhausen

| ] 1 2 3 1 s 6 1 0 =

[YYe] Barkhausen g JUSw ;I Jools ondly gla5Wg 1-YY JSW

Oyl (S Slowy sla i 5 jld ey o olowd S 5 alas jlodle olss 4y Barkhausen (sla U @i ¢ oyliee
rdasuio 3 jus e o ds 0l Bl oS lawgl a8 Miwd awblize olue I U Barkhausen sl b
oW v g B Jaged ) pdaw (Al 38l 1) AB loj s glasy) daald slaw Jie Barkhausen i Jibgy JS5
4 Barkhausen JUuSos lwgio jlade Jio Barkhausen JiSww o5 Glasuive .Cul osle (sladasuin ;5 pus b
St bagye ool SO sladasiin § oled b S oole (0 awblise ol Oluw )l (Sig odle oles
301 GUT s p> pubas olgs wdle olgs I jolaie 059 osnlie Barkhausen JUSw 3JUT g (owyp opb 5l Ay oo
5 (Stud (B lony S5 5 Jlas] S5 gl B e 5 1l oo (525 5 IS ekl
Bgas Sy 3 Il ST )l o b pmablisa ol g9y o JiwS @l g oole sy [V] wble byl o
Slodgazme 3 55 (£yS0jlul 5] g anles YU ob sblite (63,Sibuenl il 5)llie (YU (63, 5kuonl (o)l

VOA



5 5l L (ol 03,55 55 o gnails Tasy Lol o 35 45 59 o) cawWL 83900 1 )3 (63,55 kusonl oS ]
2,8 silelis Barkhausen JUSuws (sq) 1y Jole oyl

e (51321 (B y20 oY
Cyd8 BuLS Cogl SO a4 &S Wb o by @b eSSy SO el Lol Barkhausen slapg (803l st
T S (o0 Jile curbline lige 8138 Jlosl g e 4 9 035 Wi 1) 5l 3y90 )08 s (pl sl it
IS S coods |y Barkhausen JUSww U cuol Juate oS Cogdi SO 4 mublize lae 08 by
IS alisee slayiolyl 20)5 0 Jloyl ably @ Cosd jl s 5 Cdlyd 51,5 g e bws Barkhausen
g oo dwle ALy lawg . g Slyglone gaeme Ao S 5L « Barkhausen JuSw Jidsy ales ;| Barkhausen
A paaw Cpl phe o iSu Al jd Ll sad edly isles YY-F S5 > Barkhausen (g p.Soilil piises loss

235 o e S5 g

PREEL g by g Jlee! oy
Pt L gemeleliaa Sl

9] oSl e

— = - = J’m] o |
s 5y Jeoyo ’ <4,

[Y90] MBN gy 4 (555 03101 Jol o - JSUS

3 S 31y s il jobaie & it il Sy e gl (ol g5 ol Laugs 01ddy (sla JliS
2 Ngdiee publian e Jlosl JigS lapaw 2y (8 gl I o JiSw g 39850 odlitul jUlg 8ALST ol
e 3585 il ol o 8 9 YL Gl 4z 99,8 )8 Ls dabad 4y Jlosl e e )08 1L (2 sl

g2 Jalg YL on
G U cdlyd gly sy g auublize i Jlesl g sbul (gl amdblizeg xSl gy S (Barkhausen i, 5
S 4 Wlgi o gy el 0dds 03l inles YO-F o Y¥-F S5 13 &S job led .39y (o0 58 4 diges ;| Barkhausen

Al JS 59 (Sl oY 58 £ 5l gl (gl 45 0l o g s 99 Gl 9 00d (b U

ATARS



V] owius o rhaw (519 Cuwly Coomw g Bl zohaw (510 o Cuow YU il 43 MBN Ol 1-YE UG

[V]owius o mhaw (g5 Cumly Cromr g Bl zohaw (510 o Cuow (ol (wilS 33 MBN Ol -0 IS0

Ol 5 @ e 997 S by o0 355 e moy iSo 4y diged 4 (publise e 3585 ¢ puiblise (sl | oolinul |
Ob 9 @ e y9d S Cunl 2V ) 0ad Wy plase )8 e 4 (S oueblineg iUl o > o
2 gLl e 5 1S o Mg (65658 e e 3 YL bz g9 3L 590 dha 9d LIl (pwlie ©jge )9
4 e & Jlosl e b & 3950 My () (uabliang sl 695 (b I Ll 9500 YU (st (doxie
Bl BT oS 3 55 Ladd Vb 39i b )iy (bl plie S (o clllie Vb ol B 3 pogat
Syl b el Lwl8 g cawlus j> Barkhausen JuSaw 5.8 célys bsS 50 g paw sboygd i uizcan
Bl Wil oS (e je0 i ST gl 0 (T Olied 4 el Cawlas ]38 Caw g paw 590 i yiul33l
YU 8,8 51 YL wsls )3 Barkhausen g, j5 3)l5e (S p 00 s pdilSal 0L sla 3es ;| Barkhausen JU..
P9 el 0 M (ublise 25 cuiy cal 4 (558 00 ) 5VL Lul58) 255 00 ool purblite (e Mg ol
L& wils)8 Ly as” Barkhausen JUSuw (il cpiored .CaoYl oaiiS” cdbyd oS )0 Jlesl 5Wg 55101 colys
M b beST b anly 4 o)h Sl Lwils,8 o5 Barkhausen JUSaw cplpls g aaled YU o)l puitue alaly Jlos!
O+ ;) omb Wl B3game > ladiges 3 sxiades Barkhausen cla JL&ow piS1 .cal (ojbo, sl b oS 49

Voo



sl ansly (oob slaygd S g il ol plHE Bb eaiS il slabgS yST > ek 4 iz (35 ym9LS
Clyd S eoms 53 0,8 ookl Vb (glaygd dlass jl bl ol (sl ges 5l jgle Sk (gl JuSw il (gl riren
5 o S e b s 3] eolital b 2y alss 55 YUy GuilS 8 808 2l S omly (0058 S
oy g B 3 4y sl 51 o0litl L g A3l YU lggT Copmlus o sl S8 851051 L Yl yg0 clo oS
ollgd bl g Mitud Camd s oid <l > Barkhausen sla JUSow .cusl odds Juog (8L 5y oaiiS” sl 4

S5 031051 CdBd g (5 5 510 Gos -7-0
ol 5 L Barkhausen giuw ;o )l ashd ,3 olae 395 (o0b b ol ublise e g uilS)
2By 5,8 Gbal SosS g e |y wox 5l s ek 4 sl o5 005 A blie liwe a5 Y,
Gl il Yl Jlel Wy S, & Jb ooyl (S 380 Ol 816l 4 Barkhausen (g .Solul
JiSis 85 23 (oo o5 Slallas el oS (5503l Gos 5 SasS ol oIS B o &4 s b bolitog i)
Cly USG5 g g9 ges S5 g 03ll g 4 Jloel e Sy uilS )3 dles 51 (6,505 3)lse 51 Barkhausen
26 ol o g e J) (350> JUSw (guilS 3 88 Ol @S €y pblize g8 Cowlus (qusbliiog S
g oMts Ll a5 3y90 Bes 5> AT Ol (655 ojluil g (65 0jNl Bes el Sl B9y @ (SU SR (o

23b (o shulio 5 (225 g0 4 el lalaggy

V2N



9 I3 43 Wlowwy i (6 5503105 Ol jup 0 1l Juad -V
295 3l g,

VoY



dondo -V-)

G5 @ xSoilul 3 yeuS laollaily lacubl (piman g Sy AT pSojlul 0l )b liwas Jad cnl
SxSoill i 30 ylS B 10 58 (6,500 Wilul g el sl (Sae &S Cawl S5 @ p3Y ] ol o i Dilowy
slaolishy lacols oy loges a5 bl il oris )3 Juad ol 5 a5 aiil ooy plosl slaculed Slowy 55
sl Ul ae) j odd (69,5 e LIl b o slisl oKl 5 wilel (clacles I (e3game cleMbl ()]

ol 0399 Slowy (55 (6 S0l dine 10 Jled dilol jl o5 pae calis b lagye ¢ J30

Slouwny (A (50311 ()0 i V-
g 5 pgo 4 pSoiul Sl Wl 5l By (ly Slowy 5 5 0jlul ol gy Ve 5l Gt o 5
s EDM « jls )5l gy > aiges gln) 3,57 oalisl 505 lojlil 5l il oo slagsdsy 5 S slp 5950
28l L 5 (Cul CMM

X-ray Jobp gWolkuws -V-¥-)

OKal o cped 4 g 39 aBiules]l g 4 WSSl Al gy b Slews iS5 65 05101 slaolKiwd plod ansiS
Mo s pladl g5l S 1 090l Lol Ll 3935 Culiw 1D Slowy slayiis (6,:503l0] (gl olSiws (ol I eolazuwl
X-olSt3 digad S V=) IS 55 diges (gl lod,S iliseo lasd (g9, i 5 oo ol y ] dnidl (glmolSd

ol 004 0313 i led ] o0 Cual jeme S (59, &S FAY

W) )3 Wilawns 55 (580311 51yt o y3 XRD 66iasd V=) JSu

VY



2 a8 (V=Y US3) Canl 03903 1-X3B60 gyl pb L X-Tay by olfzws Ky céls 4 pladl PULSTEC s,

e oly 4 o cpl ) edlitul bl p8olS 5 sgas 3 o] Clisde plad 59 9 485 b e

ol Liuled ol&iwd cpl (b p)lS 51 (S V=T IS 0 08 (gyS0jlil 1) So g8 5 S5 clalad o wlawy sla i

Cwl oM

Crankshafts

Gears Fillst welds, including HAZ and

haad rmoinns

Cillises Colalad gy Silowwy G (5 505151 3 PULSTEC &8 s JuU 3 855w 50,15 :Y-Y JSd

o3y yioles i S5 50 48 cawl 03,8 sgs X-TaY dndsl b by Sloww 5 (S0l olfows & 55 MRX e84
S 5 V=0 S5 55l odalyd pgaad 4 V- IS5 50 4 298 0 Mg ciliste e dw 0 olKiwd oyl sl o

ol 04 030> L5 Protoxrd e pis (slaolSows jl 43905

Ve



M<D e

X-RAYBOAT

H;xa 0

-~

Protoxrd ¢S i XRD Job5 y 0lCuwd V-0 JSUS

55 70 5558 jgm 8w VY-

s el MTS CS b olSwn V=5 S 5 .aiS o Mg Iy S5 d)lfél)y» oty (ool slbeS o O}‘Sl o
2 Sloww i (60503l gl oK cpl 5l eolatwl ddy b 1SS cpl )0 sl o edly isles MTS3000-restan

Gl 05 03)5] )’lf Oy oy

VPO



LLECTROMIC DEVICE

AIRGROUP

MECHANICAL DEVICE

PERSONAL COMPUTER

h

A %
& o
<3
DHGITAL STRAIN GAGE AMPLIFIER

38 oo 0y Silown (WS (658031051 « MTS &8 s MTS3000-restan sluws (V-1 JSb

Sy S yge sy 53 W i,S g pSeslul 4 plB ESPIRY 3g) 5 55 sl jl eslizul L 30 Stresstech «s s

K8 g 1y @SS gw Jore 4 0ad oxll 5 55 5 gy cnl Slimes WS (o odlatul g iS5l g 038

D )f odalin Y=Y
, <Y

w\.
e

i O

Workpiece |+

3L electronic speckle pattern interferometry

V55



Ring-Core s&uwy -V-Y-¥
b Slows a5 (6 S0l slaolSiwd oy 3 1y cabls o 5YL 95T oo MTS < 5 MTS3000-ringcore ol

S5 g9y o bl by il dges o A=Y S ) e ¢ oK opl lipl AV S, s Ting core g,
ol 045 0313 uwloa 4]9]

ELECTRONIC DEVICE

MECHANICAL DEVICE

PERSONAL COMPUTER

DIGITAL STRAIN GAGE AMPLIFIER

MTS &8y MTS3000-ringcore sluws gl3a ! :¥V-A JSUG

MTS3000-ringcore lawgs dlg S (g9, o Do) (i 1 51 diged S Y- JSS

V&Y



Muﬂo &'Agﬁ oKy -V-Y-¥
gl Lwgs 9 3,0 a6 SMA MICro Magnetic & cul oad (il (6,56 aej cpl  oKwd K 98 b
K V=Y S 50 g Slewn 55 (cpSojlnl o I ol V=V S5 50 el sad sl oW1 Fraunhofer

Sl 04D )9‘9,@3 Jol.o.w u,u.u d)ﬁfo)'l.ﬁl (5‘)‘.‘ olKwwd U"l J)g)lf

Slowny (i (5 5031051 51,0 BMA micro magnetic slSiws 5 p1,5 V-V JS&S

)9»&5& )3 JJW‘ ¢ ’AW:”“ d)ﬁfh},n&;’ QU&‘ -v-y
2558 (6l Cjao Ay (e Slalad b g olSiwd aJgr dald clewy (i (68030l Sliass il plS s )5 eSS
ol g e lw Jeg olRiily b olSuisly «ylya5 oKl )15 jusS pwol (golRily jo a8 o L puiannss
o jlel whadld 10 6,500 olSislh o al .l 48,5 S Slow (i (6050l paass sladius bo;

Col

VEA



Sl axl g, ~Y-T-)

S0l Gblg )l )8 S pwel olSiils (635 ye olEialesl 3 &S duailp 08 il EQUINOX3000 olSizuss
S ol8d ol (YEVY JS) el o (51l ol WA Lo 3 elSiyloj] ol 3l |y slio €35 b Slowsy i
s gy sl 51 ol cals 3 15 090 wguome wSol g Gl SolSiod £ (5B ey 9 N0
B g sy &S Gl o o3l (o oo YO+ (gliol glad 4 g dv 3 Ve glsul (4l)l) WY g9 CPS ol 1K

$xS0310] oSiwd (pl lawgr yiaslio AV o5V 0 Dl b dged Sloww slo (iid [V ] @ po 50 .l 00l (iol58l 1) )8

Gl 005

&
S ool 8184515 EQUINOX3000 ol Y-V Y JSud

JS) W BRUKER 5y 5l XRD ol K 3 4 plidl cais g e oKl slge 0aSisly 15 3¥AY Jlo 5o
G5 6550l 4y 30 5 olStns el sl ol pils Jlos XRD (gloolSins oy ye ) S & il 03, (V1Y
o] Slowny

Sl Lan (VI JSS) sl s <80 el XRD oSy 35 ojde Cany oKy (wlid e 0aSily
A oYL 8y olKied oyl bawgs sdel Cuwd 4 pdlie le 45 K ya amd o 4] Sloss Wlews 5 (6505l
i Sl cubls b X-ray olKuws (glyls wls H18 bl xino o&iily (5 &S hbol aio il i S b
ol 0auis (S5 8 b Colw 53 595 M0 0l5wd Glasuive L 05L ¥r MM 5l S Wl diges Jlad 2Slis .l Slowy

V54



;-.;;yqiiqy

OV Sy 8K XRD alKwd 1 (orlod V-V € JSUS

S5 10 &) 88 g VTN

bl (gl 8 gyl JS5 5 ()3 85 85118 ekl 3)50 Gll )3 &5 sl (LBg) (n seed5 (B (]

o 03905 (650Nl ) (cui i &) oo 5 (5 Aozl Sl SleediS (o) cpl jl okl b paads ©jg0 4 &5 i3

83 | ol8z) gl Cortao 5 ple oSl ¢y]05 oKl ad Lpws g oSl pu pual sinioo (slmolKitily i8]

Cooss &l g )l [y 1y (65550 (6)8Sgw B9y b Wlowy (A5 (S0l slaoliiws (o oKL 5 (b

plod cuwl oad o3y Lioled lied lw Jeg oSl o oolatwl 350 oSiwd | (spaal V-V0 JSS > 0G5 o
sl g 55,8 3l edlazl b ol ol 3 0us plosl (sla g 1503l
VY.



Stram gavge
rosefte

Oldod Uaw e gs sl 1> 0aliiw! 350 (5, K8 gun 81Kuwd V-V 0 S

Sudgal T g, -V-¥-T
Sl by b Slo G5 65805l gly s> slon Slpaas S prel oSl Sle pige 01l >

by yo 32256 V=AY S5 3 g laal) 15 Blowmy L5 6 ysSo)I] (sl 0 ooyl 3026 V=I5 S5 3 il 005 Sl
ol 00 031 yinles loxius (4l «_iuw‘)‘.ﬂ o9y b Sloww (i (6 S0l &

IVYY] g ol Uil claaly) 45 Sigmol T gy s Wilowans i3 (5 5050151 ol 525 Y-V JSS

WY



]
S ﬂ PMMA Wedge
1

Receiverl Receiver2

34#

Shear Wave
Steel

/ /
[ITYY] S el 018G (rlimir yd Siiguatl yT (g y dy ilowwny (Wi (6 3503151 ol jupe Y-V Y S5

Slitting g, -V-¥-¥

o dumlre Sloww (sla i SHEING oo, 5l ooliw] b gdgeme 585 colia cod g lien lw Jeg olKiily j

L] 035 6313 Oiuled 00 lnl?u‘ K ‘S)So)l..\.’l YA S s el

[YYY] olod Ugwr (Jogr 0BG 15 S 93 40 9 (G0 10 Wilowwy ik (53805101 (5140 Slitting elowil :Y-IA JSS

WY



b lito (ylawo (g -V-F-0
535 3 03zl b oy (s E 6xSoial (sl oss ads) Sla 3 loxss olKls SlSe 038l 55 oymo 5
o3> Lisled Lol oyl pll (gl o odlal jugos VA=Y JS 3 lesly plul Barkausen g5 g bl olise

Sl 04

[IYE] oloo; olKibld 33 cmmblie 3193 (5051051 (igy (g0 00 didlus 85 1S g D y8 gy (VYA UK

Wy



wiloww Wi Jlosl cunlio g pig, ot tponid Juad -A
Slowny i (5 pS 031051 g 2155 05

V¥



dosio -A-)

Slow i3 Jlosl g ol (i wSlow (35 (65 05l0l slahgy | plST 1o (sblse 5 colre aS" ou)ld wad fad ol

P9y OlbhE )5 Wloww (W5 (532505101 owlio (gl yg, -
i dbml cow 93 ya o sl SLEAY 5 ()b dnlp (g Glalad ) wlewsy (15 dbul Lol e
p5Y a8 wiloge (Bl gl )3 Slowy Slo 15 (bl (> 5> Slaad I (gl ppimen g oo YU sl jplie b oy
roe GIB) Cap (6Lt Wlowy G5 35 2,851 (S5 50 095 3y ] 4 (65 )l b g Kigd (5SS L
ooy 59) LPB llas 5 )by oy slooyy (Gidenles 1uld ol o jtage & 2980 Jlosl labd 4 (St

Douds u il HoulS )0 29390 Ul &y g8 b Wiloww i (6,505l Cunlio (gl yigy asldl > .l 55 o8

S35 30 S)SS g (g, -A-Y-)

2 0 3wl Slewy (gbd yiid sdas 1y o)l 289y Slalad )3 Sloww yiid (6 pSojl0l 0 1) 5,0,l8° oy i b9y ol
@ &S Caol YO MM Slowy (i Fos o Sjdeske Luly8 10 diged gl i daw o i g9 jl 259,00 Slalad
|y dxkad EDM 1 oslitol b lsioe 5,8 (25505l 1y Slomy L5 35 yo o) p0m bay 51 odlitsl b olgi oo rsn
2 Slowy (5 65 0jal (gl ) ol 28 (S 0jlal ) Slowy Sloels (635 0 6y g0 Sl oMl b s 9 22
ges So A=Y S8 3 Bl 6y9p8 Ehgw bl (Bl pas g (398 ame o 4 S g slroy A
Lo (o 4 wils Yw ©y )iis C}\a,u LS‘)’. Ll 0045 03l u,wlo.’ 58 C2a9 0y dwlay ,\:lm.w s dﬁfo}],\ﬂ

ol 48 )5 Cijguo 043 63 (59 Slowy (i (6550310l A=Y SUS 55 diges (gl
Sl aslad )3 0 Sl (ol 298 00 Mball (IS (S 0jNl e des slaby) 952 (S 20 5SS D)
O 55 o il (sl Cools opl oS eolissl JolS” el b askad I s Sl 5y 2ligw (955 5 b o0 5 039 08
2 b Slowy A5 G L Glge 4 e de g e gy 0D sl 0ad (g el sy g G55, 3

sl (55 0 ) SS9 g )5 5 pS0jlul g,

Yo



S5 70 588 jg (g 31 03Ul b 55 (o y98 05 Al g 43 Wilowwny IS (6 5011 A=Y JSUS

P gy aaly ST Ho7g) 10 Mlowwy (T (g 505101 AT ISUS

\\d



 Slowy slapiss 5 ol 515 bdlgd g9y 1) 63500 )89 olSiwd daaly pelaii 9 (Shb b lgiee (rineen
ol sdudtiw (635 g0 ()80 gy b dg) S hen 50 Slewn sl il pj JSKS 0 diges (gl g0 (550l

Cawl

S350 5388 jg (pig) b g Sy (g 3 Hilowmy (ST (g 0311 A€ JSUS

099y 5| yebaie el slp ol oas o3y inles 01> sl Hhgr dgl )3 Wlewn i (605l 4k b s A0 IS

[V3] figr 03 ol ) )3 Slowany (5 (650505151 (512 (G35 3o (5,55 gm0 g :A-0 JSCiS

ol 005w yol (pl ol Colw Cj B\ A SN O] 909 Uy o35 10 ()8 jaw oK (Shg oy yieke
P ooles (Alg 1S 0 o Sy Olibd > Slewy 5 xSl sl 500 S s g, Sl plen &S
aig )b A5 IS ol Cubiogs 4 dg Jlasl g oo saliv QT 2 Gl g ol 3 Vaaxe &5 )l sl Jae

Oed Cal 0ud 03y Gialed Syl Jhe Cudgd dxio 59y S35y (§)SS)gm gy b ey (5 (S 05l

Wy



(woe> b é‘”ﬂu Ob)g)i LLogoyo; S b O‘?’"u" Gl sdalie P18 MolS” S C)‘-’-‘ 2 U0y ‘_}11 Slesle (gls il

Dged Bls 1y ol ol il

(e ) 3530 5 ) 885 be) s Sloww i3 (580310 blas
[V0] g2y wlowwny (5 (550505151 B 5 (535 o (5 )8y (9, Ol 1A= Ui

SO AV SS )0 Wigd e yher 530S 4 wd sl INCONEL 51 a8 0y 3905 350 5 w95 slrey 5l (S pd
95 Cawly o )3 9 o Cuomw 0 Blowy 5 S ojlnl S j5 AA S p3 el ok o3y9] b s oyl 5l iges
S 3T MM alols )3 (6,503 9 (b ks () g i) jl (S ol o 03y ialed bz J15)S Guad CBgo

Slodds (5505101 Wloww sl i 3 LS)K";‘)}“’ P9y SeS 4 9 ol 005 030> 41,8 ove> b

Weld start point Fin
Shroud Blade Blade 3 '

50 man

EBWeld Weld end point

Thickness= 0.9 mm

[A0] 58 coryei 032 395 (piga 83,5 g 0 (5, BWign (Wi dwaid :A-Y JSUS

YA



[V ] wlowny (W (5 5031051 Joro 1 (g i S ol CunrBgo 93 iCawly :A-A UK

bl 51 gl 6550 S8 g ey sy I Olse & Cunl asuie MolS A=A (JIN-A gl a2g 4 L
AR Bk s 1y gshaw 3819, cual Sl g 039 S g 03l (il gy ol i 5 000 (2895
O S0l (el lgned 1y gy ol 4l 2gd e Bl ()8Bex L L g (5 S b g 039 (Fj sl 0dile by

2,8 okl byl SIS L 5 lgenl zobaw diad g9y Slowy

198 (g, -A-Y-Y
b olged (B)b 5oyl ]y (Lol ojle (69, Jleel cubll can cped 4 g cunl Oyste alST gy S5 e5lS oo,
S xSol Gl ol g 2l g BB oo G gy ol (b 2l b8 (S0l ]y s 53 Wlowy (slo 25 g,
o) 3 Olse (8> I (U Slewy Sl i (pSojlul (gl (BB gy a5 ) il dxmio S > i
25 IS ) 290 5 Sojlul 1) Cladding auld 51 i slowsy (55 ) ol b plgiiee omizeen 3,8 odlitul )55lS
3 diged S 35 VoA S )3 ol 0 03)] 553l g, Sl ealisl L g 50 Slowy S5 (6 ojll 5l igel S

sl 0s poas Cladding wulyd 5 sl Slewy 25 (6 puSo5lul 3 95l g, 35,8

L —— Conventional ar
10§50 g e ez - - 4 !
LS Sy [ AN |°°°
- 4 v | 00
0 g \ JER e (| W
'10-":;;———-—"/ W ' K |G ) 200
3 - : = i 0
14" 0 b, | W 200
N St g LRI
0 . < -400
T=C
e ..
-10- = ., - D, - 2 MPa
mamy T 1
-100 -B0 -60 -4 -20 0 20 40 60 80 100

[YY0] yguls gy 5 ool b (g 13 Wilowws (Wid (558311 51 diged S :A- JSW

A



Cutting direction and weld sequence

[Y+E£]WEDM o (610 3355 (wSd ally yb 1 b (Sl dg¥ diged dwaid 1G]y :A-Y o JSUS

S dxdil il yy -A-Y-F

Wlo (6)%03 e it lagly) Canl Sl (5 Sl GBe) iyl GBey crl ebln 3 e slobsy o
od i JalS Eob s join b el Lol )15 ) ol & s (g yteS Az unbliin (e (Be) 9 Sgul il g,
Jbp e 95T m ) 2 Mol 4 5L )lge oyl 4D g ALl cavlio s bl Lawgs odd (6 puSojlul sla i
055 (ol o Lol 58 o )8 ookl 3y90 5 0 (0 ol g > Slawy (255 (5505l (s XRD olSios
&S Conl j9iS solBily ;5 oud dun laolKiwd 4 dga0e XRD' o9y b Silows o5 (650315l 5 005 jguiS 5)lg
Gl BB ol&iwd (pl) ol 51,8 oiwd J31 0 lg o 1) Soo8 sl b sladiges s g ) slal Codgions Loges
30 Slown (i (6505185 Bges S (] gl (ol culad G Wlom (i35 (5 1S 0510l g Lisds Dga olgd (6505l
Ay Sloww (i85 6503l 55 W-A JSS )3 ] ot o3y ioles VV-A S5 ;5 XRD ol&iwd lawg (pwyo5 0y

ol 045 03D isles X-Ray olKtws 1 eslatwl b )bu g5 0

XRD 8lwd by (s y95 851 30 Silowwny (W05 (6 5051051 diged S AV JSUS

YA~



)13 0des Cudgiome Az (2595 @lis ) bgy cnl ) eslizl
iln e Slagbs 5 205 308 isd e bl Jiuy S S5l loges &S S (b slaoy sl =)
el Jlosl L8 by Jliwy )y (sl e
ol SOUM L5 g 0392 950 jlanmns Slowwy (25 (S 0jl0l Gos =Y
g2 Ainlgs oLzl MolS gl g0 (il o 13 9 298 plos] o (59 (B Yo 2Bl (il -
2,8 (6350518l g oo |y SorgS lalad Lo olKiwd dlasl Cupdgamo 4y dngi b =¥

Measurement
position

[AL] X-Ray olws 31 03! Uy comyo5 8y dnbisy 53 Silowwny (i (5 58051001 :A- VY IS

Cygo i Sloww i (6505l0] 4y Bolare yuiin 9 0390 05 gy oyl 5l oolatwl ISl codds (S5 slacudgiome 4 dogi b
C"L" dﬂ;\fw d‘)‘.’ "j )'l 0‘9:'3?" ‘0:239) C)"»‘ d\jL? EBd J,)J A e by.uu,o L;“sré Camuo Olalad LS')-.‘ L;vhuvu
(S g8 slal b (cladiges 1) 5,5 odlazul S5 (sla ybg) bwgs ool Cawd &

Slowwy 5 (g 503101 S5 (glayigy -A-Y-F
psusde o 9 SHHING ) cpmblize oluse by, « Sl dl gy wle Slowy (5 5505l K05 (sla b,

@5 Jelos sl (o0lj )lee 5 28 4l g ety Sl (S5 4 join sl ol Gl ] o & lacd iy
olS peand Ay )b cdalad s lowwy 5 j0lie cdalad duwdin )8 40 4 diuuly Hlows gl €8 K Sl 4wl
glio > 05T 1 plas] (sl b it 305 s 1S i Soi g (md 4 5 3 03 9 ol (2,5 i
Sygo by ooy ol 5D (6t Slidisg (o5 o] )3 39, 0 dnel 45 Wi ya el ot odliil la gy cpl 5l &gy

A dge sl 2 9 30

AN



(51 Slowmy 5 Jlos! (Sla g, -

Sl ge ) gy 4 0did dalllas (gl gy i8S )8 w390 (5)LiS Wlawy 5 Jlesl (glabg) 0y S 5B 5
G aezls e
Siaaszd @
sl Sde o
Ultrasonic surface rolling process (USRP) e
Soguldl ) anzls @
Low-plasticity burnishing (LPB) e
Sityy Soguldl @

Cavitation peening e

ey cnl J (B S o S edlital 3)50 ixio sla)9uiS > (2898 wlio 3 by, cnl ol (5ST w2
B )5 40 a8 jeb len laid )3 4118 an gl y5e Hlaws Ll a5 (o0l el Ly @ bl Wy alsS b yes
A o8 Slony ot Glalol Can ped 4 5 18 0 )5 YL (slod )3 bbb Logas (205550 milio > wad S5 gl
Wile 2laby b )lid Slowy A5 dbml wéy e Josls plo 4 Al Cato l 3 e sl Jlue I Lo
g 0 A1 (6)Lid Wlowy sla 5 0,8 o )1 YL glod ) (Saud )b o aadad & LalisS e | g Szl
&) e Wloss glul 131 Jlu w53 o Sady ) (S 45 S lsine (> Bl wialgS oS s S Slos
923l Ol ) (253 2 58 VL slod 3 &5 e gy (53 Wledg (LS Koy (Sl i Jlosl )3 ai ()l
g SIS )8 o3latl 3)90 (sixio ©ygo & )9S )3 g 93 ol Jl S g alhwlis 3y pU LPB Sy ) (b9,

Dpdy Sygo dbgye Sline by 5 b ol Slodis culio (IS dylopus 5 i Sliiog plosl L & cul L
Jodlael &)y90 3 5 Bl anngs 5 sl b by o) sl peB ko & LPB ayl8 o conl S5 4 p5Y
o)l (bay ol 4 il s ) s 4 pen Ll dalp (S QIS Gy sloey (Stud jes
Lain Yl (glod ;5 00 slorm) Slowy (slo 25 31 (9015 s (15 9 0392 2940 sl 29 ol 3 Sl 18 Ll

Aigad g0

YAY



VAY



dosde -1-9

oo IS @l pan o " (BB, Slakad 1> Wlawy L35 625 oI (g slodyy oo 3o OOIF 90 6 @l
boabaly 3 p5Y Sledbl gygl zoz 5 LB 5 SVl 900 4 olatdl ofgyy Sl 51 3 anlgs S5 Juab ] 5
0pS by aw b abaly 53 pod I 53 iy Wlowy G5 xSl g IS Wlawy 5 Jleel slasd,
2ol lal g ash nl wje by aw ol b Sl il Gledbl ublie Gl 5 G5 )5S0
)b Slowy G5 (650311 i Jol8 Cond g 392 30l53 ody Sl clio (ol g0 53 i 900 oBilingy
9 Llje a3 Sl Joadl & Slowy (35 35 0jlul 3 598 (alRD Slhe Scell uen 5 Gler ghaw 3 oad
Syt gySolul slagss) exul wizman 5 (2o Coto ) Sy (T ©ySojll e oty colee

W8S )15 oy 0590 p9d 3B 50 45 g2 (63)l50 K03 I Slowsy

Lghz»uf&” cd)Li;é .blo.w oS Jl?;g‘l L;Lmui}” ‘AJM oS Lg); o)‘lJ.jl L;Lmui':” dJ.o> )’| (&dAxo leo 059y )‘lé 93
2 oS Sl gy oRiiidghy )0 drwg bB slo gy ¢ BB gy 38 10 Sloww (sla yis cludl joe ¢ 2ld) LS
um.; u"”?)" o..\l:g] 9 u‘a’lf?)f‘.'; Cao §d A.»Lo.w.s um.; dﬁfa)’].\j‘ du’uf’ﬁ) )l o3l 3)19n c..\alom.» u\.u.; d).;o)'h}] 0)9>

ol 0 035 S 518 )3 0 gy 3)lge lagld cpof SIS 551285 L8 ) 3y90 Slowy

E e S e Ay

TV, deee 550 2y

Ay
[ | _ M iy L
T Ring Care 2, T |
o L)
b s Slitting 5y,
RN | Sach’s Boring oy
T ey
[LRIE A | a2 s '
At S Loy T R TTR | £ ol dlas
Y £rd ajlad glelay
Cavitation Peening s T T
T R | o sl f [ ' P
.. . L Sl e i b [ AT L]
[.i:l'L\.' pl.‘!ﬂh('“:\ R1:II::I'.|IHI:I.IT.|E {

Ultrasenic surface rolling process e e L L T
3 )
J"EDL.JHJ B b .‘c‘.': .._a’.J-'n_-"f_:

gl J

] ‘:",;.i

oo )

I W ) 25
\ ila, Slepnid Cilasdl g0

Hist g 38 2 bt A sy
Aoy AT Jles? g 2 ] by el 25

539).; Q)E » LW @i b)"o A-) Jiw
VAY



19455 )3 (539U drmwgi -T-8
o D S yuanstie 398 g Slews LT (605 03l Oliesd ;0 0Ll sdgweS 5 sla Cudgice cuww 4
o1 Cabeo > 5345 Sl o o ol pad o Sl sle Jsite 315 3905 6 558 5 Moy (i (555 e3l]
i olRashy jd wlawbio g sl ol ddld g Slowy iS55 o0l Come 4 2RI Lz 0 b ST oo Ll
WSlowy i (653503l Cyore dews g e s ybg) | (Gl &S ol Jbb > cpl D)l dem g cuslie Sl
4 aobln e slaby ) )1 sy Ml el (gl 58 )3 (69lib dnsgs ISl g ALBY p3Y bty Cliaos
Wlo ;305 e it Saby) 5d )9S ly PP (Gl WS 5 Cunsd (6)5l8 drwgs 4 il Vb HdeSS
gl 3 GBS oy b lsiee g bl (ol Yl o ol dnja o urblite (i gy g Sigul T (b,

Bl (6)9ld drwgs wb g LIS dawgs o

90 ollRg3 )3 (5 )9ld Arwgy -£-4

Slowy G5 (6 pS0j18] dine; ) lailo b 950 oKuinghy o5 ool jl g 9ps oimg}y 5 mlie Cudgiome 4 args |
EIB Loy 29 o 03] WolKiily 3 03 yiuS Gyguo 4 &S (635 30 (6,8 ]yow Wil oo yog) 40 S Cunl iy )l
S (ueblite (e (hg) pogad & dpdy Ojgo Wi (Bl g (e oS O pé laedyy dag S e g 29
degi w5 D drwgi o ul led auje b Gles e 5 5 blus o (28 cole 4 olRingh 5 60k ranasie
i Wl e gy oSimgly (ol ) osliiul gy 0yinS LS 4 (63 50 (6)3 g Wile b By 55 0,8 Sl (g )glis

VAL



10.

11.

12.
13.
14.
15.
16.
17.

&l

Schajer, G.S., Practical Residual Stress Measurement Methods. 2013: Wiley Online
Books.

G. Totten, M. Howes, and T. Inoue, Handbook of Residual Stress and Deformation of
Steel. 2002: ASM International.

https://www.veqter.co.uk/residual-stress-measurement/centre-hole-drilling. 2021.

ASTM E837 - 20, Standard Test Method for Determining Residual Stresses by the
Hole-Drilling Strain-Gage Method. 2020, ASTM International.

https://www.veqter.co.uk/residual-stress-measurement/deep-hole-drilling. 2021.
https://www.veqter.co.uk/residual-stress-measurement/ring-coring. 2021.

Sachs, G., Nachweic innerer spannungen in stange und rohren. Zitschrift fur
Metalkunde, 1927. 19: p. 352-357.

A. A. Garcia-Granada, D. J. Smith, and M.J. Pavier, A new procedure based on sachs
boring for measuring non-axisymmetric residual stresses. International J. of
Mechanical Sciences, 2000. 42: p. 1027-1047.

https://www.veqter.co.uk/residual-stress-measurement/sachs-boring. 2021.

Prime. MB and Gonzales. AR, The Contour Method: Simple 2-D Mapping of
Residual stresses, in The 6th International Conference on Residual Stresses,. 2000:
London, UK.

Prime. MB, Cross-sectional Mapping of Residual Stresses by Measuring the Surface
Contour After a Cut. Journal of Engineering Materials and Technology 2001. 123(2):
p. 162-168.

https://www.veqter.co.uk/residual-stress-measurement/contour. 2021.
https://www.stressmap.co.uk/contour-method/. 2021.
https://www.stressmap.co.uk/x-ray-diffraction-for-measuring-residual-stress/. 2021.
https://www.veqter.co.uk/residual-stress-measurement/x-ray-diffraction. 2021.
https://www.veqter.co.uk/residual-stress-measurement/neutron-diffraction. 2021.

https://www.veqter.co.uk/residual-stress-measurement/ultrasound. 2021.

Sbul sl 5551 08 sz 5l ool b St S 3 anld )58 (wyp csloawyly p roigpd | pliasn] VA

IYRY ) lblgn ity (2] el oS gl (L8 Wl i

VAS


http://www.veqter.co.uk/residual-stress-measurement/centre-hole-drilling
http://www.veqter.co.uk/residual-stress-measurement/deep-hole-drilling
http://www.veqter.co.uk/residual-stress-measurement/ring-coring
http://www.veqter.co.uk/residual-stress-measurement/sachs-boring
http://www.veqter.co.uk/residual-stress-measurement/contour
http://www.stressmap.co.uk/contour-method/
http://www.stressmap.co.uk/x-ray-diffraction-for-measuring-residual-stress/
http://www.veqter.co.uk/residual-stress-measurement/x-ray-diffraction
http://www.veqter.co.uk/residual-stress-measurement/neutron-diffraction
http://www.veqter.co.uk/residual-stress-measurement/ultrasound

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

J. Z. Lu, et al., Grain refinement of LY2 aluminum alloy induced by ultra-high plastic
strain during multiple laser shock processing impacts. Acta Mater, 2010. 58(11): p.
3984-3994,.

J. Z. Lu, et al., Grain refinement mechanism of multiple laser shock processing
impacts on ANSI 304 stainless steel. 2010. 58: p. 5354-5362.

Y. Hu and Z. Yao, Overlapping rate effect on laser shock processing of 1045 steel by
small spots with Nd:YAG pulsed laser. Surf Coatings Technol, 2008. 202(8): p. 1517-
1525.

J. Z. Lu, et al., Effects of laser peening on stress corrosion cracking ( SCC ) of ANSI
304 austenitic stainless steel. Corrosion Science, 2012. 60: p. 145-152.

Cozzolino, L.D., et al., Investigation of post-weld rolling methods to reduce residual
stress and distortion. Journal of Materials Processing Technology, 2017. 247: p. 243-
256.

Coules, H.E., et al., Effect of high pressure rolling on weld-induced residual stresses.
Science and Technology of Welding and Joining, 2012. 17(5): p. 394-401.

Wong, C.C., A. Hartawan, and W.K. Teo, Deep Cold Rolling of Features on Aero-
Engine Components. Procedia CIRP, 2014. 13: p. 350-354.

Nalla, R.K., et al., On the influence of mechanical surface treatments—deep rolling
and laser shock peening—on the fatigue behavior of Ti—6Al-4V at ambient and
elevated temperatures. Materials Science and Engineering: A, 2003. 355(1): p. 216-
230.

Zhang, Q., et al., Microstructure and surface properties of 17-4PH stainless steel by
ultrasonic surface rolling technology. Surface and Coatings Technology, 2017. 321:
p. 64-73.

Ye, Y., et al., Nanocrystallization and enhanced surface mechanical properties of
commercial pure titanium by electropulsing-assisted ultrasonic surface rolling.
Materials & Design, 2018. 149: p. 214-227.

Kattoura, M., et al., Effect of ultrasonic nanocrystal surface modification on elevated
temperature residual stress, microstructure, and fatigue behavior of ATl 718Plus
alloy. International Journal of Fatigue, 2018. 110: p. 186-196.

Kattoura, M., et al., Effect of Ultrasonic Nanocrystal Surface Modification on residual
stress, microstructure and fatigue behavior of ATI 718Plus alloy. Materials Science
and Engineering: A, 2018. 711: p. 364-377.

Yasuoka, M., et al., Improvement of the fatigue strength of SUS304 austenite stainless

steel using ultrasonic nanocrystal surface modification. Surface and Coatings
Technology, 2013. 218: p. 93-98.

YAY



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Liu, C., et al., On the influence of ultrasonic surface rolling process on surface
integrity and fatigue performance of Ti-6Al-4V alloy. Surface and Coatings
Technology, 2019. 370: p. 24-34.

Badreddine, J., et al., CAD based model of ultrasonic shot peening for complex
industrial parts. Advances in Engineering Software, 2014. 76: p. 31-42.

Todaka, Y., M. Umemoto, and K. Tsuchiya, Comparison of Nanocrystalline Surface
Layer in Steels Formed by Air Blast and Ultrasonic Shot Peening. MATERIALS
TRANSACTIONS, 2004. 45(2): p. 376-379.

Chaise, T., et al., Modelling of multiple impacts for the prediction of distortions and
residual stresses induced by ultrasonic shot peening (USP). Journal of Materials
Processing Technology, 2012. 212(10): p. 2080-2090.

Manchoul, S., et al., Comparison between conventional shot peening and ultrasonic
shot peening. Mechanics & Industry, 2018. 19(6).

Liu, G., J. Lu, and K. Lu, Surface nanocrystallization of 316L stainless steel induced
by ultrasonic shot peening. Materials Science and Engineering: A, 2000. 286(1): p.
91-95.

Pandey, V., et al., Role of ultrasonic shot peening on low cycle fatigue behavior of
7075 aluminium alloy. International Journal of Fatigue, 2017. 103: p. 426-435.

Olugbade, T.O. and J. Lu, Literature review on the mechanical properties of
materials after surface mechanical attrition treatment (SMAT). Nano Materials
Science, 2020. 2(1): p. 3-31.

https://www.lambdatechs.com/low-plasticity-burnishing-Ipb/. 2021.

Paul S. Prevéy, N. Jayaraman, and John Cammett, Overview of low plasticity
burnishing for mitigation of fatigue damage mechanisms, in Proceedings of ICSP 9.
2005: Paris.

Chan, K.S., et al., Residual stress profiles for mitigating fretting fatigue in gas turbine
engine disks. International Journal of Fatigue, 2010. 32(5): p. 815-823.

https://www.lambdatechs.com/controlled-plasticity-burnishing/. 2021.

Malaki, M. and H. Ding, A review of ultrasonic peening treatment. Materials &
Design, 2015. 87: p. 1072-1086.

G.l. Prokopenko, O.1.K., J.I. Kleiman, P.P. Micheev, V.V. Knysh, Y.F. Kudryavtsev,
Device for ultrasonic peening of metals,, in US Patent.

Y. Kudryavtsev, J.K., A. Lugovskoy, G. Prokopenko, Fatigue Life Improvement of
TubularWelded Joints by Ultrasonic Peening. International Institute of Welding,
2006. (11W Document X111-2117-06, 24 pp.).

A. Abdullah, M.M., A. Eskandari, Strength enhancement of the welded structures by
ultrasonic peening. Mater. Des, 2012. 38: p. 7-18.

YAA


http://www.lambdatechs.com/low-plasticity-burnishing-lpb/
http://www.lambdatechs.com/controlled-plasticity-burnishing/

48.

49,

50.

51.

52.

53.

54,

55.

56.

S7.

58.

59.

60.

61.

62.

63.

E.S. Statnikov, V.O.M., A. Blomgvist, C, omparison of Ultrasonic Impact Treatment
(UIT) and Other Fatigue Life Improvement Methods. Weld. World, 2002. 46(3-4): p.
20-32.

https://www.powermag.com/ultra-high-pressure-cavitation-peening-offers-new-way-
maintain-components-operational-nuclear-reactors/. 2021.

Alberg, H. and D. Berglund, Comparison of plastic, viscoplastic, and creep models
when modelling welding and stress relief heat treatment. Computer Methods in
Applied Mechanics and Engineering, 2003. 192(49): p. 5189-5208.

Munsi, A.S.M.Y., AJ. Waddell, and C.A. Walker, Modification of welding stresses
by flexural vibration during welding. Science and Technology of Welding and
Joining, 2001. 6(3): p. 133-138.

ASME B31.3, Process Piping, . 2014, The American Society of Mechanical
Engineers.

BPVC Section VIII-Rules for Construction of Pressure Vessels Division 1,. 2015, The
American Society of Mechanical Engineers.

AWS D1.1 Structural Welding - Steel 2015, American Welding Society.

R. I. Stephens, A. Fatemi, and R. R. Stephnes, Metal Fatigue in Engineering. 2 ed.
2001: John Wiley& Sons.

Rao, D., et al., The effectiveness evaluation of 314L stainless steel vibratory stress
relief by dynamic stress. International Journal of Fatigue, 2007. 29(1): p. 192-196.

Munsi, A.S.M.Y., A.J. Waddell, and C.A. Walker, Modification of residual stress by
post-weld vibration. Materials Science and Technology, 2001. 17(5): p. 601-605.

Munsi, A.S.M.Y., AJ. Waddell, and C.A. Walker, Vibratory stress relief—an
investigation of the torsional stress effect in welded shafts. The Journal of Strain
Analysis for Engineering Design, 2001. 36(5): p. 453-464.

Munsi, A.S.M.Y., AJ. Waddell, and C.A. Walker, The effect of vibratory stress on
the welding microstructure and residual stress distribution. Proceedings of the
Institution of Mechanical Engineers, Part L: Journal of Materials: Design and
Applications, 2001. 215(2): p. 99-111.

Kwofie, S., Plasticity model for simulation, description and evaluation of vibratory
stress relief. Materials Science and Engineering: A, 2009. 516(1): p. 154-161.

T. Lv and Y. Zhang, A combined method of thermal and vibratory stress relief,.
Journal of Vibroengineering, 2015. 17(6).

H.J. Gao, et al., Experimental Investigation on the Fatigue Life of Ti-6Al-4V Treated
by Vibratory Stress Relief. Metals 2017. 7: p. 158.

Gao, H., et al., Fatigue life of 7075-T651 aluminium alloy treated with vibratory
stress relief. International Journal of Fatigue, 2018. 108: p. 62-67.

YAQ


http://www.powermag.com/ultra-high-pressure-cavitation-peening-offers-new-way-maintain-components-operational-nuclear-reactors/
http://www.powermag.com/ultra-high-pressure-cavitation-peening-offers-new-way-maintain-components-operational-nuclear-reactors/

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

G. S. Crisi and D. P. Mendonca, Stress relief of welds by heat Treatment and
vibration: A comparison between the two methods. 2006: www.vsrtechnology.net/wp-
content/uploads/crisi_mendonca.pdf.

Kalpana, J. and P. Rao, Effect of vibratory welding process on hardness of dissimilar
welded joints. Engineering Solid Mechanics, 2017. 5(2): p. 133-138.

Lu, Q., L. Chen, and C. Ni, Improving welded valve quality by vibratory weld
conditioning. Materials Science and Engineering: A, 2007. 457(1): p. 246-253.

B. V. Suresh, et al., Influence of vibratory weld conditioning on hardness of lap
welded joints. International Journal of Mechanical Engineering and Technology,
2017. 8(1): p. 169-177.

Zhu, Z., L. Chen, and D. Rao, Relieving welding residual stress by applying vibratory
weld Conditioning. Materials Science Forum, 2005. 490-491: p. 475-480.

I Samardzi¢, et al., Influence of vibrations on residual stresses distribution in welded
joints,. Metalurgija, 2015. 54(3): p. 527-530.

Sun, M.C., Y.H. Sun, and R.K. Wang, Vibratory stress relieving of welded sheet
steels of low alloy high strength steel. Materials Letters, 2004. 58(7): p. 1396-1399.

F. Tatar, A.H. Mahmoudi, and A. Shooshtari, Vibratory stress relief of welded
austenite stainless steel plates: a numerical and experimental approach,. Iranian
Journal of Materials Forming 2021. 8(1): p. 50-64.

Hai Gong, Yanjie Sun, and e.a. Yaogiong Liu, Effect of Vibration Stress Relief on the
Shape Stability of Aluminum Alloy 7075 Thin-Walled Parts. Metals 2019. 27.

S. Jafari Mehrabadi, M. Azizmoradi, and M.M. Emami, stress relief and material
properties improvement through vibration vs. common thermal method. Journal of
Solid Mechanics 2012. 4(2): p. 170-176.

Kuang, L., Finite Element Prediction of Residual Stress Relief in a Two-Dimensional
Cantilever Beam, in Alfred University. 2002.

Yang, Y.P., Understanding of Vibration Stress Relief with Computation Modeling.
Journal of Materials Engineering and Performance, 2009. 18(7): p. 856-862.

Zhao, X.C., et al., Simulation of vibration stress relief after welding based on FEM.
Acta Metallurgica Sinica (English Letters), 2008. 21(4): p. 289-294.

Rogante, M., et al., High-resolution diffraction for residual stress determination in
the NiCrMoV wheel of an axial compressor for a heavy-duty gas turbine. Physica B:
Condensed Matter, 2004. 350(1, Supplement): p. E479-E481.

Kawamura, T., et al., A Residual Stress Measurement Technique for Turbine Blade
Dovetails. 2011. p. 69-76.

Sundar, R., et al., Laser shock peening of steam turbine blade for enhanced service
life. Pramana, 2014. 82(2): p. 347-351.

\q.


http://www.vsrtechnology.net/wp-content/uploads/crisi_mendonca.pdf
http://www.vsrtechnology.net/wp-content/uploads/crisi_mendonca.pdf

80.

81.

82.

83.

84.

85.

86.

C. Polese, M. Newby, and D. Glaser, Synchrotron XRD Evaluation of Residual
Stresses Introduced by Laser Shock Peening for Steam Turbine Blade Applications, in
9th International Conference on Mechanical Stress Evaluation by Neutron and
Synchrotron Radiation. 2018: South Africa. p. 97-102.

Tan, L., et al., Effect of welding residual stress on operating stress of nuclear turbine
low pressure rotor. Nuclear Engineering and Technology, 2020. 52(8): p. 1862-1870.

Pierret, S., et al., Combining neutron diffraction and imaging for residual strain
measurements in a single crystal turbine blade. NDT & E International, 2012. 45(1):
p. 39-45.

J. R. Barton and F.N. Kusenberger, Residual Stresses in Gas Turbine Engine
Components from Barkhausen Noise Analysis. Journal of Engineering for Power,
1974. 96(4): p. 349-357

Newby, M., M.N. James, and D.G. Hattingh, Finite element modelling of residual
stresses in shot-peened steam turbine blades. Fatigue & Fracture of Engineering
Materials & Structures, 2014. 37(7): p. 707-716.

James, M.N., et al., Shot-peening of steam turbine blades: Residual stresses and their
modification by fatigue cycling. Procedia Engineering, 2010. 2(1): p. 441-451.

Chen, J., et al., An experimental and numerical analysis of residual stresses in a TIG
weldment of a single crystal nickel-base superalloy. Journal of Manufacturing
Processes, 2020. 53: p. 190-200.

Sl e e ] oy (Sg I (BU Slay o ()5 (S5 5 aled (slaygBlS (gl and 8 g AY

88.

89.

90.

91.

92.

93.

d9oxe 2l g 2 jUid o8 0 g BT Loy, ITAY 0V s

James, M.N., et al., Residual stresses in condition monitoring and repair of thermal
power generation components. Theoretical and Applied Fracture Mechanics, 2017.
92: p. 289-297.

James, M.N., et al., Applications of Residual Stress in Combatting Fatigue and
Fracture. Procedia Structural Integrity, 2016. 2: p. 11-25.

Bonakdar, A, et al., Finite element modeling of the electron beam welding of Inconel-
713LC gas turbine blades. Journal of Manufacturing Processes, 2017. 26: p. 339-354.

Kurai, J., et al. Monitoring of Stress-Strain State of Boiler During Pessure Test. in
Fracture of Nano and Engineering Materials and Structures. 2006. Dordrecht:
Springer Netherlands.

Ficquet, X., et al., Measurement of Residual Stresses in Large Industrial Components
Using the Deep Hole Drilling Technique. 2005. p. 861-865.

Yildirim, B. and H.F. Nied, Residual Stresses and Distortion in Boiler Tube Panels

With Welded Overlay Cladding. Journal of Pressure Vessel Technology, 2004.
126(4): p. 426-431.

)



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Citirik, E., Three-Dimensional Fracture Analysis of Circumferentially Cracked Boiler
Tubes. Journal of Pressure Vessel Technology, 2012. 134(3).

Tait, R.B. and 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(1): p. 15-27.

Daryoush Danyali and Eslam Ranjbarnodeh, Numerical and experimental
investigation of the effect of hydrostatic pressure on the residual stress in boiler-tube
welds. Materials and technology, 2016. 50(5): p. 775-782.

Lee, H.-s., et al., Failure analysis on welded joints of 347H austenitic boiler tubes.
Engineering Failure Analysis, 2015. 57: p. 413-422.

Kim, W., et al., Welding residual stress analysis of 347H austenitic stainless steel
boiler tubes using experimental and numerical approaches. Journal of Mechanical
Science and Technology, 2016. 30(4): p. 1773-1779.

Pastor, M., et al., Prediction of failures in steam boiler using quantification of
residual stresses. Engineering Failure Analysis, 2020. 118: p. 104808.

P. Prevéy, D. Hornbach, and P. Mason, Thermal residual stress relaxation and
distortion in surface enhanced gas turbine engine components, in 17th Heat Treating
Society Conference. 1998, ASM.

Hosseinzadeh, F., J. Kowal, and P.J. Bouchard, Towards good practice guidelines for
the contour method of residual stress measurement. The Journal of Engineering,
2014. 2014(8): p. 453-468.

Hosseinzadeh, F. and P.J. Bouchard, Mapping Multiple Components of the Stress
Tensor Using the Contour Method. Materials Science Forum, 2014. 768-769: p. 87-
94.

Traoré, Y., F. Hosseinzadeh, and P.J. Bouchard, Plasticity in the Contour Method of
Residual Stress Measurement. Advanced Materials Research, 2014. 996: p. 337-342.

Naveed, N., F. Hosseinzadeh, and J. Kowal, Residual stress measurement in a
stainless steel clad ferritic plate using the contour method, in ASME Pressure Vessels
and Piping Conference. 2013: Paris.

Jacob, A., et al., Residual stress measurements in offshore wind monopile weldments
using neutron diffraction technique and contour method. Theoretical and Applied
Fracture Mechanics, 2018. 96: p. 418-427.

Wan, Y., et al., Weld residual stresses in a thick plate considering back chipping:
Neutron diffraction, contour method and finite element simulation study. Materials
Science and Engineering: A, 2017. 699: p. 62-70.

Kartal, M., et al., Residual Stress Measurements in Single and Multi-Pass Groove
Weld Specimens Using Neutron Diffraction and the Contour Method. Materials
Science Forum, 2006. 524-525: p. 671-676.

Vay



108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Shi, L., A.H. Price, and W.N. Hung, Use of Contour Method for Welding Residual
Stress Assessment. Procedia Manufacturing, 2018. 26: p. 276-285.

Pu Xie, H.-Y.Z.B.W.S.-L.G., Using Finite Element and Contour Method to Evaluate
Residual Stress in Thick Ti-6Al-4V Alloy Welded by Electron Beam Welding. Acta
Metallurgica Sinica (English Letters), 2015. 28(7): p. 922-930.

Achouri, A., et al., The incremental contour method using asymmetric stiffness cuts.
Materials & Design, 2021. 197: p. 109268.

Hosseinzadeh, F., et al., Mitigating cutting-induced plasticity in the contour method,
part 1: Experimental. International Journal of Solids and Structures, 2016. 94-95: p.
247-253.

Muransky, O., et al., Mitigating cutting-induced plasticity in the contour method. Part
2: Numerical analysis. International Journal of Solids and Structures, 2016. 94-95: p.
254-262.

Sun, Y.L., et al., Evaluation of Errors Associated with Cutting-Induced Plasticity in
Residual Stress Measurements Using the Contour Method. Experimental Mechanics,
2017.57(5): p. 719-734.

Clausen, B., et al., Complementary Measurements of Residual Stresses Before and
After Base Plate Removal in an Intricate Additively-Manufactured Stainless-Steel
Valve Housing. Additive Manufacturing, 2020. 36: p. 101555.

Buttle, D.J., et al., Determination of residual stresses by magnetic methods. 2006.

Hubert, A. and R. Schéfer, Magnetic Domains, The Analysis of Magnetic
Microstructures. 1998: Springer-Verlag Berlin Heidelberg.

Takahashi, S. and H. Kikuchi, Electromagnetic Nondestructive Evaluation (X)
(Studies in Applied Electromagnetics and Mechanics) (No. 10). 2007: 10S Press.

Hunt, D., Measurement of stress, , in US Patent N0.2370845. 1945.

Jiles, D.C., Review of magnetic methods for nondestructive evaluation. NDT
International, 1988. 21(5): p. 311-319.

DA poegl ST bgs Jlasl )3 Cualius sliwly 13 Jgbo Sl j55 @lpess bl Slald Ly ccden] p VY

121.

122.

AT o 0)L3 g b ojle SGlSe otmg}y (ol doxe

Javadi, Y., et al., Ultrasonic inspection of a welded stainless steel pipe to evaluate
residual stresses through thickness. Materials & Design, 2013. 49: p. 591-601.

Javadi, Y., M. Akhlaghi, and M.A. Najafabadi, Using finite element and ultrasonic

method to evaluate welding longitudinal residual stress through the thickness in
austenitic stainless steel plates. Materials & Design, 2013. 45: p. 628-642.

Vay



123.

124,

125.

Mahmoudi, A.H., M.R. Sheikhpour, and S. Heydarian, A Novel Cutting Strategy for
Measuring Two Components of Residual Stresses Using Slitting Method.
Experimental Mechanics, 2014. 54(7): p. 1237-1246.

Moharrami, R. and H. Alizadeh, Stress measurement on carbon steel specimen by
consideration of Magnetic-Barkhausen-Noise. Amirkabir Journal of Mechanical
Engineering 2017. 50 (5).

Ishigami, A., et al., The effect of the weld fusion zone shape on residual stress in
submerged arc welding. The International Journal of Advanced Manufacturing
Technology, 2017. 90(9): p. 3451-3464.

\a¥



