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Measurement of Residual Stress Distribution
by Strain Scanning Method using
High Energy X-rays from Synchrotron Source
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A residual stress distribution in thermal barrier coatings can be measured using the strain
scanning method with high energy X-rays from a synchrotoron source due to its large penetration
depth. For the double slits optics, the peak aberration of the measured diffraction becomes large,
when the gage volume crosses the surface. The analytical correction method for the peak aberration
was proposed in this paper. The surface aberration effect was corrected by taking account of the
difference between the center of the goniometer and the optical centroid of the gage volume. Using
the correction method, the distribution of the residual stress in thermal barrier coatings were
measured from the surface to about 0.26 mm inside. For the as-sprayed top coating, the in-plane
residual stress was approximately 30 MPa, and out-of-plane stress increased near by interface. For
the coating subjected to the heat cycle (1773 K), the both residual stress were relesed.
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Fig. 1 Coordinates for scanning method.
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(b) Transmission

Fig. 2 Configuration of gauge volumes.
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(b) Detail of gage volume.

Fig. 3  Configuration of gauge volumes with slits

divergence.
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Fig. 4 Centroid transition of gauge volume.
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Fig. 5 Error of diffaction angle related to centroid

transition.
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Fig. 6 Configuration of gauge volumes considering X-
ray penatration depth.
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Fig. 7 Configuration of gauge voume for transmission.
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Fig. 8 TBC specimen.

DOERIZE hErNB, wZIZ, T=FoEERL (B
By —CHRERD) »o0ELOTH LI

u=z—g (23)

L%,

¥/, REREICBWTIE, =0 DB HHHL
FHELSHERTETIC, BIHAICHENMIZE 755
BaM¥H 5, THhOMIEREL LT, HRNICEHER
NBBEYRE S DRI HATOFHEE AT, EAL
ZEREORBE L KT 5 2 L T MERRE
fCLLBIET B Z & 05TE 3,

24 BRERLEDREMR BBEICOVT,
7 eRmT IR —OWREE S, ZoHEb, K
FHEFRRICY — P AROBLBEIC X 2EITAEOR
ENEL 3, EEMEOSHE, F—-YBRBIcHEL T
Wiz, F—UHREIEETAED £ £ &I FT
BEL, ANEEROBE x L BOAME », OBIRIZ

1, = xtan 0 (24)
&b,

3. R B F &

31 BERRE  AEBRICBIIFABAIZ, K8
R &I, ER30mm OMKRABRE TH 3. Ni
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Fig.9 TBC specimen on the x-z stage and strain

scanning in transmission direction.
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Fig. 10 Diffraction profiles for TBC.

D, by 7a— REMEE TH 90 sec, BiRBHF
TH 60 sec & L7z,

¥/, RAMROBWEEXWRILT 570, ZITEOT
AERRED SASC DT Z—NHMENSNTHELZLD
RUEGE L 7o, BRBRA~HEHIH 18%10 mm T ¢ =4 mm
Th5, RBRROEI»S, HERKHEDAT, B
W X BRMEIZTo Tk,

32 BHEABLTRHESRS B & 205
THEIZDW»TIE, (M) SEEXBEHER Y ¥ —
D¥v7ua b yREES (SPring-8) DY — 45 4

Table I Conditions for stress measurement for TBC.
Beam line BLO0O2B1
Wavelength 17.404 pm(72.769 keV)
Divergent slit (mm) 0.4 x 2 (heightx width)
Receiving slit 1,2 (mm) | 0.4 x 5 (heightx width)
Divergent angle of RS | 0.7056 deg
Diffraction S11+115+333
Diffraction angle 26 10067 deg
X-ray Young’s modulus 143 GPa
X-ray Poisson’s ratio k 0.267

8.450 T T T T
o-Fe (21 1), A =0.0171983 hm
Annealed S45C

ALY
gttt o & L3 Y U
8.440 |- ,p“

o’

./
7

8.430 | /’

4
8.420 ® Measured 1

Double slits collimation 7
t,=0.2 mm, t=0-2mm

R,=600mm, R,=650

Diffraction angle 26, deg

— — - Caclulated (with penetration effect)

¢ Corrected (with penetration effect)
n n

8.410 L :
-0.1 0 0.1 0.2 0.3 0.4

Depth z, mm

Fig. 11  Diffraction angle and calculated approximation

curve of suface related peak aberration.
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£T20um A7 v 7 CHEL, 14 AOVTAHHE%:
fIo7., —F, BREC L ZHEOBREIE, K9 IR
TE)ICHBRA 25 BICEBEICTIT xR T —C%
ARE - LRI BEH I TOTARA XYV 2T,
xfEELTOH 6 025mm £ T 50um A7y 78
BL, 6 HOVTAMEEIT- 7. B EHEE 1
WRY, OFHRAF Yy BRI Ry Fa— R
L DISHBIERITI 720, B RAX—BEHEE
LT# 72769 keV DXBIFIN X —T, ¥ — 7B
& 4/5 fHilEE Z W TIHRE L 7. B 507 TBC D
w7e7 740K 10107 Y, MphoEGITKEE
EEBEICE DT 7 7 AN B ZNFNRLT WS,
S45C IZDW T, RV v bE X 2 U, 260 L
bic02mm &L, MY —2 %5211 HE2HA
L, z=-0.12562:=025%T, KEEKICX2A*»
vRITo 7.

4. RBBREIUER

41 |OFHM (S45C) DRME  S45C D7 =—
WA N7 W Ll e TR BRI & 2 0T &
A¥ v v T RToERER 1L IR T, Kbhoiix
2TnEN, Y- HRBOBLOADEE, BXU, X
SICZDRIEICXBMBAREIOFELEZR L 2541
BOTEINICE>TPHIZN S, ERfAETHY, @
RERETH D, MOT AL OREHREI L TS,
FEH ARSI IR EFES T Bl E 2 208, ¥—PK
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Error = +0.0166 mm BLO2B1

8.44 [ °
N
om
o om
L o’
-3 o
g ]
° 8.43 |-
[=2]
=~
&
c [
8 . ® Measured
E - -Caclulated
£ 842 m Corrected
o
a-Fe(211),A=0.0171983 nm
Annealed S4SC
8.4 L
-0.1 0 0 1 0 2 0.3 0.4
Depth z, mm

Fig. 12 Depth value correction from error of diffraction

intensity curve.

1.4 T T T e .
=~ Calculation BLO2B1

1.2 L[|~ -Peak height ]
[ [ --=- Integration of gauss fitting

Normalized intensity

0.2

D
a-Fe(211),A=0.0171983nm 8
Annealed S4SC

-0.1 005 0 0.05 0.1 0.15 0.2 025 03

Depth z, mm

Fig. 13 Diffraction intensity and calculated intensity

curve.

BoBRLMIBOBEIC LD, EAEIZ ; OMME LD
= hEAafar 7 + 5, HFOBEER (@
H) 25, XAV v FOREET —PHBOELD
BENC L ZMIEDADBEICIE, HEERIZTHA R
D, XBRBARIOFELZR L MIEZMZ5Z L
T, REAMRZBRETEZENTES. ZOMIEICX
D, EOTHMLEDOHBEMEIE SRR E
WTh, THFIALF—2HAL LD, REMRIC X
2E—2v7 FERBTHTREL LD, BRI OBEE
DFHRRF = TOHETH L. MEBER, 7o
7P ANDSEFERET 2BOREL. Bon/H
FEOIES DX 2BEEIKET 5. MEBRDT—
FiIconTRBE, 201209 3 68.3 %ISERA AT

1535
10.10 T R aaaman
2=0.0174037nm
2r0,, 511+333

o 10.08 - g
(]
©
3
N
o 10.086 p
f=2)
=4
o
c
£ 1004 J
g —6— As-sprayed (reflection)
<) —8— 500 cycles (reflection)

10.02 - -~ As-sprayed (transmission) ]

- 48--500 cycles (transmission)
10.00 L . . . .
0 0.05 0.1 015 02 025 03

Depth z, mm

Fig. 14 Diffraction angle by scanning method.

10.090 —— ; -
A=0.0174037 nm
10.085 - ZrOZ, 511+333 ]
& 10.080 [ ‘
o
-y o)
°
S 10075 9.99..88800
2 °5
< 10.070 3
| ]
§ B2 B B O
S 10.065 [ ]
£
O 10060} © As-sprared (Reflection method) 3
® 500 cycles (Reflection method)
10055 O AsSprayed (Transmission method) |
- B 500 cycles (Transmission method)
10.050 1 1 1 1 1

0 005 01 015 02 025 03
Depth 2, mm

Fig. 15 Corrected diffraction angle for TBC.

ZizoWTIRBART £5.83x107% deg, BHIZOWVT
12 £9.34x107* deg L2 D). WHEDM & U TR
2T B ERICHBELT1292MPa L2 5,

X 12 O @HICHIERDE T — ¥ 2R TH, Z0
F—= T3 ;=0 MEPEIHFARTN TS0,
AT FRIZINE A — T EThIRENH B, =0
PRLET 5701, BoREE2HwW:BREbLETo 7.
ZOERIAMTOBETEEZK 13 IIRT. ZO8EY
BESHRD GRENR/NE RS X 5 KRBT 3
LT, DWMIER 00166 mm 287, ZOEIHA
ADFIEICE Y, 12T &9 ic, FEHHE L BTED
A—=TIEE—HKLT%,

42 TBC DBRBIEHAH SE DT,
MERIZXBIEER dy 2/oNLLo7DT, FXRX

Table 2 Surface stress measured by lab. X-ray.

—115—

Specimen As-sprayed | 500 cycles
o, (MPa) 38.30 8.97
oy (MPa) 30.10 8.26
Mean (MPa) 342 8.6
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A=0.0174037 nm_ Double siits collimation ' T A=0.0174037 nm
L e - 0.0010 | '—o- As- : ]
100741 70, 5114333 L4=0-4 ™, 1,,=0.4 mm Assprayede, . 710 5114333
R1=600mm, R2=650 —®— 500 cycles ¢,
-1 - As-sprayed [

o

g 10.072 - L]

&

o

2 10.070 | ¢ o

©

s ! e

ks

2 10068 | ° 5 ©

5 O AsSprayed
[ ] gOOcycles
— Calculated |1

10.066 |- — Calculated

0 005 01 015 02 025 03
Depth z, mm

Fig. 16 Diffraction angle in Transmission.

0.09930

A=00174037 om
210, 5114333 O Assprayed d,
les d,
0.09925 @500 cycles d; ]
=] - As-sprayed d,
—& - 500 cycles d,
0.09920

0.09915

Plane spacing d, nm

0.09910

0.09905 . L L 1 -
0 005 01 015 02 025 03

Depth z, mm

Fig. 17 Plane spacing distribution for TBC.

BOFHHIMED S dy ZRIEL TRDE, 7, 38X
Mz, 90 ERZ 2 4R TR REOBREIGH
HIEEZToLERER2ICRT, Ry, ZIZAL
EOWTFREISNEEZ B ETE, FHLEIBHE
DOTHRAF Y=V TOIEIMELZE LS BB L) d
R, £ AMETIZ009916 nm, & FFHEITIZ0.09912
nm %57z, ‘

Rz, TBC 2V THRAF v v = v FHEIC K HE
L[ L R OBREZR 14 IR T, KEETIE,
PP RRBOKED S, B RBITHED, BAIC
BHFAED ERE L T3, ZHICETRICY — SHED
FIEZIT-7bDRK 1S ITRT. Ak, EBkic
DVRTHHIEZT-o T 5, 16 ICEBREIZEBIT B
[ & REFROFEMEZ R T, KEHEICH~_#EE
DIFA & 7 3 BAMLEOZEALNTIZH 543, [EF
HERELSORBAICBLTHEIERICH D, &
ODFARM TRV DD, HaDERIZ, HEELIZIF

0.0005 | ~-500 cycles ¢ -

Strain ¢

0.0000

-0.0005 -

0 005 0.1 015 02 025 03
Depth z, mm

Fig. 18 Strain distribution for TBC.

—HLTw3,

Rz, BFEL2 6, R(GS) L D BRTHEHERE 2RKD
bDER17TIERT, 6l dy ER @) 2HVT,
UDFHRZHRELABREZR 18IcRT, RMboEHik
RELOTHOBRESEHRATEML 28 TH 3.
AR T, BIETFT—52AEYUTEIEHELTIR
SHAZ A, REOLERIZE,

BonOTAaLS, BHZHET IO, &
BETDeg BLU 5 VRBRIED, IIT, Ao
TGERIARER (2),3) 6 01, 03 DIENRFH R KD 2
CEVTED, BonBECHIHEK 19 ITRT,

A—=F 4 T LI ¥ EDRBRA (as-sprayed) D o) 1&
KA SWEHATIE, 12IF3HED D 32 MPa T—5E
THo7. —H, 500 BOEY A 7N %252 F-5RBH
(500 cycles) i3, RBRAREIZEBFRO EHNEHT
%, RE»SFEZ 02mm FTOBFEGHHIZIFO &
7Y, BYAL 7N TUBHIZBRL TS,

¥, BAEEARDIGH LS o313, BV A 7 LER
Bl T, RETIZFOLED, B ARBIZiE>T, F
MEA 1R DIREEIE I HWIE L T\ 5238, —7, As-sprayed
RAEBRA T, BV A 2NV E2AML B IR, B
D5 REISET 20T, B EESRDIGHIZO0
25K 60 MPa £ THM L TED, As-sprayed REEH
DOBYERHCR Y Fa— FREICBWTEAZIN TV,
515% ) DIRBEIGINIEA £ 7 Vi & > TR LEY —40
MPa OBREIGHPBEAZ N, ZOERIL, By A
PN EST, RETIE SR SRR VomsEsg
RILIERTZbDEEIZONS, B, aFe2l
1EHT & BT AERETRLZ 20, AkOMEERK
ETBE, TOLEDG683 BEFERFIE, BHTH
+235MPa £ 2%,
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100 T T T
%=0.0174037 nm
Zr0,, 511+333
. ]
o
=
3
0n
a
o ]
ki ]
8 50 [ e oy ]
b — As-sprayed ©, . ]
2 ——-As-sprayed o : ]
-100 | —--500 cycies O, 1
------ 500 cycles T, -
-150

0 005 01 015 02 025 03
Depth z, mm

Fig. 19 Residual stress distribution for TBC.
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