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Abstract: An X-ray polychromatic attenuation correction model that explicitly accounts for scatter is proposed for industrial CT defect
inspection of aero-engine turbine blades to address the superimposed scatter and beam hardening in cone-beam CT, which cause reduced
image contrast, grayscale distortion, and missed detection of micro-defects. The model is constructed as a cascaded cooperative
combination of a scatter term and a hardening attenuation term. In the scatter term, a tilted grating plate is used to scan the turbine blade
twice, allowing internal and external scatter fields to be separated. Full-angle scatter distributions are reconstructed using bicubic
interpolation and angular spline interpolation to obtain effective projections that approximate scatter-free conditions. In the hardening
attenuation term, an exponential hardening curve with projection grayscale as the independent variable is employed, and a weighted beam
hardening correction method is developed by deriving a compensation expression based on prior penetration-thickness information and
introducing a grayscale trade-off factor. Considering that scatter and hardening are mutually coupled in CT imaging, the results of scatter
suppression and beam hardening correction are further unified within a mapping framework between penetration thickness and exposure
intensity, yielding a cascaded cooperative correction model that simultaneously suppresses scatter artifacts and cupping artifacts.
Experimental results on a 450 kV CBCT system demonstrate that the proposed method increases the signal-to-noise ratio, contrast-to-
noise ratio, and average gradient of turbine-blade reconstructions by 42.75% , 75.92% , and 181.25% , respectively, outperforming

schemes that apply only scatter correction or only beam hardening correction. For an artificial 0. 3 mm film-cooling-hole micro-defect,
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the depth measurement accuracy reaches 0. 28+0. 008 mm, and the mean absolute error and mean relative error are reduced by 32. 5%

and 2. 2% , respectively, compared with commercial software, confirming the effectiveness of the method in correcting scatter and beam

hardening artifacts in real turbine-blade industrial CT imaging.

Keywords : turbine blades; CT inspection; scatter correction; hardening correction; synergistic correction

0 3l

T

HETR X BT T B AL Z Wi 1% ( cone-beam computed
tomography , CBCT ) £ AR BB 52 B 1 A ¥ = G- 45 14 (1) o i
AL SPRE AN 1, © 8y Tk it R B e A PP A
SIBTRURH I () SR B IR AR I R Y R
JE AR B R UL 4 R B HL A ik 11 S B I T 45 4
5 X PR T i 5 AR TP R B 7 A T BT S G R
PRAGR 3 e B A o PR v B Ry ) Ak TR
W FUER  J BERAR LA B AR O MR AR B L ™ E S ) 5]
G S ERBE TR IR BE . DRI, 75 SR HUR 05 B0t 15
R CBCT BURHHATORSEAL IED WK UG i, $2 i
WAFE I DA I At 2

FEXT e BEAT S e T fl o AR b 25 th B R v
O E MR L R H SO AL 2 G
WAL AR R | #RH5E  B A R B B i, e 5
2 PR BACSRRI0, FIVRE ARSI % AR o e 5 Wl e Ay 7,
BEXF B — DS AT (A T XE LA SRS B0 B RIOCR, , H B
ALV, 5 | 4 PR BRS04 TE IS 1) PRI TH 2 B B A
BSTRIARAREASE | At Gt S8 oA A A T 10 AR o 42 17
AT PAAR ™ A I

TERURT A SE A E J7 T, AT J7 vk 30T 43 S R A
IE AR IE B BRRE A 45 53X 3 28, BB AG IE U7 A 4%
X PR UE B 25 SR BRI R e 2R AT (H R e HE
W CT s FAMEI O 7RI A BRI, A
TE ARG T 1T AR, 5 B0 2o YR 2 O R
SRR S U B A BEE IR S ST HR
BRI JiE LR IR T B ) B ) R R ALY A
PEEURE T, T4 B 22 245 2R 1 A TR U A T I
2R CL N — PRI Y A D J7 52, T LUAE D SE s 0 4 7Y
FARE A B2 M CT R AR b Al B R R
Zhang 55" BT T — R E BN 2L 2% (R DA AL
RS (H R BB ARICEE FE A $  CT RIMURRAE X LAY)
JETHBR IS o 2085 B XU AS U-Net W45 AL, 25
B BN S e B WO L R RORRS (5 5, 5
PUHUFAZIE . Zhuo %5142 Hh BCHAZ 2 IS & 19 B BN
Z8HITT CBCT HUR A IE, Mk gk 1 IR BE 27 > 7 15 5 W) 3K
ST ZE & N B e = A B — Ok 1 ) (FHICE A% R
BB TR 28 30 S 500, XA [ 152 4 10 3 TG 1R 75 T 30 1A
B, SEAtt AR AR B b 2 RO A UK I 46 S AR

B IRIE , SR, 3080 5 1 55 B2 K i I 2R Bk 40
FFREGER, 25 Tl ERSMAE 5545 ok T B R Bk, HL5C
o TG ) rh e I 1k A0 B o o M A, T B g A A
B PIERBERES G702 Tl 303 e T 5
15, AT PRHURS WA DU RO AR B . A U AL IE AR (beam
stop array, BSA) J5 7 SR K BUR AL IEAR AT R TR
AR RO MR 5% () 13U 43 A1, ©AEAZ 48 CBCT Hp HLAS
RAFRCR BRI FE v 75 A7 S S 4 AN OSn 1 A
T RSAS | I8 DA IE AR AR A AR CT R AR A, FL3E 5 2 e R
i L AN BRI T %7 VR A SE R T AR

Tl CT SEBR{ Y S 4R 5k Z2 BB SR A, 1R FH I
2RI B B Y T AR R R, R
PG B BE i % 30 w0 s DA < BROBR P B2 B R
WAL DN R I 7 5, T Ao 28 SR i T ik |
itk P e s B E Oy kY L R R R
IE T FE R S A B ), ELGP IR R SR A
WA ST, 2% A A RT Je AR L X S RE IS Sb
FBHEE R C T R B S5 (5 B Brabant %% R
A A A A R R T SRR A S e
TP IE i — SO ) B Cao 252 B T 5 SRR AR
E A1 JRE TR | S o )7 BRI A0 A 25 d T R~ i
K5, Romano 45> 78 51 J5 Xof 5 ok B 1k il 2k 00 17 26 M
AL AL BRI T RS AR IE o Zhao %51 i@ 1 4D X BHER O
T 5 BUGARH P BEAR B, T & A B PR R S
BTSSR AL IE i, R R T 2
H 2 LASRE A 52 X 5, P BB 454 (i 2 A e O 4 5
Bl NMTEBR SR, Xiu S RIEE & S8 55
KRE oy 1R T =G 1 2 B BB
UTSEPREER . Yang 257 75 B AL (5 B 5 S R i A2
A L Bl — b 32 28 8y 8 30U & A Ak il Ze b
KIEJTik, IE1E CBCT R4 FRHE L GE AR IESCR IE
BT R MR I A R

KHEZ R e IR I A CT MG, $2 Hh—Fi %
R I 2 S D e IE AR | 3 ST 2 0B R S I
568 DI RIS T AR IR | S I o 18 3 AR A 2% 1) S AR
TEA, T8 SRR 245 5% Hh 2 SO0, ) 3 A A
FE R MR R (A5 B 5 BB AL I0UR) 45 250 R ER s A
AR B 58 2 R B e i /R, 1A A 1 A A ]
T NZ AT AR, E5BEE 5B
JEE DI RIS TEASLIRY | DTG S 30 A Dl s 1 [ 25 4 il #2771 T
AR CT B G o it 5 sk B RS 2



262 & L £ ¥ W

a6t

1 o

1.1 BT REHE SR B BT R E

1) ROGHI R A 2

G ST 2 1E AR (tilted beam stop array, TBSA) J2&
FET BSA WA B URRE T 5 12, (A r it 2 2R A
LR, AR ] DU S T iR 5 Xt 2, ROSHROR E T
B ARS B8 22 6] B U R B R E 1R

P IR

G: eEE

T EWEE

Ve e b g% oe B
U: et 56 5

D: HH&RBREEH LR

E1 JLfEE

Fig. 1 Geometric information
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Fig.2  Scatter correction schematic diagram
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Fig. 3 Scatter estimation flowchart
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Fig. 4 Beam hardening process variation curves
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Table 3 Numerical comparison of slices before and after correction
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Table 4 Defect dimension measurement using VG

(mm)
P TBAS TBSA-WCHC VG
1 0.271 4 0.294 3 0.283 5
2 0.262 4 0.296 4 0.275 5
3 0.246 5 0.283 8 0.274 7
4 0.256 0 0.297 5 0.277 3
5 0.236 9 0.292 5 0.290 6
6 0.090 5 0.284 5 0.286 0
7 0.274 4 0.292 3 0.289 0
8 0.255 1 0.279 2 0.275 8
9 0.272 5 0.276 0 0.264 0
10 0.253 2 0.270 9 0.286 1

WZERXT L, TBSA-WCHC AP 1401522 (0. 013 3 mm ) #¢
VG(0.0197 mm) FAK 32. 5% , AHXTIR2ZMEAL 4. 4% A%
F VG 19 6.6%

LAKT TR VG FAR I R 263 B R 3 O
SRR NG, N JG IR R H R B 20 R 22 B0 e A ) o VR 2
U LA BRI R 22 P BEA TR AL, i — 2D 1R
HH R B Ak P ) B3 ok 3R 2 I R d0e o YR R U A o
bk,

BEXF Tl CT ARG S 0 st DRSS 5 S soh £ 3k
7 TS0 PG 5 R Ak BB INBR B TR A R A, B X X —
), 4 T ST RO AL IE (TBSA ) 5 A S 5 A
PEAZ IE (WCHC) B9 R R R 82 30 5539 , JFAF CBCT R4E
EXHZOT R PERE AT TR, SCRR A R R W] KRk
(F 25 T B E R RUR L TR R 1E S AU A A% 1

3T 4R A B TR B A S RS IE iR AR L, 4R
[) TBSA-WCHC B[] O 52 40 il 5 s AN AR A T RRAR | =5
JoT et bR R RO EAT I 25, FLAS E BB 7 VR T X 38 i
4 St S | 7 R BT M LR B Tl 4G 37 5 R
FLSE PR b RS TR I 4 S TR 251 R T RE A
FIE SR PERE , (EH SRAR RebE S5 Ry ko 0 1 )
BRI A A s B A LR
PRANRBE X G2 AR (14 TGS I Tl A 4R A — b sk
B BRI R IR S AR % . BRI i hie i ¢
H ) R 22 b B Tl o AR . SISt 5 R Y
e S — AR, BT 4R AR A X T 52 2 0 Ak 1) RS A TR
F BE R AR A R, (XTI g i 2 Rk R

AR T BOAR TR AE AN R BRIt , T 22 R R Y

CT WU AL B R IE T5 V02 T — P i G B
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