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Process parameter optimization for microfocus X-Ray digital
radio-graphy inspection of small-diameter aero-engine tube welds

ZHANG Tao'™'", MA Long’, YUAN Wei™'", ZHOU Xin'", LIU Fenglin'"
(la. Key Laboratory of Optoelectronic Technology and Systems, Ministry of Education; 1b. Engineering Research
Center of Industrial Computed Tomography Nondestructive Testing, Ministry of Education, Chongqing
University, Chongqing 400044, P. R. China; 2. AECC Aviation Power Co. Ltd., Xi’an 710000, P. R. China)

Abstract: Microfocus X-ray digital radiography (DR) offers high image resolution and is therefore well suited for
the nondestructive inspection of small-diameter aero-engine tube welds. To optimize the inspection process

parameters for microfocus DR applied to small-diameter aero-engine tube welds, a numerical model describing
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the relationship between process parameters and DR image quality was developed to guide parameter selection.
First, a step wedge made of the same material as the aero-engine small-diameter tubes was used to simulate
different X-ray penetration thicknesses of the workpiece. A quadratic regression model was then established to
characterize the relationships between key process parameters (tube voltage, tube current, magnification, and
penetration thickness, etc.) and DR image quality indexes (spatial resolution and contrast-to-noise ratio). Then,
three small-diameter aero-engine tubes with different wall thicknesses were selected as representative workpieces,
and the optimal sequence of process parameters was determined using a non-dominated genetic algorithm.
Experimental results show that the measured DR image quality indices closely match the predicted values of the
model, demonstrating that the proposed quadratic regression model can effectively predict the relationship
between process parameters and DR image quality. Compared with conventional methods that adjust process
parameters individually, the proposed method exhibits higher efficiency and stronger guidance and can be
extended to similar DR inspection applications.

Keywords: digital radiography; contrast-to-noise ratio; spatial resolution; response surface regression methods;

small-diameter aero-engine tubes; process parameters
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Fig.1 Comparison of DR detection between microfocus X-ray source and ordinary X-ray source
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Fig.4 Relationship between X-ray source focal spot size and power
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Fig. 6 Multi-objective optimization model of process parameters for small-diameter tube welds
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Table 2 Factor levels

B K-
(S SR B
-1 0 1
X, BHE UKV 80 115 150
X, B HL I/uA 80 240 400
x, i N v e 4 5 6
x, % MJEE D/mm 1 1.5 2
*3 NEZEBBDIHBREHRRIXKBER
Table 3 BBD test design and results of small-diameter tubes
A2 U/kv I/uA M D/mm CNR R, /(LP-mm™)
1 115 400 5 1.0 6.834 8 6.839 95
2 115 80 5 2.0 4.424 6 7.621 95
3 115 240 4 1.0 8.203 7 6.877 58
4 150 400 5 1.5 6.303 1 6.393 86
5 115 240 5 1.5 6.594 7 7.692 31
6 115 80 4 1.5 4.203 7 7.042 25
7 150 80 5 1.5 50725 7.936 51
8 115 240 5 1.5 6.467 8 7.530 12
9 115 240 5 1.5 6.565 3 7.727 98
10 80 400 5 1.5 53723 6.821 28
11 80 240 5 2.0 42268 7.288 63
12 150 240 5 2.0 5.6818 6.811 99
13 115 240 4 2.0 55741 6.877 58
14 150 240 4 1.5 53245 6.418 49
15 150 240 5 1.0 5.657 1 6.925 21
16 115 240 6 1.0 7.074 6 8.333 33
17 115 400 6 1.5 6.166 6 6.830 60
18 115 400 5 2.0 6.548 7 6.702 41
19 115 80 6 1.5 43239 8.576 33
20 80 240 6 1.5 49122 8.561 64
21 150 240 6 1.5 6.584 6 7.299 27
22 80 240 4 1.5 4.740 0 6.775 07
23 115 240 5 1.5 6.983 3 7.898 89
24 115 240 5 1.5 6.854 6 7.898 89
25 115 240 6 2.0 5.918 4 8.103 73
26 80 80 5 1.5 2.514 4 7.704 16
27 80 240 5 1.0 6.811 6 7.898 89
28 115 400 4 1.5 6.413 6 6.337 14
29 115 80 5 1.0 5.136 7.961 78
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Table 4 Experimental results of three selected Prato solutions from sets corresponding to different

radiographic thicknesses on stepped test blocks

T4 % MEEE 1 mm HEREE 1.5 mm BEMREHEE 2 mm
SR 1 2 3 4 5 6 7 8 9
BHE/AV  81.04 9436 106 9222 11072 11370  101.11  149.98  138.14

HHF/MA 17825 21647  284.38 164.64  230.67  292.59 143.42 80.52  362.11

R A% 5.97 5.97 5.99 5.99 5.99 5.99 6.00 5.99 6.00
T CNR 5.34 6.60 7.88 4.67 6.15 6.95 438 6.13 7.23
SZPR CNR 5.50 6.50 7.56 4.70 6.20 6.91 4.23 6.20 7.02
T SR 8.80 8.54 7.47 8.67 8.40 7.55 8.58 7.23 6.83
S2R SR 8.72 8.42 7.52 8.53 8.33 7.52 8.32 7.02 6.51
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Fig. 9 Comparison between predicted and measured values of CNR and spatial frequency
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Table 5 Significance analysis of regression equation

HEL 7 5 Y FR A P{E
filx) 37.95 2.37 30.72 <0.000 1
f(x) 46.80 3.34 39.62 <0.000 1
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Table 6 Verification of experimental parameter calculations

INEARE 1 2 3
S5 55 IR JE /mm 1.0 1.5 2.0
x, 158 PR AR A /9 PR /k vV -0.589 5/94.36 -0.108 727/111.19 0.999 741 5/149.98
x, IR N R KB /S PR (B /pA -0.147 02/216.47 -0.151 857/215.70 -0.996 697/80.52
x, 150 PR R AR (B /92 BB 0.973 689/5.97 0.982 689 6/5.98 0.996 697/5.99
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Fig. 10 Verification of CNR and R, of actual workpiece

AT LA th, BUI CNR R, 552 BRI H A — B0, 0 T 305 IR IE O 1 mm 1970 B2 5 L ONR R 22 45
0.284%~1.87%, R, 1] 5% 3% 76 0.377%~1.59% X} T % 406 WU JE H 1.5 mm 09 /0 172 % , CNR 3% 2% 75
0.284%~4.00%, R, B 1% 2 7F 0.876%~2.45%; Xt T i MJZ 2y 2 mm By /b ELAR 4, CNR B9 3% 22 7E 0.36%~
3.72%, R, (iR TE 0.634%~1.23%., SZERMLZS & ZhHl/N B A2 45 DR 5 FR R I 45 5% an [ 11 ff s . SCeiFE B T
£ U A DR KGN T 2 280 b 2 H AR AR A i o] 54
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Fig. 11 DR image of an aero-engine small-diameter tube
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Fig. 12 Relationship between CNR, R, and various process parameters
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