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Abstract. This paper presents advanced methods using the deep X-ray lithography 

(X-ray LIGA) and the powder metallurgy processing to fabricate imitative Stress 
Corrosion Crack (SCC) for electromagnetic NDE as needed to be a reference 

specimen. A pattern of the imitative SCC was formed by using X-ray LIGA with 

controllable shape and size with precise details of SU-8 material. The prepared 
pattern was then inserted into mixed-stainless steel and Sn powders in a soft mold 

by using less pressure filling method. Afterward, the specimens were sintered at 

1100�C. The results showed that these promising combined techniques can be 
utilized to fabricate micro sizes of the imitative SCCs. In addition, an inversion 

scheme was utilized to evaluate the equivalent conductivity of the specimens. The 

analysis results revealed that they were appropriated for desired equivalent 
conductivities of actual SCC detection by an eddy current testing.  
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1. Introduction 

An eddy current testing (ECT) of stress corrosion cracks (SCCs) is often utilized to 

ensure the structural integrity of key structures in the nuclear power plants (NPPs), oil 

& gas and petrochemical industries. Lots of SCC reference specimens are necessary for 

examination as well as related training for NDT personnel. In general, artificial cracks 

prepared by Electrical Discharge Machining (EDM) are used to be standards of testing. 

Unfortunately, it is not always possible for the real complicated SCCs. An artificial 

                                                           
1 Zhenmao Chen, Shaanxi Engineering Research Center for NDT and Structural Integrity Evaluation, State 

Key Laboratory for Strength and Vibration of Mechanical Structures, Xi’an Jiaotong University, Xi’an, 

710049, China; E-mail: chenzm@xjtu.edu.cn. 

R

Electromagnetic Non-Destructive Evaluation (XXI)

D. Lesselier and C. Reboud (Eds.)

© 2018 The authors and IOS Press.

This article is published online with Open Access by IOS Press and distributed under the terms

of the Creative Commons Attribution Non-Commercial License 4.0 (CC BY-NC 4.0).

doi:10.3233/978-1-61499-836-5-80

80

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rt

ic
le

: 
ht

tp
://

w
w

w
.n

dt
.n

et
/?

id
=

23
77

1



SCC can also be introduced by loading the specimen in a corrosive solution but, this 

fabrication is difficult to control the profile of the SCC crack. Especially in terms of 

quantitative evaluation of SCCs, the specified reference SCC specimen become to a 

very important part of ECT for quantitative evaluation of SCCs. 

The SCC has been researched that it exhibits like a conductive crack in viewpoint 

of ECT for both of simulation and evaluation of SCCs [1, 2]. Therefore, there are a 

number of studies for development of SCC references by diffusion bounding and laser 

3D printing to fabricate ‘imitative’ SCC which is not exactly identical to actual SCCs 

but provides the same response to ECT signal [3-5]. However, the welding effect and 

controlling the imitative SCC sizes are the problems for ECT when the specimen is 

fabricated by using bonding techniques. The metal 3D printing is also needed the high 

technology, and it is not a cost-effective technique at the present. 

The aim of this paper is to develop an alternative cost-effective technique for 

fabrication of imitative SCCs that can eliminate the welding effect of bonding area, and 

also can control the sizes of the imitative SCCs. Synchrotron deep X-ray lithography 

(X-ray LIGA) based on photolithography technique, has been proposed to produce the 

pattern of the imitative SCCs. The X-ray LIGA has an advantage for fabrication of very 

small and complex shape specimens with low cost and rapid replication [6]. The 

imitative SCC pattern was embedded into the mixed metal powders using less pressure 

filling method and sintering process. Finally, the imitative SCC specimen has been 

fabricated with controllable sizes and without welding effect zone. The consequences 

are helpful for the inversion problem to reconstruct SCCs profile using ECT, and 

contribute to design and reproduce the SCC reference specimen for practical SCC 

sizing, and for NDT personnel qualification. 

2. Materials and Methods 

2.1. Metal Powders and Lubrication Binders 

Small powder size and spherical shape are important parameters to be selected. 

Therefore, the gas atomized stainless steel (SUS 316L) powders which the average 

particles sizes were 1 μm and 10 μm as delivered by supplier were employed in this 

research. The chemical compositions are shown in Table 1. Additionally, the 99.9% of 

Tin(Sn) powder with the particles size of 1 μm was used to mix with SUS-316L 

powder 2 to 15% wt for acceleration of the sintering process with lower temperature by 

liquid phase forming effect. 

 
Table 1. Chemical composition of SUS 316L powders 

SUS 316L 

Sample size 
Chemical composition 

Fe Cr Ni Mo Mn Others 
1 um 68.57 16.5 10.5 2.1 1.45 0.88 

10 um 68.41 16.2 11.0 2.4 1.26 0.73 

 

Binder system for this works was used to hold and maintain the powder into desired 

shape. The binders should also have good flow characteristics during the compaction of 

the powder. In addition, they should be removed by heating with temperature lower 

than sintering temperature. As descriptions, the binder system for less pressure filling 

method was adopted by using the acrylic liquid-based binders. Duramax binder system 

including D-3019 as dispersant, mixture between B-1000 and B-1022 as emulsion of 
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acrylic polymer were used in this work with composition of 1%, 2% and 5% of total 

volume respectively.  

2.2. Fabrication of SU-8 Pattern for Imitative Stress Corrosion Crack 

The fabrication of pattern for imitative SCC in this research was based on the deep X-

ray lithography (LIGA) technique which demonstrates in Figure. 1(a). The SU-8 2000 

(MicroChem, USA), was used as the photoresist material in the process. The imitative 

SCC as shown in Figure. 1(b) was used to create a mask aligner of pattern. After 

prepared the SU-8 spread uniformly on the substrate, it was exposed under the mask 

pattern by LIGA (facilitated by Synchrotron Light Institute of Thailand) with X-ray 

accumulated dose at 36,000 mJ/cm3 under synchrotron beam current of 111.4 mA. 

Then, the SU-8 pattern was developed by solvent washing and baking. Finally, the 

imitative SCC pattern was finished by taking pattern out from the substrate. 

 

 
 

Figure 1. (a) Deep X-ray lithography process, (b) imitative stress corrosion crack pattern 

 

2.3. Powder Metallurgy Processing 

 
Figure 2. (a) Dimensions of the Imitative SCC pattern, (b) degassing process using vacuum chamber 

 

Fabrication process by less pressure filling method for production of imitative SCC is 

described as follow: First, the imitative SCC pattern was cut to the length of 10 mm, 

and shaped to the thickness of about 0.25 mm as shown in Figure 2(a). Next, it was 

inserted into the soft mold diameter of 40 mm. Both 1 μm and 10 μm of SUS 316L 

powders and Sn powder were mixed together by mechanical stirrer for 10 min with 

weight percentage of 45% ± 5% wt, 45% ± 5% wt and (2% to 15% wt) respectively. 

The dispersant with 1% of total volume was mixed with distilled water by using 
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mechanical method for 5 min. Then, well-mixed powder was added to the dispersant 

mixture about 50% solid loading. Mechanical stirrer was utilized to blend the solution 

for 20 min. acrylic binders of B-1000 and B-1022 with 2% and 5% of total volume 

were added to the whole mixture and continue mixing for 10 min. All of well-mixture 

was carefully poured to the soft mold then, put it in the degassing vacuum chamber to 

remove the bubble formation at - 0.8 kg/ cm3 until the specimen was dried as shown in 

Figure 2(b). After that, the green compact specimen in the soft mold was carefully 

removed by hand. Finally, the specimen was de-binding at 700 °C for 90 min and 

sintering at 1100 °C for 90 min in a vacuum furnace with heating rate of 5°C / min. 

3. Experimental Results 

3.1. Characteristics of the imitative SCCs 

Four specimens fabricated by using the X-ray LIGA and less pressure filling method 

with different composition were grinded and polished at thickness of 5mm to reveal the 

size of the imitative SCC as shown in Figure 3 by optical observation in macro scales. 

 

 
 

Figure 3. Optical observation in macro scales of (a) TP1 as pure SUS 316L powder, (b) TP2 as 2% of Sn 

addition, (c) TP3 as 5% of Sn addition, (d) TP4 as 15% of Sn addition 

 

Figure. 3(a) as “TP1” reveals shape and size of the imitative SCC resulting from the 

inserted SU-8 pattern dimensions 0.6 mm of slit length, 0.25 mm of slit width and 0.3 

mm of gap between slits. By using only SUS 316L powders, some pores were observed 

on the surface of the specimen. The measured bulk density was 90% compared to the 

specific wrought SUS 316L density (7.98g/cm3). In Figure 3(b), the optical observation 

result of added 2% of Sn is shown as “TP2”. The shape and size of the imitative SCC 

of TP2 were resulting from the inserted SU-8 pattern dimensions 0.8 mm of slit length, 

0.25 mm of slit width and 0.3 mm of gap between slits. The observed surface of base 

material appeared better than using only pure SUS 316L powder. The density of the 

TP2 slightly increased to 91%. However, the results of increasing Sn powder affected 

to the material property as shown in Figure 3(c) of “TP3”. The shape and size of the 

imitative SCC of TP3 were obtained from SU-8 insertion of slit length 0.8 mm, slit 

width 0.8 mm and gap between slits 0.5 mm. Macro observation revealed great 
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numbers of small pores all over the surface of the specimen. This result of Sn addition 

at 5% slightly reduced the density of the specimen to 90%. Figure 3(d) as “TP4” 

additionally shows the effect of very high Sn addition at 15%. The larger pore sizes on 

the surface were occurrences, and decrease the bulk density to 88%. The size and shape 

of the imitative SCC were still closed to the SU-8 inserted pattern dimension of slit 

length 0.7 mm, slit width 0.25 mm and gap between slits 0.2 mm. The average 

dimensions of all specimens are summarized in Table 2. These dimensions are used to 

be the parameters for reconstruction of the equivalent conductivity of the imitative 

SCCs. 
 

Table 2. Average dimensions of the imitative SCC specimen fabricated by LIGA and less pressure filling 

method 

 

TP No. Slit No. Slit Depth (mm) Slit Length (mm) Slit Width (mm) Slit gap (mm) 
TP1  10  3 0.6  0.3  0.3  
TP2  9  3 0.8  0.3 0.3  
TP3  9  3  0.8  0.9 0.5  
TP4  9  3  0.7  0.3  0.2 

 

3.2. Microstructures 

 
Figure 4. Microstructures of the different composition (a) pure SUS 316L, (b) SUS 316L with Sn powder 

 

Comparison between microstructures of pure SUS 316L and SUS 316L with Sn 

addition is illustrated in Figure 4. The result of adding Sn powder with stainless steel 

affected to larger grain in Figure. 4(a) compared to Figure 4(b). Normally, grain growth 

effect can be observed in the sintered materials for prolonged times. However, larger 

grain size resulting in SUS316L with Sn addition occurred in normal condition of 

sintering. This may indicate that the liquid phase of the Sn accelerates the atomic 

diffusion during sintering process as high sintered temperature or prolonged sintering. 

On the other hand, the larger pore sizes are also indicated when the percentage of added 

Sn was increased.  

3.3. Eddy Current Testing 

There were two ECT experiments, which consisted of the conductivity measurement of 

the base materials and the imitative SCCs detection. The first experiment conducted to 

the compare the conductivity of base materials by using the liftoff ECT signals between 

the reference block and the imitative SCC specimens. The second experiment led to 

detect the ECT signals from the imitative SCCs area compared to the reference notch at 
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depth of 3 mm and width of 0.25 mm. The ECT experiments established to measure the 

ECT signals at test frequency of 50 kHz by using an absolute pancake coil with 

dimensions of 3.2 mm, 1.2mm and 0.8mm for outer diameter, inner diameter, and 

height respectively. The employed ECT instrument was the Ectane model of Eddyfi®, 

Canada. Both testing were run after calibration procedure of the ECT probe and 

instrument. Results of conductivity measurement are shown in Figure 5(a) by placing 

the ECT probe on the surface of the base specimens. It is indicated that the measured 

ECT signals of base material from less pressure filling method for both of TP1 and TP2 

are closed to the reference signal of stainless steel block. Especially, the different angle 

between the TP2 signal and the reference signal is less than 5 degree. Note that, the 

shorter ECT signals of the TP1 and TP2 caused from the lower density of the 

specimens. This result imply that the fabricated specimen with SUS 316L plus 2% of 

Sn powder can represent to be a calibration block as the material similar to the part 

under examination referred to BS EN ISO 17643:2015 standard [7]. On the other hand, 

the ECT result of TP4 was much difference due to high admixing of Sn powder at 15%. 

The possibility may from Nickel composition in the SUS 316L dissolved with Sn, and 

then caused the conductivity and permeability changes. 

 

 
Figure 5. Eddy current testing results (a) conductivity measurement, (b) imitative SCCs detection 

 

Figure 5(b) shows the ECT signals of the imitative SCC detection by scanning the 

ECT probe across the imitative SCCs compared to the reference notch depth of 3 mm. 

The results reveal different decreasing amplitudes of the measured ECT signals. 

Dimensions of multiple tiny slit of the imitative SCCs led to alter the local conductivity 

in the imitative SCCs. Increasing length of the slit resulted in decreasing equivalent 

conductivity. Oppositely, decreasing width of the slit resulted as increasing of the 

equivalent conductivity. 

 

4. Reconstruction of Equivalent conductivity 

4.1. Scheme of Equivalent Conductivity Reconstruction  

The FEM-BEM fast forward solver was utilized to establish the database of ECT. The 

formulation as in an Eq. (1) describes the fast forward solver based on database 

method. Details of expressions can be found in [8].  

� � }]{qK
~

][[H}{q]K
~

][[HI u
11111
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11111 ��          (1) 
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where the coefficient metric of unflawed field [ 11K
~

] and inverse metric [ 11H ] are 

calculated stored as databases. The }{ 1
fq and }{ 1

uq  are the potential vectors of the 

flawed and the unflawed fields respectively.  

The 3D model used in the simulation had dimensions of 40×40×5 mm in width, 

length, and depth respectively. The conductivity of the base material was set to 1.35 

MS/m. The imitative SCC area was assumed at the center of the plate with a total 

length of 10 mm. Scanning path of the ECT probe with similar to experiment 

parameters was perpendicular to the crack direction. Average dimensions of the 

imitative SCC specimens measured by optical method as represented in Table 2 were 

given as parameters to calculate the corresponding ECT signals. An inversion method 

of the particle swarm optimization (PSO) algorithm was utilized to reconstruct the 

equivalent conductivity from the measured ECT signals [9]. The discrete objective 

function by the mean-square residual can be simplified as the Eq. (2). 
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where 
osb

mz  is the measured ECT signals, )( k

imz �  is the calculated ECT signal when 

conductivity is � , M is the number of sampling points, n is the number of particles in 

a swarm, and 
k

i� is the position vector of the particle (conductivity) i in the k-th 

iteration. To finish the reconstruction process, the equivalent conductivity was 

modified to estimate the ECT signals until obtained the convergence result. 

4.2. Results of Conductivity Reconstruction  

 
Figure 6. Reconstruction results of equivalent conductivity (a) TP1, (b) TP2, (c) TP3 and (d) TP4 

 

As the results in section 3.3, TP3 and TP4 specimens had different conductivity of the 

base material compared to the reference SUS 316L. Therefore, only TP1 and TP2 were 

employed to reconstruct the equivalent conductivity of the imitative SCCs. Figure 6 

presents the calculated ECT signals of the imitative SCC specimens with their 

equivalent conductivities. According to design of the imitative SCCs as the crack with 

uniform conductivity, the reconstructed results were efficiently done by using the peak 
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of the ECT signals. The results of equivalent conductivities were 25.3% and 18.8% of 

the base material for specimens TP1 and TP2 respectively. These results showed that 

the imitative SCC specimens fabricated by X-ray LIGA and less pressure filling 

method were reasonable for desired equivalent conductivities of actual SCC detection 

by the ECT. 

 

 

5. Conclusion 
 

Synchrotron deep X-ray lithography and powder metallurgy process by using less 

pressure filling method can be utilized to fabricate complex shapes of the imitative 

SCCs which provided the high bulk density up to 91%. The fabrication results revealed 

that shapes and dimensions of imitative SCC had small changes after sintering with few 

tens micrometer. By testing the imitative SCC specimens in this research, the obtained 

ECT signals were quiet smooth without noises of welded area. Moreover, the 

equivalent conductivities of the imitative SCCs were reconstructed by using Particle 

Swarm Optimization which showed appropriated values to be a desired reference 

specimen for ECT. 
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